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ABSTRACT

Using the Zwicky Transient Facility alert stream, we are conducting a large campaign to spectroscop-
ically classify all transients occurring in galaxies in the Census of the Local Universe (CLU) catalog.
The aim of the experiment is to construct a spectroscopically complete, volume-limited sample of
transients coincident within 100” of CLU galaxies out to 200 Mpc, and to a depth of 20 mag. We
describe the survey design and spectroscopic completeness from the first 16 months of operations.
We present results from a systematic search for Calcium rich gap transients in the sample of 22 low
luminosity (peak absolute magnitude M > —17), hydrogen poor events found in the experiment (out
of 754 spectroscopically classified SNe). We report the detection of eight Calcium rich gap transients,
and place a lower limit on the volumetric rate of these events to be ~ 15 4 5% of the SNIa rate.
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K. DE ET AL.

Combining this sample with ten events from the literature, we find evidence of a likely continuum of
spectroscopic properties ranging from events with SN Ia-like features (Ca-Ia objects) to SNIb/c-like
features (Ca-Ib/c objects) at peak light. Within the Ca-Ib/c events, we find two populations of events
distinguished by their red (¢ — r &~ 1.5 mag) or green (g — r ~ 0.5mag) spectral colors at r-band peak.
Red Ca-Ib/c events are characterized by strongly line-blanketed spectra, systematically slower light
curves, weaker and slower (by &~ 3000 km s~') He lines and lower [Ca II]/[O I] flux ratio (by a factor
of & 2) in the nebular phase compared to the green Ca-Ib/c objects. Ca-Ia objects show typically
more luminous light curves (M, = —16.9mag at peak) than Ca-Ib/c objects, strong line blanketing
signatures with intermediate red colors (¢ — r = 1 mag at r-band peak), slow light curves, and weak
or no [O I] in the nebular phase. Together, we find that the continuum of spectroscopic properties
and the correlations thereof, the volumetric rates and striking old environments of these events are
consistent with progenitor channels involving the explosive burning of He shells on low mass white
dwarfs over a range of shell and core masses. We posit that the Ca-Ia and red Ca-Ib/c objects are
broadly consistent with scenarios invoking the double detonation of He shells on white dwarfs with
high He burning efficiency, while green Ca-Ib/c objects could arise from He shell explosions with lower
He burning efficiency such as detonations in lower density He shells or He shell deflagrations.

Keywords: supernovae: general —supernovae: individual (SN 2005E, SN 2007ke, PTF 09dav, SN 2010et,

PTF 11bij, SN2012hn, PTF 11kmb, PTF 12bho, iPTF 16hgs, SN 2016hnk, SN 2018ckd,
SN 2018lqo, SN 2018lqu, SN 2018gwo, SN 2018kjy, SN 2019hty, SN 20190fm, SN 2019pxu)

— surveys — stars: white dwarfs

1. INTRODUCTION

Calcium rich gap transients represent an emerging
population of faint and fast evolving supernovae iden-
tified by their conspicuous [Ca II] emission in nebular
phase spectra (Perets et al. 2010; Sullivan et al. 2011;
Kasliwal et al. 2012; Valenti et al. 2014; Lunnan et al.
2017; De et al. 2018a). Their photometric evolution is
characterized by timescales and peak luminosities faster
and fainter than those of typical core-collapse and ther-
monuclear supernovae (SNe), while their photospheric
phase velocities are largely similar to normal Type Ib/c
SNe (~ 8000 kms~!; see Filippenko 1997; Gal-Yam 2017
for a review). Yet, their most striking feature remains
their preference for remote locations in the far outskirts
of galaxies in old quiescent environments, in stark con-
trast to normal stripped envelope SNe which are found
close to star formation (Perets et al. 2010; Lunnan et al.
2017). Together with the non-detection of any parent
stellar populations in late-time imaging of the locations
of these objects, their remote locations suggest that
these transients arise from very old progenitors that may
have traveled far away from their parent stellar popula-
tion or were possibly formed in these remote locations
(Yuan et al. 2013; Lyman et al. 2014; Perets 2014; Ly-
man et al. 2016; Lunnan et al. 2017). Their host offset
distribution has been shown to be more skewed towards

* Moore-Sloan, WRF Innovation in Data Science, and DIRAC
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larger offsets than Type Ia SNe and even short gamma-
ray bursts (Lunnan et al. 2017), while their hosts are
preferentially found in group and cluster environments
(Mulchaey et al. 2014; Foley 2015; Lunnan et al. 2017).
Shen et al. (2019) show that the radial offset distribu-
tion of the sample may be consistent with that of glob-
ular clusters, and potentially indicative of a progenitor
population that has been kicked out of nearby globular
clusters.

The progenitors of Calcium rich gap transients remain
unknown to date, and are currently only constrained
with circumstantial evidence. Specifically, their remote
locations and old host environments point to old progen-
itors involving white dwarfs (WDs) in binary systems.
Suggested channels include helium shell detonations on
WDs (Bildsten et al. 2007; Shen et al. 2010; Waldman
et al. 2011; Sim et al. 2012; Dessart & Hillier 2015; Meng
& Han 2015), double detonations of He shells on the sur-
face of WDs (Sim et al. 2012; Polin et al. 2019a,b), merg-
ers of WDs with neutron stars (Metzger 2012; Margalit
& Metzger 2016; Toonen et al. 2018; Zenati et al. 2019),
tidal disruptions of WDs by intermediate mass black
holes (Rosswog et al. 2008; MacLeod et al. 2014; Sell
et al. 2015; MacLeod et al. 2016; Sell et al. 2018; Kawana
et al. 2020) and even extreme core-collapse SNe from
highly stripped massive stars (Tauris et al. 2015; Moriya
et al. 2017); however their old environments make core-
collapse SNe unlikely (Perets et al. 2011). If they arise
from binary WD systems, Meng & Han (2015) show that
the old environments and consequently long delay times
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constrain the progenitor binary to consist of low mass
CO (£0.6Mg ) and He (< 0.25Mg ) WDs.

Constraining their progenitors and rates is not only
important for our understanding of these potentially
common types of transients, but also to shed light on
a likely common end point in binary stellar evolution
involving white dwarfs in binary systems, and their pos-
sible significant contribution to the enrichment of the
intergalactic medium with Ca (Mulchaey et al. 2014;
Mernier et al. 2016). Estimates of the volumetric rates
of this population from previous transient experiments
include an estimate of 7 + 5% of the SN Ia rate from
the Lick Observatory Supernova Search (LOSS; Li et al.
2011; Perets et al. 2010) and a lower limit of & 3% of the
SN TIa rate from the Palomar Transient Factory (Kasli-
wal et al. 2012). A later estimate based on post-facto
simulations of the detection efficiency and survey ca-
dence of the Palomar Transient Factory suggests that
their rates may be as high as &~ 30% of the SN Ia rate
(Frohmaier et al. 2018). However, the known sample of
objects were found largely by follow-up of isolated events
outside of systematic SN classification efforts, leaving
considerable uncertainty on the rates of the class.

The number of reported Ca-rich gap transients in the
literature, as well as the diversity in their observed prop-
erties, have risen substantially in the last decade with
large scale optical transient surveys. As per the name
of the class, the detection of strong [Ca II] emission in
the nebular phase spectra with high [Ca I1]/[O 1] ratio
is the primary criterion used to relate objects to the
class of Ca-rich transients (Valenti et al. 2014; Milisavl-
jevic et al. 2017; De et al. 2018a). In addition, Kasli-
wal et al. (2012) defined this class of ‘gap’ transients by
their i) faint peak luminosity, ii) fast photometric evolu-
tion, iii) photospheric phase velocities similar to normal
hydrogen-poor SNe (~ 8000 km s~!) and iv) early evo-
lution to the nebular phase, notably without any con-
straints on the photospheric phase spectra of the tran-
sient. These criteria are consistent with the prototype
event of the class SN 2005E (Perets et al. 2010), which
was also spectroscopically similar to Type Ib SNe near
peak light.

There are seven other events in the class of Ca-
rich gap transients that are spectroscopically similar to
Type Ib/c SNe near peak light — SN 2007ke, SN 2010et,
PTF 11bij (Kasliwal et al. 2012), SN2012hn (Valenti
et al. 2014), PTF 11kmb, PTF 12bho (Lunnan et al.
2017) and SN 2016hgs (De et al. 2018a). Other Type

I Throughout this paper, we refer to the flux ratio of the forbidden

[Ca II] AN7291, 7324 to [O I] A6300, 6364 lines as [Ca II]/[O ]]

Ic SNe which show evidence of strong [Ca II] emis-
sion in the early nebular phase include iPTF 14gqr (De
et al. 2018b), SN2018kzr (McBrien et al. 2019) and
SN 2019bke (Chen et al. 2020; Prentice et al. 2020), al-
though they were more luminous (Mpeqr S —17.5) than
the typical Ca-rich gap transient. However, spectro-
scopic similarity to Type Ib/c SNe does not appear to be
a defining characteristic of the class. Notable exceptions
include PTF 09dav (Sullivan et al. 2011; Kasliwal et al.
2012) and SN 2016hnk (Galbany et al. 2019; Jacobson-
Galan et al. 2019), which exhibit similarities to sub-
luminous SN1991bg-like Type Ia SNe (Filippenko et al.
1992) near peak light. Similarly, iPTF 15eqv (Milisavl-
jevic et al. 2017) was a peculiar hydrogen-rich SNIIb
which exhibited high [Ca II]/[O I] ratio in nebular phase
spectra, noting that it was luminous at peak and con-
sistent with a core-collapse SN in a star forming en-
vironment. Another potential menmber of the class,
SN 2005cz (Kawabata et al. 2010; Perets et al. 2011)
exhibited high [Ca II]/[O I] ratio in its nebular phase
spectrum; yet the lack of photometry around peak light
precludes a confirmed association with this class of faint
and fast evolving transients, as is the case for several
candidates presented in Filippenko et al. (2003).

The large heterogeneity in the peak luminosity and
spectroscopic appearance of objects likely points to a
diversity in explosions that produce high [Ca II]/[O I]
in their nebular phase spectra. Yet, the small number
of total reported events (< 10) has prevented a holistic
analysis of the spectroscopic and photometric properties
of this class. Most previous studies have focused on one
or two events, each of which have been suggested to be
unique members of this emerging population which re-
mains poorly understood. In particular, previous works
have not characterized the nebular phase behavior of a
systematically selected sample of low-luminosity hydro-
gen poor transients to be able to quantitatively place the
photometric and spectroscopic properties of the class
of Ca-rich gap transients in a broader context. Such
an analysis with a large sample can yield vital clues to
trends within the population and shed light on the un-
derlying explosions. The aim of this paper is to system-
atically uncover and analyze this population of faint and
fast evolving hydrogen-poor events that exhibit high [Ca
I1]/[O 1] in nebular phase spectra.

While galaxy-targeted supernova surveys are sensitive
to transients occurring close to their host galaxies, the
known preference of these transients for large host offsets
necessitates a wide-field search approach that is sensitive
to transients at large projected offsets from their host
galaxies. Given the faint peak luminosity (M, ~ —16)
and relatively low volumetric rates (~ 10% of SN Ia rate)
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of these events, finding a large sample of events thus
requires a sufficiently deep (depth r 2 20 mag to find
events out to &~ 150 Mpc) optical all sky survey with a
cadence of < 4d to detect these short lived events. At
the same time, due to the large rate of higher redshift
Type Ia SNe at this depth (~ 8500 yr=! down to r =
20 mag limiting magnitude; Feindt et al. 2019), finding a
systematic sample of these local universe events requires
a targeted approach to classify transients in the local
universe by cross-matching transients to known nearby
galaxies. Such an approach is now possible with large
catalogs of galaxies with known spectroscopic redshifts
like the Census of the Local Universe (CLU; Cook et al.
2019) catalog and GLADE (Délya et al. 2018).

This paper presents the first in a series of publications
from the Census of the Local Universe experiment of the
Zwicky Transient Facility (ZTF; Bellm et al. 2019a; Gra-
ham et al. 2019). This paper provides an overview of the
sample selection and spectroscopic completeness of this
volume-limited experiment. Here, we focus on the iden-
tification of Ca-rich gap transients, specifically on the
class of faint and hydrogen-poor transients that exhibit
Ca-rich spectra in the nebular phase. We briefly de-
scribe the design of the experiment and sample selection
in Section 2. Section 3 presents an analysis of the pho-
tometric and spectroscopic properties of the combined
sample of transients from ZTF and the literature, specif-
ically noting the presence of two spectroscopic classes
and a continuum of properties across these classes. Us-
ing the controlled selection criteria of the experiment,
we present an analysis of the host environments of these
transients in Section 4 while Section 5 presents a discus-
sion on the estimated volumetric rates of these events.
In Section 6, we combine all of the results to constrain
the progenitors of this class and summarize our conclu-
sions in Section 7. Calculations in this paper assume
WMAP9 flat ACDM cosmology with Hy = 69.3 km s~*
Mpc~! and Qp = 0.286 (Hinshaw et al. 2013). We
use the median redshift independent distance estimates
from the NASA Extragalactic Database (NED) for tran-
sients hosted in galaxies that have such measurements,
and redshift derived distance estimates otherwise. For
the redshift derived distance estimates in this local uni-
verse sample (z < 0.05), the typical uncertainty in the
luminosity distance and projected offsets is < 5% for
peculiar velocities < 300km s~!. Times reported are in
UT throughout this paper.

2. OBSERVATIONS

2.1. The Census of the Local Universe Experiment

The Zwicky Transient Facility is a wide-field optical
time domain survey running out of the 48-inch Schmidt

telescope (P48) at Palomar observatory (Bellm et al.
2019a; Graham et al. 2019). With a field of view of 47
square degrees, the instrument achieves median limiting
magnitude of r &~ 20.5mag in 30 s exposures of the sky
and a survey speed of =~ 3750 square degrees per hour
(Dekany et al. 2016). ZTF observing time is divided into
a public component (40%), a collaboration component
(40%) and a Caltech component (20%). Bellm et al.
(2019b) provide an overview of the various ZTF sur-
veys undertaken in the first year of operations, and the
survey scheduling system designed to carry out opera-
tions to maximize volumetric survey speed. The public
component is a 3-day cadence g + r survey of the entire
northern sky (/ 34% of P48 time) together with a 1-day
cadence g + r survey of the Galactic plane (~ 6% of P48
time). The collaboration time was dedicated to high ca-
dence (3g + 3r per night) observations of ~ 2500 square
degrees and a slower cadence (= 4 d) i-band survey. The
Caltech time was dedicated to a one night cadence g +
r survey of ~ 3000 square degrees. Transients in the dif-
ference imaging pipeline (based on the ZOGY subtrac-
tion algorithm; Zackay et al. 2016) of ZTF (Masci et al.
2019) are reported and distributed in Avro alert pack-
ets? (Patterson et al. 2019), including photometry and
metadata for the detected transient, as well as a 30-day
history for the previous detections and non-detections.
The ZTF Census of the Local Universe (CLU) ex-
periment has been designed to build up a spectroscopi-
cally classified sample of transients in the local universe
(within 200 Mpc) by classifying all transients found co-
incident with galaxies in the Census of the Local Uni-
verse (CLU; Cook et al. 2019) catalog. The CLU cata-
log consists of ~ 234500 galaxies with previously known
redshifts compiled from several previous spectroscopic
surveys (called CLU-compiled; see Cook et al. 2019),
along with additional nearby galaxies found in a wide,
narrow-band (Halpha) survey covering 37 of the north-
ern sky with the Palomar 48-inch telescope (Cook et al.
2019). The initial filter for the experiment used the
CLU-compiled catalog together with ~ 1000 of the high-
est significance (> 250) candidates from the Ha survey.
Starting from April 2019, we initiated the use of the next
data release which included a larger sample (= 38000
candidates with significance > 30) of high confidence
nearby galaxies from the CLU Ha survey (see Cook
et al. 2019 for a description). Based on the transient
sample found in this experiment, we find that ~ 1% of
transients were hosted in the CLU Ha survey galaxies
before the April 2019 update, while ~ 10% of transients

2 https://avro.apache.org
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were hosted in galaxies from the Ha catalog following
the inclusion of the next data release.

The CLU experiment was initiated on 2018 June 01
and we restrict the sample of transients in this paper to
events saved until 2019 September 30. The sample se-
lection for the transients was implemented as a part of
a custom filter implemented on the GROWTH Marshal
(Kasliwal et al. 2019), which is a web-portal for vetting
and coordinating follow-up of transients. The selection
criteria for ZTF alerts to be saved in the CLU experi-
ment are as follows:

1. Each alert packet is spatially cross-matched to the
CLU catalog of galaxies. The size of the spatial
cross-match is set to 3 x Dys where Doy is the
isophotal major axis containing 25% of the to-
tal light of the galaxy, as contained in the CLU
catalog. If a Dss5 radius is not available for the
galaxy, a default cross-match radius of 280" was
used®. The cross-matching was performed on the
dedicated time domain astronomy server called
kowalski at Caltech (Duev et al. 2019).

2. The alert candidate was produced as a positive
candidate in the subtraction, i.e. the source flux
has increased from the reference image.

3. The alert candidate has a real-bogus score (rb-
score) of > 0.3 as classified by the ZTF machine
learning algorithm (Mahabal et al. 2019). This
choice produces a false negative rate of < 3%
(Duev et al. 2019).

4. The alert candidate is at least 20 ”away from a star
brighter than 15.0 mag.

5. Alert candidates within 1”of a known star in PS1
(Chambers et al. 2016) are rejected. The identi-
fication of stars is based on the machine learning
based star/galaxy classification score presented in
Tachibana & Miller (2018), which is available for
the three nearest sources in the ZTF alert packets.
We use a sgscore threshold of 0.6, i.e. candidates
within 17 of a PS1 source with sgscore > 0.6 are
rejected.

6. The alert candidate was at least 2”away from the
nearest solar system object and was detected at
least twice in the survey separated by 50 mins.
The former criterion removes known asteroids in
the ZTF alert stream while the latter removes un-
known solar system objects.

3 280"is 3x the median Das value of all galaxies in the CLU cat-

alog.

No further magnitude cut was applied to this transient
stream. This filter produces typically ~ 100 sources to
be vetted by on-duty astronomers every day, which in-
volves an inspection of the science, reference and differ-
ence image cutouts contained in the ZTF alert packets.
The human vetting is required to remove alerts from
remaining stellar sources that pass the filter, remove
variability from known AGN and identify remaining bo-
gus sources before assigning appropriate spectroscopic
follow-up. For 2018 and 2019, spectroscopic follow-up
was exclusively limited to transients within 100”of the
nearest CLU galaxy to remove the large amount of con-
tamination of SNe in background galaxies. Transients
coincident with known background galaxies (with known
spectroscopic redshifts or photo-z > 0.1) were excluded
from the sample in order to avoid the large number of
false positives from background AGN and Type Ia SNe.
As such, the experiment may be incomplete to transients
occurring at very large projected offsets of > 100" from
their parent galaxies, corresponding to a physical pro-
jected distance of 100kpc at 200 Mpc, 50kpc at 100
Mpc and 25kpc at 50 Mpc. In addition, sources coin-
cident with the nuclei of known Active Galactic Nuclei
(AGN) and with long term history of variability are not
assigned for follow-up. On average, 10 - 15 SNe are saved
for spectroscopic follow-up every week, which were co-
ordinated via source pages on the GROWTH Marshal.
Starting from November 2019, sources from the public
ZTF data stream are reported to the Transient Name
Server (TNS*) as soon as they are saved by a human
scanner (De et al. 2019a).

All transients saved after this vetting process are sys-
tematically assigned for spectroscopic follow-up. We pri-
oritized follow-up of sources that were brighter than or
were going to peak at brighter than 20 mag (in either
ryTF Or gzrr; see Bellm et al. 2019a), which was se-
lected to be the target limiting magnitude for the ex-
periment. Given the typical ZTF limiting magnitude
of 20.5mag, we did not apply any magnitude cuts to
the filter to be able to track the photometric evolution
and assign follow-up for transients peaking around 20
mag. Spectroscopic classifications were performed us-
ing a multi-tiered approach — i) sources brighter than
19 mag were assigned for spectroscopic follow-up on the
robotic Spectral Energy Distribution Machine (SEDM;
Blagorodnova et al. 2018) and ii) sources between 19 and
20 mag were assigned for spectroscopic follow-up on the
Double Beam Spectrograph (DBSP; Oke & Gunn 1982)
on the 200-inch Hale telescope (P200) at Palomar obser-

4 https://wis-tns.weizmann.ac.il/
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vatory and iii) sources fainter than 20 mag were assigned
for lower priority follow-up on P200 + DBSP. Sources
assigned to the SEDM queue remain as follow-up targets
for a duration of 7 days after which they are re-assigned
to SEDM (if still brighter than 19 mag) or to P200 oth-
erwise. Spectroscopic follow-up on P200 was required
for bright sources (< 19mag) when coincident with the
nuclei of nearby galaxies, where host galaxy contamina-
tion was difficult to remove in the SEDM spectra. In
cases where P200 classifications were not possible due
to poor weather or due to large host contamination in
P200 data for faint targets, we also used the Low Reso-
lution Imaging Spectrometer (LRIS; Oke et al. 1995) on
the Keck-I telescope for spectroscopic classifications.

The spectroscopic follow-up effort for bright sources
(m < 19mag) was coordinated with the Bright Tran-
sient Survey (BTS; Fremling et al. 2019) experiment
which aims to classify all transients brighter than 19
mag in the ZTF public alert stream. Community follow-
up for bright transients overlapping with BTS have also
aided in the spectroscopic classification completeness of
the sample. Classifications are done with the SuperNova
IDentification (Blondin & Tonry 2007) (SNID) code
by automatic execution on spectra produced by the
SEDM automated pipeline (Rigault et al. 2019) and
manual execution for all other instruments. For spec-
tra contaminated by the underlying host light, we used
superfit (Howell et al. 2005) to attempt host subtrac-
tion and derive a classification. The final classification
is made by human inspection of the best-fit templates
matched from SNID or superfit.

2.2. Spectroscopic completeness

The aim of the tiered approach to spectroscopic clas-
sification was to obtain high spectroscopic complete-
ness for transients that peaked brighter than 20 mag
in galaxies within the local universe. This magni-
tude limit corresponds to a luminosity completeness of
M < —16.5mag for all galaxies in the 200 Mpc volume of
the CLU catalog and M < —15mag for galaxies within
100 Mpc. However, given the galaxy targeted nature
of the target selection, the experiment is not sensitive
to transients that occur in nearby galaxies with previ-
ously unknown spectroscopic redshifts. Based on results
from the ZTF BTS, the completeness (in terms of galaxy
counts) of the compiled catalog is ~ 80% at the lowest
redshifts and decreases to = 50% at the edge of the 200
Mpc volume (Fremling et al. 2019). While effort was
made to have complete spectroscopic classifications to a
depth of ~ 20 mag, classifications were not always possi-
ble due to several reasons. These include the difficulty of
following up transients found close to the sun, classify-

Cumulative number of events

E Total Number
800 I Secure classification
6001
4001
2001 I
N
17 18 19 20

Sources brighter than magnitude at peak

Figure 1. Cumulative number of events that were saved
(in black) and classified (in grey) as a function of the peak
magnitude in the CLU sample of events.

ing transients on the nuclei of bright galaxies (where low
resolution SEDM spectra are dominated by host galaxy
light) that faded before a scheduled run on the P200
/ Keck, and due to loss of P200 / Keck time in peri-
ods of bad weather. We thus evaluate the spectroscopic
completeness of the experiment in the first year of oper-
ations.

We restrict this sample to transients that were saved
between® 2018 June 01 and 2019 September 30, and to
sources detected in any of the public or internal col-
laboration surveys (note that the public survey has the
largest footprint on the sky). We define our primary
sample of sources such that they are detected at least
two times, and peaked at a magnitude brighter than 20
mag in either the ryTp or gzrr filters. A total of 852
candidate SNe were saved during this time period, out of
which 563 were also included in the BTS program. 754
out of these 852 events were reliably classified, while 98
were unclassified either due to the lack of follow-up spec-
troscopy or due to ambiguous classifications from spec-
troscopic data. As such, the spectroscopic complete-
ness of the complete acquired sample is 88.5% for all
transients that had at least one detection brighter than
20mag. The corresponding classification completeness
for myeq) < 19mag is 92.9%, Mpeak < 18mag is 98.0%
and Mpeal < 17 mag is 98.6% for the entire experiment
duration mentioned above. We show a cumulative plot
of the number of sources saved and classified as a func-
tion of the peak magnitude in Figure 1.

5 Accounting for observation gaps due to instrument maintenance
and poor weather, this period contains a total of 390 nights of

full or partial ZTF operations.
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2.3. Sample of Ca-rich gap transients

This work focuses on the sample of Ca-rich gap tran-
sients identified in this experiment in the aforementioned
period of operations (i.e. between 2018 June 01 to 2019
September 30). Given the large number of supernovae
that are classified as a part of the experiment, it is not
possible to perform nebular phase spectroscopic follow-
up of all events. We thus identified candidate Ca-rich
gap transients with a simple selection criteria using pho-
tometry from the ZTF survey and peak-light spectro-
scopic properties (from the classification effort), focus-
ing on the population of hydrogen-poor low luminosity
events in the sample. Although the criteria were moti-
vated by the known properties of the previous sample of
events, we deliberately kept these minimal for candidate
selection due to the uncertainties on the intrinsic prop-
erties of the class and the small number of previously
reported events. The candidate selection criteria were:

1. The transient should have a peak luminosity (in
gzTr or ryrr filter) fainter than M = —17mag at
the known redshift of the host galaxy (after cor-
recting for Galactic extinction, but not possible
host galaxy extinction). We require at least two
detections on the rise of the light curve in the same
filter to be able to constrain the peak luminosity.

2. The spectroscopic properties of the source should
be consistent with a hydrogen-poor SN near peak
light. We do not include any events that ex-
hibit broad hydrogen features in their spectra (i.e.
Balmer lines that are not emanating from the un-
derlying host galaxy). We obtained at least one
epoch of late-time (at = 30 d after peak light) spec-
troscopy with DBSP and LRIS on the Keck-I tele-
scope for events that passed (1) and this criterion.

3. We require that the sources exhibit an early transi-
tion to the nebular phase, which we confirm by ei-
ther the appearance of nebular emission lines and
a fading continuum starting at +30d from peak
light or a complete transition to the nebular phase
by ~ 150d after peak light.

4. As strong [Ca II] emission is the hallmark fea-
ture of this class, we require that the nebular
phase spectrum should exhibit [Ca IIJ/[O I] > 2
(Milisavljevic et al. 2017; De et al. 2018a) at any
phase where the spectrum exhibits nebular emis-
sion lines.

Comparing the selection criteria to Kasliwal et al.
(2012), we note that we do not select candidates based
on the fast photometric evolution or photospheric phase

velocities. This choice makes us more sensitive to events
with larger diversity in ejecta masses and velocities.
Applying selection criteria (1) and (2) to the sample
of events in the volume limited experiment, we were
left with 22 events which were followed up with spec-
troscopy in the nebular phase. Seven of these 22 sources
were found to qualify the criterion for [Ca II]J/[O ]
> 2 in the nebular phase, which defines the primary
sample for this paper. In addition, we present obser-
vations of SN 2018gwo, a nearby Type Ic SN which
was not detected in ZTF data before peak (due to a
maintenance break in October 2018), but was recov-
ered on its radioactive decline tail. Combined with pub-
licly available photometry and spectroscopy, we show
that SN 2018gwo is a likely Ca-rich gap transient at
a distance of 28 Mpc. We apply the same selec-
tion criteria to the published literature sample of Ca-
rich gap transients to include as our comparison sam-
ple. The set of ten literature events satisfying our
cuts are SN 2005E, SN 2007ke, PTF 09dav, SN 2010et,
PTF 11bij, SN2012hn, PTF 11kmb, PTF 12bho and
SN 2016hgs and SN 2016hnk. We describe the initial
detection to final classification of each of the individual
objects in the sample of Ca-rich gap transients presented
in this paper. We present a discussion of the properties
of the remaining objects that passed the light curve cri-
teria but did not pass the nebular phase criterion in
Appendix A, specifically highlighting how we rule out
the Ca-rich classification for each event. Henceforth, we
refer all phases with respect to time of r-band peak (see
Section 3.3.1).

2.3.1. SN2018ckd / ZTF 18aayhylv

ZTF 18aayhylv (= SN2018ckd) was first detected
in the ZTF difference imaging pipeline on 2018-06-
07.19 (MJD = 58276.19) at J2000 coordinates a =
14:06:11.95 and 6 = 09:20:39.3, at a magnitude of
r = 19.39 + 0.09mag. The transient passed the filter
on the GROWTH Marshal on 2019-06-10 (second de-
tection) and was saved for spectroscopic follow-up. The
transient was detected by the Catalina Realtime Tran-
sient Survey (CRTS; Drake et al. 2009) on 2019-06-12
and was reported to the TNS on the same date (Crts
2018), and was assigned the IAU name AT 2018ckd. The
transient was not detected in the ZTF alert production
pipeline on 2018-06-01.31 to 50 limit of r ~ 19.82 mag.
However, the transient is detected at ~ 40 significance
with 7 &~ 20.25 mag with forced photometry (see Section
2.4) at the transient location in the ZTF difference im-
ages (Masci et al. 2019). The last non-detection of the
source in forced photometry was at 2018-05-29.31 down
to a 5o limit of r =~ 19.65 mag.
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Table 1. Summary of the properties of the Ca-rich gap transients presented in this paper, together with the sample of events
that passed the selection criteria based on peak light photometry and spectroscopy only, but did not exhibit high [Ca II]/[O I]
in their nebular phase spectra. The column Spec Type only refers to the spectroscopic appearance of the object near peak light.
The Ca-rich objects are indicated with Ca in the Spec Type column. For cases where the object did not turn nebular even
at the latest phases of spectroscopic follow-up, we indicate the [Ca II]/[O I] flux ratio with NN and indicate the phase of the
latest available spectrum. In the case of SN 2018gwo (indicated with *), the object did not pass the primary selection criteria
but is a likely Ca-rich gap transient when combined with publicly available photometry and nebular phase follow-up from our
campaign. Details on the objects that did not pass the nebular phase criterion are discussed in Appendix A, highlighting why
each object was excluded from the Ca-rich sample. For one event (SN 2019gau), we do not detect the nebular emission features

and hence denote the [Ca II]/[O I] ratio with —.

Object

RA
J2000

Dec
J2000

ZTF 18aayhylv / SN 2018ckd
ZTF 18abmxelh / SN 2018lqo
ZTF 18abttsrb / SN 2018lqu
ZTF 18acbwazl / SN 2018gwo*
ZTF 18acsodbf / SN 2018kjy
ZTF 19aaznwze / SN 2019hty
ZTF 19abrdxbh / SN 20190fm
ZTF 19abwtgsk / SN 2019pxu
ZTF 19aamfupk / SN 2019ccm
ZTF 19aanfsmc / SN 2019tx1
ZTF 19aasgseq / SN 2019txt
ZTF 19abgqruu / SN 2019mjo
ZTF 18abdffeo / SN 2018dbg
ZTF 19aarrdoz / SN 2019txr
ZTF 18aboabxv / SN 2018fob
ZTF 19aadttht / SN 2019yz
ZTF 19aadwtoe / SN 2019abb
ZTF 19aailcgs / SN 2019ape
ZTF 19abhhdwf / SN 20190uq
ZTF 18acushie / SN 2018kqr
ZTF 19aavlfvn / SN 2019gau
ZTF 19aawhlcn / SN 2019gsc
ZTF 19abalbim / SN 2019ttf

14h06m11.94s
16h28m43.26s
15h54m11.47s
12h08m38.82s
06h47m17.96s
12h55m33.03s
14h50mb54.65s
05h10m12.60s
04h41m05.36s
09h32m59.36s
09h59m06.38s
00h06m59.83s
14h17mb58.86s
08h42m31.91s
15h13m07.23s
15h41m57.30s
07h54m17.26s
10h51m42.55s
17h01m41.94s
08h50m03.60s
14h38m10.42s
14h37m45.25s
18h42m15.87s

+09°20"39"33
+41°07'58"66
+13°30’50"87
+68°46744"42
+74°14705"790
+32°12/21770
+27°34’57"59
-00°46'38"63
+73°40723"10
+27°30707"80
+17°49’09"99
+03°27'39"70
+26°24744"' 59
+56°17'42"719
+41°16’11”07
+00°42'39"41
+14°16722"742
+18°28'52"/62
+30°06"34"43
+55°10709" 54
+10°08’04"93
+52°43'36"'28
+24°53748"799

Spec Type Peak r mag [Ca II] / [O 1] flux Redshift ~ Host Offset
(Abs. Mag) Value / Phase (days) (" / kpc)
Ca-Ib —16.20 > 3.38 / +58 0.024 39.03 / 19.08
Ca-Ib —16.21 > 12.5 / 449 0.033 23.25 / 15.46
Ca-Ib —16.44 > 8.38 / +31 0.036 37.12 / 26.70
Ca-Ic < —16.0 5.16 / +53 0.008 54.20 / 8.56
Ca-Ib —15.62 4.44 / +111 0.018 17.18 / 6.35
Ca-Ib —16.29 > 3.27 / 438 0.023 18.74 / 8.73
Ca-la —16.84 > 2.13 / +175 0.030 18.24 / 11.16
Ca-Ib —16.72 > 8.30 / +146 0.028 30.93 / 17.56
SN Ib —16.40 1.18 / +207 0.015 14.73 / 4.54
SNIb —16.21 0.87 / +330 0.034 11.68 / 7.96
SN1Ib —15.90 1.34 / +180 0.026 19.94 / 10.69
SN Ib-pec —16.62 NN / +180 0.041 12.38 / 10.06
SNIb/c —16.65 NN / +22 0.015 2.01 / 0.61
SNIb/c —16.73 <1/ 4270 0.044 1.95 / 1.71
SN Ic —16.93 0.87 / 4212 0.029 18.47 / 10.84
SN Ic —16.63 0.59 / +242 0.006 34.17 / 4.54
SNIc —16.56 0.79 / +357 0.015 4.26 / 1.34
SN Ic —16.62 0.87 / +180 0.021 11.53 / 4.79
SN Ic —16.68 <1/ 4170 0.036 8.71 / 6.27
SN Ic-BL ~16.75 NN / 416 0.045 3.15 / 2.82
SN Ia —16.75 -/ +260 0.028 1.30 / 0.73
SN Ia 02cx —13.90 NN / 460 0.011 10.99 / 2.50
SN Ia02cx —13.99 NN / +230 0.011 11.07 / 2.52

The transient was found in the outskirts of NGC 5463,
a S0 galaxy at z = 0.024 (Figure 2), at a projected offset
of ~ 39”from the host center, corresponding to a phys-
ical separation of &~ 19kpc. We obtained a spectrum
of ZTF 18aayhylv with DBSP on 2018-06-12, which ex-
hibited P-Cygni features of He I and Ca II similar to
Type Ib SNe. Subsequent photometry from ZTF and
follow-up with the P60 + SEDM confirmed a faint and
fast evolving (rise time < 15d) light curve peaking at
an absolute magnitude of M ~ —16.0 mag (Figure 3). A
nebular phase spectrum of the source at ~ +60d from
r-band peak with LRIS on the Keck-I telescope showed
strong [Ca II] emission lines with weak [O I] emission,
confirming an early transition to the nebular phase and
the classification of this source as a Ca-rich gap tran-
sient.

2.3.2. SN2018lqo / ZTF 18abmzelh

ZTF 18abmxelh (= SN 2018lqo) was first detected in
the ZTF difference imaging pipeline on 2018-08-10.18
(MJD = 58340.18) at J2000 coordinates o = 16:28:43.26
and § = 41:07:58.7, at a magnitude of r = 20.11 £

0.17mag. The transient passed machine learning thresh-
olds on the GROWTH Marshal on 2019-08-16 and was
saved for spectroscopic follow-up. We reported the tran-
sient to the TNS on 2019-10-28 (De 2019a), leading to
its TAU name of AT 2018lqo. With forced photometry
on the ZTF difference images, we find that the transient
was not detected on 2018-08-07.18 (MJD = 58337.18)
down to a 5o limit of r ~ 21.16 mag. The transient ex-
hibited an initial fading of ~ 0.7 mag in ~ 3d following
the first detection, followed by a rise to a peak ~ 10d
later.

The transient was found in the outskirts of CGCG
224-043, an E-type galaxy at z = 0.032 (Figure 2), at
a projected offset of ~ 23”2, corresponding to a physi-
cal separation of ~ 14.9 kpc. We obtained a spectrum
of ZTF 18abmxelh with DBSP on 2018-08-21, which ex-
hibited P-Cygni features of He I and Ca II similar to
Type Ib SNe. Subsequent photometry from ZTF and
follow-up with the P60 + SEDM indicated a faint and
fast evolving (rise time < 15d) light curve peaking at
an absolute magnitude of M ~ —16.1 mag (Figure 3). A
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Figure 2. RGB composite archival images of the locations of the 8 Ca-rich gap transients in the ZTF CLU sample. Images
were taken from the PS1 survey (Chambers et al. 2016). In each panel, the white cross-hair shows the location of the detected
transient and the scale shows the projected angular size and physical scale at the redshift of the host galaxy. The apparent host

galaxy is marked with a black circle at its core in each panel.

nebular phase spectrum of the source at ~ +50d from
r-band peak with LRIS on the Keck-I telescope showed
strong [Ca II] emission lines, confirming a fast nebular
phase transition and the classification of this source as
a Ca-rich gap transient.

2.3.3. SN2018lqu / ZTF 18abttsrb

ZTF 18abttsrb (= SN 2018lqu) was first detected in
the ZTF difference imaging pipeline on 2018-09-03.13
(MJD = 58364.13) at J2000 coordinates o = 15:54:11.48
and § = +13:30:50.9, at a magnitude of r = 20.14 +
0.33mag. The transient was saved as a candidate su-
pernova on its second detection on 2018-09-07, and as-
signed spectroscopic follow-up. We reported the tran-
sient to the TNS on 2019-11-06 (De 2019b), leading to
its TAU name of AT 2018lqu. With forced photometry
on the ZTF difference images, we find that the transient
was not detected on 2018-08-16.17 (MJD = 58346.17)
down to a 5o limit of r ~ 21.16 mag.

The transient was found in the outskirts of WISEA
J155413.914133102.4, a E-type galaxy at z = 0.035
(Figure 2), at a projected offset of ~ 37”1, correspond-
ing to a physical separation of ~ 26.0 kpc. We obtained
a spectrum of ZTF 18abttsrb with DBSP on 2018-09-12,
which exhibited P-Cygni features of He I and Ca II sim-
ilar to Type Ib SNe. Subsequent photometry from ZTF
and follow-up with the P60 + SEDM indicated a faint
and fast evolving (rise time < 15d) light curve peaking

at an absolute magnitude of M ~ —16.4mag (Figure 3).
A nebular phase spectrum of the source at =~ +30d from
r-band peak with LRIS on the Keck-I telescope showed
strong [Ca II] and weak [O I] emission lines, confirming
an early transition to the nebular phase and the classi-
fication of this source as a Ca-rich gap transient.

2.3.4. SN2018qwo / ZTF 18acbwazl / Gaia 18dfp / PS 19if

ZTF 18acbwazl (= SN2018gwo) was first detected
in the ZTF difference imaging pipeline on 2018-10-
31.49 (MJD = 58422.49) at J2000 coordinates a =
12:08:38.83 and § = +68:46:44.4, at a magnitude of
g = 19.20 £ 0.17mag. Since the source was detected
multiple times in the same night as part of the col-
laboration high cadence survey, the source was saved
to the GROWTH Marshal on 2018-10-31. The source
was detected by ZTF after a month-long gap in sur-
vey operations due to maintenance on the P48 camera.
The source was first detected on 2018-09-28 by Wiggins
(2018) at 16.4 mag (clear filter) and reported to the TNS
with the TAU Name AT 2018gwo, shortly after the sky
region emerged from solar conjunction. An upper limit
of 17 mag was reported on the previous night. A low
resolution spectrum from the Three Hills Observatory
was reported to the TNS on 2018-09-30 and 2018-10-06
by Leadbeater (2018), consistent with a Type Ib/c SN
with a reddened continuum near peak light, renaming
this source to SN 2018gwo. Subsequent ZTF photome-
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try showed that the source was detected by ZTF on its
post peak decline tail. We obtained a spectrum of the
source with P60 + SEDM on 2018-11-06, which exhib-
ited a weak continuum with emerging broad [Ca II] and
Ca II lines.

The transient was found in the outskirts of NGC 4128,
a S0 galaxy at a distance (median reported in NED) of
28.6 Mpc (Figure 2), at a projected offset of 54”2 cor-
responding to a physical projected distance of 9.2kpc.
Although the transient was not detected by ZTF around
peak light, we find the public observations combined
with the later follow-up to be consistent with that of
a Ca-rich gap transient. First, the initial detection and
prior non-detection of the source reported by P. Wig-
gins suggest a fast rise to an absolute magnitude of
M =~ —16.0mag (in clear filter; Figure 3). The tran-
sient subsequently declined rapidly by ~ 2 mags within
~ 30d after peak, confirming the faint peak luminosity
and fast photometric evolution of the event. The peak
light spectra together with the SEDM spectrum taken
at ~ 30d are consistent with a Type Ib/c SN in the
photospheric phase, which exhibited a fast transition to
the nebular phase. We obtained a follow-up spectrum
of the transient with LRIS on the Keck-I telescope on
2018 Dec 04, which exhibited strong [Ca II] emission and
weak [O I] emission, confirming the classification of this
source of a Ca-rich gap transient.

2.3.5. SN2018kjy / ZTF 18acsodbf / PS 18cfh

ZTF 18acsodbf (= SN2018kjy) was first detected
in ZTF difference imaging pipeline on 2018-12-03.36
(MJD = 58455.36) at J2000 coordinates o = 06:47:17.96
and § = +74:14:05.9, at a magnitude of r = 19.56 £
0.14mag. The transient was saved as a candidate su-
pernova on its second detection on 2018-12-04, and as-
signed for spectroscopic follow-up. The transient was
detected by the Pan-STARRSI1 survey (Chambers et al.
2016) on 2018-12-17 and reported to TNS on 2018-12-
22 (Chambers et al. 2018), acquiring the TAU name
AT 2018kjy. With forced photometry on the ZTF dif-
ference images, we find three more lower significance
detections up to ~ 7d before the first alert was issued.
The last non-detection of the source was on 2018-11-
19.48 (MJD = 58442.48) to a 5o limit of g ~ 20.45 mag.

The transient was found in the outskirts of NGC 2256,
an E-type galaxy at z = 0.017 (Figure 2), at a pro-
jected offset of ~ 1772, corresponding to a physical
separation of =~ 6.0 kpc. We obtained a spectrum of

6 Although not used as a defining characteristic of the class, the
only Type Ib/c SNe reported thus far in the outskirts of early-

type galaxies are found to be Ca-rich gap transients.

ZTF 18acsodbf with DBSP on 2018-12-14, which exhib-
ited narrow P-Cygni features of He I, O I and Ca II,
and a reddened continuum similar to the Ca-rich gap
transient PTF 12bho (Lunnan et al. 2017). Subsequent
photometry from ZTF and follow-up with the P60 +
SEDM confirmed a faint and fast evolving (rise time
~ 17d) light curve peaking at an absolute magnitude of
M =~ —15.6 mag (Figure 3). Subsequent spectra of the
source taken with Keck/LRIS 4+30d and +120d from
peak show a fast transition to the nebular phase dom-
inated by [Ca II] emission, confirming its classification
as a Ca-rich gap transient.

2.3.6. SN2019hty / ZTF 19aaznwze / ATLAS 19nhp /
PS 19bhn

ZTF 19aaznwze (= SN2019hty) was first detected
in the ZTF difference imaging pipeline on 2019-06-
14.18 (MJD = 58648.18) at J2000 coordinates o =
12:55:33.03 and 6 = +32:12:21.7, at a magnitude of
g = 19.62 & 0.19mag. The transient passed machine
learning thresholds on the GROWTH Marshal on 2019-
06-20 and was saved for spectroscopic follow-up. The
transient was detected by the ATLAS survey (Tonry
et al. 2018) on 2019-06-19 (Tonry et al. 2019a) and re-
ported to TNS on the same date, and assigned the TAU
name AT 2019hty. Since the source was detected in un-
released public survey data from ZTF, we are unable to
perform forced photometry on the images and report the
last non-detection as in the ZTF alert packets on 2019-
06-11.24 (MJD = 58645.24) to a 5o limiting magnitude
of g = 19.82mag.

The transient was found in the outskirts of WISEA
J125534.504+-321221.5, an E-type galaxy at z = 0.023
(Figure 2), at a projected offset of = 18”7, correspond-
ing to a physical separation of ~ 8.7kpc. We obtained
a spectrum of ZTF 19aaznwze with SEDM and DBSP
on 2019-07-01, which exhibited a Type Ib-like spectrum
with a reddened continuum and a broad P-Cygni fea-
ture of the Ca NIR triplet. Photometric follow-up with
SEDM and data from ZTF show a faint peak magnitude
of M ~ —16.1mag and a rise time of ~ 15d (Figure 3).
We obtained an additional spectrum of the source with
DSBP at ~ 40d from peak light, which showed broad
emerging line of [Ca II] and weak [O I], confirming a
fast transition to the nebular phase dominated by [Ca
IT] emission, and classifying this source as a Ca-rich gap
transient.

2.3.7. SN2019ofm / ZTF 19abrdzbh / ATLAS 19tjf

ZTF 19abrdxbh (= SN 2019ofm) was first detected
in the ZTF difference imaging pipeline on 2019-08-
20.15 (MJD = 58715.15) at J2000 coordinates o =
14:50:54.65 and § = +27:34:57.6, at a magnitude of
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g = 20.43£0.24 mag. The transient met machine learn-
ing thresholds and was saved to the GROWTH Marshal
on 2019-08-24. The ZTF detection was reported by the
AMPEL (Nordin et al. 2019b) automatic stream to TNS
on 2019-08-23 (Nordin et al. 2019a), acquiring the TAU
name AT 2019ofm. Since the source was detected in un-
released public survey data from ZTF, we are unable to
perform forced photometry on the images and instead
report the last non-detection as in the ZTF alert pack-
ets on 2019-08-17.24 (MJD = 58712.24) to a 5o limiting
magnitude of r = 19.53 mag.

The transient was found on top of the SB-type galaxy
IC 4514 at z = 0.030 (Figure 2), at a projected offset of
~ 18”2, corresponding to a physical offset of ~ 11.0 kpc.
We obtained a spectrum of the source with DBSP on
2019-08-27, which exhibited clear features of a 1991bg-
like Type Ia SN at the host redshift. Following the first
detection, the source rose to a peak absolute magnitude
of M, =~ —16.6 mag, suggesting a sub-luminous Type Ia
SN consistent with the spectroscopic classification. We
obtained a follow-up spectrum of the source with LRIS
at =~ 175 d after peak light, which showed that the source
had transitioned to the nebular phase exhibiting [Ca II]
as the only detectable broad feature in the spectrum.
Together with the non-detection of iron-group features
typically seen in 1991bg-like objects, the strong [Ca II]
feature suggested that SN 2019ofm was similar to the
Carrich gap transients PTF 09dav and SN 2016hnk, thus
classifying the source as a Ca-rich gap transient.

2.3.8. SN2019pzu / ZTF 19abwtqsk / ATLAS 19uvg /
PS 19fwq

ZTF 19abwtqsk (= SN 2019pxu) was first detected
in the ZTF difference imaging pipeline on 2019-09-
04.50 (MJD = 58730.50) at J2000 coordinates a =
05:10:12.61 and § = —00:46:38.6, at a magnitude of
r = 20.09 +0.20 mag. The transient met machine learn-
ing thresholds and was saved to the GROWTH Mar-
shal on 2019-09-22 on its third detection in the ZTF
alert stream. The transient was detected by the AT-
LAS survey on 2019-09-10 (Tonry et al. 2019b) and re-
ported on the same date to TNS, acquiring the TAU
name AT 2019pxu. The field was not covered by the
survey in > 30d before the first detection, and hence we
are unable to determine a recent upper limit from the
first detection.

The transient was found in the outskirts of the spiral
galaxy WISEA J051011.32-004702.5 at z = 0.028, at a
projected offset of 30794 (Figure 2), corresponding to
a physical projected offset of 17.5 kpc. We obtained a
peak light spectrum of the source with P200 + DBSP on
2019-10-03, which exhibited a Type Ib-like spectrum and
a reddened continuum similar to the Ca-rich gap tran-

sient PTF 12bho. Subsequent photometry from ZTF
and P60 + SEDM indicated a rise time of ~ 17d and
a faint peak absolute magnitude of M = —16.4mag.
We obtained a follow-up spectrum with LRIS on 2019-
10-27, which showed a faint continuum with emerging
broad emission lines of [Ca II] and Ca II, confirming a
fast nebular transition and the classfication of the source
as a Ca-rich gap transient.

2.4. Photometry

We obtained gri photometry of transients from data
taken with the P48 ZTF camera (Bellm et al. 2019a),
that were processed with the ZTF data processing sys-
tem (Masci et al. 2019). Light curves were extracted
using forced point spread function (PSF) photometry
(Masci et al. 2019) at the location of the transient in the
difference images, where the location was determined
from the median position of the source reported in all
alerts of the transient in the ZTF transient detection
pipeline. We report detections of the transients in the
forced photometry for epochs where the signal to noise
ratio is higher than 3o, while 5o upper limits are re-
ported for other epochs. We include data acquired in
the public as well as the higher cadence internal collab-
oration and Caltech surveys. In cases where the tran-
sient was covered by an internal survey and has more
than one visit per night, we performed an inverse vari-
ance weighted binning of the flux measurements in bins
of 1.5d to improve the signal to noise ratio of the mea-
surements. We perform the same binning for reporting
upper limits, where we use inverse variance weighted flux
uncertainty to report the 5¢ upper limit for that epoch.
At the time of writing, data acquired after the second
data release of the ZTF public survey (i.e. data taken
after 2019-06-30) is not available for forced photometry,
and hence we use the ZTF light curves and upper limits
as reported in the alert packets (Masci et al. 2019).

We obtained additional multi-color photometry near
peak light with the SEDM rainbow camera on the Palo-
mar 60-inch telescope, and the data were processed us-
ing the SEDM image reduction pipeline. Image sub-
traction against archival references from SDSS and PS1
were performed, and difference magnitudes were ob-
tained using the pipeline described in Fremling et al.
(2016). We show the photometric evolution of these
transients near peak light in Figure 3, while the data
are presented in Table 5. We correct the photometry
for foreground Galactic extinction using the maps in
Schlafly & Finkbeiner (2011) and the extinction law of
Cardelli et al. (1989), assuming Ry = 3.1.

2.5. Late-time imaging



12 K. DE ET AL.

$ P48+ 1 + P48+yg $ Gaia-G P60 + i
B P60+ r t P60+yg P48 + i
SN 2018ckd SN 2018lqo
019 w7 e —16 v W ...0 16 v
E v ' . o s 320 v ag o, v |3
s LA Y L B &
e [V v + ¥y E E .t. ¢ % Vo l_15E
= Y o sl o Vv E
R e —1u2 8|V 'Y 2
<92 ¥ 5 Ty ' -4
SN 2018lqu 16 SN 2018gwo
19.5 + —16.5 o L 16
£20.0 L 16.022 2
G +_ . 16.0 s -l :
E EE T®e o f_14E
£205 155 % Hhe, 4 L
z ; i * b3
5 2220 2
<9210 150 1
SN 2018Kkjy SN 2019hty
L]
v 19 e ‘Yl v ©19 v o
o N - T ! —16-0
2 - L+ A _152 2 + ! E
c v v/ 1(.) E c E
20l o ; 58 . t 7
g 201 V_ ++_ + \* gz i
AL +.|r e E2 v ™ ~152
8 |V v 25 |v 3
z21 i 25 bV 5 JE
—13 21 ; v oty
18.5 SN 20190fm S.N 2019pxu
> F17.0 N -
+ 19 W
S 1901 ’ s \ ¢ 3
2 + r—16 d_-oéﬂé‘ + ,* —16.45
Fl95] a2 ¥
15 7 + + ve _+ e
% 20 U \/ 1r i :g% \/ —15 :g
o — 1.0 v - @
LI oo by | 2
= ~15.0 ~14

Rest frame days from r peak Rest frame days from r peak

Figure 3. Photometric evolution near peak light of the Ca-rich gap transients presented in this sample, with time presented
with respect to the r-band light curve of the individual sources (corrected for Galactic extinction). Filled symbols denote
detections from forced photometry on the ZTF difference images (see figure legend), while hollow inverted triangles denote 50
upper limits at the position of the transient. Red points denote r-band photometry, green points denote g-band photometry,
yellow points denote i-band photometry and cyan points denote photometry in the clear filter. The vertical dashed lines denote
epochs of spectroscopy. For SN 2018gwo, we also show public TNS photometry from Gaia (as in legend) and Wiggins (2018)
(in cyan).
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Figure 4. Late-time photometric evolution of the Calcium rich gap transients in the CLU sample, as function of rest-frame
time from r-band peak. Each object is assigned a separate symbol for late-time detections as indicated in the legend. The colors
denote individual filters, with brown for r-band, light green for g-band and golden for i-band. Upper limits are indicated as
hollow symbols with arrows in the respective filter colors. The black dashed line shows the decline rate expected from radioactive
decay of °®Co using an Arnett model with a ®*Ni mass of 0.015 Mg, , under the assumption of complete trapping of v-rays.

We obtained additional late-time photometry of the
transients with the Wafer Scale Imager for Prime
(WASP) on the Palomar 200-inch telescope, which
were reduced with the pipeline described in De et al.
(2020). We used LRIS on the Keck-I telescope for late-
time imaging of some transients reported in this pa-
per, and the data were reduced using the automated
lpipe pipeline (Perley 2019). Image subtraction was
not necessary for the late-time imaging for most sources
since the majority were far from their host galaxies,
and we report aperture photometry measurements (ac-
counting for aperture corrections) for these sources, cal-
ibrated against the PS1 (Chambers et al. 2016) catalog.
For sources where the photometry was deemed to be
contaminated by host galaxy light from visual inspec-
tion (which was found to be true only for SN 2018kjy),
we performed image subtraction using reference images
from WASP obtained > 1 year after the peak of the tran-
sient light curve. The image subtraction was performed
by first aligning the science image to the reference image
by aligning the two images to the same system calibrated
against Gaia DR2 (Gaia Collaboration et al. 2018). The
alignment was performed by first extracting a source
catalog for both the science and the reference image us-
ing SExtractor (Bertin 2006) followed by astrometric

alignment using the scamp code with Gaia DR2 as the
reference catalog.

The images were then resampled to the same output
grid using Swarp (Bertin et al. 2002) and flux scaled to
a common zero-point. The image subtraction was per-
formed using the Z0GY code (Zackay et al. 2016) using
an input PSF model for the science and reference image
using PSFEx (Bertin 2011). Forced PSF photometry was
performed on the generated difference image to estimate
the flux and flux uncertainty at the transient position,
including an additional Monte Carlo simulation of the
PSF-fit flux variance across the difference images to ac-
count for uncorrected correlated noise in the difference
image output. However, we caution that in several cases,
the latest images from LRIS show evidence of diffuse
sources near the transient which we are unable to sub-
tract due to the absence of a template (ideally acquired
several hundred days after the latest observation), and
thus report the host-contaminated aperture photometry
fluxes only. As in the case of the ZTF photometry, we
report detections of sources where the signal to noise
ratio is higher than 30, and 50 upper limits otherwise.
The late-time photometric evolution for the sample is
shown in Figure 4. The nearby environments of the Ca-
rich gap transients as observed in the late-time imaging
are shown in Figure 21.



14 K. DE ET AL.

2.6. Spectroscopy

Spectroscopic follow-up of transients near peak light
was obtained as a part of the regular classification effort
of the CLU experiment. Typically one spectrum was
obtained near peak light for initial spectroscopic classi-
fication and a sequence of nebular phase spectra were
obtained starting at least ~ 30d after peak. The SED
Machine spectrograph was used for spectroscopy for only
two of these sources (SN 2018gwo and SN 2019hty) since
they were typically too faint (> 19mag) for SEDM
spectroscopy. The SEDM data were reduced using the
pysedm (Rigault et al. 2019) automatic pipeline. Peak
light spectroscopy for the rest of the sample was ob-
tained using the DBSP, and the data were reduced
using the pyraf-dbsp pipeline (Bellm & Sesar 2016).
We obtained two epochs of spectroscopy of SN 2018gwo
with the APLY200 spectrograph at Three Hills Obser-
vatory. The spectra were reduced using ISIS software”.
The spectrum images were bias and dark subtracted,
flat field corrected using a tungsten halogen lamp, cor-
rected for geometric distortions and the sky background
subtracted before extracting the spectrum profile. The
spectrum was wavelength calibrated using a Ne/Ar ref-
erence lamp and calibrated in relative flux using as a
reference, a hot star (HD123299) from the MILES li-
brary of spectra® measured the same night at similar
airmass. We obtained follow-up spectroscopy for some
sources using the Alhambra Faint Object Spectrograph
and Camera (ALFOSC) on the Nordic Optical Telescope
(NOT). The NOT data were reduced using the FOSCGUI
pipeline®.

Late-time nebular spectroscopy was obtained using
LRIS on the Keck-I telescope starting from = 30d after
peak light. For some sources, we obtained up to four
epochs of nebular phase spectra using LRIS. The data
were reduced using the automated lpipe pipeline. We
present the complete list of spectroscopic observations in
Table 6, while the spectra are presented in Figure 5. In
addition, we use publicly available spectra from TNS for
SN 2018gwo and some events in the control sample (Ap-
pendix A). Spectra for the literature sample of events
were obtained from WISEReP (Yaron & Gal-Yam 2012)
and attributed to the original source where relevant. All
data presented in this paper will be publicly released on
WISEReP and as an electronic supplement upon publi-
cation.

7 by C. Buil; http://www.astrosurf.com/buil /isis-software.html
8 http://miles.iac.es/
9 http://graspa.oapd.inaf.it /foscgui.html

3. ANALYSIS OF THE COMBINED SAMPLE

Here, we present a combined analysis of the spectro-
scopic and photometric properties of the sample of Ca-
rich gap transients presented in this paper with those
in the literature sample of events that satisfy our selec-
tion criteria. We begin with a qualitative analysis of
the spectroscopic properties, in particular, to highlight
the existence of a continuum of spectroscopic character-
istics in the full sample of events. We outline the proce-
dures used for a quantitative analysis of the full sample
of events, and present quantitative results on the pho-
tometric and spectroscopic properties of the sample to
highlight trends across the continuum of spectroscopic
properties. We use these results to discuss implications
for the progenitor channels in Section 6.

3.1. Photospheric phase spectra

We perform a combined analysis of the spectroscopic
properties of the sample of Ca-rich gap transients pre-
sented in this paper with previous events in Figures 6,
11 and 8. Since we aim to characterize the peak light
spectral diversity in this class, we discuss objects where a
medium resolution spectrum was available within ~ 10d
of peak light — 16 of the total sample of 18 objects!'’
have photospheric phase spectra acquired near the peak
of the light curve. The photospheric phase spectra of
this sample are diverse, and most notably separate into
SN Ib/c-like (absence of a strong Si IT line, with a contin-
uum of He I line strengths) and SN Ia-like (with strong
Si IT lines) objects. This distinction is a natural parallel
to the traditional classification scheme invoked for the
broader population of hydrogen poor supernovae (Filip-
penko 1997; Gal-Yam 2017). We thus proceed by defin-
ing two spectroscopic classes within the sample of Ca-
rich gap transients based on their similarity to either
SNeIb/c or SNela near peak light — and refer to them
as Ca-Ib/c and Ca-Ia objects. Within the photo-
metric selection criteria defined in this experiment, the
relative occurrence rate of the Ca-Ib/c to Ca-Ia objects
are 6:1, although a true rate estimate would require in-
corporating the luminosity functions of the two classes
(see Section 5).

3.1.1. The Ca-Ib/c class

In Figure 6, we plot the photospheric phase spectra of
the Ca-Ib/c objects. Prominent spectral lines detected
in the photospheric phase are marked, along with three
optical lines of He I and their P-Cygni absorption re-
gions due to the known similarity of these objects to

10 SN 2007ke and PTF 11bij are the only objects that do not have

a peak light spectrum
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Figure 5. Spectroscopic sequence of the sample of Ca-rich gap transients presented in this paper. In each panel, the object
name is indicated in the legend and the phase of the spectrum is denoted next to each spectrum with respect to the peak of the
r-band light curve. The gray lines show the unbinned spectra while black lines show the same spectra binned to improve the

signal-to-noise ratio.
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Figure 6. Photospheric phase spectra of Ca-rich gap transients that exhibit SN Ib/c-like features (termed Ca-Ib/c objects) in
the ZTF sample combined with the same for events in the literature. The transient name and phase of the spectrum is indicated
next to each spectrum. The spectrum color separates the two primary spectral types in the sample based on the shape of the
continuum — the events plotted in green have peak spectra characterized by flat or green continua, while spectra in red show
events that exhibit strong suppression of flux at bluer wavelengths thus exhibiting red continua. The solid dashed lines show
the rest frame wavelengths of three optical He I lines, while the shaded bars show the expected P-Cygni absorption minima for
velocities ranging from 5000 — 12000 km s~*.
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Type Ib SNe at peak (Perets et al. 2010). The ZTF sam-
ple of events is dominated by Type Ib-like spectra near
peak light (exhibiting He I A5876, A6678 and A7065)
in the photospheric phase spectra albeit with a range
of line strengths and velocities. The He I A6678 line is
usually contaminated by the nearby Si II A\6347,6371
lines (Sullivan et al. 2011; Kasliwal et al. 2012; De et al.
2018a). Other common features in the peak light spectra
include P-Cygni features of O I A7774 and Call H&K
and the NIR triplet. SN 2012hn is the only object that
does not show any evidence for He I in its peak spec-
trum (Valenti et al. 2014). We also do not conclusively
identify He I in the peak light spectrum of SN 2018gwo.
We thus tentatively classify SN 2018gwo as a Ca-Ic al-
though the low SNR and resolution of the peak spectrum
precludes a definite classification.

Upon closer inspection, the set of peak light spectra
shown in Figure 6 demarcates into two groups of events —
one with events characterized by flat continua across the
entire spectral range and one with events characterized
by strong suppression of flux at bluer wavelengths and
red continua. We indicate these two classes of events
with different colors (dark green and red) in Figure 6,
and throughout the rest of this manuscript. The spectra
of events in the first class are relatively homogeneous,
and show clear evidence of strong He I at normal pho-
tospheric velocities (= 8000 — 11000 km s~1; see Section
3.1.3). Notably, these objects exhibit strong continuum
in the blue side of the spectrum (below 5500 A) and
clear absorption features of Ca II, Mg I and Fe II su-
perimposed on the blue side continuum. On the other
hand, events in the latter group show strong suppres-
sion of the continuum flux in the blue side of the spec-
trum (below 5500 A) producing a spectrum with redder
colors. These exhibit a diverse range of line velocities,
ranging from events with normal photospheric velocities
(SN 2019pxu) to peculiar low velocity (= 4000—6000 km
s~ 1) events such as PTF 12bho and SN 2018kjy. Absorp-
tion features of metals blue-wards of 5500 A (Ca II, Mg
I and Fe II), are only weakly detected due to the strong
suppression of flux in this region. Notably, SN 2012hn
and SN 2018gwo in this group do not show evidence of
He I (and hence would be Ca-Ic objects nominally),
while SN 2018kjy exhibits only weak signatures of low
velocity He I in its spectrum. Given the small number
of events, it is unclear whether there is a continuum of
events between these two types of objects. We proceed
by referring to the two classes of objects as objects with
green and red continua respectively, and use the same
color scheme as in Figure 6.

There is considerable diversity in the presence and
strength of He lines in the peak light spectra of the
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Figure 7. Zoomed-in plots of the photospheric phase spec-
tra of the Ca-Ib/c objects around the expected positions of
He I transitions. The left panel shows the region around the
He I A\5876 line and the right panel shows the region includ-
ing the He I A6678 and A7065 lines. The color coding of the
spectra is the same as in Figure 6. The black dashed lines
show the rest frame positions of the He I lines, while the grey
shaded regions show the absorption region for the a velocity
range of 5000 — 12000 km s 1.
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Figure 8. Photospheric (top panel) and nebular (bottom panel) phase spectra of Ca-rich gap transients that exhibit SN Ia-like
features (termed Ca-Ia objects) in the ZTF sample combined with the same for events in the literature. The transient name and
phase of the spectrum is indicated next to each spectrum. The prominent photospheric lines of Si II, O I and Ca II are marked
in the peak light spectra plot while the nebular lines of [O I, [Ca II] and Fe group elements are marked in the lower panel. In the
lower panel, we also show a nebular phase spectrum of the SN 1991bg-like event SN 2005ke to highlight the differences between
1991bg-like objects and the Ca-rich objects in terms of the absence of Fe-group features in the blue part of the spectrum.

Ca-Ib/c objects. The identification of He is a crucial
aspect for understanding the progenitors of these explo-
sions since the presence of He in the ejecta is indicative
of a He-rich progenitor system. However, He lines visible
in the optical region are non-thermally excited (Dessart
et al. 2012; Hachinger et al. 2012) and hence their ab-
sence does not necessarily preclude the presence of He
in the ejecta. The detection of He lines is dependent
on the amount of °°Ni mixing in the ejecta to be able
to excite the He I transitions non-thermally and thus
these lines also constrain on the mixing in the ejecta.
While most of the Ca-Ib/c objects exhibit prominent
and unambiguous He I lines in the optical, similar to
the prototype event SN 2005E, these lines are difficult
to unambiguously identify in peculiar events. In Figure

7, we show zoomed in regions of the peak light spectra
of the sample around the optical He I lines at 5876 A,
6678 A and 7065 A. The identification of He is compli-
cated by the contamination of the He I 5876 Aline with
the nearby Na I line seen in SNelc, thus requiring the
detection of multiple He I lines at similar velocities to
conclusively confirm the presence of He. This necessi-
tates a careful examination of the features around the
other optical He I lines at 6678 A and 7065 A. We note
that all the green Ca-Ib/c events exhibit unambiguous
evidence of He I at similar velocities at all the optical
transitions.

However, the family of events with red continua ex-
hibit much more diverse properties around the He I tran-
sitions, which include peculiar events like SN 2012hn,
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PTF 12bho and SN 2018kjy. Only SN 2019hty exhibits
unambiguous P-Cygni absorption in all the He I lines
and thus He can be confirmed. In the progression
from SN 2019pxu to SN 2012hn, we see a gradual change
in the strength and absorption depth of the He lines.
Specifically, we note the appearance of an emission
feature at the expected absorption position of the He
I A\7065 line that gets stronger from SN 2019pxu to
SN 2012hn. This emission feature was attributed to C II
in the spectral modeling of SN 2012hn, although it could
also be associated with Al II (Kasliwal et al. 2010; Sul-
livan et al. 2011; De et al. 2018a). In the same sequence
of objects the He I A7065 line gets progressively weaker
until it is not detected at all in SN 2012hn. The same
trend is also detected in the He I A6678 line although
the identification of He I A6678 in SN 2012hn is compli-
cated by the presence of the nearby SiII line. SN 2012hn
does not show any evidence of He either in its optical or
near-infrared spectra (Valenti et al. 2014). We thus find
evidence of a continuum of He line strengths in these
events, which range from events with strong He lines to
very weak or absent He lines.

3.1.2. The Ca-Ia class

Figure 8 shows a comparison of the photospheric and
nebular phase spectra of the three Ca-Ia objects in the
sample, indicated by orange markers throughout this
manuscript. These objects exhibit typical features of
1991bg-like objects defined by the strong Ti IT trough in
the blue side of the spectrum. In addition, all of these
objects exhibit mild to strong line blanketing features
short-wards of 5000 A in the blue side of the spectrum.
Such features are typically indicative of the outer ejecta
being rich in Fe-group material that efficiently absorbs
the blue flux (Nugent et al. 1997; Polin et al. 2019a).
We note that SN 2019ofm exhibits several similarities to
the peak light spectrum of SN 2016hnk (although with
lower line velocities), while PTF 09dav exhibits some dif-
ferent features and line strengths, some of which were
attributed to rare elements like ScIl and SrII in Sulli-
van et al. (2011). Although the peak light spectra are
broadly similar, such exotic elements were not required
in the spectral modeling of SN 2016hnk in Galbany et al.
(2019) and Jacobson-Galan et al. (2019), and hence is
unlikely for SN 20190fm given the spectral similarity be-
tween the two objects.

Given the lack of the prominent He lines in both the
Ca-Ic objects and Ca-Ia objects, it is instructive to com-
pare the peak light spectra of the two classes. In Fig-
ure 9, we plot the peak light spectrum of SN 2012hn
— the only unambiguous Ca-Ic object in the sample
along with the peak light spectra of two Ca-Ia objects
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Figure 9. Comparison of the peak light optical spectra of
He poor Ca-Ib/c event SN 2012hn and the two Ca-Ia events
SN 2016hnk and SN 20190fm. Prominent spectral features of
Si II, O I and Ca II are marked.

SN 20190ofm and SN 2016hnk. It is worth noting the
striking resemblance between the spectra of SN 2012hn
and SN 2019ofm, barring the weaker strength of the Si
IT line in SN 2012hn (which leads to its Ca-Ic classifi-
cation). Specifically, we find that although the veloci-
ties are different in the three objects, they show similar
features over the entire optical spectrum. The only dis-
crepancies are in the bluer part of the spectrum where
the Ca-Ia objects show features from Fe group elements
(near ~ 4000 A). SN 2016hnk exhibits a very strong Si Il
line similar to normal / sub-luminous SNela (Gal-Yam
2017), while SN 20190fm exhibits a weaker SilI line but
with all the characteristic SN Ia features, and SN 2012hn
exhibits the weakest Sill line and nearly the same spec-
tral features as SN 2019ofm.

Sun & Gal-Yam (2017) demonstrated that Type I
SN subtypes (Ia/Ib/Ic) occupy different loci on the
line depth diagram of SiIl A6150A and O A\7774 A
measured in peak-brightness spectra (see their Figure
9). In order to quantitatively investigate the strk-
ing similarities between the Ca-la and Ca-Ic objects,
we performed these measurements in a manner simi-
lar to that of Sun & Gal-Yam (2017). SN 2016hnk ex-
hibits a A6150 line depth of =~ 0.6 and a depth ratio of
A6150/A\7774 =~ 0.75, similar to 91bg-like SNela in the
Sun & Gal-Yam (2017) sample. However, we find that
SN 20190fm exhibits a A6150 line depth of ~ 0.35 and
a depth ratio of A6150/A\7774 ~ 0.83 which is exactly
at the SN Ia-SNIc classification boundary suggested in
that work. Similarly, the peak spectrum of SN 2012hn
exhibits a A6150 depth of =~ 0.3 and a depth ratio of
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A6150/A\7774 ~ 1.0, which falls exactly on the classifi-
cation boundary for SNeIb/c in that sample. In partic-
ular, we note that SN 20190fm and SN 2012hn occupy
an empty phase space in the classification diagram of
Sun & Gal-Yam (2017) — with SN 20190fm being a tran-
sitional Ia-Ic object and SN 2012hn being a transitional
Ib-Ic object. We thus conclude that there may be a con-
tinuum of events leading from Ca-Ia to Ca-Ic to Ca-Ib
objects based on their peak light photospheric spectral
properties. We discuss this sequence together with the
photometric and nebular phase properties in Section 6.

3.1.3. Photospheric velocities

For a quantitative comparison of the spectral features,
we performed fits of the most prominent spectroscopic
features of the combined sample of events, and list the
derived parameters in Table 4. The aim of this exercise
is to elucidate the photospheric velocity evolution of the
most prominent spectral lines in these transients as they
hold clues to the density structure of the ejecta and
internal emission powering mechanism (Piro & Nakar
2014; Sell et al. 2015). These velocity estimates are
also necessary for quantitative estimates of the explo-
sion kinetics (Arnett 1982; Arnett et al. 1985). We fol-
low procedures similar to those used in Liu et al. (2016)
and Fremling et al. (2018) for normal stripped envelope
SNe. He I is the most common spectral feature near
peak light in the sample of Ca-Ib/c events, and hence
we estimate the velocity of the He I A5876 line by fit-
ting a low order polynomial to the flux around the line.
We estimate the uncertainties in the velocity by Monte
Carlo sampling of the flux in the relevant wavelength
region. We estimate the flux uncertainty by subtracting
the smooth polynomial fit from the spectral data and
compute the noise RMS as the standard deviation of
the flux from the smoothed spectrum. We then add a
Gaussian distribution of noise to the spectrum using the
wavelength dependent flux RMS as the standard devi-
ation, and compute the spectral fit parameters for the
several realizations of the input spectrum. While O I
AT774 is also detected in most of the peak light spectra,
we do not fit the absorption in this line since it appears
to be uniformly contaminated by another nearby ab-
sorption feature (likely Mg IT; e.g. Valenti et al. 2014;
De et al. 2018a). We perform the same fitting for the
He I A7065 line in the spectra where it is detected in the
Ca-Ib/c events, while the same is computed for the Si IT
A6355 line in the case of the Ca-Ia events.

The velocity estimates from fitting the He I A5876 and
A7065 are largely consistent in the Ca-Ib/c events. How-
ever, the velocities and detection of He in the red events
is complicated by several factors. While SN 2019hty

shows unambiguous presence of both the He I lines we
measure, the A\7065 line absorption in the other objects
is contaminated by emission from a nearby blueward
feature (see Figure 7), which could be associated with C
IT (Valenti et al. 2014) or Al II (Kasliwal et al. 2012;
De et al. 2018a). Thus, the He I velocities are dis-
crepant between the two lines for these objects. How-
ever, we report all these measurements for completeness.
SN 2012hn does not show clear signs of He I in its peak
light spectra, and hence we compute the velocity for the
nearby 5800 A feature (suggested to be due to Na I or
Cr II in Valenti et al. 2014) assuming that the peak of
the feature near maximum light corresponds to the rest
wavelength of the line. The low signal-to-noise ratio and
resolution of the spectrum of SN 2018gwo does not al-
low us to conclusively identify He I, and hence we do not
measure the corresponding velocities for these objects.
SN 2018kjy exhibits a peculiar peak light spectrum with
a large number of low-velocity (~ 2500 km s~!) lines.
While He I A7065 is identifiable in the peak light spec-
trum, we caution that due to the large number of low
velocity lines, we only tentatively identify He I A5876 in
the peak light spectrum.

In Figure 10, we plot the evolution of the prominent
photospheric phase He I A5876 and A7065 (for the Ca-
Ib/c events), and Si II A6355 line (for the Ca-Ia events)
velocities as a function of phase from r-band peak. For
comparison, we also plot the evolution of the He I line
velocities observed in the sample normal SNelb pre-
sented in Liu et al. (2016). The He I A7065 velocity
in most of the red events is much lower than in the
events with green continua. As stated in Section 3.1.3,
this discrepancy is due to blending of a nearby emission
feature blue-wards of A7065 that contaminates the ve-
locity measurement, thus making the velocity evolution
uncertain. SN 2018kjy stands out as a peculiar low ve-
locity event as evident from the large number of narrow
lines visible in its peak light spectrum (see Figure 5), ex-
hibiting several similarities to the low velocity spectrum
observed in PTF 12bho. SN 2012hn does not exhibit sig-
natures of He I in its peak light spectrum and hence we
show the velocity evolution of the nearby 5800 A feature,
likely associated with Na I. It is worth noting the diver-
sity of Si IT A6355 velocities in the Ca-Ia events — both
PTF 09dav and SN 2019ofm exhibit lower (by ~ 3000
km s~1) velocities than SN 2016hnk at peak (= 11000
km s~1). The combined sample of photospheric phase
velocities shows a consistent trend of decreasing veloc-
ities with time, consistent with a receding photosphere
(in mass coordinates) in the SN ejecta. Comparing to
the sample of normal Type Ib events in the comparison
sample, we find that while the photospheric velocities
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Figure 10. Evolution of photospheric line velocity as a function of phase from r-band peak for the combined sample of Calcium
rich gap transients discussed in this paper. Points joined by solid lines represent the velocity evolution for the same object. We
also plot the velocity evolution of the respective lines observed in normal SNe Ib in the sample of Liu et al. (2016), as gray dots in
the background. Individual events are shown by markers as indicated in the legend, with their marker colors indicating whether
they belong to the Ca-Ib/c class with green (shown in dark green) or red (shown in red) continua, or to the Ca-Ia class (shown
in orange). The left panel shows the velocity evolution of the prominent He I A5876 line in cases where it is unambiguously
identified (with solid symbols), or the likely nearby Na I feature (for SN 2012hn in hollow symbols). The right panel shows the
velocity evolution of the He I A7065 feature for the Ca-Ib/c events and the Si IT A6355 feature for the Ca-Ia events.

are similar near peak light, the Ca-rich gap transients
exhibit a much faster drop to low photospheric velocites
around ~ 20d after peak light. A faster drop in photo-
spheric phase velocities suggests that the photospheric
line forming regions recede into the inner and slower lay-
ers of the ejecta faster than normal SNelb, consistent
with the lower ejecta masses and faster transition to the
optically thin nebular phase observed in these events.

3.2. Nebular phase spectra
3.2.1. The Ca-Ib/c class

In Figure 11, we show a comparison of the nebular
phase spectra of the Ca-Ib/c class of objects. Despite
the diversity in the photospheric phase colors and ve-
locities, the nebular phase spectra are relatively homo-
geneous, and dominated by strong [Ca II] emission and
weak [O I] emission (if [O I] is detected at all). The
low velocity events SN 2018kjy and SN 2019pxu exhibit
double-peaked lines near the [Ca II] doublet early in the
nebular phase, similar to that observed in PTF 12bho
(Lunnan et al. 2017), although later spectra exhibit
a single unresolved [Ca II] feature. Since SN 2018gwo
was a relatively nearby event at 30 Mpc, our nebular

phase spectral sequence extends out to ~ 235 d, showing
that [Ca II] emission continues to dominate the spec-
trum from the earliest to these very late phases and
hence the Ca-rich classification is independent of the
exact phase of the nebular spectrum. We note that
the events with red continua SN 2012hn, SN 2018kjy and
SN 2018gwo exhibit relatively stronger [O I] lines relative
to [Ca II], when compared with other objects observed
at similar phases. SN 2012hn and SN 2018gwo are also
notable for exhibiting clear signatures of Fe group ele-
ments around 4000 —6000 A similar to late-time spectra
of sub-luminous SNe Ia.

3.2.2. The Ca-Ia class

Figure 8 shows the nebular phase spectra for the Ca-
Ia objects, which are dominated by [Ca II] lines. It is
important to note the difference between the Ca-Ia ob-
jects and the class of 1991bg-like objects in the nebular
phase — while 1991bg-like objects exhibit strong features
of Fe-group elements in the blue part of the spectrum
in the nebular phase, the Ca-Ia objects show nearly no
signatures of such features in the blue-side spectra at
similar phases. We demonstrate this by plotting a neb-
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Figure 11. Nebular phase spectra of the Ca-Ib/c events in the ZTF sample combined with the same for events in the literature.
The transient name and phase of the spectrum is indicated next to each spectrum. Color coding of the spectra are the same as

in Figure 6. The prominent nebular lines of [O I], [Ca II] and Ca II are marked.
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ular phase spectrum of the 1991bg-like object SN 2005ke
(Silverman et al. 2012) in Figure 8. SN 2005ke also ex-
hibits a strong emission feature at 7290 A near [Ca IT];
however this feature could be associated with [Fe II] and
[Ni IT] emission given the strong Fe group elements ob-
served in the blue side of the spectrum (Flors et al. 2020;
see also Polin et al. 2019b who suggest that this feature
is due to [Ca II]). Unlike the Ca-Ib/c objects, the Ca-Ia
objects exhibit very weak or no [O I] emission in the neb-
ular phase. The nebular phase spectrum of SN 2016hnk
(Galbany et al. 2019) exhibits a narrow double-peaked
feature at the [Ca IT] line, and is noticably narrower than
other objects ''. However this could be due to the very
late phase of the spectrum; unavailable for the other,
fainter objects in this class.

3.2.3. [Ca II] / [O I] ratio

In the nebular phase spectra of the combined sample
of events, we fit a Gaussian to the [Ca II] and [O I] emis-
sion features to estimate their flux ratio. We compute
the fluxes by fitting a single Gaussian (see e.g. Jerk-
strand 2017) to the respective line emission features. We
do not compute the absolute flux in these lines as the
spectro-photometric calibration is not available for sev-
eral spectra in the literature'®. Instead, we compute
the [Ca II]/[O 1] ratio for each spectrum. For several
late-time spectra [O 1] is barely or not detected. In such
cases, we compute an upper limit on the [O I] flux by
using the RMS of the flux around the expected position
of the line center to compute a 1o upper limit on the
[O I] flux assuming that [Ca II] and [O I] lines have the
same velocity width (this provides a lower limit on the
[Ca I1)/[O 1] ratio). We estimate the uncertainties in
the line ratios by computing the standard deviations in
these quantities from 1000 Monte Carlo realizations of
the spectra, where the samples are created by adding
flux uncertainties in the same way as with the photo-
spheric phase spectra. Table 6 lists the best fit parame-
ters for the sample of events in this paper as well as all
the published spectra in the literature.

We plot the evolution of the [Ca II]/[O I] ratio in these
sources compared to a sample of nebular phase spectra
of other types of stripped envelope SNe in ZTF in Fig-
ure 12. These spectra were obtained either as a part of
confirmation spectra for the candidate Ca-rich gap tran-
sients identified from photometry or as a part of nebular
phase follow-up of a volume-limited sample of stripped

1 However, the late-time spectrum of SN2016hnk reported by

Jacobson-Galan et al. 2019 does not show a clear double peak

12 Absolute calibration would also require contemporaneous pho-

tometry, which is largely unavailable
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Figure 12. [Ca II]/[O I] ratio for the Ca-rich gap transients
and stripped envelope SNe in the ZTF volume limited exper-
iment. The black horizontal dashed line shows the [Ca II]/[O
I] ratio defined as the threshold in this paper for classifica-
tion as a Ca-rich transient. Symbols with upward arrows
indicate lower limits on the [Ca II]/[O I] ratio where the [O
I] feature is not detected with statistical significance. The
Ca-rich events are indicated by hexagons with colors that re-
flect their peak light spectroscopic appearance as discussed
in the text.

envelope SNe (C. Fremling et al., in prep.). The Ca-rich
gap transients occupy a unique phase space in this plot
with high [Ca II]/[O I] at all phases in their evolution.
We also show the threshold of [Ca IT]/[O I] = 2 used to
select the sample of Ca-rich gap transients in this paper,
which clearly separates out the Ca-rich events from the
normal events, which primarily occupy the phase space
of [Ca II}/[O I] £ 1 at all phases. We note that sev-
eral of the red Ca-Ib/c events exhibit relatively small
[CaII] / [O 1] at all phases, where the [Ca II]/[O I] val-
ues are smaller by a factor of ~ 2 when compared to
the green Ca-Ib/c events. This trend is consistent with
the qualitative analysis in Section 3 where we noted the
stronger [O I] features in the red events. The [Ca II]/[O
I] estimates result in lower limits for all the Ca-Ia events,
suggesting that [O I] is not detected in the nebular phase
spectra of these objects.

3.3. Photometric evolution

In Figure 13, we compare the r-band light curves of
the ZTF sample of Ca-rich gap transients near peak
light, to four characteristic light curves of the litera-
ture Ca-rich events PTF 09dav (Sullivan et al. 2011),
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Figure 13. Comparison of the r-band evolution of this sample of Ca-rich gap transients to some previously confirmed events —
PTF 09dav (Sullivan et al. 2006), SN 2010et (Kasliwal et al. 2012), PTF 12bho (Lunnan et al. 2017) and SN 2016hgs (De et al.
2018a). In each panel, the r-band photometry for the ZTF sample are presented as red points while the archival sources are
plotted in shades of grey. The photometric evolution is shown as a function of rest-frame time from the best estimate of the
r-band peak (except in the case of SN 2018gwo; see text). Inverted triangles denote 5o upper limits. Bottom right panel:
Comparison of the early time bumps seen in the light curves of some of the transients in the ZTF Ca-rich sample to that of the
literature events SN 2016hgs (which exhibited an early time bump; De et al. 2018a) and SN 2010et (which exhibited a monotonic

rise; Kasliwal et al. 2012).

PTF 10iuv (Kasliwal et al. 2012), PTF 12bho (Lunnan
et al. 2017) and SN 2016hgs (De et al. 2018a). The com-
parison sample was chosen to encompass the diversity of
photospheric phase spectral properties reported in the
literature sample. The r-band light curves of the full
Z'TF sample are largely similar to the comparison sam-
ple, with the exception of SN 20190fm and SN 2019pxu,
which exhibit more luminous and broader light curves
than the comparison objects. SN 2018lqo exhibits a

prominent early time ‘bump’ of ~ 1 mag compared to
the light curve of SN2010et. Excess emission is also
marginally detected in the light curve of SN 2018kjy, al-

though at much lower significance.

In the bottom right panel of Figure 13, we show a
zoomed inset of the early r-band light curves of these two
objects together with that of SN 2016hgs, which was pre-
viously reported as a peculiar Ca-rich gap transient with
a prominent double-peaked light curve. For comparison,
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we plot the well-sampled light curve of SN 2010et, which
shows a purely monotonic rise in its early light curve, as
is found for all the other events in the full sample. The
early excess emission in the light curve of SN 2018Iqo is
similar in luminosity and time scale to the early emis-
sion in SN 2016hgs. The early excess in SN 2018kjy is
detected but of lower significance, and hence we do not
discuss it further here. SN 2018gwo has no ZTF cover-
age near peak light, although the peak light photometry
published on TNS and late time decay tail are consis-
tent with the literature sample of events if we assume
that the source was first detected ~ 7 d before peak light.
We caution, however, that we are unable to measure the
time of peak or any other light curve parameter for this
object due to the absence of photometry around peak.

3.3.1. Light curve parameters

We fit the light curve of each transient (in every filter
available) around peak light (within 20d of peak) with a
low order polynominal (order 3 to 4) and derive param-
eters describing the light curve peak and timescale. We
perform the same fitting for all multi-color photometry
data available for the literature sample of Ca-rich gap
transients. We use the functional fits to determine the
times of peak in each filter, peak apparent and absolute
magnitudes (m, and M, respectively), and the charac-
teristic rise time and decline time. We define the rise
and decay time (t,. 1,2 and t7;/5) of the light curve as
the time it takes to rise or decline to half flux from peak
light. In addition, we compute the characteristic decay
of the light curve (in magnitudes) in 7 d from peak light,
denoted by Amy.

We estimate uncertainties on these quantities by
Monte Carlo sampling of the derived parameters from
1000 realizations of each light curve using the photomet-
ric uncertainties of each point in the light curve. We re-
strict our fitting to photometric bands that have at least
one data point before peak light, since it is not possible
to estimate the peak magnitude without a corresponding
detection before peak. In addition, for sources that do
not have photometry sampling the relevant time period
of the rise or fall of the light curve, we do not compute
the respective Amy, rise or fall times. For SN 2018gwo,
photometry was not available around peak light, and
hence we use the reported photometry near peak on the
TNS (Wiggins 2018) as a lower limit on the peak mag-
nitude. In computing the peak apparent and absolute
magnitude, we also correct the photometry of the liter-
ature events for Galactic extinction using the maps of
Schlafly & Finkbeiner (2011) and the extinction law of
Cardelli et al. (1989) with Ry = 3.1. We do not cor-
rect for any additional host galaxy extinction due to the

absence of Na I D absorption in their spectra and the
remote locations of these events. The only exception
is SN 2012hn, for which we assume a host extinction of
E(B — V) = 0.2mag which was estimated from Na I
D absorption in its spectra (Valenti et al. 2014). The
best-fit parameters from the light curve fitting are given
in Table 3.

3.3.2. Color evolution

Figure 14 shows the g — r and r — i color evolution
of the complete sample of Ca-rich gap transients dis-
cussed in this paper. For comparison to other types of
SNe, we also show the well-sampled color curves of the
nearby SN Ta 2011fe (Nugent et al. 2011) and the SNIb
iPTF 13bvn (Cao et al. 2013). Ca-rich gap transients
redden rapidly in g — r color compared to SNe Ia, al-
though the color evolution has a similar trend compared
to the SNIb iPTF13bvn. However, all the Ca-rich gap
transients are redder than iPTF 13bvn in g — 7 at sim-
ilar epochs. The same trend is also seen in the r — 4
color evolution. The g — r evolution of both the Ca-
Ib/c objects with red continua and the Ca-Ia objects
are systematically redder than the Ca-Ib/c objects with
green continua, consistent with the suppressed blue flux
in the spectra of the the former objects. We note that
the complete sample of Ca-rich gap transients occupies
a narrow distribution around g —r /=~ 0.7 mag near peak
light, which we later use to simulate their light curves
for estimation of volumetric rates from the ZTF survey
(Section 5).

3.3.3. Luminosity, width and color relationship

In Figure 15, we plot the peak r-band magnitude of
the transients as a function of the decline in r-band in
7d from peak (Amy;) and time taken to fall to half the
maximum flux (ty/2). While some objects have well
sampled light curves on the rise to estimate the time
taken to rise from half-maximum in flux to maximum,
the majority of literature events do not have well con-
strained pre-peak light curves and hence we only plot
the fall time from peak. We choose r-band as it is the
most commonly available filter for the combined photo-
metric sample and allows us to perform a homogeneous
analysis on the largest number of objects. For compar-
ison of this phase space to the general trend followed
by thermonuclear SNe, we plot the same parameters for
SNela. We use the sample of ZTF SNIa light curves
published in Yao et al. (2019), and compute the same
quantities using the fitting techniques mentioned above
with the r band light curves. The distribution of these
SNela shows the expected luminosity - width relation-
ship (the Phillips relation; Phillips 1993) with more lu-
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Figure 14. Comparison of the g — r and r — i color curves of the known sample of Calcium rich gap transients, color coded by
their spectroscopic membership of the green Ca-Ib/c (green circles), red Ca-Ib/c (red squares) or the Ca-Ia (orange triangles)
class. For comparison, we also show the color evolution curves of the Type Ia SN 2011fe (Nugent et al. 2011) as dark gray stars
and the Type Ib iPTF 13bvn (Cao et al. 2013) as dark gray crosses, which are systematically bluer in g — r than the Ca-rich
gap transients at similar epochs. Events in the combined sample without a peak light spectrum are shown in black circles.
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Figure 15. Luminosity - width phase space for the r-band light curves of Calcium rich gap transients (symbols are shown
with the object names in the legend). The individual events are colored by their spectral type at peak light. Green Ca-Ib/c
events are indicated by green and those with reddened continua are indicated by red. Ca-la events are indicated in orange and
marker symbols for all events are indicated in the legend. We are unable to constrain the peak light spectroscopic properties of
SN 2007ke and PTF 11bij, and hence show these objects in black. For comparison, we plot the same phase space of timescales
for the ZTF 2018 early SN Ia sample in Yao et al. (2019) in gray dots, together with the same parameters for objects in the
control sample (in squares; indicated in the legend by their spectroscopic type at peak).
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minous events being systematically slower evolving'?. In
order to investigate the presence of a luminosity-width
relationship in the full sample of Ca-rich objects, we
compute a Spearman correlation coefficient between the
two pairs of plotted paramaters and find no significant
evidence of correlation. The corresponding correlation
coefficients are 0.25 between M, and Amz (p-value of
0.35) and —0.36 between M, and t ;5 (p value of 0.18),
suggesting no statistically significant evidence of a cor-
relation between these parameters.

We now examine possible differences in the photo-
metric properties between the Ca-Ib/c and the Ca-la
objects. Due to the absence of peak light spectroscopy
for SN 2007ke and PTF 11bij, we are unable to ascertain
the nature of the blue continuum at peak light; however,
their early nebular phase spectra show lines characteris-
tic of SNeIb/c suggesting their membership in the class
of Ca-Ib/c objects. The peak luminosity distributions
of the green and red events among the Ca-Ib/c objects
are consistent with each other; however, the Ca-Ia ob-
jects are typically more luminous. The total number of
events remain small to draw a conclusion on the sta-
tistical significance of the differences. Specifically, we
note that Ca-Ib/c events with red continua exhibit sys-
tematically slower light curves than the Ca-Ib/c events
with green continua, as shown by their smaller Am7; and
larger ty /5 values. A 2-sample Kolmogorov-Smirnov
(KS) test suggests that the null hypothesis probability
that the two sets of values are drawn from the same
underlying population is < 5% for tr1/2 and < 18%
for Amyz. While only marginally significant due to the
small number of events, we further examine this trend
in Figure 16.

We show the dependence of Amy7 as a function of the
g — r color of the transient near peak light in Figure
16. The g — r photometric colors at peak light are not
available for several events in the combined sample, and
hence we use both the spectro-photometric colors de-
rived from peak light spectroscopy as well as photomet-
ric colors where available. Since the photometric col-
ors are not always available at the same phase as the
spectroscopy, there are differences between the derived
photometric and spectro-photometric colors. The Ca-
Ib/c events separate into two classes of events based
on their g — r colors, while Ca-Ia events exhibit col-

13 Note that the canonical relationship for SNe Ia is defined using
the magnitude decline in 15d after peak in the B band versus
peak absolute magnitude Mp. However, we choose to conduct
this analysis on Am7 against peak absolute magnitude in the
r band M, since the faint and fast declining Calcium rich gap
transients usually lack photometry extending beyond ~ 15d from
maximum

0.7

%
0.3 |
' iy | A4

0.0 0.5 1.0 1.5
g — 1 (mag) at peak

Figure 16. Dependence of the rate of light curve evolution
post-peak in r-band (Amsz) on the transient g — r color at
peak. The symbol color coding and markers are the same as
those used in Figure 15. Hollow symbols indicate colors com-
puted from spectro-photometry on observed spectra within
=~ 10d of peak light, while solid symbols indicate colors de-
rived from peak light photometry where available. The colors
have been corrected for foreground Galactic extinction.

ors intermediate between the two classes but redder
than the green Ca-Ib/c events. Specifically, we note
that Ca-Ib/c events with bluer g — r colors at peak ex-
hibit larger Amy (faster photometric evolution) at peak,
while the red Ca-Ib/c events are slower evolving, con-
sistent with the trend observed in Figure 15. However,
we caution against drawing conclusions about any corre-
lations between these two parameters as the photomet-
ric and spectro-photometric colors were not available at
the same phase in all cases. We find that the green
and red events in the Ca-Ib/c sample are separated at
g —r = lmag at peak light; the Ca-Ia objects also ex-
hibit redder colors of g — r > 1 mag at peak, consistent
with their line blanketed spectra.

3.3.4. Dependence on spectroscopic properties

In Figure 17, we plot the photopsheric velocity at peak
light against the peak r-band magnitude of the sources
to examine the dependence of the photospheric phase
velocity on the peak luminosity of each event. In the
case of SN 2018kjy, we are unable to measure the He
line velocities directly due to the large number of narrow
lines, and hence we estimate typical line velocities in
the spectra from the P-Cygni absorption velocities of
~ 4000 km s~!. We do not find a clear dependence of
the photospheric phase velocity on the peak luminosity
of the events, but note that events with green continua
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Figure 17. Photospheric phase line velocities as a function of the light curve peak luminosity (in r band) and timescale of
evolution (characterized by Amz) for the sample of Ca-rich gap transients analyzed in this paper. We use the velocity of the He
I A5876 feature from the spectrum taken closest to the estimated time of peak light in r band (if available within 10d of peak)
for the Ca-Ib/c objects, and the Si II A6355 velocity for the Ca-Ia objects. The left panel shows the peak velocity as a function
of the peak r-band magnitude and the right panel shows the peak velocity as a function of Amy. The right panel also shows
contours of constant ejecta mass computed using the analytical model of Arnett (1982) to guide the eye on the range of ejecta
masses found in the sample. We show the ejecta mass contours for two different optical opacities of £ = 0.07 cm? g~! (black

dashed lines) and k = 0.2 cm? g~! (blue dot-dashed lines).

have higher photospheric phase velocities compared to

the red events.
The right panel of Figure 17 shows the dependence of
the peak light photospheric velocity on the rate of de-
cay of the light curve, Amy;. As per the formalism for
radioactively powered light curves laid down in Arnett
(1982), the peak light photospheric velocity and light
curve evolution near peak are indicators of the ejecta
mass in the explosion. We thus also plot lines of con-
stant ejecta mass in the right panel to guide the eye
to the range of ejecta masses in the sample. We con-
struct these lines by creating analytic light curves using
the formalism of Arnett (1982) assuming two constant
opacities of k = 0.07 cm? g~! (as relevant for Type Ib/c
SNe; Cano 2013; Taddia et al. 2018) and k = 0.2 cm?
g~! (relevant for completely ionized hydrogen-free ma-
terial). We caution however, that the Arnett diffusion
model has several assumptions which may not be sat-
isfied in these explosions (see Khatami & Kasen 2019
for a review). We do not find a dependence of the peak
photospheric velocity on the light curve evolution near
peak. It is important to note that the inferred ejecta
masses can vary significantly depending on the assumed
opacity. The majority of Ca-Ib/c events with green con-

tinua lie on contours of lower ejecta masses (between 0.1

and 0.4 Mg ), while the red Ca-Ib/c and Ca-Ia events lie
~ 1 Mg for k = 0.07

~

near larger ejecta masses (up to
em? g7t but < 0.5 Mg for k = 0.2 cm? g~ 1).
ever, we stress that redder events also likely have higher
effective optical opacity in the ejecta than their green
counterparts, as evident from the strong suppression of
flux in the blue, which would suggest increased bound-
bound opacity from Fe group material. As such, this
effect would decrease the ejecta masses inferred from

assuming a constant opacity across all events.

How-

3.3.5. Late-time photometric evolution

In Figure 4, we show the late-time (> 40d after r-
band peak) photometric evolution of the sample of Ca-
rich gap transients presented in this paper together with
published photometry of events in the literature. While
most of the late-time photometry presented here was ob-
tained using targeted follow-up observations using the
P60 +SEDM, P200 + WASP and Keck-I + LRIS, we
also stacked several epochs (over 3 - 7 days) of the high
cadence ZTF observations to place limits on the flux at
late times. Owing to its small distance, SN 2018gwo has
good photometric follow-up from ZTF up to ~ 100d
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from the estimated peak time. We also show a nu-
merically computed Arnett model (Arnett 1982) for the
decline rate expected from a radioactive powered light
curve with ejecta mass of 0.5 M and 55Ni mass of 0.015
Mg . The model parameters were chosen based on the
typical values found in previous studies (Perets et al.
2010; Kasliwal et al. 2012; Valenti et al. 2014; De et al.
2018a). Compared to the expected *Ni decay tail shown
in Figure 4, the luminosity at late times is much fainter
than the prediction from the Arnett model, while the
decay slope is also steeper for these events. The charac-
teristics are consistent with the fast rising light curves
of these events, which suggest low ejecta masses and
incomplete y-ray trapping at late times. Figure 4 also
shows the last deep photometric limits obtained using
P200 and Keck for this sample of events, extending out
to & 1.5 years after peak light. Although SN 2018gwo
is detected with Keck (owing to its small distance) out
to =~ 500d after peak light, the very late-time follow-
up photometry for all the objects could be potentially
contaminated by underlying host systems. We discuss
the presence of potential underlying host stellar systems
from late-time imaging in Section 4.

4. LOCATIONS AND HOST ENVIRONMENTS

Here, we examine the environments and host proper-
ties of the Ca-rich gap transients analyzed in this sam-
ple. The host environments of the literature sample of
transients have been noted in several works previously
for their preference of old environments located far away
from their host galaxies, with no evidence for parent stel-
lar populations at the location of the transients. (Perets
et al. 2010, 2011; Kasliwal et al. 2012; Yuan et al. 2013;
Lyman et al. 2014; Mulchaey et al. 2014; Lyman et al.
2016; Lunnan et al. 2017; De et al. 2018a; Shen et al.
2019). Additionally, Yuan et al. (2013) find that the
offset distribution of a subset of events in the literature
sample was inconsistent with the stellar mass profiles of
their host galaxies, while Yuan et al. (2013) and Shen
et al. (2019) show that their offset distributions are con-
sistent with globular clusters or old metal poor stellar
populations. Frohmaier et al. (2018) show that the pref-
erence for large host offsets in the PTF sample cannot
be explained by the reduced recovery efficiency on top of
bright galaxies. However, all of the works were based on
heterogeneous samples of events gathered from different
surveys with diverse selection effects that are difficult to
quantify. As the first unbiased systematic experiment
to classify a large sample of Ca-rich gap transients, we
perform a systematic analysis of their locations and host
environments.

4.1. Host galaxy morphology

We begin with analyzing the host galaxy morphologies
of these events. Our selection criteria for these events
did not include any restrictions on the host galaxy type.
Six out of the eight events in this sample were found
in SO / E early-type host galaxies (four out of the eight
were in E type galaxies), and all of the events were found
at projected galactocentric offsets > 6 kpc. Two events
(SN 20190fm and SN 2019pxu) were found in late-type
galaxies, although at relatively large host offsets (11 and
17.5 kpc respectively, corresponding to host-normalized
offsets of 2.1 and 4.5 R.'*). Notably, both the Ca-
Ta objects SN 2016hnk and SN 2019ofm were found in
late-type star forming galaxies, while PTF 09dav was
found to be hostless in late-time imaging and the near-
est galaxy with a known redshift was a star forming
spiral &~ 40kpc from the transient location. However,
we caution that PTF 09dav was close to several faint
extended sources (see Figure 3 in Kasliwal et al. 2012)
which could be nearby dwarf galaxies; it also showed Ha
emission in its latest nebular phase spectrum, although
it could be associated with circumstellar photo-ionized
gas around the SN (Kasliwal et al. 2012).

Nevertheless, the preference of these transients for old
host environments with large offsets is striking compared
to other types of transients in the local universe. The
preference for early type galaxies in this sample is rem-
iniscent of that observed for 91bg-like SNela (Perets
et al. 2010; Howell 2001; Neill et al. 2009; Taubenberger
2017), albeit the preference of Ca-rich gap transients
for early-type galaxies is more extreme than for these
events. A total of 19 91bg-like SNe Ia were classified in
the CLU experiment in the span of time considered in
this paper, out of which 10 events were found in early
type galaxies while the rest were in late-type galaxies.
The near equal distribution in early and late type galax-
ies for 91bg-like SNe Ia is consistent with the stellar mass
distribution between early-type and late-type galaxies
in the local universe (Kochanek et al. 2001; Bell et al.
2003).

4.2. Locations and offset distribution

In Figure 18, we compare the host offset distribu-
tion of the ZTF Ca-rich gap transients (both in physical
projected distance and host-normalized distance) to the
other types of SNe in the volume limited experiment —
SNe Ia, SNe IT and SNe Ib/c. The host offsets for each
event in the sample are computed from the host galaxy
in the CLU catalog, which was confirmed to be at the

14 R. is defined as the half-light radius of the apparent host galaxy
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Figure 18. Projected offset distribution of all transients in the CLU experiment. The left panel shows the distribution in units
of physical projected distance (kpc), while the right panel shows the distribution in host offset normalized by the half-light
Petrosian radius of the host galaxy. The half-light Petrosian radii were derived from the Sloan Digitial Sky Survey (SDSS;
Abolfathi et al. 2017) catalog, and hence are limited to transients occurring in the SDSS footprint.

same redshift as the SN. As shown in Figure 18, SNe
Ib/c show systematically smaller physical offsets than
SNe II, while SNe II show systematically smaller offsets
than SNe Ia. However, the Ca-rich gap transients ex-
hibit a significantly skewed distribution of larger offsets
(both in terms of physical offsets and host normalized
offsets) than any of the object types in the comparison
sample. Using a two sample KS test, we can rule out the
possibility that the entire population of SNela and Ca-
rich gap transients in the ZTF sample originate from the
same underlying population at 99.9% confidence. For
comparison, we also show the host offset distribution of
the literature sample of Ca-rich gap transients and the
total combined sample of Ca-rich gap transients, whose
distribution appears to extend out to larger galactocen-
tric offsets. A KS test between the ZTF and literature
sample of offsets does not indicate a statistically signifi-
cant difference between the two distributions (p value of
0.28); regardless, the limitation of the CLU experiment
to finding transients within 100”of their host galaxies
prevents us from finding objects with very large host
offsets. The consistent offset distributions justify the
use of the full sample of offset distributions to estimate
the incompleteness of the CLU sample (Section 5).
Several previous works have suggested that the lack
of Ca-rich gap transients at small host offsets may be
due to their faint light curves, which would make them
difficult to detect on top of high surface brightness re-
gions on galaxies (Foley 2015). Frohmaier et al. (2017)
presented the recovery efficiency for the PTF pipeline
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Figure 19. Projected offset distribution of all faint tran-
sients that were detected at M > —17 in the CLU experi-
ment.

as a function of the source magnitude and local surface
brightness, demonstrating that the recovery efficiency is
indeed lower in regions of high surface brightness. Yet,
Frohmaier et al. (2018) showed that the preference of
the small PTF sample of Ca-rich gap transients for large
host offsets cannot be explained by the reduced recov-
ery efficiency on bright galaxy backgrounds. While the
recovery efficiency for the ZTF pipeline is currently not
available, we can empirically examine if the offset lo-
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Figure 20. Offset distribution comparison of the ‘gold” and
‘silver’ sample of Calcium rich gap transients discussed in
this paper to that of all SNe Ia and 91bg-like SNe Ia in the
volume limited experiment. Our gold sample includes the
literature sample of events (which includes the gold sample
discussed in Shen et al. 2019 in addition to the Ca-Ia objects
discussed in this work) and the ZTF sample, while the silver
sample includes the silver sample discussed in Shen et al.
(2019) in addition to the ZTF sample of events. We also
show the simulated distribution of globular clusters for two
Sersic indices presented in Shen et al. (2019).

cations for the faint Ca-rich gap transients in the ZTF
sample can be primarily explained by poor recovery ef-
ficiency on the cores of galaxies. In Figure 19, we show
the projected offset distribution of all transients fainter
than M = —17mag in the CLU experiment. The offset
distribution of the SNelIl, SNelIb/c and SNela in this
low luminosity sample extend from the smallest offsets
at < 1kpc to =~ 30kpc. Notably the Ca-rich gap tran-
sients continue to stand out with large host offsets of at
least 5kpc and extending out to =~ 40 kpc. The skewed
offset distribution of the Ca-rich gap transients even in
this sample of low-luminosity transients suggests that
low recovery efficiency of faint transients cannot com-
pletely explain the remote locations of these events.
We further compare the environments of 91bg-like
SNela to that of the Ca-rich gap transients. We plot
the projected offset distributions of all SNeIa, 91bg-like
SNela and Ca-rich gap transients in Figure 20. We also
show the simulated radial distribution of globular clus-
ters from Shen et al. (2019) for two difference Sersic
indices. The literature sample analyzed in this paper
includes the Ca-la events from the literature, in addi-
tion to the ‘gold’ sample in Shen et al. (2019). Thus,
in plotting the radial offset distribution of the sample
of Carrich events, we define our new ‘gold’ sample by
adding the ZTF sample of events to the literature sam-

ple (including all the Ca-Ia objects, amounting to a total
of 18 events). We also define a new ‘silver’ sample by
adding the ZTF sample of events to the silver sample in
Shen et al. (2019), which included Ca-rich events with-
out photometric constraints at peak light (amounting
to a total of 24 events). 91bg-like SNeTa show system-
atically smaller offsets than the Ca-rich gap transients
in this sample, and systematically larger offsets com-
pared to the full population of SNela. A two sample
KS test between the offset distribution of SN 91bg-like
SNela and the gold and silver samples of Ca-rich gap
transients produce null hypothesis probabilities of being
drawn from the same underlying population at < 2.5%
and < 10% respectively. We conclude that the dis-
crepancies between the environments of 91bg-like and
Carrich events suggest that stellar mass alone does not
dictate the rates of Ca-rich gap transients. Long delay
times and / or low metallicities in these remote environ-
ments of early type galaxies have thus been suggested to
play an important role (Perets et al. 2010; Yuan et al.
2013; Meng & Han 2015; Shen et al. 2019).

In addition to being skewed towards larger offsets com-
pared to the SNela, the Ca-rich gold and silver sam-
ples exhibit offset distributions different than that of the
globular clusters. Specifically, the gold sample distribu-
tion is skewed towards larger offsets than the globular
clusters. However, the silver sample offset distribution is
more consistent with the globular cluster distributions,
and consistent with the result in Shen et al. (2019), al-
though there are discrepancies at relatively large offsets.
Notably, all of the Ca-rich gap transients found in this
experiment were in ‘rich’ environments with 2 10 galax-
ies clustered near the nominal host, while Shen et al.
(2019) find that 17% of globular cluster hosts are in rich
clusters (see Section 4.3).

We examine the deep late-time images of the loca-
tions of these transients to investigate if there is any
evidence for underlying stellar populations at the loca-
tions of these transients. We show these images in Fig-
ure 21. SN 2018ckd shows clear evidence for a relatively
bright point-like source (marked with a yellow circle) off-
set by < 1kpc from the transient location. This source
is also detected in archival imaging of the field in the
Dark Energy Legacy Survey DR8 (Dey et al. 2019) at
a magnitude of r &~ 23.5mag and g — r ~ 0.3 mag, cor-
responding to an absolute magnitude of ~ —11.5mag
if at the redshift of the transient. However, the source
is unlikely to be a globular cluster as it is more lumi-
nous than nearly the entire known luminosity function
of globular clusters (Harris 1996). We oriented the slit
to include the extended galaxy ~ 10”to the north of
SN 2018ckd (marked with a yellow circle) during nebu-
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Figure 21. Cutouts of the locations of the Ca-rich gap transients presented in this paper from late-time ground based imaging
of the transient locations. North is up and East is left in each cutout. The source name, filter and phase of observation,
instrument used and physical scale of the image at the redshift of the transient is shown in each panel. The crosses show the
location of the transient. Yellow circles mark locations of potential host systems also detected in pre-explosion archival imaging

(see text).

lar phase spectroscopy, and find it to be an unrelated
background galaxy at z = 0.1, consistent with the pho-
tometric redshift of the object in SDSS.

An extended source is detected near the location of
SN 2018lqu (marked with a yellow circle), although its
redshift is unknown. If at the redshift of the transient,
its magntiude of r & 21.4 would imply an absolute mag-
nitude of M, ~ —14.5mag similar to a dwarf galaxy.
SN 2018lqo, SN 2018gwo and SN 2019hty show evidence
of faint and extended sources underneath their locations,
which likely contaminate our photometry measurements
during very late-time imaging (Figure 21). However, we
caution that the density of unrelated background sources
at the depths of the late-time images (&~ 25 mag) is high
(Hogg et al. 1997). Using the methodology of Bloom
et al. (2002), we find that the chance coincidence prob-
ability of an unrelated &~ 25 mag galaxy within a 5" ra-
dius of the transient is ~ 50%, while the same for a 10"
radius is ~ 95%. Thus, the association of these sources
to the transients can only be determined from deep spec-
troscopy in the future. SN 2018kjy is notable for the
smallest host offset (= 6kpc) in the ZTF sample, and is
located within the halo of its host galaxy. SN 20190fm
is found to be on top of its spiral host galaxy, while
SN 2019pxu is at a large offset from its spiral host and
has a point source (marked with a yellow circle) within

5"0f its location (M, ~ —12.1mag if at the redshift of
the transient). The latest Keck images of SN 20190fm
and SN 2019pxu still show the transient clearly. Future
deep imaging for these events will help disentangle the
potential host contamination in our latest photometry
measurements, as well as allow inspection of potential
underlying hosts.

4.3. Group and cluster environments

Given the large host offsets of the Ca-rich gap tran-
sient sample, we analyze the environments of the as-
sumed host galaxies to check if they are part of a larger
group or cluster that may explain the remote locations
of these transients. Mulchaey et al. (2014), Lunnan et al.
(2017) and De et al. (2018a) performed a similar analysis
on the literature sample of Ca-rich gap transients, and
demonstrated that these objects preferred host galaxies
in groups and clusters. For each transient, we construct
the sample of nearby galaxies by selecting galaxies from
the CLU catalog (with a previously known spectroscopic
redshift) within a projected radius of 1 Mpc and a re-
cession velocity difference of 3000 km s~! from the
location of the transient.

We emphasize that since galaxy catalogs are highly
incomplete at the redshifts of these transients (Kulka-
rni et al. 2018; Fremling et al. 2019), these distributions
are only lower limits to the true number of galaxies in
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Figure 22. Velocity distributions of galaxies in the environments of the ZTF Ca-rich gap transient sample, that have previously
known spectroscopic redshifts in the CLU catalog. In each distribution, we define zero velocity as the median of the redshift
distribution of all the galaxies in the projected vicinity of the transient, and show the velocity of the assumed (nearest) host
galaxy of the transient with a dashed line. The transient name and number of galaxies in each histogram is indicated in the

legend.

the environments of these transients. We show the ve-
locity histograms of the identified galaxies in Figure 22.
As shown, the environments of the Ca-rich gap tran-
sient host galaxies are largely dominated by groups and
clusters with at least 10 known objects within the selec-
tion criteria defined above. SN 2018lqo is in the densest
environment with 87 known nearby galaxies. We thus
conclude that all of the transients in the ZTF sample are
in group or cluster environments, consistent with that
reported for the literature sample presented in Lunnan
et al. (2017) and De et al. (2018a).

5. VOLUMETRIC RATES IN THE LOCAL
UNIVERSE

In this section, we estimate the volumetric rates of Ca-
rich gap transients using the ZTF CLU experiment. As
a large scale systematic and controlled experiment, the
volume-limited SN classification effort provides the first
direct way to estimate the volumetric rates of this class
within 200 Mpc due to its high spectroscopic complete-
ness (~ 90%) down to the experiment limiting magni-
tude of 20 mag.

5.1. Demographics from the volume limited experiment

Since the volume-limited experiment has high spec-
troscopic classification completeness, a straightforward
way to estimate the volumetric rates of Ca-rich gap tran-

sients relative to other SNe is by comparing the number
of events. We perform this analysis by restricting the
sample of transients in the CLU experiment to within
the volume where Ca-rich gap transients are detectable.
Based on the luminosity function of known events dis-
cussed in Section 5.2, we find that the average Ca-rich
gap transient (peaking at M = —16mag) is detectable
out to 150 Mpc for a flux limit of » = 20.0 mag, which is
the target limiting magnitude of the CLU experiment.
Within the experiment duration mentioned above, a to-
tal of eight Ca-rich gap transients were detected along
with 133 SNe Ia that were classified in the same volume.
So, we can place a lower limit on the rates of Ca-rich
gap transients of 6% of the volumetric rates of SNela,
or 1.5 x 107¢ Mpc=3 yr~! (assuming the SN Ia rate to
be 2.5 x 1075 Mpc—2 yr~!; Frohmaier et al. 2019). Note
that this estimate is likely an underestimate of the true
rate of Ca-rich gap transients since SNe Ia will be bright
in the 150 Mpc volume (peaking at ~ 17 mag) andso de-
tectable during the survey for at least ~ 100d around
peak, while the average Ca-rich gap transient in this vol-
ume is visible for &~ 10 — 20 d. In addition, our selection
criteria requires the detection of each source on the rise
to peak, which further limits the sample of fast evolv-
ing Ca-rich sample relative to the slow rising SNela. A
true estimate of the volumetric rate of Ca-rich gap tran-
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Figure 23. Peak r-band absolute magnitude distribution of
the literature sample of Ca-rich gap transients (gold solid)
and the ZTF sample (orange dashed). The dot-dashed dis-
tribution in red shows the volume corrected luminosity func-
tion (VCLF) of the ZTF sample, where a Vniam weighting
was applied, with V4, being the maximum volume out to
which the transient would be detected by the volume limited
experiment. The black dashed line shows a linear fit to the
volume-corrected luminosity function.

sients thus requires a simulation of the cadence of the
ZTF survey together with the characteristic luminosity
evolution of a Ca-rich gap transient to be able to esti-
mate the number of sources that pass our light curve
selection criteria as a function of the input volumetric
rate.

5.2. Luminosity function

We aim to derive the luminosity function of Ca-rich
gap transients using the controlled sample of events
from the CLU experiment. Due to the small number of
events, we do not separate the spectroscopic sub-types
discussed in this work while estimating luminosity func-
tions and volumetric rates. In Figure 23, we show the
observed histograms of the peak r-band magnitudes of
the literature sample of Ca-rich objects and the ZTF
sample of objects. The majority of the literature events
exhibit peak magnitudes between M = —16.5 mag and
M = —15.5mag, while the ZTF sample shows a near
uniform distribution between M = —17mag and M =
—15.5mag. However, it is difficult to quantify the se-
lection biases when combining the literature sample of
events with the ZTF sample due to the diverse selec-

tion criteria of the surveys that detected the literature
objects. In order to derive an unbiased luminosity func-
tion, we focus specifically on the ZTF sample of events.
Despite being classified as part of a CLU experiment,
most of the objects in the ZTF sample are not luminous
enough to be detectable across the entire experiment vol-
ume (200 Mpc) for a limiting magnitude of r = 20 mag,
and thus a volume correction needs to be applied to re-
cover the true luminosity function.

We show a volume-corrected luminosity function
(VCLF) histogram of the ZTF Ca-rich sample in Figure
23 For each object, we apply a volume-correction of

where V42 1s the maximum volume out to which
ogi]aéct would be detectable for a limiting magnitude of
20. For sources that would be detectable at > 200 Mpc,
we set the relevant volume to 200 Mpc given the volume-
limited nature of the experiment. The VCLF shows
evidence of an increasing number of events down to
the faintest event, and a simple linear polynomial de-
scribes the VCLF well. It is difficult to constrain the
luminosity function below the faintest observed events,
since it is unclear if there is a population of fainter
events which would be detectable only within a very
small volume (< 100Mpc). Hence, for the purpose of
the simulations, we restrict the observed function be-
tween M = —17mag (the upper luminosity limit for our
sample) and M = —15.3mag (faintest observed event
SN 2012hn). We caution that the ZTF CLU experiment
is not sensitive to transients brighter than M = —17mag
at peak due to the sample selection criteria, if such a
population exists. Our rate estimates are thus limited
to events peaking at —15.3 > M > —17.

5.3. Template light curve for a Ca-rich gap transient

In order to provide a more robust estimate of the vol-
umetric rates of Ca-rich gap transients, accounting for
their low-luminosity light curves and the ZTF survey
cadence, we start by constructing a template light curve
of a Calcium rich gap transient in the r and g bands
(which have the most photometric coverage) using the
data available for the events in the combined sample.
Since we are interested in the photometric evolution
timescale of each event, we first normalize each light
curve by its peak magnitude measured in the respective
filter. Time is measured with respect to the best-fit r-
band peak time. We then fit a Gaussian process model
with a constant kernel to the normalized light curves in
each filter to construct a normalized light curve template
in the r and g filters. We perform the fit in the phase
space of magnitude versus time ranging from —15d be-
fore r-band peak to +25 d after r-band peak, where there
is photometric coverage for more than one object in both
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Figure 24. r-band and g-band light curve templates for Ca-rich gap transients, normalized to peak magnitude. The points with
error bars show the observed light curves with 1o error bars in the respective filters while the solid lines indicate the best-fit light
curve from Gaussian process fitting. The shaded regions indicate the uncertainty intervals derived from the Gaussian process

fitting, corresponding to 50 confidence regions.

the filters. This produces the average peak-normalized
template light curve and its uncertainty as a function of
phase from r-band maximum. We do not include pho-
tometry upper limits in the fit. In Figure 24, we show
the peak normalized data and best fit templates together
with their uncertainties for the two filters. In particular,
we note that the sample of peak normalized light curves
in both filters are fairly homogeneous around peak light
(even though there is a dispersion in the peak magni-
tudes), suggesting that a single light curve template nor-
malized to peak magnitude can well capture the shape
of the light curve.

5.4. Simulations of the ZTF survey

Using the derived luminosity function and light curve
templates for the class of Ca-rich gap transients, we es-
timate their volumetric rates in the local universe using
the simsurvey code (Feindt et al. 2019). simsurvey is
capable of simulating transient light curves as would be
observed by ZTF for a given input SN template (pro-
vided using the sncosmo package from Barbary et al.
2016), and an input survey tiling pattern and duration
(termed as a survey plan). We use the best-fit » and g
band templates to construct a TimeSeriesSource model
in the sncosmo package to simulate the spectral evolu-
tion of a Ca-rich gap transient between 15d before and
25d after r-band peak. We then use the actual ZTF ob-
serving history between 2018 June 01 and 2019 Septem-
ber 30 in any of the public or collaboration surveys as
the input survey plan. Since the ZTF reference images

were created shortly before the start of the survey and
extended well into the time period discussed here for
some fields, we only consider pointings that were ac-
quired at least 60 d after the end of reference creation to
avoid contamination of the reference images by transient
light.

We then simulate ZTF light curves of Ca-rich gap
transients for a range of input volumetric rates, perform-
ing 100 simulations of the ZTF observing plan for each
input rate. Based on the observed volume-corrected lu-
minosity function, we fix the peak absolute magnitude
distribution of the injected transients to be a linear func-
tion between M = —15.3mag and M = —17mag in
r-band. We assume a color of ¢ — r = 0.7mag at r-
band peak (based on the observed color evolution of the
sample). Transients are injected out to a redshift of
z = 0.05. In order to select transient candidates that
would have passed the selection criteria defined in this
experiment, we perform quality cuts on the simulated
light curves as follows:

1. At least 2 detections of the source are required
above signal to noise ratio (SNR) of 5 in either
gzTF or rz7r filters.

2. The peak detected magnitude of the transient
should be m < 20 in either gz1w or ryzrr filters.

3. The transient is observed before peak such that
there is at least one detection with SNR > 5 before
the peak of the light curve in either gzrg or rzrg
filters.
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Figure 25. Estimate of the volumetric rate of Ca-rich gap transients with simulations of the ZTF survey using the simsurvey
code. (Left panel) We show the number of sources passing our selection criteria for the CLU experiment as a function of the input
volumetric rate (see text). The points and error bars are the mean and standard deviation of the number of transients recovered
as a function of the volumetric rate, while the dashed black line shows the observed number of sources in the experiment. (Right
panel) The fraction of simulations producing the observed number of transients as a function of the input volumetric rate. The
dependence is fit with a skewed Gaussian distribution shown by the solid line, which we use to derive the best estimate of the
volumetric rate and its confidence interval (see text). The dashed line shows the mean of the distribution, the dot-dashed line
shows the rate after correcting for galaxy catalog incompleteness and the solid line shows the rate estimate after accounting for

the transients missed beyond 100" from their host galaxies.

Applying this selection criteria to the sample presented
in this paper, all but SN 2018gwo, which was recovered
after peak light, satisfy the criteria. We use the average
number of transients qualifying these cuts as the best
estimate of the number of detected transients for each
input volumetric rate, while the standard deviation of
the number detected in the simulations is taken as the
uncertainty. We show the expected number of detected
transients as a function of the input volumetric rate in
Figure 25. Figure 25 also shows the fraction of simula-
tions that produce the observed number of transients as
a function of the input volumetric rate.

Note that simsurvey is designed to inject simulated
transients over the entire sky for a given input volu-
metric rate, while the CLU experiment is restricted to
transients coincident within 100 ”of galaxies with known
spectroscopic redshifts. Hence we denote the simsurvey
derived rate as rcq,u,0 With the u subscript indicating
uncorrected for the galaxy catalog completeness, and o
indicating uncorrected for offset distribution. The dis-
tribution of the fraction of simulations (Figure 25) is
well described by a skewed Gaussian function and we
fit the fraction of simulations with this functional form
to derive the best estimate of the volumtric rate and its

68% confidence interval. We find a volumetric rate of

(1)

This rate corresponds to ~ 973% of the SN Ia rate in
the local universe (=~ 2.5 x 107° Mpc~3 yr~!; Frohmaier
et al. 2019).

In order to estimate the effect of incompleteness of
galaxy catalogs in our estimate of the volumetric rate,
we use the estimated redshift completeness factor (RCF)
from the ZTF BTS (Fremling et al. 2019) as a func-
tion of the WISE W (3.36 pm) magnitude and redshift
of the host galaxies. Taking the observed distribution
of redshift z and W, absolute AB magnitude My, (as
obtained from the Tractor catalogs described in Lang
et al. 2016) of the ZTF sample of Ca-rich gap transients,
we weight each event by m for its host galaxy,
and sum up over the sample of seven events relevant
for the simulation. With this exercise, we find that the
incompleteness of galaxy catalogs leads to an underesti-
mate of the Ca-rich gap transient rate by ~ 20%. Next,
analyzing the full sample of 18 events, we find that 3
out of the 18 objects exhibited offsets larger than 100" of
their host galaxies, although we caution that it is hard
to quantify the systematic biases associated with the lit-

TCa,u,0 = (2.211'(1]:2%) % 10_6Mpc_3yr_1
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erature events. Accounting for this effect would increase
the inferred rate by another ~ 20%. Adjusting for these
incompleteness, we derive a rate of

TCa = (3.19fé:32) x 10~*Mpc3yr~! (2)

which is 131‘2% of the volume-averaged SN Ia rate in the
local volume. Owing to the predominance of early type
hosts in this sample, we also compare this rate against
the SN Ia rate in early type galaxies. Li et al. (2011) re-
port a luminosity-function averaged SN Ia rate in early
type galaxies of ~ 0.05 per 100 yr per 10'° Ly x. Using
the local K-band luminosity density in early type galax-
ies (Kochanek et al. 2001), we find the corresponding
volumetric rate of SNela in early type galaxies to be
~ 1.1 x 107° Mpc=2 yr~!. Thus, the inferred rate of
Ca-rich gap transients is &~ 30% of the volume-averaged
SN Ia rate in early type galaxies. We further note that
the rate of SNela in early type galaxies in cluster envi-
ronments (Mannucci et al. 2008) is = 40% lower than the
volume-averaged rate per unit mass in Li et al. (2011).
This suggests that the rate of Ca-rich gap transients in
early type galaxies in clusters (which is true for nearly
all events in our sample) is nearly ~ 50% of the SNTa
rate in these environments.

However, we caution that this rate estimate is still
strictly a lower limit as we did not include the detection
efficiency of the ZTF image subtraction pipeline as a
function of transient magnitude and underlying surface
brightness. An accurate estimate of the true rate would
require us to assign a probabilistic detection likelihood
for each simulated detection, using measured detection
efficiencies of the ZTF pipeline, which are currently not
available. We thus proceed taking the derived rate as
the first measured lower limit to the volumetric rate of
Carrich gap transients from a large systematic volume-
limited experiment. The derived rate is consistent with
those estimated by Perets et al. (2010) from LOSS and
Kasliwal et al. (2012) from PTF. Frohmaier et al. 2018
presented the first quantitative analysis of the volumet-
ric rates of Ca-rich gap transients using three events re-
ported by PTF, incorporating the detection efficiency of
the PTF pipeline as a function of transient magnitude
and background surface brightness. They infer a rate
that could be larger than in this work, of ~ 30 — 90%
of the SN Ia rate in the local universe, although their
estimate has large error bars owing to the small number
of three events in the PTF sample.

6. DISCUSSION

In this paper, we have presented observations and
analysis of eight new Calcium rich gap transients classi-
fied as a part of the ZTF CLU experiment, nearly dou-
bling the known sample of events in the literature. In

Section 3 we demonstrated that the ZTF sample shares
several similarities to ten events reported in the liter-
ature, while also increasing the diversity of several ob-
served properties among the combined sample. Utilizing
the systematic selection criteria of the ZTF sample, we
presented an analysis of the host environment proper-
ties (Section 4) and volumetric rates (Section 5) of the
class. In this section, we gather all of these findings to
discuss their constraints and implications on the progen-
itor channels for this class.

6.1. Spectroscopic sub-classes and correlations

In Section 3, we noted the existence of two classes
of Ca-rich gap transients distinguished by their spec-
troscopic appearance at peak — the Ca-Ib/c events and
the Ca-Ia events (see Table 2). We further found a
possible continuum of peak light spectral characteristics
within the Ca-Ib/c class, wherein the events evolve from
green continua with strong P-Cygni features in the blue
to events with featureless reddened continua at short
(< 5500 A) wavelengths. While the Ca-la events are
distinguished by their strong Sill features at peak light,
we demonstrated a continuum in the peak-light spectral
features going from the Ca-Ia to Ca-Ic to Ca-Ib events.
We briefly summarize them here:

1. Ca-Ib/c objects with green continua show strong
optical He I features, while events with redder con-
tinua show a continuum of strong to weak to no
He lines in their peak spectra (Figure 7).

2. He line velocities in red Ca-Ib/c events (= 7000
km s~1) are lower than those observed in the green
Ca-Ib/c events, which show high photospheric ve-
locities of ~ 10000 km s™1).

3. Red Ca-Ib/c events exhibit slower evolving light
curves (as quantified by ts;/9) compared to the
green events, with a null hypothesis probability
(that the two classes are drawn from the same un-
derlying population of ¢ /2) of < 5% (Figure 15).
This dependence is corroborated by the g —r color
dependence of the photometric evolution (Amy)
shown in Figure 16.

4. Red Ca-Ib/c events typically exhibit smaller [Ca
IT]/[O 1] compared to green Ca-Ib/c events (by a
factor of a2 2) at similar phases when the transient
spectrum becomes optically thin (Figure 12).

5. Ca-la events exhibit more luminous light curves
(peak absolute magnitude M < —16.5) than the
Ca-Ib/c class, and have similar red spectroscopic
colors / line blanketing and slow photometric evo-
lution as the red Ca-Ib/c events (Figure 15).
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Figure 26. A continuum of spectroscopic and photometric properties in the sample of Ca-rich gap transients. For comparison,
we also show a peak light spectrum of SN 1991bg, which shows striking similarities to the Ca-Ia objects. From bottom to top,
we find a sequence of events that appear similar to SNela-91bg at peak (Ca-Ia events) with strong Sill lines, to SNelb/c at
peak (Ca-Ib/c events) with weak He lines and line-blanketed continua, to SNelb at peak (Ca-Ib events) with strong optical
He I lines and no line blanketing. The colors reflect the photometric colors of the transient at peak. In general, going up the
same sequence from bottom to top, the light curves become faster evolving while the peak g — r colors become bluer. The black
dashed lines show the rest wavelength of the optical He I lines and the gray dashed line shows the position strong Sill line at
~ 6360 A. Note the increasing depth and higher velocity of the Ca II NIR triplet going from the Ca-Ib to Ca-Ia events.

6. Although the strong Sill line distinguishes the Ca-
Ta events from the Ca-Ib/c events, there are strik-
ing similarities between the Ca-la and Ca-Ib/c
events with redder continua, and we find evidence
of a continuum of Sill line strengths going from
Ca-Ta to Ca-Ib/c events (Figure 9).

It is worth noting that even most Ca-Ib/c events ex-
hibit weak but identifiable Si II lines blended with the
nearby A6678 He line (Section 3). We thus find evi-
dence of a sequence in the Ca-rich gap transients going
from Ca-Ta to red Ca-Ib/c to green Ca-Ib objects, po-

tentially suggesting a continuum of underlying explosion
conditions and progenitor systems. We show the corre-
sponding spectroscopic sequence in Figure 26, where we
plot the peak light spectra of a few representative mem-
bers of the Ca-Ta and Ca-Ib/c class. In addition, we
also show a peak light spectrum of SN 1991bg (Filip-
penko et al. 1992), which shows several similarities to
the Ca-Ia objects. Thus, the underlying cause for this
continuum of spectroscopic appearance could provide a
clue to the nature of these explosions. We tabulate and
quantify the key observational differences between the
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Observable Ca-Ta Ca-Ib/cred  Ca-Ib/c green
Sill? strong strong to weak weak
Hel? No weak to strong strong

V (1023 km s~1) | 6 - 10 (8) 4-10 (7) 8 — 12 (10)

Blanketed? Yes Yes No

M, (mag) -16.2 - -17 -15.3 —-16.7 -15.5 - -16.2

Amy (mag) 0.4 0.3 0.5

g —r (mag) 1.0 1.5 0.4

[Call]/[O]] No [0 ]] 2.5-10 (4) 7 - 13 (10)

Table 2. Primary observational differences between the Ca-
Ia and Ca-Ib/c objects, also highlighting differences between
the green and red Ca-Ib/c objects. The velocity row is indi-
cated with V', and shows the range of observed peak veloci-
ties together with the typical value. The Peak mag and [Ca
I1]/[O 1] row shows the range of peak absolute magnitudes
in r-band and [Ca II]/[O I] respectively.

different spectroscopic classes in Table 2. We now fur-
ther this idea of a continuum of underlying progenitor
systems as an explanation for the diversity observed in
Carrich gap transients by probing physical explanations
for this continuum.

6.2. Constraints on ejecta composition and mizing

Suppression of flux and features at short wavelengths
can be explained as an outcome of line blanketing along
the line of sight from Fe group material in the outer
ejecta (e.g. Woosley & Weaver 1994; Nugent et al. 1997).
Such features are often seen in peculiar thermonuclear
SNe (De et al. 2019b), suggestive of Fe-group rich layers
in the outer ejecta. The presence of such material is ex-
pected to produce redder colors in the transient (Nugent
et al. 1997; Kromer et al. 2010; Polin et al. 2019a) while
increasing the effective opacity of the ejecta due to in-
crease in bound-bound opacity from Fe group material.
The increased opacity can also produce slower evolving
light curves if we assume that the underlying ejecta mass
distribution is the same (see Figure 17; however, this is
not expected to be dominant if the increased opacity is
confined only to the outer layers of the ejecta).

The variety in the strengths and velocities of the op-
tical He lines provides yet another clue to the under-
lying ejecta composition. Due to the high ionization
temperature of He, the optical He lines may or may
not be excited depending on the ejecta temperature and
non-thermal excitation from radioactive material (Lucy
1991). Dessart et al. (2012) show that non-thermal ex-
citation from radioactive decay of *°Ni is crucial for ex-
citing optical He lines seen in the spectra of Type Ib/c
SNe, thus suggesting that the SN Ib/c classification may
be related to the amount of °°Ni mixing into the He
layer instead of the actual He content of the ejecta (but

see also Hachinger et al. 2012). While highly mixed ra-
dioactive material in the He layer would produce strong
optical He lines, they would also redden the transient
color due to the presence of Fe group material in the
outer layers. However, we do not observe this trend in
the Ca-rich sample — events with redder continua exhibit
weaker (or no) He lines, suggesting a reduction in the
He content as the amount of Fe group elements increase
in the outer ejecta. In addition, unlike the massive cores
in core-collapse SNe, the low optical depth for ~-rays in
these low ejecta mass explosions (see De et al. 2018b
for a discussion) makes it difficult to hide non-thermal
excitation of He.

While a continuum of Fe-group mass fraction in the
outer ejecta appears to explain several of the observ-
ables, it does not explain the reason for such a contin-
uum. This continuum could be associated with either
a fundamental transition in the composition of the un-
derlying ejecta, or be due to viewing angle effects. If
the outer Fe group material is produced from He burn-
ing in the outer ejecta, one could explain these obser-
vations as a continuum of He burning efficiencies in the
outer ejecta, wherein the outer ejecta become richer in
Fe group elements (which cause the line blanketing) as
the He burning is more complete, thus leading to weaker
He lines (see Townsley et al. 2012 for recent work on par-
tial burning of He shells).

Regardless, it is important to note that the change in
the peak light continuum properties also appears to af-
fect the appearance of the transient in the late-time neb-
ular phase (its [Ca IT] /[O I] ratio) when the ejecta are op-
tically thin and viewing angle effects should be minimal.
Both [Ca II] and [O I] are effective coolants of SN ejecta
at late-times (Fransson & Chevalier 1989) being powered
by ?6Co decay in the case of normal core-collapse SNe.
Together, these observations suggest that the cooling in
the inner ejecta becomes progressively dominated by [O
I] as the outer ejecta become poorer in He content /
richer in Fe group content. Although not discussed thus
far, Figure 26 also shows a continuum in the depth and
velocity of the prominent Call NIR triplet, wherein the
absorption becomes deeper and moves to higher veloc-
ity over this sequence. Since Ca is a known He burning
product (Townsley et al. 2012), this evolution in the Ca
IT NIR triplet may be associated with the He burning
sequence discussed here.

For completeness, we can rule out dust extinction as a
possible cause for this evolution — while dust reddening
can suppress red continua, it cannot explain the lack
of blue side SN ejecta features seen in the red Ca-Ib/c
events. In addition, the remote locations of all of these
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events and the lack of detectable Na I D absorption in
the spectra argue against host galaxy dust extinction.

6.3. Implications for the explosion mechanism
6.3.1. Models in the literature

Shen et al. (2019) summarizes the circumstantial ev-
idence used to rule out several progenitor channels in
the literature sample based on their environments, hosts
and volumetric rates. Owing to the striking similari-
ties of the host demographics and environments of the
Z'TF sample and the literature events, our controlled ex-
periment provides corroborating evidence for the pref-
erence of these transients for old environments. As in
the literature sample, we find core-collapse SNe from
massive stars as unlikely progenitor channels due to the
prevalence of early type hosts and large offset locations
with no signs of nearby star formation. On the other
hand, the high inferred volumetric rates (lower limit of
~ 15% of the SNIa rate) rule out progenitor channels
with low expected volumetric rates such as He WD -
neutron star mergers, where the field rate is ~ 100x
lower (Toonen et al. 2018; see also Shen et al. 2019 for
arguments against the viability of the high volumetric
rates of these systems in globular clusters).

We thus consider explosive burning of He shells on
white dwarfs as the strongest candidates for the cause of
these events, and proceed by discussing the implications
of our findings on the possible explosion conditions. As-
suming that Ca-rich gap transients arise from He shell
explosions on white dwarfs, we aim to constrain varia-
tions in the underlying progenitor configurations and /
or the burning mechanisms using the observed contin-
uum of spectroscopic and photometric properties.

In the He shell detonation scenario, a shell of accreted
He on the WD surface (accreted from a He-rich com-
panion) can undergo dynamical burning for large shell
masses, and detonate explosively to produce a ther-
monuclear transient (Iben & Tutukov 1989; Bildsten
et al. 2007; Shen & Bildsten 2009; Woosley & Kasen
2011; Sim et al. 2012). Shen et al. (2010) presented cal-
culations of the optical signatures of these events termed
as ‘Ia’ supernovae, and Perets et al. (2010) suggested
that the prototype Ca-rich transient SN 2005E was a re-
sult of such a detonation. However, the photometric
evolution for the low ejecta mass (< 0.2Mg ) models
presented in Shen et al. (2010) were substantially faster
than SN 2005E, leading Perets et al. (2010) to suggest
that more massive shells could explain the slower light
curve evolution.

Waldman et al. (2011) carried out explosive nucleosyn-
thesis calculations of the shell detonation scenario with
a 0.2 Mg shell on a 0.45 Mg CO WD, and demonstrated

nucleosynthesis of a large amount of intermediate mass
elements together with unburned He in the ejecta. In-
cluding non-thermal excitation effects, Dessart & Hillier
(2015) showed that these events exhibit low-luminosity
light curves, He spectroscopic signatures at peak light
and [Ca II] emission in the nebular phase, and are thus
consistent with Ca-rich gap transients. Yet, the rela-
tively slow light curve evolution of most of the litera-
ture events required even more massive shells (2 0.2
Mg ) than in these calculations if the underlying core is
not detonated. In particular, Dessart & Hillier (2015)
showed that the ratio of [Ca II] to [O I] emission de-
pends not only on their relative abundance, but also on
where the v-rays from late-time radioactive decay are
being deposited, as these lines are primary coolants of
the regions of the ejecta where they exist. They further
showed that the ejecta continued to cool predominantly
through [Ca II] emission even if [O I] was present owing
to the higher efficiency of [Ca II] cooling, thus pointing
out the importance of mixing of radioactive material as
well as the Ca and O regions in determining [Ca II]/[O
I] in the nebular phase (Fransson & Chevalier 1989).

Modifications to this scenario involving the detona-
tion of the underlying CO core and the conditions re-
quired thereof have also been explored in the litera-
ture, first in the context of double detonation models
for Type Ia supernovae (Nomoto 1980, 1982a,b; Woosley
et al. 1986; Woosley & Weaver 1994; Livne & Arnett
1995). These initial models invoked thick He shells
(~ 0.1 Mg ) for this scenario and were largely ruled out
due to the predicted red colors and strong line blanket-
ing signatures found for these configurations (e.g. Nu-
gent et al. 1997). Later studies found that thin He
shells (as low as 0.01Mg ) on relatively massive CO
cores (2 0.8 Mg ) can detonate the underlying white
dwarf (Bildsten et al. 2007; Fink et al. 2010; Shen et al.
2010; Shen & Moore 2014), potentially producing lumi-
nous slow-evolving transients akin to normal and sub-
luminous Type Ta SNe (Kromer et al. 2010; Sim et al.
2010; Woosley & Kasen 2011; Polin et al. 2019a). Specif-
ically, the slower evolving light curves in these models
may be consistent with the Ca-rich gap transients; how-
ever, since the luminosity and timescale of these light
curves increase with the underlying total mass (owing
to higher Ni production from higher density cores), Ca-
rich gap transients are likely associated with explosions
on lower mass WDs in this scenario.

To this end, Sim et al. (2012) further extended these
calculations to lowest mass CO WDs (& 0.45 Mg, ) with
thick He shells (0.2 My, ) specifically to probe the param-
eter space for sub-luminous and fast evolving events like
Carrich events. They find that secondary detonations
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are likely triggered for these shell masses (although there
remain large uncertainties), and present a suite of sim-
ulations varying the extent and mechanism of the core
detonation to demonstrate the corresponding effects on
the nucleosynthetic signatures. They specifically note
that their suite of models produce brighter transients
(peak absolute magnitude < —17) than the prototype
SN 2005E, and thus reproducing the properties would
require lower yields of radioactive material that could
be possible in lower density He shells (Shen & Bildsten
2009; Woosley & Kasen 2011) or via significant pollution
of the shell with C (Kromer et al. 2010).

6.3.2. Ca-rich gap transients from He shell explosions

Jacobson-Galan et al. (2019) suggested that the Ca-Ta
object SN 2016hnk was consistent with the detonation of
a thin (=~ 0.02Mg ) He shell on a ~ 0.8 Mg WD. This
interpretation was based on recent work by Polin et al.
(2019b) showing that the ejecta in double detonation
events could cool predominantly through [Ca II] lines in
the nebular phase (instead of the Fe group lines as in
other SNelIa) for low total (WD core + He shell) masses
(£0.9Mg ), even if the Ca abundance in the ejecta is of
the order of a few percent. This channel thus provides
a promising scenario to explain the origins of the Ca-Ila
objects, owing to their luminous and slow evolving light
curves, strong line blanketing signatures with SN Ia-like
spectra, and [Ca II] emission in the nebular phase. The
observed diversity in the peak luminosities could then
be associated with a range of white dwarf core masses.

Therefore, it is interesting to extend this mechanism
to a continuum of He shell and CO core masses that may
explain the diversity in the population of Ca-Ib/c events
with double detonations. Unlike pure shell detonations
that have had difficulty explaining the relatively slow
evolving light curves of prototypical Ca-rich transients
like SN 2005E and SN 2010et (see for example, Waldman
et al. 2011 and Dessart & Hillier 2015), double detona-
tions predict slower evolving light curves compared to
pure shell detonations due to the higher ejecta mass in-
volved (Woosley & Kasen 2011; Sim et al. 2012). Not-
ing that SN 2005E and SN 2010et belong to the class
of green Ca-Ib/c events that have faster evolving light
curves, the problem with slow evolution is even worse for
the red Ca-Ib/c events that exhibit slower light curves
similar to the Ca-la events (Figure 15), leading us to
consider double detonations for the red Ca-Ib/c events.

Owing to the explosive burning of He-rich material, a
common spectroscopic prediction of the He shell double
detonation scenario is a transient marked by strong line
blanketing features of Fe group material and Till (at
early times when the photopshere is in the He detonation

material), in addition to the intermediate mass elements
produced from the core burning (Hoeflich & Khokhlov
1996; Nugent et al. 1997; Kromer et al. 2010; Woosley &
Kasen 2011; Polin et al. 2019a). Such signatures are also
found in pure shell and double detonations on lower mass
white dwarfs (Dessart & Hillier 2015; Sim et al. 2012).
While previous attempts to model the green Ca-Ib/c
objects (Dessart & Hillier 2015; Sim et al. 2012) have
had difficulty accounting for the relatively blue colors of
these transients at peak, the red colors, line blanketing
and slow evolution make the double detonation chan-
nel an attractive possibility for the red Ca-Ib/c events.
The typically lower peak luminosity of the red Ca-Ib/c
events would then require detonations on lower mass
white dwarfs compared to the Ca-Ia events.

However, despite having un-burned He in the ejecta
(Townsley et al. 2012; Sim et al. 2012; Moore et al.
2013; Polin et al. 2019a), existing works on double det-
onations have not yet demonstrated whether He I lines
can be reproduced as observed. On the other hand, Sill
lines are the most conspicuous spectral features in these
models as seen in the Ca-Ia objects. The red Ca-Ib/c
events show weak but clear signatures of He, sometimes
stronger than the Sill lines. We note that existing mod-
els have primarily explored this scenario with relatively
higher mass white dwarfs (2 0.8 Mg ), and without in-
cluding non-thermal radiation effects required to excite
He lines (Sim et al. 2012 explored lower mass WDs but
without non-thermal effects). Given the continuum of
strong to weak He lines observed in the red Ca-Ib/c pop-
ulation, it is possible that these explosions constitute a
range of shell burning efficiencies, and correspondingly
He content in the ejecta depending on the pressure at
the base of the shell at the time of ignition (Moore et al.
2013). Ca-Ia events would then represent the extreme
end of this population where the He is nearly completely
burnt to iron group elements.

In the nebular phase, red Ca-Ib/c objects often show
strong [O I] emission, unlike the Ca-Ia events. If both
the red Ca-Ib/c events and the Ca-Ia events arise from
double detonations but with different underlying white
dwarf masses, this provides observational evidence that
the core burning becomes less efficient as one moves to-
wards smaller core masses. A possible explanation is if
the core detonation transitions from converging shock
detonations in high mass cores to edge lit detonations
(Nomoto 1982b; Livne & Glasner 1990, 1991) at the
base of the shell for lower mass white dwarfs. Owing
to the lower density of the core in edge-lit detonations,
Sim et al. (2012) show that these explosions produce in-
complete burning of the core (thus lower Ni yields and
fainter light curves) and larger amounts of O in the core,



CALCIUM RICH GAP TRANSIENTS FROM ZTF 43

both consistent with the red Ca-Ib/c population. Alter-
natively, it is possible that a larger fraction of the Ni
produced in the core detonation is convectively mixed
into the O rich regions of the ejecta for lower mass white
dwarf cores, thus producing stronger [O I] emission in
the nebular phase.

Ca-Ib/c objects with green continua pose several prob-
lems to the general double detonation picture above, es-
pecially with regards to their bluer colors at peak with-
out line blanketing signatures. The lack of these sig-
natures suggests a scenario where the outer ejecta are
not significantly enriched with Fe group elements, while
their strong He line signatures indicate low He burn-
ing efficiency. Taken together with their systematically
faster evolving light curves, these signatures likely point
to a low efficiency burning mechanism that ejects a small
amount of material. Although pure He shell detona-
tion scenarios also predict line blanketed spectra (due to
abundance of Ti II near the photosphere; e.g. Waldman
et al. 2011; Dessart & Hillier 2015), lower He burning ef-
ficiency has been shown to be achievable if the pressure
at the base of the shell is lower (Perets et al. 2010; Moore
et al. 2013). If so, the higher photospheric velocities, rel-
atively fast photometric evolution and weak [O I] emis-
sion in the nebular phase are consistent with properties
of green Calb/c events (Waldman et al. 2011; Dessart
& Hillier 2015). The relatively low peak luminosity of
this group (Table 2) then translates to a lower amount
of radioactive material synthesized in these shell-only
explosions compared to double-detonations.

Alternatively, such low efficiency burning conditions
may be achieved in pure shell deflagrations. The study
of this mechanism is extremely limited at this time
but Woosley & Kasen (2011) show that these explo-
sions produce slowly evolving sub-luminous light curves,
but with low photospheric velocities (= 4000 km s~1).
However, that study was performed with 1D simula-
tions which are poorly suited for deflagrations and fu-
ture work is required to determine if higher velocities
could be achieved, making this a possible scenario for
these events. We note that early excess emission has so
far been clearly seen only in the green Ca-Ib/c objects
SN 2016hgs and SN 2018lqo. If these explosions are in-
deed associated with He shell detonations or deflagra-
tions, these observations suggest that the outer ejecta
produced in the shell burning is enriched with short-
lived isotopes (e.g. *3Cr, 52Fe and 55Ni with half-lives of
0.90d, 0.35d and 6.07 d respectively), as has been found
in previous simulations of the pure shell detonation sce-
nario (Shen et al. 2010). Although the early bump
in iPTF 16hgs was potentially consistent with a core-
collapse explosion from a giant He star (e.g. Woosley

2019), the detection of this bump in SN 2018lqo in an old
elliptical galaxy strongly argues against a core-collapse
interpretation.

6.4. Implications for the progenitor stellar populations

We have thus far discussed the implications of diver-
sity in the photometric and spectroscopic properties of
the Ca-rich gap transient population on the underlying
explosion mechanism. Broadly, we find that the range of
observed properties can be explained with scenarios in-
volving explosive He burning on the surface of a CO WD.
Specifically, the slowly evolving light curves of the Ca-
Ia and red Ca-Ib/c objects are difficult to explain using
scenarios involving pure shell detonations, and likely re-
quire relatively massive explosions that detonate the un-
derlying core. On the other hand, the green Ca-Ib/c ob-
jects may be consistent with shell-only explosions with
low He burning efficiency. We now extend this discussion
to probe the implications of the environments of these
transients on the inferred progenitors, i.e., white dwarfs
accreting He from a companion. As noted in several pre-
vious works, this population is distinguished from other
classes of transients by their striking preference for large
offsets from their passive host galaxies in predominantly
group and cluster environments. These two trends gen-
erally point to old stellar populations with long delay
times, and argue against channels which have a signif-
icant rate at short delay times (< 1Gyr; Perets et al.
2010; Meng & Han 2015). We note that several objects
in our combined sample (iPTF 16hgs, SN 2016hnk and
SN 20190fm) were found in star forming environments,
suggesting that there is a small but likely non-zero con-
tribution at short delay times as well.

The pathways of stellar evolution to explosive burn-
ing of He shells have been explored in several previous
works (Nomoto 1982a; Woosley & Weaver 1994; Bildsten
et al. 2007; Shen & Bildsten 2009; Brooks et al. 2015;
Bauer et al. 2017), with tight sdB + WD systems (Geier
et al. 2013; Kupfer et al. 2017) and AM-CVn binaries
(Nelemans et al. 2004) being possible well-observed evo-
lutionary stages prior to the detonation. The observed
formation rate of stable accreting AM-CVn systems in
the Milky Way is ~ 1.3 x 10~ yr=! (Roelofs et al. 2007;
Carter et al. 2013) or ~ 2% of the SN Ia rate in Milky-
way like galaxies (Li et al. 2011). Bildsten et al. (2007)
use this to estimate the rate of He shell detonations to
be 2 — 6% of the SNIa rate in E/SO galaxies assum-
ing all AM-CVns detonate in a last flash. This rate is
~ 3 —T7x lower than our lower limit estimate for the vol-
umetric rate of Ca-rich gap transients, and thus likely
inconsistent. However, we cannot rule out the scenario
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where the green Ca-Ib events of the Ca-rich continuum
discussed here originates in these explosions.

Similar detonation conditions can also be achieved in
the case of mergers of He WDs with CO WDs (e.g. Pak-
mor et al. 2013), where a variety of detonation condi-
tions could be achieved depending on how the He layer
settles on the surface of the more massive WD (Fryer
et al. 2010; Dessart & Hillier 2015). The merger rate of
He + CO WD binaries in the field for a Milky way-like
galaxy is ~ 3 x 1072 yr~! (Brown et al. 2016) or ~ 10%
of the SN Ia rate, suggesting that most He + CO WD
binaries end up merging to produce thermonuclear tran-
sients or stable long-lived remnants (e.g. RCrB stars;
Clayton 1996; Schwab 2019). The high rate of these
mergers within Milky-Way like galaxies is however in
contradiction with the preference of large offset distri-
butions (long delay times) of the Ca-rich gap transient
population (Shen et al. 2019). The measured rate in the
halo (Brown et al. 2016) is only ~ 10% of the rate within
the galaxy (~ 1% of the SN Ia-rate) and hence inconsis-
tent with our estimates for the Ca-rich population which
reside in or outside their host halos.

With population synthesis calculations, Meng & Han
(2015) suggested that the relatively high rates and long
delay times of the Ca-rich gap transient population
could be consistent with double WD binaries with a
CO WD < 0.6 Mg and He WD < 0.25 Mg, , specifically
highlighting the low mass as a key aspect of extending
the delay time. This is consistent with our suggestion
for low mass white dwarfs as the progenitor population,
but the observed halo population of He-CO WD mergers
remain too rare to explain the high rate (Brown et al.
2016). The measured rates are high enough such that
there is one Ca-rich gap transient for every three SNela
in early type galaxies, suggesting that the progenitors
must be nearly as common as the progenitors of SNeIa.

Together, we find that the observed merger rates of
WDs in He-rich accreting systems is too low in the field
in the outskirts of galaxies to explain the high rates of
Ca-rich gap transients. However, the interaction rate
may be enhanced in dense stellar systems like globular
clusters (see e.g. Pfahl et al. 2009). Although such stel-
lar systems are not detected exactly at the positions of
known Ca-rich gap transients (Lyman et al. 2014, 2016;
Lunnan et al. 2017), Shen et al. (2019) suggest these
transients could be produced from being kicked out due
to dynamical interactions inside dense stellar systems
in the outskirts. Yuan et al. (2013) and Shen et al.
(2019) argue that the locations and host environments
are consistent with the globular cluster scenario; how-
ever, we continue to find that the number of Ca-rich
gap transients at small offsets is too small compared

to the globular cluster offset distribution in Shen et al.
(2019). Additionally, the preference for rich cluster en-
vironments is even more extreme compared to globular
clusters and remains to be explained.

Based on our deep late-time imaging observations of
the transient locations, we find in 4 out of 8 cases ev-
idence of faint and diffuse nearby or underlying stellar
associations. We estimate the absolute magnitudes of
these sources to be ~ —9mag to —11 mag at the red-
shift of the transient. A similar diffuse system was also
detected in late-time imaging of PTF 11kmb (Lunnan
et al. 2017). While we caution that the chance coinci-
dence probability of background galaxies at this depth
is high, we speculate about the implications of these be-
ing associated with the transient itself. Specifically, a
population of such faint and ultra-diffuse galaxies have
been detected in low surface brightness imaging sur-
veys (Abraham & van Dokkum 2014) in nearby clusters.
These systems appear to exhibit an overabundance (by
nearly an order of magnitude) of globular clusters when
compared to the expected numbers for their luminosity
(van Dokkum et al. 2017, 2016, 2018). Although work
remains to be done to constrain the formation rate of
double WD binaries in such dense stellar systems, it is
an intriguing possibility that the offset locations of Ca-
rich gap transients may be due to an overabundance of
globular clusters in ultra-diffuse galaxies within nearby
galaxy groups and clusters. While Shen et al. (2019)
point out that a relatively large fraction of WDs in glob-
ular clusters could be required to explain the estimated
rate in Frohmaier et al. (2018), our lower rate estimates
may provide a more viable solution to the problem. The
locations of these transients in early type galaxies in pre-
dominantly rich cluster environments are indeed sugges-
tive given that up to 30 — 70% of stellar light may be in
intra-cluster light in these environments (D’Souza et al.
2014; Perets 2014).

7. SUMMARY

In this paper, we have presented the design and com-
pleteness of the Census of the Local Universe experiment
of the Zwicky Transient Facility, aimed at assembling a
spectroscopically complete sample of transients in the lo-
cal universe within 200 Mpc. With a total sample of 754
spectroscopically classified SNe, we present the first sys-
tematic search for Ca-rich gap transients. Using simple
and systematic selection criteria, we identified a sample
of 22 low luminosity hydrogen poor supernovae as can-
didate Ca-rich gap transients from the first 16 months of
operations, which were followed up with nebular phase
spectroscopy. We report the detection of eight Ca-rich
gap transients in this sample, which we combine with
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Figure 27. A cartoon schematic of a possible progenitor and explosion mechanism sequence in WD and He shell masses that
may explain the diversity of properties of the population of Ca-rich gap transients. Double-detonation with thin He shells and
relatively massive WDs produce Ca-Ia objects, while double detonations on lower mass WDs produce red Ca-Ib/c objects. Pure
shell detonations or deflagrations could explain the incomplete burning and bluer spectra of green Ca-Ib objects.

the literature sample of ten events that pass the same
selection criteria. We perform the first systematic study
of the spectroscopic and photometric properties of this
sample and identify several trends and correlations that
have implications for the underlying explosions and pro-
genitor systems. Summarizing these correlations, we
find:

e Ca-rich gap transients broadly bifurcate into two
classes based on their peak light spectroscopic sim-
ilarity to SNelIa (with strong SiIl lines; Ca-Ia ob-
jects) and SNeIb/c (without strong Sill lines; Ca-
Ib/c objects). Ca-la objects do not show any He
lines, red Ca-Ib/c objects show a continuum from
weak to strong He lines (velocity ~ 7000 kms~1)
and green Ca-Ib/c objects always exhibit strong
He lines at higher velocities of ~ 10000 kms™?!.

e Ca-Ib/c objects further show a bimodal popula-
tion in peak light spectral properties based on their
spectroscopic behavior bluewards of ~ 5500A,
wherein some events exhibit red continua and
strong line blanketing of blue flux (Ca-Ib/c-red)
while other events exhibit flat continua with clear

P-Cygni absorption features of metals at short
wavelengths (Ca-Ib/c-green). Ca-Ia objects al-
ways show line blanketed spectra at peak.

Photometrically, red Ca-Ib/c events with line
blanketing signatures exhibit redder colors at peak
and slower evolving light curves (Amy ~ 0.3 mag)
compared to green Ca-Ib/c events (Am; =
0.5mag), where Amy is the decay of the r-band
light curve in 7days from peak light. Ca-la
events also exhibit relatively slow photometric evo-
lution compared to green Ca-Ib/c objects (Amy =
0.4mag).

Ca-Ia objects do not show [O I] in the nebular
phase, red Ca-Ib/c objects show stronger [O I
lines in the nebular phase relative to [Ca II] and
green Ca-Ib/c objects shower weaker [O 1] lines
(higher [Ca II]/[O 1] flux ratio) relative to red Ca-
Ib/c objects.

We find tentative evidence of a spectroscopic con-
tinuum of properties going from Ca-Ia to Ca-Ic to
Ca-Ib objects, where Sill lines get weaker, Hel
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lines get stronger and line blanketing becomes less
significant in the spectrum in moving along that
sequence. Photometrically, the peak light colors
get bluer while the light curve evolution becomes
faster along this sequence.

We find that these spectroscopic properties and the cor-
responding trends can be broadly explained in scenar-
ios involving the explosive burning of He shells on low
mass white dwarfs (< 0.8Mg ). The slowly evolving
light curves and line blanketed spectra of the Ca-Ia and
red Ca-Ib/c events are consistent with scenarios involv-
ing the double detonation of He shells on low mass white
dwarfs where the efficiency of He burning in the outer
ejecta is high. On the other hand, the strong He lines,
higher velocities and faster evolving light curves of the
green Ca-Ib/c events suggest lower ejecta mass explo-
sions likely involving He shell-only detonations with low
He burning efficiency or even deflagrations. While the
theoretical modeling of He shell explosions on low mass
white dwarfs remains limited at this time, this data set
together with the inferred correlations from the first
systematic search for these explosions will be a useful
benchmark for future modeling efforts.

The host environments of the sample are dominated
by remote locations in the far outskirts of galaxies sim-
ilar to what was found in previous studies, while the
offset distribution are skewed towards large host off-
sets compared to globular clusters. The apparent host
galaxies themselves are always found in rich group and
cluster environments, and are likely an important clue
to the progenitor channels. Using the systematic selec-
tion strategy of the experiment, together with the mea-
sured incompleteness of galaxy catalogs from the ZTF
Bright Transient Survey, we infer the volumetric rates
of these events to be at least ~ 15 4+ 5% of the local
SN Ia rate. While the explosion scenarios require white
dwarfs with He-rich donors, the observed rates of these
systems are apparently too low in the field to explain
their high volumetric rates. However, we note that the
observed environments of these events in the outskirts
of early type galaxies in clusters are strikingly different
from the Galactic disk. We speculate that the rich host
environments, offset locations and faint nearby diffuse
stellar associations in some events may point to a contri-
bution from dynamical interactions within ultra-diffuse
stellar associations in galaxy clusters, that are found to
be extremely rich in globular clusters (van Dokkum et al.
2016, 2017).

Our findings have broader implications for the pop-
ulation of thermonuclear supernovae in the local uni-
verse. While the double detonation scenario has been
long proposed as a viable explosion triggering mecha-

nism for Type Ia SNe, the strong line blanketing sig-
natures produced by Fe group elements in the burning
of the He shell have remained inconsistent for the broad
population of normal Type Ia SNe (Hoeflich & Khokhlov
1996; Nugent et al. 1997; Kromer et al. 2010; Woosley
& Kasen 2011; Polin et al. 2019a). However, recent dis-
coveries of peculiar SNe such as SN 2016jhr (Jiang et al.
2017) and SN 2018byg (De et al. 2019b) show that thin
and thick He shell double detonations may indeed be re-
alized in nature but are intrinsically rare in the popula-
tion. These transients were much more luminous at peak
(M < —18) compared to the sample discussed here, con-
sistent with the larger core masses (2 0.75 Mg, ) inferred
for those objects. The Ca-la objects are then lower lumi-
nosity analogs of this family with relatively lower mass
white dwarfs, while red Ca-Ib/c objects could be man-
ifestations of He shell double detonations on the lowest
mass white dwarfs. While it remains unclear if dou-
ble detonations are realized for the lowest mass white
dwarfs, the green Ca-Ib/c objects could potentially be
manifestations of ‘failed double-detonations’ of the low-
est mass white dwarfs in the universe that do not burn
much of the progenitor He shel
possible progenitor sequence within Ca-rich gap tran-
sients in Figure 27.

15, We summarize this

Given the fast evolving light curves of Ca-rich gap

transients, high cadence and wide-field time domain sur-
veys will continue to be vital for unveiling large samples
of these elusive events. With the combination of the
flux-limited Bright Transient Survey (to estimate the
redshift incompleteness of nearby galaxy catalogs; Frem-
ling et al. 2019) and the volume-limited Census of the
Local Universe experiment described in this work, we
have demonstrated that focused experiments that spec-
troscopically classify a small fraction (< 10%) of the to-
tal transient yield of a wide-field, all-sky survey like ZTF
can yield statistically meaningful samples of transients
that shed vital light on the underlying explosions and
progenitor populations. As the current effort has been
focused on a targeted search for these events in current
(and incomplete) catalogs of nearby galaxies, the ad-
vent of heavily multiplexed spectrographs (e.g. DESI
Collaboration et al. 2016; Kollmeier et al. 2017) aiming
to complete galaxy catalogs in the local universe will be
vital for dedicated experiments to complete our census
of transients in the local universe.
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Table 3. Light curve fit parameters for the sample of Ca-rich gap transients presented in this paper, together with the
fits for the literature sample of Ca-rich gap transients. ¢, denotes the time of peak in the respective filter, m, denotes
the peak apparent magnitude (corrected for Galactic extinction using the maps of Schlafly & Finkbeiner (2011)), M,
denotes the peak absolute magnitude, ¢,.1,2 denotes the rise time to peak from half of the peak flux and 5, /> denotes
the fall time from peak to half the peak flux. Am~7 denotes the drop in magnitudes from time of peak to 7d after peak.
Photometry for some of the sources in the literature were obtained from the Open Supernova Catalog (Guillochon
et al. 2017). The data were originally published in [1] Perets et al. (2010), [2] Sullivan et al. (2011), [3] Kasliwal et al.
(2012), [4] Valenti et al. (2014), [5] Lunnan et al. (2017), [6] De et al. (2018a) and [7] Galbany et al. (2019). This table
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will be available in its entirety in machine-readable form.

Object Filter tp myp Mp tr1/2 ty1/2 Amy Ref.
MJD (days) (days) (mag)
SN 2018ckd r 58277.67£0.30 18.92+£0.02 -16.20 6.17+0.29 8.76£0.39 0.534+0.04 This work
SN 2018lqo T 58351.92£0.23 19.62+0.02 -16.21 7.35+0.26 10.50+0.77 0.414+0.02 This work
SN 2018lgo g 58350.03 £0.38 20.09£0.05 —-15.74 581+0.30 7.70£042 0.644+0.06 This work
SN 2018lqo % 58352.75£2.51 19.54+0.14 -16.29 7.73+1.73 0.30 £ 0.11 This work
SN 2018lqu r 58370.83 £2.24 19.57+£0.31 -—-16.44 7.40+1.35 This work
SN 2018kjy r 58460.93 £0.39 18.86 £0.06 —15.62 12.563£1.70 0.30+0.06 This work
SN 2018kjy g 58457.83 £1.42 19.82+£0.23 —14.66 0.58 £ 0.34 This work
SN 2019hty T 58658.23 £1.40 18.72+£0.09 —-16.29 9.50+1.20 12.65+1.18 0.284+0.06 This work
SN 2019hty g 58655.40 £1.76 19.21 £0.07 —15.80 7.334+£1.40 0.68+0.27 This work
SN 20190fm r 58724.45+£2.06 18.79+0.09 -16.84 0.25+£0.10 This work

Table 4. Spectral fit parameters for the sample of Ca-rich gap transients presented in this paper,
together with the fits for the literature sample of Ca-rich gap transients. For each spectrum, we
measure both the HeI A5876 and A7065 velocity (if detected) for the Ca-Ib/c events, and only the
SilIl A6355 velocity for the Ca-Ia events. We indicate the line measured in brackets next to the
velocity measurements for each spectrum phase. Values denoted by * indicate epochs where the
signal to noise ratio of the spectrum was not high enough in the region of interest to measure the
specific parameter. The velocity for SN 2012hn was measured using the feature near 5800 Aat peak
light since it does not exhibit He signatures. For phases where the spectrum exhibited nebular
emission features, we report the measured [Ca II]/[O I] ratio or lower limits in case [O I] is not
detected (see text). Archival spectra were obtained from the WISEReP repository (Yaron & Gal-
Yam 2012). The data were originally published in [1] Perets et al. (2010), [2] Sullivan et al. (2011),
[3] Kasliwal et al. (2012), [4] Valenti et al. (2014), [5] Lunnan et al. (2017), [6] De et al. (2018a)
and [7] Galbany et al. (2019). This table will be available in its entirety in machine-readable form.

Object Phase Vi Va [CaIl] / [OT] Ref.
(days) (km s™1) (km s™1)
SN 2018ckd +1 9660 + 110 (A5876) 10090 £ 140 (A\7065) This work
SN 2018ckd +10 8260 + 650 (A5876) This work
SN 2018ckd +58 > 3.38 This work
SN 2018lgo -2 8230 + 150 (A5876) 8270 £ 100 (A7065) This work

Table 4 continued
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Table 4 (continued)

Object Phase Vi Va [Call] / [OT] Ref.
(days) (km s™1) (km s~1)
SN 2018lqo +49 5090 £ 310 (A\5876) > 12.51 This work
SN 2018lqu +1 11100 £ 410 (A5876) 10550 £ 280 (A7065) This work
SN 2018lqu +31 5720 £ 500 (A\5876) LK > 8.38 This work
SN 2018gwo +23 5150 4+ 570 (A5876) This work
SN 2018gwo +53 4780 4 100 (A\5876) 6660 £ 80 (A7065) 5.16 +£0.08 This work
SN 2018gwo  +146 3.98 +0.06 This work
APPENDIX

A. TRANSIENTS IN THE CONTROL SAMPLE

Here we discuss the photometric and spectroscopic properties of the transients that passed the selection criteria for
follow-up but did not exhibit high [Ca II] / [O I] ratio in their nebular phase spectra. We summarize the photometric
and spectroscopic properties of these transients in Table 1. The control sample consists of 4 SNeIb, 5 SNelc, 1 SN Ic-
BL, 2 SNe Ib/c and 3 SNela. Figure 29 shows forced photometry light curves of these transients, while Figure 30
shows a collage of the spectroscopic data for each object. The complete log of the spectroscopic follow-up for these
objects is presented in Table 6, which will be released on WISeREP together with the photometry upon publication.
We plot the original reduced spectra for the spectroscopy epochs near peak light for each object. For the nebular
phase spectra, we show the original reduced spectra for events that did not have a large host contamination. For other
nebular spectra, we attempted to fit a polynomial to the underlying host continuum to subtract the host features
and show the subtracted spectrum to highlight the broad nebular emission features of [O I] and [Ca II]. In cases
where the host background was not smooth and had features sharper than ~ 1000 A (usually in the case of SO / E
type galaxies) such that the nebular emission features were not easily measurable, we attempted more careful host
subtraction using superfit (Howell et al. 2005). In these cases, the spectra figures show the unsubtracted spectra,
and the superfit-subtracted spectra are shown in Figure 28.

In addition to the objects discussed here, we note the case of the peculiar SN 2019¢ehk in the galaxy M100. SN 2019ehk
was reported to the TNS by Grzegorzek (2019) and an early spectrum was reported by Dimitriadis et al. (2019), which
exhibited a reddened featureless continuum with ‘flash’-ionized lines (see e.g. Gal-Yam et al. 2014) of He IT \4686
and Ha. We obtained follow-up spectra of the event near peak light with DBSP, which showed a reddened continuum
with strong photospheric He absorption features and weaker H features, similar to Type IIb SNe. Specifically, the
peak light spectra show signatures of H5 and Hy absorption together with flat-bottomed feature near Ha blended
with the nearby He I A6678 line. The flat-bottomed Ha feature is characteristic of several well-studied Type IIb SNe
like SN 2001ig (Silverman et al. 2009) and SN 2011dh (Marion et al. 2014). Curiously, this object shows strong [Ca II]
lines in our early nebular phase spectrum from SEDM and LRIS, similar to several Ca-rich transients in this sample.
However, the clear presence of H in the early flash spectra and at peak light exclude it from our sample. Additionally,
the deep Na I D absorption detected in its spectrum suggests significant host reddening by Ay 2 3 mag, making it
intrinsically luminous (M, < —17). This object may be similar to the Type IIb iPTF 15eqv which exhibited high
[Ca II]/][O 1] in late-time spectra (Milisavljevic et al. 2017), and we defer the discussion of this object to future work.

A.1. Spectroscopic classification

We summarize the detection, environments and properties of each transient in the control sample, and in particular,
highlight how we exclude them from the group of Ca-rich gap transients. In the next section, we use this discussion
to compare the properties of these transients to those in the Ca-rich sample.

SN 2019ccm was found on top of the spiral arm of a Sa-type galaxy at z = 0.015 and peaked at an absolute magnitude
of M, ~ —16.4mag (without correcting for its host extinction). A spectrum taken at peak light shows characteristic
features of a SN Ib at peak on the red side (the blue side spectrum was not recorded due to a readout issue on the LRIS
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detector), as well as a deep Na I D feature at the host redshift, suggesting that the low luminosity is partly due to
host extinction. A LRIS spectrum taken ~ 180d after peak shows [O I] and [Ca II] emission of nearly equal strengths,
ruling out a Ca-rich classification. We note that the [Ca II]/[O 1] ratio (= 1.18) is likely overestimated because the
significant host extinction would only increase the observed ratio.

SN 2019txl was found on the arm of a spiral galaxy at z = 0.034 and peaked at an absolute magnitude of M, =
—16.2mag. The peak light spectrum shows typical features of a SNIb at peak, together with clear Na I D absorption
at the host redshift, confirming it as a reddened normal Type Ib SN. A nebular phase spectrum taken ~ 4+330d from
peak shows clear signatures of [O I] and [Ca II] emission with a [Ca II]/[O I] of ~ 0.9 (without correcting for host
extinction), thus excluding it from the Ca-rich sample.

SN 2019txt was found on the disk of a nearly edge-on disk galaxy at z = 0.026 and peaked at an absolute magnitude
of M, ~ —15.9mag. The peak light spectrum is relatively noisy but still clearly shows features of a Type Ib SN at
peak, as well as prominent Na I D absorption at the host redshift, consistent with a reddened Type Ib SN. The nebular
phase spectrum at ~ 220d from peak light shows clear [O I] and [Ca II] emission with [Ca II]/[O I] of &~ 1.3 without
host extinction correction, thus excluding it from the Ca-rich sample.

SN 2019mjo stands out as a peculiar SN Ib found in the outskirts of an elliptical galaxy at z ~ 0.041. Its peak light
spectrum is reddened with strong He lines and it exhibits a very slow transition in spectroscopic properties. The source
did not turn nebular even in our latest spectrum at =~ 4+180d from peak light, and hence does not satisfy our criterion
for a fast nebular phase transition. We defer conclusions about the nature of this event to a forthcoming publication
that will present the full dataset on this source (K. De et al. in prep.).

SN 2018dbg was found close to the nucleus of a grand spiral host galaxy at z & 0.015, peaking at an absolute
magnitude of M, ~ —16.6 mag. We were unable to secure a peak light spectrum of SN 2018dbg, but secured a spectrum
at &~ 35 d after peak, where the spectrum is still dominated by strong photospheric phase lines of O, Ca II and possibly
He I. Using superfit (Howell et al. 2005) to subtract the underlying continuum, we find an excellent match to the
spectrum of the Type Ib SN 1990U at =~ +41d after peak, consistent with the photometric phase (= +30d). We thus
classify it as a SNIb/c. Since all Ca-rich gap transients start exhibiting strong nebular [Ca II] emission features at
this phase, this object does not satisfy our early nebular phase transition criterion and is excluded from the sample.

SN 2019txr was found close to the nucleus of an irregular spiral galaxy at z = 0.044, and peaked at an absolute
magnitude of M, ~ —16.7mag. The peak light spectrum is relatively noisy and we can only identify P-Cygni features
of Ca II, O T and possibly He I; however, we classify it as a SNIb/c due to the uncertain identification of He I. We
cannot identify any Na I D absorption due to the noisy nature of the spectrum. We obtained a nebular phase spectrum
at =~ 270d from peak, which we find to be dominated by host light. We visually identify a weak nebular emission
peak around the [O I] transition, but the [Ca II] emission is not detected. We show a host-subtracted spectrum of the
object matched with superfit with the Type Ib SN 2004gq ~ 300d after peak. Although the features are very weak,
the host-subtracted spectrum shows the existence of a broad emission feature around [O I] and possible [Ca II]. Given
the host dominated spectrum, we are unable to measure a [Ca II]/[O I], but use the detection of [O I] and the weak
detection of the nearby [Ca II] line to constrain the [Ca II]/[O I] ratio to < 1, excluding it from the Ca-rich sample.

SN 2018fob was found on the spiral arm of a disk galaxy at z = 0.029, and peaked at an absolute magnitude of
M, ~ —16.9mag. The peak light spectra do not show any He signatures, and are consistent with a SNIc. Na I D
absorption is clearly detected at the host redshift, suggesting host extinction. The nebular phase spectrum at ~ 210d
shows a strong [O ] line and a weak [Ca II] line with [Ca II]/[O I] ~ 0.87, thus excluding it from our sample.

SN 2019yz is the lowest redshift object in this sample, and is consistent with a reddened SNIc in the disk of
UGC 09977 based on the prominent Na I D absorption in its peak light spectrum. The peak spectrum was obtained
from TNS and was originally obtained by Burke et al. (2019). The light curve peaks at an observed absolute magnitude
of M, = —16.63mag. The nebular phase spectrum at &~ +210d shows strong [O I] emission with [Ca II]/[O I] ~ 0.6,
excluding it from our sample of Ca-rich events.

SN 2019abb was found on top of an irregular blue galaxy at z = 0.015, and peaked at an absolute magnitude of
M, ~ —16.6 mag. The peak light spectrum shows characteristic features of a SN Ic with no obvious He signatures, as
well as clear Na I D absorption at the host redshift suggesting significant host extinction. A spectrum taken = 60d
after peak still shows photospheric phase features suggesting slow spectral evolution. The nebular phase spectrum
obtained at ~ +350d is dominated by the underlying host, but clearly shows both the nebular [O I] and [Ca II]
emission lines with [Ca II]/[O I] & 0.8, thus excluding the object from our sample.
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Figure 28. Host-subtracted late-time spectra of events in the sample that were heavily contaminated by host galaxy light and
thus required host-subtraction using superfit (Howell et al. 2005). (Top Left) Late-time spectrum of SN 2019txr with host
features subtracted using superfit. The observed host-subtracted spectrum is shown in blue, while the black line shows the
best match spectrum of the Type Ib SN 2004gq at 297 d after peak. (Top right) Late-time spectrum of SN 2019ouq plotted with
the late-time spectrum of Type Ic SN 1997ef at ~ 270d after peak light. (Bottom left) Host subtracted late-time spectrum of
SN 2019gau at =~ 270 d, compared against a late-time spectrum of the Type Ia SN 2002bo. However, we do not find a convincing
match as several features in the subtracted spectrum are not well matched, and present the fit here for completeness. (Bottom
right) Host-subtracted late-time spectrum of SN 2019ttf at ~ 210d compared to the late-time spectrum of SN 2002cx at =~ 280 d.

SN 2019ape was detected on top of a yellow early type galaxy at z = 0.020, and peaked at an absolute magnitude
of M, ~ —16.6mag. Although the galaxy morphology is early-type, the SDSS as well as the SN spectra show clear
Ha emission. The peak light spectrum is characteristic of a SN Ic with no He signatures. Na I D absorption is also
detected in the peak light spectrum, confirming host reddening. The nebular phase spectrum taken at ~ +280d shows
clear [O I] and [Ca II] emission lines with [Ca IIJ/[O I] ~ 0.9 thus excluding it from our sample. A complete analysis
of this object will be presented in a forthcoming publication (I. Irani et al. in prep.).

SN 20190uq was found in the disk of a nearly edge-on disk galaxy at z = 0.036, and peaked at an absolute magnitude
of M, =~ —16.9mag. The peak light spectrum exhibits a highly reddened continuum but with clear broad P-Cygni
features of O I and Ca II. Using superfit to subtract the host emission, we find that the peak spectrum is well
matched to the Type Ic SN 19941 about 7d after peak. The same fit suggests that an extinction of Ay =~ 1mag
is required to match the continuum. The nebular spectrum obtained at =~ 170d from maximum light is completely
dominated by the underlying host galaxy continuum, making it difficult to identify the nebular [O I] and [Ca II]
features directly. We thus used superfit to subtract the host features and show a host-subtracted spectrum in Figure
28. As shown, the nebular phase spectrum is consistent with a late-time spectrum of the Type Ic SN 1997ef at ~ 281d.
The host-subtracted late-time spectrum also shows similarities to the late-time spectra of the Type Ic SNe SN 2006aj
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and SN 19941. In particular, the host subtracted spectrum exhibits a stronger [O I] line compared to the [Ca II] line,
constraining [Ca II]/[O I] < 1, thus excluding it from the Ca-rich sample.

SN 2018kqr was detected inside a blue irregular galaxy at z = 0.045, and peaked at an absolute magnitude of
M, ~ —16.8 mag. The peak light spectrum shows broad features consistent with a SN Ic-BL around peak light. Na I D
absorption is not clearly detected at the host redshift. We obtained a follow-up spectrum = 16 d after peak light where
the source still exhibited strong photospheric features consistent with a SN Ic. However, we were unable to obtain a
follow-up nebular spectrum for this object. Nevertheless, the slow photospheric phase evolution of this evolution is
consistent with a normal SN Ic, and exclude it from the Ca-rich sample discussed in this work.

SN 2019gau was detected close to the core of a disk galaxy at z = 0.028, and peaked at an absolute magnitude of
M, ~ —16.8mag. A low resolution SEDM spectrum taken near peak shows a strong Si II line and the Ca II NIR
triplet in P-Cygni absorption, leading to the SN Ia classification of this event. We obtained a late-time spectrum of
the source at &~ 260 d from peak, and find it to be dominated by the host galaxy light. We attempted host subtraction
using superfit, but were unable to find a good match to the host subtracted features. For completness, we present
the best-fit host subtracted spectrum in Figire 28 compared to the best match in superfit to the late time spectrum
of SN 2002bo. Unlike the Ca-Ia objects that show strong [Ca II] emission and no [O I] emission, this host-subtracted
spectrum does not show any strong [Ca II] emission, leading us to exclude it from the Ca-rich sample.

SN 2019¢gsc was detected on a inside an irregular blue galaxy at z = 0.011, and peaked at a faint absolute magnitude
of M, = —13.90mag. Its peak light spectrum exhibits low velocity Sill lines similar to 02cx-like SNela (Li et al.
2003), while its faint peak luminosity makes it similar to the lowest luminosity member SN 2008ha (Foley et al. 2009).
Our spectrum taken at ~ +30d from peak shows that the spectrum is still photospheric and dominated by several low
velocity P-Cygni features. Additional data on SN 2019gsc has been published in Srivastav et al. 2020 and Tomasella
et al. 2020, which show that the source does not turn nebular even up to =~ 60d from peak light, consistent with
our data and with what is typically observed in this class (Foley et al. 2016). The absence of an early nebular phase
transition excludes it from the Ca-rich sample.

SN 2019ttf was found on top of an irregular star forming galaxy at z = 0.011, and peaked at a faint absolute
magnitude of M, = —14.0mag. The spectrum taken at ~ 4+10d from peak shows low velocity lines similar to the
02cx-like SNeIa SN 2008ha (Foley et al. 2009) and SN 2005hk (Phillips et al. 2007). Its low peak luminosity is similar
to SN 2019gsc. We obtained a late-time spectrum of the object at =~ 230d, which was dominated by the underlying
host galaxy light. We show a host-subtracted spectrum using superfit in Figure 28. The subtracted spectrum is
relatively noisy, but we note two detected features of Na I and [Ca II] (near 5800A and 7300A respectively) that are
similar to SN 2002cx at a similar phase. As in the case of 02cx-like objects that do not become completely nebular at
late times, we find a weak Na I P-Cygni profile, and thus exclude this object from the Ca-rich sample.

A.2. Candidate selection and false positives

In Section 2.3, we presented our selection criterion for identifying candidate Ca-rich gap transients in order to
prioritize nebular phase follow-up. We now evaluate the merits and disadvantages of our selection scheme in the
context of understanding the broader population of Ca-rich transients. We start with a comparison of our selection
criteria to that of Kasliwal et al. (2012). Unlike that work, we did not select candidates based on their photometric
evolution or spectroscopic velocities. This choice makes us sensitive to events with broader light curves such as
SN 2019pxu, which appears to be a more luminous and slower evolving member of this class.

However, we do select events based on their peak luminosity, with a cutoff at M = —17mag. We thus caution
that certain spectroscopic sub-types may be underrepresented in this sample, e.g. the Ca-Ia events appear to exhibit
systematically higher peak luminosity than the Ca-Ib/c events. Indeed, the only Ca-Ia object in the sample SN 20190fm
is also the faintest SNTa in the CLU sample (barring the low velocity 08ha-like events), suggesting that Ca-Ia events
discussed here could represent the tip of the Ca-rich sample in the broader 91bg-like SNIa population. Resolving
this issue would require a similar experiment targeting brighter SNela, which will inevitably include other known
populations of faint SNe Ia.

As in Kasliwal et al. (2012), we do not select events based on their spectroscopic type at peak light. However, the low
spectroscopic velocities in SN 2018kjy would not have passed the criteria in Kasliwal et al. (2012) since they required
‘normal’ photospheric phase velocities. Our follow-up campaign revealed that despite its peculiar low spectroscopic
velocities at peak, the later evolution of SN 2018kjy establishes its membership in the class of Ca-rich gap transients.
In the context of low velocity events, it is important to highlight the contamination of 02cx-like SNela. Two of the
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events in the control sample were spectroscopically similar to 02cx-like objects near peak light (similar to SN 2008ha;
Foley et al. 2009) with low spectroscopic velocities at peak (like SN 2018kjy). Yet unlike SN 2018kjy (and the rest of
the Ca-rich class), their spectra do not turn nebular at late phases and exhibit a pseudo continuum of emission lines.

Next, we discuss the host environments of these events, re-iterating that our selection criteria was agnostic to the
host type and environment. In comparison to the SNelIb/c in the control sample (which were primarily found in
star-forming late-type galaxies), a striking characteristic of the sample of the Ca-Ib/c objects is their preference for
early type galaxies and old environments. SN 2019pxu is the only exception, but is still at a large projected offset
of =~ 18kpc from its host, suggesting that spectroscopically classified SNeIb/c in old environments could be used to
select likely Ca-rich gap transients near peak light. Yet, SN 2019ape serves as an important exception to this trend
as a SN Ic in an early type galaxy, suggesting that this criterion also has its own false positives despite producing a
relatively high success rate (six out of seven SNelIb/c in early type galaxies in this sample turned out to be Ca-rich
events). However, nearly all the low luminosity SNeIa in the sample (including two 02cx-like events) are in late-type
galaxies — as such, the environment of the only Ca-Ia event in the sample SN 20190fm is not exceptional.

In terms of the photometric and spectroscopic properties of the transients, the sample presented in this work was
selected using the smallest possible selection criteria to identify these faint transients in the local universe. The final
confirmation of a Ca-rich gap transient, however, is derived from nebular phase spectroscopy at late times. As such,
it is instructive to examine if the confirmed sample of Ca-rich gap transients can be differentiated based on the peak
light spectra and photometric evolution in order to guide future searches for these events. In Figure 15, we show the
luminosity-width phase space of the control sample of transients compared to the Ca-rich gap transients analyzed in
the work. We make this comparison in order to examine if Ca-rich gap transients can be identified from their peak
luminosity and light curve evolution near peak. As shown, a striking trend is that the control sample of objects exhibit
systematically slower evolving light curves (smaller Amy and larger t¢ ; /2) than nearly the entire sample of Ca-rich gap
transients, suggesting typically larger diffusion time and correspondingly larger ejecta masses in the control sample.
Yet, the Ca-rich and control objects occupy a common phase space near Amy = 0.3 and M, between —16 and —17,
noting that the fastest evolving objects in this sample are always Ca-rich. Thus, we conclude that while the fastest
evolving Ca-rich gap transients Amy; > 0.4 can be identified with peak light photometry and spectroscopy, it is difficult
to select a complete sample based on only these properties.

The broader light curves and low [Ca II]/[O I] of the Type Ib/c events in the control sample suggest that these
events are likely consistent with being normal core-collapse SNe (Gal-Yam 2017) that are extinguished by foreground
dust. Indeed, the detection of prominent Na I D absorption from the host galaxy in nearly all of these events suggest
that host extinction likely plays an important role in making these events appear sub-luminous at peak similar to the
Ca-rich events. The 02cx-like events (Li et al. 2003) are consistent with being very low luminosity members of the
SNTax class similar to the lowest luminosity member SN 2008ha (Foley et al. 2009). However, we did not have a high
resolution spectrum of the only other Type Ia SN 2019gau at peak to ascertain the role of host extinction. At the same
time, we were unable to securely identify nebular emission features in the late time spectrum of this object, leaving
this as an inconclusive low luminosity SN Ia in the sample.

We examine the spectroscopic properties of the control sample to identify potential spectroscopic clues at peak light
for identifying Ca-rich gap transients. Ca-Ib exhibit strikingly similar spectra to normal SNe Ib in the sample; however,
the line blanketed spectra of the red Ca-Ib objects are uncommon in the control sample. The only objects in the control
sample that also exhibit suppressed blue continua are SN 2019txl and SN 2019mjo. The former object also exhibits a
strong Na I D absorption, suggesting that host extinction likely suppresses the blue continuum in this otherwise normal
core-collapse SN. SN 2019mjo is a pecular SN Ib whose nature remains unclear, and we do not discuss its properties
further here. Nevertheless, peculiar low velocity objects such as SN 2018kjr and PTF 12bho are not seen in the control
sample, suggesting that the combination of low velocity and highly reddened continuum may be indicative of a Ca-rich
object if its peak luminosity can be constrained. The Ca-Ia objects with strongly line blanketed spectra are unique
in the broader population of SNela that exhibit blue continua at peak (see discussion in De et al. 2019b), and thus
strong line blanketing with prominent Sill lines could be used to identify likely Ca-Ia candidates at peak. Given that
all the above selection procedures are unable to yield a complete sample of Ca-rich gap transients, we conclude in
general that nebular phase spectroscopy of systematically selected samples of low luminosity transients in the local
universe with 8 - 10 m class telescopes will continue to be important for our census of these elusive transients.
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Figure 29. Forced photometry light curves of each object in the control sample that did not pass the [Ca II]/[O I] threshold
defined in the sample. Each panel shows the photometric evolution near peak for the transient indicated in the figure title. We
include photometry in gri filters from ZTF and phase is defined with respect to time from r-band peak. Red circles denote
r-band photometry, green plus symbols indicate g-band photometry and yellow squares indicate i-band photometry. Hollow
inverted triangles denote 50 upper limits at the location of the transient.
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Figure 30. Photospheric and nebular phase spectrum of objects in the control sample that did not pass either the early nebular
phase transition criterion or the nebular phase [Ca II]/[O I] threshold defined in the sample (see Appendix A). Each panel shows
one object with its name and classification indicated in the legend. Gray lines show unbinned spectra while the black lines show
spectra binned to improve the signal to noise ratio. The instrument used and phase of each spectrum is shown next to each
spectrum.
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Table 6. Log of spectroscopic observations of all objects presented in this paper. T denotes spectra which did not high

K. DE ET AL.

Table 5. Photometry of all the sources presented in this paper. The photometry has

not been corrected for Galactic extinction. Phases are indicated with respect to the

time from the best-fit r-band peak. Upper limits are at 50 confidence at the location

of the transient. This table will be available in its entirety in machine-readable form

upon publication.

Object MJD Rest frame phase  Filter =~ Magnitude Instrument
(days from r peak)

SN 2018ckd 58242.31 —34.53 r > 20.53 P48+ZTF
SN 2018ckd 58245.34 —31.57 r > 18.89 P48+ZTF
SN 2018ckd 58248.27 —28.71 r > 20.95 P48+ZTF
SN 2018ckd 58255.26 —21.88 r > 20.70 P48+-ZTF
SN 2018ckd 58258.25 —18.96 r > 20.64 P48+ZTF
SN 2018ckd 58262.30 —15.01 r > 19.87 P48+ZTF
SN 2018ckd 58267.31 —10.12 r > 19.65 P48+ZTF
SN 2018ckd 58270.32 —7.18 r 20.22 £0.23 P484+ZTF
SN 2018ckd 58276.19 —1.45 r 19.19 £ 0.03 P48+ZTF
SN 2018ckd 58279.17 1.46 r 19.20 £ 0.04 P484-ZTF

enough signal to noise ratio to detect features.

Object Observation Date MJD Phase Telescope + Instrument Range Resolution

(UTC) (days from r peak) A AJOA
SN 2018ckd 2018-06-12 58281.3 +3 P200 + DBSP 3500 - 10000 1000
SN 2018ckd 2018-06-21 58290.2 +12 P200 + DBSP 3500 - 10000 1000
SN 2018ckd 2018-08-08 58338.3 +57 Keck-I 4+ LRIS 3500 - 10000 1000
SN 2018ckd 2019-04-03 58576.5 4291 Keck-I + LRIS 3500 - 100001 1000
SN 2018lgo 2018-08-21 58351.2 -1 P200 + DBSP 3500 - 10000 1000
SN 2018lgo 2018-10-12 58403.3 +49 Keck-I + LRIS 3500 - 10000 1000
SN 2018lqu 2018-09-12 58373.1 +2 P200 + DBSP 3500 - 10000 1000
SN 2018lqu 2018-10-12 58403.2 +31 Keck-I + LRIS 3500 - 10000 1000
SN 2018gwo 2018-09-30 58391.8 -12 THO + ALPY 3700 - 7500 100
SN 2018gwo 2018-10-06 58397.8 -6 THO + ALPY 3700 - 7500 100
SN 2018gwo 2018-11-06 58428.5 +23 P60 + SEDM 3800 - 9200 100
SN 2018gwo 2018-12-04 58456.6 +51 Keck-I + LRIS 3500 - 10000 1000
SN 2018gwo 2019-03-07 58549.5 +143 Keck-I + LRIS 3500 - 10000 1000
SN 2018gwo 2019-06-03 58637.3 4230 Keck-I + LRIS 3500 - 10000 1000
SN 2018kjy 2018-12-14 58466.3 +5 P200 + DBSP 3500 - 10000 1000
SN 2018kjy 2019-01-04 58487.4 +25 Keck-I + LRIS 3500 - 10000 1000
SN 2018kjy 2019-04-03 58576.2 +113 Keck-I + LRIS 3500 - 10000 1000
SN 2019hty 2019-07-01 58665.2 +6 P200 + DBSP 3500 - 10000 1000
SN 2019hty 2019-07-02 58666.2 +7 P60 + SEDM 3800 - 9200 100
SN 2019hty 2019-08-04 58699.2 +40 P200 + DBSP 3500 - 10000 1000

Table 6 continued
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Table 6 (continued)

Object Observation Date MJD Phase Telescope + Instrument Range Resolution

(UTC) (days from r peak) A A/OA
SN 20190fm 2019-08-27 58722.3 -1 P200 + DBSP 3500 - 10000 1000
SN 20190fm 2020-02-18 58897.5 +168 Keck-I + LRIS 3500 - 10000 1000
SN 2019pxu 2019-09-24 58750.4 +3 P60 + SEDM 3800 - 9200 100
SN 2019pxu 2019-10-03 58759.5 +11 P200 + DBSP 3500 - 10000 1000
SN 2019pxu 2019-10-27 58783.5 +35 Keck-1 + LRIS 3500 - 10000 1000
SN 2019pxu 2020-02-18 58897.3 +146 Keck-I + LRIS 3500 - 10000 1000
SN 2018dbg 2018-08-04 58334.0 +22 P200 + DBSP 3500 - 10000 1000
SN 2018fob 2018-08-21 58351.0 -8 P200 + DBSP 3500 - 10000 1000
SN 2018fob 2018-08-31 58361.0 +0 P60 + SEDM 3800 - 9200 100
SN 2018fob 2019-04-03 58576.0 +209 Keck-I + LRIS 3500 - 10000 1000
SN 2018kqr 2018-12-14 58466.3 +1 P200 + DBSP 3500 - 10000 1000
SN 2018kqr 2018-12-27 58479.2 +14 P200 + DBSP 3500 - 10000 1000
SN 2019yz 2019-02-20 58534.2 +7 NOT + ALFOSC 3800 - 9500 300
SN 2019yz 2019-04-15 58588.2 +61 P60 + SEDM 3800 - 9200 100
SN 2019yz 2019-06-08 58642.0 +114 P60 + SEDM 3800 - 9200 100
SN 2019yz 2019-07-02 58666.0 +138 P60 + SEDM 3800 - 9200 100
SN 2019yz 2019-09-26 58752.2 +224 Keck-1 + LRIS 3500 - 10000 1000
SN 2019abb 2019-01-26 58509.2 -4 P200 + DBSP 3500 - 10000 1000
SN 2019abb 2019-02-09 58523.0 +9 P60 + SEDM 3800 - 9200 100
SN 2019abb 2019-02-10 58524.9 +11 NOT + ALFOSC 3800 - 9500 300
SN 2019abb 2019-04-06 58579.2 +64 Keck-1 + LRIS 3500 - 10000 1000
SN 2019abb 2020-01-24 58872.0 +353 Keck-I + LRIS 3500 - 10000 1000
SN 2019ape 2019-02-12 58526.4 -13 P200 + DBSP 3500 - 10000 1000
SN 2019ape 2019-03-01 58543.1 +2 NOT + ALFOSC 3800 - 9500 300
SN 2019ape 2019-12-03 58820.0 4274 Keck-I + LRIS 3500 - 10000 1000
SN 2019ccm 2019-04-06 58579.2 +6 Keck-I + LRIS 3500 - 10000 1000
SN 2019cem 2019-09-28 58754.0 +178 Keck-1 + LRIS 3500 - 10000 1000
SN 2019tx1 2019-04-06 58579.0 +11 Keck-I + LRIS 3500 - 10000 1000
SN 2019tx1 2020-02-18 58897.0 +318 Keck-1 + LRIS 3500 - 10000 1000
SN 2019txr 2019-06-04 58638.0 +28 Keck-I + LRIS 3500 - 10000 1000
SN 2019txr 2020-02-18 58897.0 +276 Keck-I 4+ LRIS 3500 - 10000 1000
SN 2019txt 2019-05-13 58616.0 +10 P200 + DBSP 3500 - 10000 1000
SN 2019txt 2019-06-04 58638.0 +31 Keck-I + LRIS 3500 - 10000 1000
SN 2019txt 2020-01-24 58872.0 +259 Keck-I + LRIS 3500 - 10000 1000
SN 2019gau 2019-06-04 58638.9 -4 P60 + SEDM 3500 - 10000 100
SN 2019gau 2020-02-18 58897.0 +260 Keck-I + LRIS 3500 - 10000 1000
SN 2019gsc 2019-06-04 58638.2 -2 P200 + DBSP 3500 - 10000 1000
SN 2019gsc 2019-07-04 58668.0 +27 Keck-I + LRIS 3500 - 10000 1000
SN 2019ttf 2019-07-04 58668.0 +10 Keck-I + LRIS 3500 - 10000 1000
SN 2019ttf 2020-03-22 58930.0 4269 Keck-I + LRIS 3500 - 10000 1000
SN 2019mjo 2019-08-01 58696.0 +7 P200 4+ DBSP 3500 - 10000 1000
SN 2019mjo 2020-01-24 58872.0 +176 Keck-1 + LRIS 3500 - 10000 1000
SN 20190ouq 2019-08-04 58699.3 +6 P200 4+ DBSP 3500 - 10000 1000
SN 20190ouq 2020-01-24 58872.0 +173 Keck-I + LRIS 3500 - 10000 1000
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