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Abstract

We present observations of the extremely luminous but ambiguous nuclear transient (ANT) ASASSN-17jz,
spanning roughly 1200 days of the object’s evolution. ASASSN-17jz was discovered by the All-Sky Automated
Survey for Supernovae (ASAS-SN) in the galaxy SDSS J171955.844-414049.4 on UT 2017 July 27 at a redshift of
z = 0.1641. The transient peaked at an absolute B-band magnitude of Mp e = —22.81, corresponding to a
bolometric luminosity of Lyl peak = 8.3 X 10 ergs ~!, and exhibited late-time ultraviolet emission that was still
ongoing in our latest observations. Integrating the full light curve gives a total emitted energy of E = (1.36 £
0.08) x 10°* erg, with (0.80 4 0.02) x 10°* erg of this emitted within 200 days of peak light. This late-time
ultraviolet emission is accompanied by increasing X-ray emission that becomes softer as it brightens. ASASSN-
17jz exhibited a large number of spectral emission lines most commonly seen in active galactic nuclei (AGNs) with
little evidence of evolution. It also showed transient Balmer features, which became fainter and broader over time,
and are still being detected >1000 days after peak brightness. We consider various physical scenarios for the origin
of the transient, including supernovae (SNe), tidal disruption events, AGN outbursts, and ANTs. We find that the
most likely explanation is that ASASSN-17jz was a SN IIn occurring in or near the disk of an existing AGN, and
that the late-time emission is caused by the AGN transitioning to a more active state.

Unified Astronomy Thesaurus concepts: Galaxy accretion disks (562); Accretion (14); Active galactic nuclei (16);
Tidal disruption (1696); Supernovae (1668)
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1. Introduction

In recent years, the proliferation of large-area, untargeted sky
surveys has led to the discovery of new types of transients
associated with the nuclei of their host galaxies. These have
included tidal disruption events (TDEs; see Saxton et al. 2020; and
van Velzen et al. 2020 for recent reviews), unusual accretion
events in active galactic nuclei (AGNS; e.g., Shappee et al. 2014;
Wyrzykowski et al. 2017; Trakhtenbrot et al. 2019; Frederick et al.
2021), and other outbursts whose origins cannot be definitively
determined (e.g., Kankare et al. 2017; Neustadt et al. 2020; Hinkle
et al. 2022). These events, particularly the last two groups, can be
difficult to classify and interpret. They often involve unusual
transient phenomena; atypical, large-scale changes to formerly
stable accretion systems; or even a combination of these, such as a
supernova (SN) or TDE occurring in or around an existing AGN
and affecting the accretion flow. With these being rarer phenomena
and a lack of prioritization of nuclear sources until recently, there
can be few observations or simulations to use for comparison to
new observations, making the classification of each individual
event difficult. Regardless of the specific origin of each event,
however, nuclear outbursts usually involve accretion onto a
supermassive black hole (SMBH). They thus allow us to study
BHs and accretion physics in novel ways and in galaxies that are
otherwise quiescent.

These transients are typically flagged for detailed study by
TDE searches, and because of this, they often have several
observational characteristics of TDEs. These include a strong
blue ultraviolet (UV) continuum with broad Balmer and/or
helium emission lines in their spectra, relatively smooth light
curves that remain bright for a year or more, and, in some cases,
hard or soft X-ray emission (e.g., Saxton et al. 2020; van Velzen
et al. 2020). As only a few dozen of these outbursts have been
identified, each additional discovery allows for new observations
that can refine our physical understanding of these events and
make them better probes of SMBHs and accretion physics.

Here we study the nuclear outburst ASASSN-17jz (AT
2017fro*®) spanning from 88 days prior to peak light through
1081 days after peak. ASASSN-17jz was discovered by the All-
Sky Automated Survey for Supernovae (ASAS-SN; Shappee
et al. 2014) on UT 2017 July 27 in the galaxy SDSS J171955.84
+414049.4 (hereafter SDSS J171955; Brimacombe et al. 2017),
at a redshift of z = 0.1641. Because an optical spectrum obtained
on 2017 July 29 showed that the transient exhibited a blue
continuum and broad Balmer emission features, consistent with
a TDE (e.g., Arcavi et al. 2014), we requested target-of-
opportunity (TOO) observations from the Neil Gehrels Swift
Observatory (Swift; Gehrels et al. 2004) UltraViolet and Optical
Telescope (UVOT; Roming et al. 2005) and X-ray Telescope
(XRT; Burrows et al. 2005; Target ID: 10218). These initial
Swift observations, taken near peak light, showed that ASASSN-
17jz was UV-bright but did not exhibit any strong soft X-ray
emission, which again is seen in many TDEs (e.g., Auchettl et al.
2017). The transient was also very luminous, with Mp pe. =
—22.81 mag, making it one of the most luminous SNe or TDEs
discovered thus far. With this potential TDE or superluminous
supernova (SLSN; classification, we began a long-term, multi-
wavelength monitoring campaign to characterize the object.

As ASASSN-17jz evolved past peak light, its spectra remained
relatively constant, and the transient was classified as an AGN
outburst by the Global Supernova Project (Arcavi et al. 2017).

% https: / /wis-tns.weizmann.ac.il/object/2017fro
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However, the light curve of ASASSN-17jz showed a smooth rise
and fall, which is much more commonly seen in TDEs or SNe
than in AGN outbursts, and the spectral energy distribution (SED)
was well fit by an evolving blackbody, also typical of these
transients. ASASSN-17jz thus joins a growing group of
ambiguous nuclear transients (ANTs)—luminous nuclear out-
bursts with an unclear origin. We continued to observe this
transient for several years, finding that some of the features are
still visible nearly 1200 days after peak light, and we compare our
observations to those of AGNs, TDEs, and SNe to determine the
nature of this unusual event.

Section 2 describes the archival data available for the host
galaxy and its physical properties, discusses our follow-up
observations of the transient, and describes the available
prediscovery variability data from ASAS-SN and the Asteroid
Terrestrial-impact Last Alert System (ATLAS). In Section 3, we
analyze the photometry, fit the light curves with several transient
models, and model the blackbody emission of the transient to
compare it with other sources. We analyze the evolution of the
optical and UV spectroscopic features in Section 5 and compare
these to AGNs, TDEs, and SNe. Section 7 summarizes our
findings and discusses the likelihoods of different origin
scenarios. We adopt a distance of d = 792.9 Mpc (Hy = 69.6
kms ™' Mpc ™', Q,,=0.296, and 0, = 0.714; see Section 3.1), a
Galactic extinction of Ay = 0.06 mag (Schlafly & Finkbei-
ner 2011), converted to other filters using a Cardelli et al. (1989)
extinction law, and use UT dates throughout this paper.

2. Observations and Survey Data
2.1. Archival Data and Host-galaxy Fits

We retrieved archival ugriz images of the host galaxy SDSS
J171955 from the Sloan Digital Sky Survey (SDSS) Data
Release 16 (DR16; Ahumada et al. 2020) and JHK images
from the Two Micron All-Sky Survey (2MASS; Skrutskie et al.
2006, 2019) and measured aperture magnitudes using the IRAF
(Tody 1986, 1993) task phot. We used a 5”.0 (radius) aperture
as this is large enough to contain the majority of the host-
galaxy light while also not sacrificing the signal-to-noise ratio
(S/N) on the nuclear region. It is also the default aperture size
for the Swift photometric pipeline. We also obtained near-UV
(NUV) and far-UV (FUV) magnitudes from the Galaxy
Evolution Explorer (GALEX) All-Sky Imaging Survey (AIS)
catalog and infrared W1 and W2 magnitudes from the Wide-
field Infrared Survey Explorer (WISE; Wright et al. 2010,
2019) ANWISE catalog. These archival host magnitudes are
listed in Table 1.

The mid-infrared WISE colors of (W1 —W2) = 0.60 &+
0.04 mag and (W3 — W4) = 2.34 £ 0.19 mag imply that SDSS
J171955 does not host a strong AGN based on the criteria of
Assef et al. (2013). This, however, does not rule out the presence
of a low-luminosity AGN whose light is dominated by stars in the
host. The (W1 — W2) color of SDSS J171955 is redder than the
majority of hosts of TDEs and other ANTs (e.g., Hinkle et al.
2021b), and there is likely some AGN activity in the galaxy based
on our follow-up data (see Sections 4 and 5).

To further constrain the presence of AGN activity associated
with the host galaxy, we analyzed ROSAT All-Sky Survey
(Voges et al. 1999) and pointed observations of the source
(observation ID: RP201238N00). No source was detected nearby
in either of these observations. As the exposure time of the
pointed out observation is much longer, we use this observation to


https://wis-tns.weizmann.ac.il/object/2017fro
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Table 1 Table 2
Archival Photometry of SDSS J171955 5".0 Synthetic Host Aperture Magnitudes

Filter Magnitude Uncertainty Filter Magnitude and Uncertainty
FUuv 20.41 0.21 Uvw2 19.97 £ 0.19

NUV 19.57 0.11 UvM2 19.85 £0.18

u 19.62 0.22 UVw1 19.70 £0.17

g 18.15 0.15 Uyvor 19.33 £0.14

r 17.61 0.11 B 18.65 £0.12

i 17.23 0.10 Vv 17.80 £ 0.11

z 17.14 0.09 R 17.55 £ 0.09

J 16.74 0.11 1 17.26 £ 0.07

H 16.67 0.11

Ks 16.08 0.09 Note. 5”.0 aperture magnitudes of SDSS J171955 synthesized for the Swift
Wi 16.88 0.03 UV + U and BVRI filters as described in Section 2.1. All magnitudes are in the
w2 16.92 0.03

Note. 5”.0 aperture magnitudes of SDSS J171955 measured from SDSS DR16
(ugriz) and 2MASS (JHKs) data, FUV and NUV point-spread-function
magnitudes from the GALEX AIS, and W1 and W2 infrared magnitudes from
the AIIWISE catalog. All magnitudes are presented in the AB system (Oke &
Gunn 1983).

constrain the X-ray flux to a 3¢ upper limit of 0.007 counts s~ in
the 0.3-2.0keV energy range. Assuming a photon index typical
of known AGNs (I'=1.75;Ricci et al. 2017) and a Galactic
column density of 1.67 x 10** cm 2 (HI4PI Collaboration et al.
2016), we derive a 30 upper limit to the absorbed flux of
23 x 107" ergem s in the 0.3-10.0 keV energy range. This
corresponds to an absorbed luminosity of 2.0 x 10* ergs™!,
again implying that the host does not harbor a strong AGN.

We also checked archival survey data from the Catalina
Real-Time Transient Survey (CRTS; Drake et al. 2009) to
search for signs of previous variability from SDSS J171955.
CRTS obtained observations of the galaxy beginning on UT
2005 July 1, roughly 12yr prior to our first detection of
ASASSN-17jz in ASAS-SN V-band data, and there is no
evidence of prior flaring in these data. This provides further
evidence that there is no strong AGN in the host galaxy, and
gives constraints on the presence of a SMBH binary (SMBHB;
see Section 7.1).

We fit the SED of the host galaxy using the archival host
magnitudes and the Fitting and Assessment of Synthetic
Templates (FAST; Kriek et al. 2009) software. We assumed a
Cardelli et al. (1989) extinction law with Ry, = 3.1 and a
Galactic extinction of Ay = 0.06 mag (Schlafly & Finkbei-
ner 2011), and adopted an exponentially declining star
formation history, a Salpeter initial mass function, and the
Bruzual & Charlot (2003) stellar population models for the fit.
In order to robustly estimate the uncertainties, we generated
1000 realizations of the archival fluxes perturbed by their
respective uncertainties, assuming Gaussian errors. We then
used FAST to model the host SED for each set of input fluxes.
Our resulting median and 68% confidence intervals on the host
parameters are a stellar mass of M, = 5571 x 101° M, a
stellar age of 2.3712 Gyr, and a star formation rate of 2.970
M, yr~. Scaling the stellar mass using the average stellar-
mass-to-bulge-mass ratio of several ASAS-SN TDE hosts, as
we have done in the past (e.g., Holoien et al. 2020), we
estimate a bulge mass of Mz~ 10'"'M_. This gives an
estimated black hole mass of Mpy=10""M., using the
Mp — Mgg relation from McConnell & Ma (2013). This is
well within the range of 10° M., < Mgy < 10® M., expected for

C

TDE host galaxies (e.g., Rees 1988; Kochanek 2016), and is

AB system (Oke & Gunn 1983).

consistent with the SMBH masses of several TDE hosts in the
literature (e.g., Holoien et al. 2014a, 2016a, 2016b; Brown
et al. 2017; Wevers et al. 2017; Mockler et al. 2019).

For several of the filters that we used for our follow-up
photometry (BVRI and the Swift/UVOT filters), there are no
archival images of the host that can be used as image-
subtraction templates. To estimate the host flux in these filters,
we computed synthetic 5”.0 aperture magnitudes for each
photometric band for each of the 1000 bootstrapped host SED
fits. This yielded a distribution of synthetic magnitudes for each
filter, and we used the median and 68% confidence intervals on
the host magnitude in each filter as our host magnitudes and
uncertainties. We then subtracted our synthetic host fluxes from
our follow-up flux measurements to isolate the transient flux, as
described in the following sections. The synthetic host
magnitudes and uncertainties for each follow-up filter are
shown in Table 2.

2.2. ASAS-SN Light Curve

ASAS-SN monitors the visible sky nightly to find bright,
nearby transients using units of four 14 cm telescopes (Shappee
et al. 2014; Kochanek et al. 2017). Currently, ASAS-SN
consists of five units in Hawaii, Chile, Texas, and South Africa
hosted by the Las Cumbres Observatory global telescope
network (Brown et al. 2013) using g-band filters, but at the time
of the discovery of ASASSN-17jz, it was composed of only
single units in Chile and in Hawaii using V-band filters.
Roughly two months after ASASSN-17jz was discovered, our
Texas unit began survey operations, and also started to observe
ASASSN-17jz in the g-band. In order to remove host-galaxy
flux from the ASASSN-17jz photometry, we constructed a
reference image of the host galaxy and surrounding sky for the
two cameras that could detect it. In order to ensure that no flux
from the transient was present in the reference image, we
constructed the reference images using only data taken more
than two months prior to our discovery date for the V-band data
and more than two years after discovery for the g-band data.

We performed image subtraction on the science images
using these reference images, and aperture photometry on each
subtracted image using the IRAF apphot package. We
calibrated the magnitudes using several stars in the vicinity
of the transient with known magnitudes in the AAVSO
Photometric All-Sky Survey (Henden et al. 2015). For some
prediscovery epochs, we stacked several science images to
improve the S/N of our detections and obtain deeper limits
prior to our first detection. Some ASAS-SN V- and g-band data



THE ASTROPHYSICAL JOURNAL, 933:196 (28pp), 2022 July 10

Table 3
Stacked Host-subtracted Photometry of ASASSN-17jz
MID Range Filter Magnitude
57968.28 I 17.03 £ 0.11
57970.29—-57972.28 I 16.90 £+ 0.04
57973.27-57974.28 I 16.88 £+ 0.05
58181.57 Uvw2 19.49 £ 0.17
58377.30 Uvw2 20.45 £ 0.40
59051.15-59052.67 Uvw2 20.02 £ 0.22

Note. Host-subtracted AB magnitudes and 3¢ upper limits for ASASSN-17jz.
All BVRI, gri, and ATLAS o data have been stacked in bins of 1 day, as
described in the text. Swift UV+4U data are not stacked except for the final two
epochs. The “MJD Range” column contains the range of dates that were
combined to obtain a given measurement; a single MJD without a range
indicates that the magnitude was measured from a single epoch. All magnitudes
are corrected for Galactic extinction and are presented in the AB system. The
entire table is published in machine-readable format in the online journal, with
only a selection shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)

were also stacked with other ground-based and Swift photo-
metric observations to improve the S/N of our detections, as
described in Section 2.5. The ASAS-SN photometry is
presented in Table 3 and shown in Figure 1. The temporal
error bars indicate the time span of epochs that were combined
to obtain higher S/N.

2.3. ATLAS Light Curve

ATLAS (Tonry et al. 2018) is an ongoing survey that uses
fully robotic 0.5m telescopes located on the summit of
Haleakala and Mauna Loa Observatory to monitor the sky
visible from Hawai’i with a primary goal of detecting small
asteroids on a collision course with Earth. In normal survey
operations, each telescope obtains four 30s exposures of
200-250 fields per night, covering roughly a quarter of the
visible sky. ATLAS uses two broad filters for its survey
operations: “cyan” (c), covering 420—-650 nm, and “orange” (o)
covering 560-820 nm (Tonry et al. 2018).

ATLAS images are processed by an automated pipeline that
performs flat-fielding, astrometric calibration, and photometric
calibration. To isolate the transient flux, a low-noise reference
image of the host field of ASASSN-17jz was constructed by
stacking multiple images taken under good conditions, and this
reference was then subtracted from each science image of
ASASSN-17jz. We performed forced photometry on the host-
subtracted ATLAS images of ASASSN-17jz as described by
Tonry et al. (2018) and computed a single weighted average
flux from the images obtained in each night of observation. We
present the stacked o-band photometry and 3¢ limits in Table 3
and Figure 1. As there were comparatively few c¢-band
observations taken of ASASSN-17jz owing to weather and
the design of the ATLAS survey, we do not include the c-band
photometry in Figure 1 or use it in the analysis presented in
Section 3, but we do include these data in Table 3 for
completeness.

2.4. Swift Observations

During our initial follow-up campaign of ASASSN-17jz, we
obtained 23 epochs of Swift TOO observations spanning from

Holoien et al.

1 day before peak light through 212 days after peak. We later
obtained one epoch of observations on 2018 September 16, and
two epochs on 2020 July 21 and 2020 July 22 to monitor the
long-term UV and X-ray evolution of this_transient. UVOT
observations were obtained in the V (5468 A), B (4392 A), U
(3465 A), UVW1 (2600A), UVM2 (2246 A), and UVW2
(1928 A) filters (Poole et al. 2008) at most epochs, with later
epochs only using the UV and U filters, as the transient had
faded in the optical. Each epoch of UVOT observations
consisted of two images for each filter, and we first combined
these two images using the HEAsoft (HEASARC 2014)
software task uvotimsum. We then used the task uvot-
source to extract counts from a 5”.0 radius region around the
transient, using a nearby ~ 40”.0 sky region to estimate and
subtract the sky background. We then calculated the magni-
tudes and fluxes from the UVOT count rates using the most
recent UVOT calibration (Poole et al. 2008; Breeveld et al.
2010). In the process of preparing this manuscript, the Swift
team announced an update to the UVOT calibration to correct
for the loss of sensitivity over time that affected observations in
the UV filters taken after 2017 by up to 0.3 mag. Our Swift
magnitudes account for this update.

We subtracted the 5”.0 host fluxes from each follow-up
observation and corrected for Galactic extinction to isolate the
transient flux. To directly compare the Swift B- and V-band
data to our ground-based observations, we also converted the
UVOT BV magnitudes to the Johnson-Cousins system using
the standard color corrections.”” As the final two epochs of
Swift UV and U data were taken within a day and a half of each
other, we combined the flux from these two epochs using a
weighted average to improve the S/N of our late-time flux
measurements. Some epochs of Swift B- and V-band data were
also stacked with ground-based photometric observations as
described in Section 2.5.

ASASSN-17jz was also observed with the Swift/XRT in
photon-counting mode concurrent with the UVOT observations.
All XRT observations were reduced following the standard
Swift/XRT analysis procedures.”® Level-one XRT data are
reprocessed using XRTPIPELINE version 0.13.2 and standard
filters and screening, along with the most up-to-date calibration
files. To place constraints on the presence of X-ray emission,
we used a source region with a radius of 50”.0 centered on
the position of ASASSN-17jz and a source-free background
region with a radius of 150”.0 centered at (a, )=
(17219™m2858975, +41°38/27700). All extracted count rates
were aperture corrected as this source radius contains only
~90% of the 1.5 keV counts (Moretti et al. 2004).

At most epochs, we do not detect X-ray emission from
ASASSN-17jz, so we calculate 30 flux limits. Owing to the
detection of bright X-ray emission at late times, we combined
our late-time XRT observations using XSELECT version 2.4k to
increase the S/N. We then extracted a spectrum from our
merged observations using XRTPRODUCTS version 0.4.2 and
the regions defined above. The ancillary response file was
derived by merging the individual exposure maps using
XIMAGE version 4.5.1 and the task XRTMKARF. The response
matrix file was taken from the Swift calibration database. Using
the FTOOLs command GRPPHA, we grouped the stacked
spectrum using a minimum of 10 counts per energy bin. We

%7 hitps: / /heasarc.gsfc.nasa.gov/docs /heasarc /caldb/swift /docs /uvot/uvot_
caldb_coltrans_02b.pdf
3 http:/ /swift.gsfc.nasa.gov /analysis /xrt_swguide_v1_2.pdf


https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/uvot_caldb_coltrans_02b.pdf
https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/uvot_caldb_coltrans_02b.pdf
http://swift.gsfc.nasa.gov/analysis/xrt_swguide_v1_2.pdf
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Figure 1. Host-subtracted UV and optical light curves of ASASSN-17jz spanning from 87 days prior to peak B-band brightness (MJD = 57969.6; see Section 3.1) to
1083 days after peak. The date of discovery (MJD = 57961.4) is shown with a blue line at the bottom. The gap in the abscissa indicates a period of roughly 675 days
where no new observations were taken. The BVRI, gri, and ATLAS o data, as well as the final two epochs of Swift/UVOT+U data, have been stacked, generally in
bins of 1 day except where noted otherwise in Section 2. Error bars in time are used to indicate the date ranges of data that have been combined, but in general these
are smaller than the data points. Upper limits (30) are shown with downward arrows. We converted Swift B- and V-band data to the Johnson B and V filters to enable
direct comparison with the ground-based data. All data have been corrected for Galactic extinction and are presented in the AB system.

give further details on the X-ray flux measurements and
investigate the nature of the late-time X-ray brightening in
Section 4.

2.5. Other Photometric Observations

We obtained BVgri observations from the Las Cumbres
Observatory 1 m telescopes located at McDonald Observatory,
Texas (Brown et al. 2013), and from the 24inch Post
Observatory robotic telescopes located in Mayhill, New
Mexico, and Sierra Remote Observatory in California. We
further obtained BVRI images from the 0.76 m Katzman
Automatic Imaging Telescope (KAIT; Filippenko et al. 2001)
and the 1 m Anna L. Nickel telescope at Lick Observatory.

For the BVRI data, we measured 5”.0 aperture magnitudes
using the IRAF apphot package, with a 10”7.0-15".0 annulus
to estimate and subtract the background. We calibrated the
magnitudes using several stars in the field with well-defined
magnitudes in SDSS DR16 (Ahumada et al. 2020), using the
color corrections from Lupton (2005) to calculate BVRI
magnitudes for the comparison stars from the SDSS ugriz
magnitudes. We then subtracted the flux of the host galaxy and

corrected all the BVRI ground-based aperture magnitudes for
Galactic extinction.

For the gri data, we aligned the archival SDSS gri images
with our follow-up images and used the software HOTPANTS
(Becker 2015) to produce host-subtracted images of the
transient. We then measured 5”.0 magnitudes of the transient
from the subtracted images using apphot, calibrating the
magnitudes to gri magnitudes of several stars in the field
from SDSS DR16. We then corrected the magnitudes for
Galactic extinction, as with the BVRI and UVOT data.

In many cases, we obtained subdaily cadence photometry.
To obtain better S/N photometric measurements and to see
the overall trends more clearly, we stacked our follow-up
BVRI and gri data in time intervals of 1 day using a weighted
average of all the flux measurements taken within that
interval. For B and V, we included Swift and ASAS-SN data
when stacking the photometry. The host-subtracted, stacked
photometry is presented in Table 3 and shown in Figure 1.

2.6. Optical Spectroscopic Observations

After confirming the discovery of ASASSN-17jz and
classifying it as a potential TDE candidate, we began a program
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Figure 2. Optical spectroscopic evolution of ASASSN-17jz spanning from 5 days before peak brightness (2017 August 4) through 1137 days after peak. We have flux
calibrated the spectra using our follow-up photometry, as described in Section 2.6. Some spectra have been binned to reduce noise and improve clarity. Regions of sky

contamination are shown in light gray.
(The data used to create this figure are available.)

of optical spectroscopic monitoring to complement our photo-
metric follow-up campaign. The telescopes and instruments used
to obtain follow-up spectra included the Spectrograph for the
Rapid Acquisition of Transients (SPRAT) on the 2 m Liverpool
Telescope (LT), the Kast Spectrograph on the 3m Shane
telescope at Lick Observatory, the Double Spectrograph (DBSP)
(Table A1) on the 5.1 m Hale telescope at Palomar Observatory,
the Multi-Object Double Spectrograph (MODS; Pogge et al.
2010) on the dual 8.4 m Large Binocular Telescope (LBT), the
Low-Resolution Imaging Spectrometer (LRIS; Oke et al. 1995)
on the KeckI 10m telescope, and the Deep Imaging Multi-
Object Spectrograph (DEIMOS; Faber et al. 2003) on the
Keck IT 10 m telescope. Most of the spectra were acquired at or
near the parallactic angle (Filippenko 1982) to minimize the slit
losses caused by atmospheric dispersion.

The majority of our spectra were reduced and calibrated
using IRAF following standard procedures, including bias
subtraction, flat-fielding, one-dimensional spectral extraction,
and wavelength calibration by comparison to a lamp spectrum.
We reduced the MODS spectra using the MODS spectroscopic
pipeline® and the LRIS spectra using the LPIPE pipeline
software (Perley 2019). The spectra were flux calibrated using
observations of standard stars obtained on the same nights as

2 htp: //www.astronomy.ohio-state.edu/MODS /Software /modsIDL /

the science spectra. For some cases, we also performed telluric
corrections using the standard-star spectra, but in most cases,
the telluric features are left uncorrected.

We used our follow-up photometric data to refine the flux
calibration of the spectra. For each filter completely contained
in the wavelength range covered by each spectrum and for
which we could interpolate the photometric light curves to the
spectroscopic epoch, we extracted synthetic photometric
magnitudes. We then fit a line to the difference between the
observed photometric flux and the synthetic flux as a function
of the central wavelength of the filter, and scaled the spectrum
by this fit. Finally, we corrected the spectra for Galactic
extinction.

Figure 2 shows the spectroscopic evolution of ASASSN-
17jz. Only one spectrum is shown for dates where multiple
spectroscopic observations were obtained on the same night.
Instrument setups and exposure times for each spectrum are
listed in the Appendix in Table Al. We analyze the spectra and
compare them to those of TDEs, SNe, AGNs, and other nuclear
outbursts in Section 5.

2.7. HST Spectroscopic Observations

We obtained 4 observations (GO-14781; PI: C. Kochanek)
using the Space Telescope Imaging Spectrograph (STIS;


http://www.astronomy.ohio-state.edu/MODS/Software/modsIDL/
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Figure 3. UV spectroscopic evolution of ASASSN-17jz from HST/STIS (GO-
14781; PI: C. Kochanek) spanning from 46 days after peak brightness through
92 days after peak. The spectra have been flux calibrated using Swift
photometry as described in Section 2.7 and binned by a factor of 2-3 to
reduce noise.

(The data used to create this figure are available.)

Woodgate et al. 1998) on the Hubble Space Telescope (HST).
We used the FUV/NUV MAMA detectors with the G140L
(1150-1730 A, FUV-MAMA) and G230L (1570-3180 A, NUV-
MAMA) gratings and 52".0 x 0”.2 slit. Full details and exposure
times for each spectrum are listed in the Appendix in Table A2.
The source was clearly detected and spatially unresolved in the
two-dimensional frames, so we used the standard HST pipeline
for producing one-dimensional spectra. We performed inverse-
variance-weighted combinations of the individual exposures and
merged the FUV and NUV channels to produce the spectra seen
in Figure 3. We analyze the HST spectra and compare them to
UV spectra of other transients in Section 5.

2.8. Radio Observations

We obtained radio observations of ASASSN-17jz using
Director’s Discretionary Time observations at 10 GHz with the
Karl G. Jansky Very Large Array (VLA; legacy code AR981)
in its BnA configuration on 2018 February 23, and TOO
observations at 5 GHz with the electronic European very long
baseline interferometry Network (e-EVN) on 2018 April 11
(project code RRO11).

The VLA observations consisted of 2.2 hr on source using the
full bandwidth (2 x 2 GHz) X-band receiver in full polarization.
We reduced the data with the VLA recipe for the total intensity
continuum observations within the Common Astronomy Software
Applications package (CASA; McMullin et al. 2007) version 5.1.2-
4. We reran the pipeline with additional data flagging after
inspecting the first pipeline products. Using the full bandwidth, we
attained a root mean square of 2.1 uJy beam™ ', improving the
pipeline product by 5%. We used J1331+4-3030 as a flux-density
calibrator and J1734+-3857 as a phase calibrator. Both calibrators
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Figure 4. VLA image at the position of ASASSN-17jz at a central frequency of
10 GHz (FWHM = 07.43 x 07.27 at PA = 61°.5), from observations obtained
on 2018 February 23.

appear as point sources with 10 GHz peak intensities of 4.39
0.22 and 0.88 +0.04 Jybeam ', respectively. We detected a
source at the position of ASASSN-17jz with a S/N of ~65 when
using the full bandwidth. Figure 4 shows the VLA image at the
position of the transient.

The e-EVN observations were carried out with the antennas
Effelsberg (100 m, Germany), Jodrell Bank (38 x 25 m, United
Kingdom), Westerbork (25 m, Netherlands), Medicina (32 m,
Italy), Noto (32m, Italy), Onsala (25 m, Sweden), Tianma
(65 m, China), Torun (32 m, Poland), Yebes (40 m, Spain),
Hartebeesthoek (26 m, South Africa), and Irbene (32m,
Latvia). From the half-day e-EVN run, 7.35 hr were spent on
source, resulting in an rms of ~9.69 puJybeam ' at the
position of ASASSN-17jz. We reduced the data following
standard procedures within the NRAO Astronomical Image
Processing System (AIPS) and using some products corresp-
onding to the initial steps of the EVN pipeline. We used J1724
44004 as the phase calibrator. The calibrator has a core-jet
morphology with a peak intensity of 2.78 + 0.67 mJy beam '
for the brightest component, and we took this structure into
account when fringe-fitting the data. The resulting image has a
resolution of 4.1 x 3.2 mas at a central frequency of 5 GHz.
Taking into account the zero-level emission and a 5%
uncertainty in the calibration, we obtained an observed peak
intensity upper limit for ASASSN-17jz of <34 pJybeam .

In our VLA observations, we detected a slightly resolved source
with an observed flux density of about 148 4 16 yJy beam ™ in
the 8-12 GHz X-band beam (full-width-at-half-maximum intensity
[FWHM]=0"4 x 0".3 at position angle [PA] = 61°5). The
e-EVN observations made only 45 days after the VLA observa-
tions resulted in an upper limit of <34 ;Jy beam™'. Observations
made at 3 GHz within the VLA Sky Survey (VLASS; Lacy et al.
2020) one month after the e-EVN observations resulted in an even
less constraining upper limit of <378 mJy beam™ .

We analyze these radio data and discuss their possible
physical origins in Section 6.

3. Photometric Analysis
3.1. Position, Redshift, and t,eq Measurements

The position and host offset of ASASSN-17jz was measured
using a host-subtracted g-band image from the Las Cumbres
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Observatory 1 m telescopes taken on 2017 September 5. We
used the IRAF task imcentroid to measure a centroid
position of the transient in the subtracted image and a centroid
position of the nucleus of the host galaxy in the archival g-band
image from SDSS. The resulting position of ASASSN-17jz is
(o, 8) = (17"19™55585, +41°40/49745), which is offset by
0”.12 from the measured position of the host nucleus. This
offset is likely dominated by a systematic offset in the
astrometric solutions of the two images. To determine the
likely systematic offset, we also measured the centroid
positions of several stars in both the nonsubtracted follow-up
image and the archival host image, and calculated an average
offset for the positions of these comparison stars. The resulting
average is 07.27, and thus the transient is offset by
0”.12+0".27, corresponding to a physical offset of 460 +
1040 pc, consistent with the nucleus of SDSS J171955.

We further examined the position of ASASSN-17jz using
HST WFC3/UVIS data obtained on 2018 March 22, 230 days
after peak light (GO-15166; PI: A. Filippenko). Using both
F555W and F814W images, we measured a centroid position of
the transient, finding (a, §) = (17"19™55385, +41°40'49747),
consistent with the position we measured from the host-
subtracted LCOGT data. We also used the significantly higher
resolution of HST to examine whether two distinct sources are
visible. Figure 5 shows a contour plot of the nuclear region of
SDSS J171955 in the F555W image. To the resolution limit of
WEFC3/UVIS, no second emission source can be seen outside
of the nucleus of the host galaxy. Since the transient was still
roughly as optically bright as the host nucleus at this time, this
strongly suggests that ASASSN-17jz occurred in the nucleus of
its host.

There is no previously measured redshift for the host galaxy.
The initial classification of ASASSN-17jz reported a transient
redshift of z = 0.164 based on the broad Balmer lines (Arcavi
et al. 2017). We measured the redshift of the transient using the
narrow O 18446 A line that is visible in the 2017 November 18
LRIS spectrum, finding z = 0.1641. We adopt this slightly
more precise measurement throughout the manuscript, corresp-
onding to a luminosity distance of d = 792.9 Mpc.

Holoien et al.

We estimated the time of peak light using the stacked host-
subtracted B-band light curve by fitting a parabola to the B data
taken prior to MJD = 57985. In order to estimate the
uncertainty in the peak time, we generated 10,000 B-band
light curves for our specified date range, perturbing each
magnitude by its uncertainty and assuming Gaussian errors. We
then fit each of these 10,000 light curves using the same
parabolic model and calculated the 68% confidence interval in
the peak date and magnitude, finding g peac = 57969.6 0.9
and mg peac = 16.69 4= 0.01 mag. We adopt this time, corresp-
onding to 2017 August 4.6, as our reference time throughout
our analysis when referring to the phase of the transient. We
used the same method to calculate the peak times for each of
the filters redder than B and find that there is some evidence
that the redder filters peaked later than the bluer filters, with
I7 peak = 57978.2 1 0.9 being the latest. We do not have enough
data points near peak in the Swift/UVOT+U filters to make
such fits. However, our first epoch of Swift data was obtained
on MJD = 57968.6, prior to our calculated B-band peak, and
the Swift light curves are clearly declining at all epochs,
implying that the transient peaked at an earlier time in the UV.
This behavior is similar to what has been seen in several TDEs
(e.g., Holoien et al. 2018, 2019; Hinkle et al. 2021a, 2021b).

At the host distance of d = 792.9 Mpc, the B-band peak
magnitude of ASASSN-17jz corresponds to an absolute
magnitude of Mp e = —22.81. This is significantly more
luminous than most TDEs, which tend to peak at absolute
magnitudes of M ~ —20 (e.g., Hinkle et al. 2021b), and would
be at the upper end of the typical luminosity range for SLSNe
(e.g., Gal-Yam 2019). ASASSN-17jz is thus one of the most
luminous transients ever discovered, and we performed several
types of analysis to investigate the nature of this event.

3.2. MOSFiT Light-curve Fits

We fit the multiband host-subtracted light curves of the
transient using the Modular Open-Source Fitter for Transients
(MOSFiT; Guillochon et al. 2018). MOSFiT uses various
models to generate bolometric and single-filter light curves and
then fits these to the observed data. We use it here to fit the
light curves of ASASSN-17jz, as it is the only software that has
models for both SNe and TDEs, and is one of the only fitting
tools available for the generalized fitting of TDE emission. We
used the nested sampling mode to fit the model parameters and
estimate their uncertainties. See Guillochon et al. (2018) for
more details about MOSF1iT and its built-in models.

We used three different models to fit the light curves of
ASASSN-17jz with MOSFiT: a SN interacting with circum-
stellar medium (SN+CSM), with two different CSM density
profiles (see below), and the TDE model. As the UV light
curves of ASASSN-17jz flatten at late times, possibly
indicative of a secondary power source becoming dominant
later, we performed two sets of fits for each model, one using
only data obtained prior to MJD = 58182, which excludes the
late-time flat UV emission, and one using the entire data set.
The results of these fits are shown in Figure 6.

The model for SN emission with CSM interaction used by
MOSF1T is described by Chatzopoulos et al. (2013). For our
fits, we varied the slope of the CSM density profile, p < 7~ %, to
obtain the fits for both a shell CSM (s =0) and a wind CSM
(s =2), and set the ejecta density index pocr~ " to n="7. The
free parameters of the model are the ejecta mass M.;, the CSM
mass Mcswm, the inner radius of the CSM Ry, the density p of
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Figure 6. Host-subtracted light curves and light-curve fits from MOSFiT (Guillochon et al. 2017). The colors of the different filters match those of Figure 1. The top
row shows fits using a SN+ CSM-interaction model with the CSM modeled as a shell, the middle row shows fits using a SN+CSM-interaction model with the CSM
modeled as a wind, and the bottom row shows fits using a TDE model. The left column displays fits using only the data obtained prior to MJID = 58182, indicated by
the vertical dashed black line, while the right column gives fits using the full data set.

the CSM at Ry, the velocity of the ejecta v, and the time of

explosion feyp.

The top row of Figure 6 shows the fits using a SN+CSM-
shell. This model is able to fit the early time data fairly well
(top left plot in the figure); though it slightly underestimates the
UV emission, particularly at peak and at later times, and prefers
a steeper decline than we observe. However, this model is
clearly unable to fit the entire data set. In order to match the
late-time flattening, it requires a much slower rise than we

observe. If the transient is powered by a SN with interaction
with a constant-density shell of CSM, the late-time UV
emission must be powered by another source, such as an
underlying AGN. Moreover, for both the fits to the early time
data and the fit to the full data set, the ejecta masses are
unreasonably high (M~ 250 M.). Based on these results, we
disfavor a SN+CSM model with a constant-density CSM shell.

In the middle row of Figure 6, we show the fits using a SN
+CSM-wind model. In this case, we find that the fits to just the
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Table 4 Table 5
MOSFiT Model Parameter Fits—SN+Constant-density Shell CSM MOSFiT Model Parameter Fits—SN+Steady-state Wind CSM

Parameter Early Full Units Parameter Early Full Units
M, 256.37%8 246.97%], M, M, 252.4739 253.0143 M,
Mcsm 17.8%39 100.3%7¢ M, Mcsm 81.0+3% 129.3%87 M.
Ry 12.77462 2177399 au Ro 18.61%7 23.6738 au
log p —11.77%3 —13.9%0) gem™ logp —10.7153 —12.1%92 gem™?
Vej 9935.91837 296134433 km s~ Vej 992557498 992284319 kms™!
fexp —15.571} —468.7436:3 days fexp —13.7793 —14.4%%9 days

Note. Best-fit parameter values and 16%-84% ranges in the uncertainties from
MOSFiT for a SN+CSM-interaction model, with the CSM described as a
constant-density shell (s = 0). The “Early” column shows the results for fitting
only the data obtained prior to MJD = 58182 (top left panel of Figure 6), while
the “Full” column shows the results for fitting the entire data set (top right
panel of Figure 6). The listed uncertainties are from the model fit, and do not
include any systematic uncertainties.

early time data (middle left panel of the figure) and the fits to
the full data set (middle right panel of the figure) look very
similar, with the model able to fit the leveling off of the light
curves that begins around 200 days after peak, and with the
early data generally being fit well with the exception of the
peak UV emission again being underestimated. The fit to the
early time data nearly represents the data points at ¢ ~ 400 days
after peak despite these not being included in the fit. When the
late-time data are included, the fit is able to reproduce the late-
time UV emission without significantly changing the fits to the
rise and peak, implying that in this case a secondary power
source would not be required. However, while other parameters
of this model are reasonable, it requires both extremely large
ejecta and CSM masses for both the early time and complete
fits (Table 5).

We note that in both SN4+-CSM cases the uncertainties listed
in Tables 4 and 5 do not include any systematic uncertainties,
as these have not been quantified for the MOSFiT model for
SN+CSM interaction. The listed uncertainties are likely
underestimating the total uncertainty and should be taken as
lower limits in the uncertainties of the various model
parameters.

Finally, Figure 6 shows the MOSFiT TDE model fits to the
early time data (bottom left panel) and full data set (bottom
right panel). Notably, the fits to the early time data alone fit the
next UV epochs well but underpredict the optical emission. The
early time fits match the rise and early decline fairly well;
though the early time SN+CSM models fit better. The fit to the
full data set exchanges matching the early rise and fall of the
transient to fit the late-time data, but still underestimates the
emission in the latest epoch. This implies that a TDE alone is
not able to replicate the observed emission. However, MOSFiT
has had difficulty with fitting the late-time UV emission seen in
other TDE:s in the past (e.g., Holoien et al. 2020). The late-time
flattening seen in UV emission from TDEs has been attributed
to a transition from fallback-dominated emission to disk-
dominated emission (e.g., Holoien et al. 2018; van Velzen et al.
2019a), and the MOSFiT TDE model was built to predict TDE
emission when the bolometric luminosity closely follows the
fallback rate, so it is perhaps unsurprising that MOSFiT does
not fit the latest data well.

While the MOSFiT TDE model is crude, it remains the only
available tool for a generalized fitting of TDE emission. The
model parameters in Table 6 are typical of MOSFiT models of
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Note. Best-fit parameter values and 16%—84% ranges in the uncertainties from
MOSFiT for a SN-+CSM-interaction model, with the CSM described as a
steady-state wind (s = 2). The “Early” column shows the results for fitting only
the data obtained prior to MJD = 58182 (middle left panel of Figure 6), while
the “Full” column shows the results for fitting the entire data set (middle right
panel of Figure 6). The listed uncertainties are from the model fit, and do not
include any systematic uncertainties.

Table 6

MOSFiT Model Parameter Fits—TDE
Parameter Early Full Units
1og Rono 2.9+04 1.86794
[ (photosphere exponent) 21793 12153
I —26.77134 —27.7+133 days
log Tyiscous 06f8% 03t(1)§ days
b (scaled ) 07793 0.9493
log Mgy 73102 73402 M,
M, 10558 LOY3% M,
log e (efficiency) —1.7597 —1.7%97 :
10g 1y post 17.8%12 173444 em ™2
log o —0.6109 —0.590

Note. Best-fit parameter values and 16%—84% ranges in the uncertainties from
MOSF1iT for the TDE model. The “Early” column shows the results for fitting
only the data obtained prior to MJD = 58182 (bottom left panel of Figure 6),
while the “Full” column shows the results for fitting the entire data set (bottom
right panel of Figure 6). The uncertainties include both from the fit and the
systematic uncertainties from Table 3 of Mockler et al. (2019). From top to
bottom, the MOSFiT TDE model parameters are the photosphere power-law
normalization, the photosphere power-law exponent, the time of first fallback,
the viscous timescale, the scaled impact parameter, the black hole mass, the
mass of the disrupted star, the efficiency at which material falling onto the
black hole is converted to bolometric flux, the column density of the host, and
the model variance parameter. These are described in more detail by Mockler
et al. (2019).

TDEs (e.g., Mockler et al. 2019; Holoien et al. 2020). Both fits
prefer a star of roughly M, ~ 1.0M, a black hole mass of
Mgy ~ 107'3M®, and are consistent with a full disruption of the
star; though the early time fit is only marginally consistent with
a full disruption. The BH mass in both cases is consistent with
our estimate based on the bulge mass, and the star and BH
masses are consistent with those of several other TDEs from
Mockler et al. (2019). We note that, as Mockler et al. (2019)
included an estimate of the systematic uncertainties of the
MOSFiT TDE model, we have included these in the
uncertainties shown in Table 6.

In all cases, the light-curve fits from MOSFiT indicate that
none of the models we tested can replicate both the peak and
tail of the light curve. The MOSFiT results thus disfavor a
single transient origin for ASASSN-17jz. However, all three
models are able to fit the data prior to MJD = 58182 well,
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particularly the two SN+CSM models, and thus all three are
consistent with a scenario where a transient powers the early
time light curve while the late-time emission is powered by an
underlying AGN or other secondary power source.

While we have used MOSFiT to test various scenarios, its
models are limited in their scope. In particular, the TDE model
does not have the capability to test more “exotic” scenarios
(e.g., incorporating the effects of black hole spin on the TDE
emission, or pushing the components of the models to values
beyond those used for the simulations on which the models are
based). Thus, we do not make any conclusions from these fits
alone, and we incorporate additional fitting of the light curves
and other observations in the conclusions made in the
discussion (Section 7).

3.3. Blackbody SED Fits and Luminosity Models

We fit a blackbody model to the UV and optical SED of
ASASSN-17jz for epochs where Swift data were available, as
we have done with previous nuclear transients (e.g., Hinkle
et al. 2021b). We used Markov Chain Monte Carlo methods to
find the best-fit blackbody parameters for the SED at each
epoch, using flat priors of 1000 K <7<55,000 K and
10" cm <R <10Y ¢m so as not to overly influence the fits.

In general, a single blackbody provides a good fit to the data
at all epochs. In order to leverage our high-cadence light curves
from ASAS-SN and other observatories to get an estimate of
the bolometric rise, we calculated the bolometric corrections to
the host-subtracted and stacked V-band light curve by linearly
interpolating between the previous and next V-band observa-
tions bracketing each Swift observation. We then calculated a
V-band bolometric correction for each epoch, and interpolated
between the previous and next bolometric corrections for each
V-band observation to obtain a bolometric luminosity. For V-
band observations prior to the first epoch of Swift SED fits, we
used the first Swift bolometric correction.

Integrating the emission over the full light curve gives a total
emitted energy of Ey = (1.36£0.08) x 10°? erg over the
~1200days spanned by our observations. Of this,
(0.80 £ 0.02) x 10°% erg is released during the rise and first
200 days after peak. Even if the late-time emission is not
associated with the transient (a possibility discussed further
below), ASASSN-17jz was an incredibly energetic transient.

We used several models for SLSNe and TDEs to fit the
bolometric Iuminosity evolution of the transient. First, we
modeled the luminosity of ASASSN-17jz with several models
commonly adopted to fit the emission from SLSNe of all types,
following the methods used by Vallely et al. (2018) for the
superluminous Type Ibn SN ASASSN-14ms. Here we focus
primarily on two potential power sources, the interaction of SN
ejecta with surrounding CSM, and the spindown of a magnetar
produced during a SN explosion. These models are described
in detail by Chatzopoulos et al. 2012; Inserra et al. 2013; and
Chatzopoulos et al. 2013. We also fit a model based solely on
the radioactive decay of SONj (see, e.g., Arnett 1982), but found
that the only way to even crudely match the observed peak
luminosity was to invoke a >*Ni mass larger than the SN ejecta
mass. As this is an unphysical condition, we discarded *°Ni
decay as a likely power source for the transient.

As with the MOSFiT light-curve fits, we fit both the full data
set and the early time data set, with the data cut off at 200 days
post peak in the observed frame (roughly 170 days in the rest
frame of the transient). For the CSM-interaction models, we
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also fit models with the CSM described both as a constant-
density shell and as a steady-state wind. Throughout this work,
we generally adopt the same assumptions as Vallely et al.
(2018), except that we allow for the progenitor radius, R, , to
vary in our CSM-interaction models, and we assume an ejecta
opacity of x=0.34 cm® g, consistent with ionized H, as the
transient exhibits hydrogen emission features in its spectra. For
the magnetar spindown models, we limit the velocity of the
gjecta to v < 10,000 km s7' to be consistent with the
velocities measured from the spectroscopic emission lines (see
Section 5).

The top row of Figure 7 shows the bolometric light curve of
ASASSN-17jz compared to the various SN model fits. In the
top left panel, we show the fits to the early time data only, and
in the top middle panel, we display the fits to the full data set.
The two CSM models provide very similar fits, particularly
post peak, with the only differences being in the shape of the
rising light curves and the peak luminosities. Ultimately, the
models that include just magnetar spindown or just CSM
interaction are both capable of fitting the first ~200 days, but
neither is capable of matching the observed luminosity at late
times. All three models significantly underestimate the late-
time luminosity.

The parameters for the best-fit SN models are given in
Table 7. As none of the fits to the full data set are able to
replicate the observed light curve, we show only the parameters
for the fits to the early time data. As can be seen in the table, the
physical parameters necessary to match the early time data in
the pure CSM-interaction model are rather extreme, including
an ejecta mass of M 2 40M., and an explosion energy of
Esn ~ 13 x 10°! erg. (We note, however, that these ejecta
masses are much more reasonable than those from MOSFiT.)
Although the 1.2ms initial rotation period required for the
magnetar spindown model is quite rapid, it is not below the
expected <1 ms breakup limit of a neutron star (Haensel et al.
1995), and the remaining physical parameters of the magnetar
model have plausible values.

It is clear that a second power source component is necessary
to fit the late-time data. Motivated by this, we also fit the data
with a model dominated by interaction with a CSM shell at
early times and magnetar spindown at late times. This fit is
shown in the top right panel of Figure 7, and the parameters of
the model are given in the right column of Table 7. We find that
this combined model is able to replicate the full observed light
curve fairly well, as shown in the top right panel of Figure 7;
though the fit does not match the rise as well as it matches the
decline. The required ejecta mass for the CSM-interaction part
of this model is even larger, at M.; = 86.5M,; though the mass
of the CSM is lower. Ultimately, it is possible to obtain a
reasonable fit to the full bolometric luminosity evolution of
ASASSN-17jz using only SN emission models. However, a
scenario where the early time light curve is powered by a SN
and the late-time light curve is powered by a second, non-SN
power source, such as activity from the underlying AGN, could
also provide a reasonable fit to the data.

We also fit models for TDE emission to the declining light
curve of ASASSN-17jz. The luminosity evolution of a TDE
after peak is canonically expected to follow a /3 profile,
assuming the emission from the TDE is in a fallback-dominated
regime (e.g., Rees 1988; Evans & Kochanek 1989; Phinney
1989). However, as TDE discoveries have increased, a variety
of decline rates have been seen, and several models, including
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Figure 7. Bolometric luminosity evolution of ASASSN-17jz with various SN (top row) and TDE (bottom row) fits. Top row: the top left panel shows the bolometric
evolution for the first 200 observer-frame days compared to fits for magnetar spindown (blue), interaction with a shell of CSM (red), and interaction with a wind of
CSM (gold). The top middle panel displays the full luminosity light curve compared to the same models used to fit the full data set. The top right panel gives a
combined CSM-shell+magnetar spindown fit, with the two components shown in red and blue, respectively, and the combined fit shown in magenta. Bottom row: the
bottom left panel shows a 1>/ power-law (green) fit and a best-fit (r~ “; gold) power-law fit to the first 200 observer-frame days of the luminosity decline. The bottom
right panel shows the same models fitted to the full data set. The parameters for the SN fits are shown in Table 7, and the parameters for the TDE fits are shown in

Table 8.

Table 7
Physical Fit Parameters for SN Bolometric Light-curve Models

Parameter Shell CSM Wind CSM Magnetar Spindown Shell CSM+Magnetar Units
to —136+1.5 —52+1.6 5.0+£2.0 -72+73 days
M 387+75 53.5+£4.0 24+0.7 40.2 +£8.1 Mg
R, 365.1 £ 187.1 3409 £ 114.6 384.1 £228.7 R.
Mcsm 169 £0.8 17.8 £0.5 10.1 £ 1.7 Mg
PesM 98+1.1)x 107" (1.1+£05) x107° 6.9+47) x 107" gem
Esn 133419 134409 148 +32 (10°" erg)
B4 0.4+0.0 0.1+0.0 10" G
P 1.2+0.0 1.1 +£0.1 ms
Vej 7766 + 1897 8224 + 1185 kms™'

Note. Parameters for the various SN bolometric light-curve models. The Shell CSM+Magnetar model is fit to the full set of bolometric luminosities, while the other
models are restricted to data within 200 days of peak luminosity.

exponential models and power-law models with the power-law preferring a shallower decline in order to fit the late-time data
index being a free parameter. As the decline after peak is better. Neither model is able to fit the emission at very late
clearly not consistent with an exponential model after times without additional emission components.
~100 days, we fit the declining part of the bolometric light Recent theoretical work (e.g., van Velzen et al. 2019b) has
curve with both a L = Ly(t — t)~>/3 power-law profile and a shown that the emission from TDEs transitions from a fallback-
power law where the power-law index is allowed to vary, dominated regime to a disk-dominated regime at late times.
L = Lo(t — ty)~®. As with the SN models, we fit the models to However, this was only true for TDEs in host galaxies with BH
both the early time (# < 200 days after peak) and the full post- masses of Mpy < 106'5M@. van Velzen et al. (2019b) found
peak data set. The parameters of the TDE fits are given in that the light curves are generally consistent with an
Table 8. extrapolation of the early time decline for more massive
The results of the fits are shown in the bottom row of BHs. As SDSS J171955 has a BH mass of Mgy ~ 10"°M_, the
Figure 7. For the fit to the early time data, the best-fit power- late-time emission from ASASSN-17jz is not likely to result
law index is @ = 1.23, somewhat close to 5/3, and the two fits from solely a TDE.
match the data quite well. For the full data set, there is a large Regardless of whether ASASSN-17jz involves a SN or a
difference between the two power-law models, with the model TDE, based on the bolometric luminosity, it is highly likely
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Figure 8. Comparison of the luminosity evolution of ASASSN-17jz to several
other nuclear and/or luminous transients. TDEs are shown in shades of blue,
SLSNe in shades of gold, and ANTs in shades of red. The light curve shown
for ASASSN-17jz includes both the luminosity blackbody fits calculated from
the host-subtracted Swift photometry and the bolometrically corrected V-band
data, as described in Section 3.3. Phase is shown in rest-frame days relative to
the date of discovery for ASASSN-14li and ASASSN-150i, and relative to the
time of peak light for all other objects. We limit the figure to the first 400 days
after peak/discovery.

that a secondary power source is required to power the full light
curve. We compare ASASSN-17jz to several other luminous
transients to further investigate its nature in the following
section.

3.4. Blackbody Comparison to Other Transients

We show the blackbody luminosity, temperature, and radius
evolution of ASASSN-17jz compared to several other
luminous and/or nuclear transients in Figures 8-10. Our
comparison sample includes the SNe SN 2010jl (a SN IIn; Stoll
et al. 2011), SN 2013hx (a SLSN-II; Inserra et al. 2018), and
PS15br (a normal SLSN-II; Inserra et al. 2018); the TDEs
ASASSN-141i (Holoien et al. 2016a; Brown et al. 2017),
ASASSN-150i (Holoien et al. 2016b, 2018), and ASASSN-
18pg (Holoien et al. 2020); and the ANTs CSS100217:102913
4404220 (CSS100217, claimed to be a SN around an existing
AGN; Drake et al. 2011), ASASSN-151lh (a SLSN-I that has
also been claimed to be a TDE; Dong et al. 2016; Leloudas
et al. 2016; Godoy-Rivera et al. 2017), PS16dtm (claimed to be
a TDE around an existing AGN; Blanchard et al. 2017),
ZTF18aajupnt (a new type of changing-look LINER; Frederick
et al. 2019), and ASASSN-18;jd (either a TDE or an AGN flare;
Neustadt et al. 2020). For cases where a group of similar events
have been identified (e.g., CSS100217 being part of a class of
transients similar to the transient PS1-10adi, as noted by
Kankare et al. 2017), we have chosen the event with
observations most similar to those of ASASSN-17jz as a
representative for comparison. For CSS100217 and SN 2010l
we downloaded archival Swift/UVOT data, computed host-
subtracted photometry using late-time Swift images to calculate
the host flux, and fit a blackbody SED in the same way that we
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Table 8
Physical Fit Parameters for TDE Bolometric Light-curve Models
t—5/3’ t—5/3’ s m’ s a’
Parameter Early Full Early Full Units
to 57891.9 57890.4 57921.1 57934.6 D
logLy 48.0 48.0 47.0 46.5 ergs
e 1.23 1.02

Note. Parameters for the TDE power-law models fit to the declining bolometric
light curve of ASASSN-17jz. The first and third columns give results for fits to
the data within 200 days of peak luminosity, while the second and fourth
columns provide fits to the full data set.

did for ASASSN-17jz. For ASASSN-14li, ASASSN-150i,
ASASSN-18jd, PS16dtm, and ZTF18aajupnt, we used the
blackbody fits from Hinkle et al. (2021b), who recently
recomputed Swift/UVOT photometry for a large number of
nuclear outbursts and calculated the blackbody fits in a similar
way to how we fit the SED of ASASSN-17jz. For the
remaining objects, we took the blackbody fits from the
cited papers. Because no peak date was reported for
ZTF18aajupnt, we downloaded the public g-band light curve
from the Zwicky Transient Facility (ZTF; Masci et al. 2019)
and computed the peak date as we did for ASASSN-17jz,
finding MJDpe. = 58321.9.

Figure 8 shows the luminosity evolution of ASASSN-17jz
compared to our comparison sample. SNe are indicated in
shades of gold, TDE:s in shades of blue, and ANTs in shades of
red. All light curves are in rest-frame days relative to peak
light, except for ASASSN-14li and ASASSN-150i, which are
in rest-frame days relative to discovery, as the peak was not
observed for those two transients.

ASASSN-17jz peaks at a luminosity higher than every
object in our comparison sample except for ASASSN-151h, and
in general is similar in luminosity to the ANTs. The ANTSs tend
to be more luminous than the TDEs and SNe, which is perhaps
unsurprising given that many of the ANTSs are interpreted as
AGN activity in addition to transient emission. Although the
ANTs are more luminous objects, there are no significant
differences in the decline rate between the three different
classes of objects, showing that light-curve shape alone cannot
distinguish between these transients.

Comparing the luminosity evolution to the other ANTS
specifically, we find that the light-curve shapes of ASASSN-
151h, PS16dtm, and ASASSN-18jd are noticeably different
from that of ASASSN-17jz, with the first showing a steeper
initial decline followed by a second peak and the second two
exhibiting a slower decline with some short-term variation not
seen in ASASSN-17jz. ZTF18aajupnt has a similar light-curve
shape, but is nearly two orders of magnitude dimmer than
ASASSN-17jz. CSS100217 is the only ANT that is a good
match in both luminosity and decline rate; though it
unfortunately was observed with Swift for only 40 days and
4 epochs near peak. There were several epochs of Swift/UVOT
data taken of CSS100217 several hundred days after peak
brightness, but these epochs showed little-to-no evolution and
were comparable in flux to the pretransient GALEX photo-
metry of the host, so we used them as an estimate of the host
flux. Thus, while CSS100217 is a good match to ASASSN-
17jz near peak, it likely faded more rapidly, and does not
exhibit the long-term UV emission of ASASSN-17jz.
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Figure 9. Comparison of the blackbody temperature evolution of ASASSN-
17jz to other nuclear and/or luminous transients. Colors and symbols match

those of Figure 8. Phase is shown in rest-frame days relative to peak /discovery,
as described in Figure 8.

Figure 9 shows the temperature evolution of ASASSN-17jz
and our comparison sample. The two SLSNe-II in our
comparison sample stand out quite clearly from the rest of
the objects in that they exhibit declining temperatures, while
SN 201051, the TDEs, and the ANTs all exhibit relatively flat
temperature evolution, after some early evolution in some
cases. There is a clear delineation between the three types of
objects, with the SNe being the coolest with temperatures in the
range 5000 <7 <20,000 K, TDEs being the hottest with
temperatures in the range 20,000 <7 < 50,000 K, and ANTs
falling in the middle, with temperatures in the range
9000 < T < 30,000 K.

ASASSN-17jz exhibits a roughly constant temperature of
T =~ 12, 500 K throughout the course of the event, which places
it roughly in the middle of the ANTs. CSS100217 and
ASASSN-151h are the objects with temperatures most similar
to that of ASASSN-17jz; though ASASSN-151h also shows an
early decline followed by a rise between 50 and 100 days after
peak brightness before leveling off. Interestingly, although
ASASSN-18jd and PS16dtm have similar luminosities, they
exhibit quite different temperatures, with ASASSN-18jd being
more similar to the TDE sample and PS16dtm being more
similar to the SN sample.

Finally, in Figure 10, we show the radius evolution of
ASASSN-17jz and our comparison sample. As with the
temperature, there is a clear difference between SNe and TDEs
in radius evolution, with TDEs generally exhibiting steadily
declining radii after peak, and SNe exhibiting increasing or
roughly constant radii. The ANTSs in our comparison sample
generally exhibit radius evolution similar to the SNe, both in
size and in decline rate. The exception is ZTF18aajupnt, which
has a blackbody radius more similar to those of TDEs.

From our sample of ANTs, ASASSN-17jz is most compar-
able in radius evolution to ASASSN-151h, with the two objects
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Figure 10. Comparison of the blackbody radius evolution of ASASSN-17jz to
that of several other nuclear and/or luminous transients. Colors and symbols
match those of Figure 8. Phase is shown in rest-frame days relative to peak/
discovery, as described in Figure 8. The left-hand radius scale shows the radius
in units of centimeters, while the right-hand scale shows the corresponding
radii in units of R, for a 107 M, black hole.

looking quite similar in both size and decline rate. CSS100217
and ASASSN-18jd both decline similarly to ASASSN-17jz;
though they are larger and smaller in size, respectively. Unlike
the other ANTs, PS16dtm shows a steadily increasing radius,
and ZTF18aajupnt is an order of magnitude smaller in radius
compared to the other ANTS.

Looking at all aspects of the blackbody evolution, most of
the ANTS in our comparison sample differ from ASASSN-17jz
in at least one aspect. ZTF18aajupnt is quite different in all
three properties; ASASSN-18jd and PS16dtm differ in radius
and temperature evolution; and ASASSN-15lh has an early
decline in its temperature and luminosity that is not seen in
ASASSN-17jz, although the two objects look similar at later
times. The only object that resembles ASASSN-17jz in all
three of its luminosity, temperature, and radius is CSS100217.
In the discovery paper for this object, Drake et al. (2011)
claimed it was likely an “extremely luminous” SN IIn occurring
in the vicinity of an AGN. This explanation is also plausible for
ASASSN-17jz, and we discuss this and other plausible origin
scenarios in Section 7.

4. X-Ray Analysis

For the first ~150 days of Swift/XRT observations, we do not
detect any X-ray emission from ASASSN-17jz. In the epoch
near 200 days after peak brightness, there is a detection in
X-rays, but 400 days after peak, we again do not detect any
X-ray emission. However, in our last two epochs of observation,
roughly 1080 days after peak, X-rays are clearly detected. To
better understand the nature of this late-time X-ray emission, we
merged the late-time observations and extracted a low S/N
spectrum. We then fit this spectrum with both an absorbed
blackbody component and an absorbed power-law component,
with both models redshifted to the host and fit with Ny frozen to
the Galactic column density along the line of sight,
Ny =1.67 x 10%° cm ™2 (HI4PI Collaboration et al. 2016). We
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Figure 11. X-ray spectrum from merged Swift/XRT observations taken
between 1081 and 1083 days after peak light (black) compared to absorbed
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show the extracted spectrum and the blackbody and power-law
components in Figure 11.

The best-fit blackbody temperature and radius are kTgg =
0.8+0.03keV and Rgg = 2.1757 x 10 cm. This temper-
ature is consistent with but on the high end for temperatures
found in the 70-month Swift AGN catalog (Ricci et al. 2017).
For the power-law model, we find a best-fit power-law index of
I'=3.4+0.6, which is significantly softer than what is
commonly seen in most AGNs (I'a 1.7; Auchettl et al.
2017), but is in the range commonly seen in narrow-line
Seyfert 1 (NLSyl) AGNs (Boller et al. 1996). Neither model
clearly fits the data better, as the blackbody and power-law
models have reduced chi-squared values of Xi,BB = 0.7 and

Xi pL = 0.8, respectively.

We used the best-fit power law to derive fluxes, flux upper
limits, and their corresponding luminosities. We used the same
model to derive upper limits for the preoutburst data from
ROSAT. The full X-ray light curve is shown in Figure 12. We
also derived the hardness ratios for each Swift epoch, and
compare the hardness ratio to the luminosity in Figure 13.

The late-time X-ray brightening can be clearly seen in
Figure 12, with a luminosity at least an order of magnitude
above the preoutburst limits from ROSAT. Some theoretical
models of TDE emission predict that TDEs would exhibit late-
time X-ray brightening, if the formation of the accretion disk is
delayed (e.g., Gezari et al. 2017) or if intervening material
absorbing X-ray emission from the disk at early times becomes
optically thin (e.g., Metzger & Stone 2016). The latter seems
unlikely since a remarkable peculiarity of all TDEs is that none
have shown variable X-ray absorption (Auchettl et al. 2017).
The late-time brightening of ASASSN-17jz is likely not
consistent with either of these pictures. First, the timescale of
the late-time brightening is significantly longer than those
predicted by these TDE models, which suggest that the late-
time X-ray brightening occurs roughly a year after the optical
peak (e.g., Metzger & Stone 2016). Observed cases of late-time
X-ray brightening in TDEs have been consistent with this
picture, with the X-rays typically brightening ~200-300 days
after peak and fading back to prepeak levels roughly a year
after that (e.g., Holoien et al. 2018; Hinkle et al. 2021a).
Second, as Figure 13 shows, the X-ray emission from
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ASASSN-17jz becomes softer as the luminosity increases,
but X-ray emission from TDEs has typically maintained a
constant hardness ratio as the luminosity changes (Auchettl
et al. 2017), with only a few exceptions occurring in cases with
higher Eddington ratios (e.g., Wevers 2020). In combination,
the timing of the late-time X-ray brightening and the softening
of the spectrum disfavor a TDE origin.

TDEs are not the only transients that can produce late-time
X-ray emission. SNe, especially those in dense circumstellar
environments, can too. In this scenario, the shock interaction
between the SN ejecta and the dense CSM around the SN
produces bright X-ray emission (Chevalier & Fransson 2006;
Murase et al. 2011). At early times, the optical/UV emission
dominates, but the X-ray emission may peak at late times, on the
order of 10-60 times the shock-breakout timescale (Svirski et al.
2012). While X-rays have been detected from SNe at early times
(e.g., SN 2008D, Chevalier & Fransson 2008; SN 2006jc, Immler
et al. 2008; SN 2009ip, Margutti et al. 2014; SN 2020bvc, Izzo
et al. 2020), there is now a growing number of SNe that show
X-ray emission at later times (i.e., ~100 days or more after peak
optical brightness). This includes SN 2005ip (Smith et al. 2017),
SN 2014C (Margutti et al. 2017; Brethauer et al. 2020), SN 2010jl
(Chandra et al. 2015), and SN 2016coi (Terreran et al. 2019).
However, the X-ray emission seen from these SNe mostly
occurs closer to optical maximum and peaks at luminosities of
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<10* ergs™" before decaying (e.g., SN 2010jl; Chandra et al.
2015). This is an order of magnitude lower in luminosity than
ASASSN-17jz, and the X-rays from ASASSN-17jz peak over a
thousand days after the optical peak. It seems unlikely that what
we are observing arises from late-time X-ray emission from a SN.

Finally, we examine the possibility that the X-ray emission
from ASASSN-17jz could be due to a change in AGN activity
from the host galaxy. Auchettl et al. (2017) found that AGNs
often exhibit softer X-ray emission as their X-ray luminosities
increase, unlike the majority of TDEs. Thus, the X-ray
behavior exhibited by ASASSN-17jz is consistent with an
NLSyl AGN that has become more luminous. If we consider
the blackbody model instead, the blackbody temperature and
radius are also consistent with the properties seen in other
AGNs with X-ray emission detected by Swift (Ricci et al.
2017).

We thus conclude that the late-time X-ray brightening seen in
ASASSN-17jz is highly likely to be associated with increased
AGN activity in the host galaxy, rather than with late-time
transient emission. We do not have the data to definitively say
whether this increased activity was caused by a transient occurring
near the AGN or it coincidentally brightened ~3 yr following the
peak of the transient emission. However, it is notable that no
X-ray emission is detected from the host in preoutburst data
spanning several years, and that the change in X-ray behavior is
only seen after ASASSN-17jz occurred.

5. Spectroscopic Analysis

5.1. Emission-line Evolution

Figure 14 shows examples of the UV and optical spectra and
identifies most of the prominent spectral features present
throughout the evolution of the transient. We observe many
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lines that are prominent in the spectra of AGNs, namely S IV A\
1063, 1073, NI A1085, NV A1240, Sill A1263, O1A1304,
CIv A1549, Al AN 1854, 1862, Sii] A1892, C] A1909,
[O 1] A2324, C 1] A2326, Mg 11 A2800, [Ne IIT] A3968, [O 1] A\
4959, 5007, [O1] AN 6300, 6364, [ST] AN 6716, 6731, and
O1)\8446. Hydrogen lines (Balmer lines 4+ Lya) are also clearly
present. Additionally, the optical spectrum shows prominent Fe II
emission as well as the near-infrared (NIR) calcium triplet (CaT)
Call A\ 8498, 8542, 8662. These features are not present in all
AGNS, but they appear in spectra of NLSy1 nuclei (Osterbrock &
Pogge 1985; Persson 1988). Many of these lines, especially the
hydrogen lines, Fe II, and CaT, are also associated with Type IIn
SNe (e.g., Filippenko 1997).

To determine the physical mechanisms driving the lines, we
attempted to track how the features evolve over time. Owing to
the CaT being in the NIR, not enough of our spectra had
coverage of the feature, and thus we cannot say how the CaT
evolved over time. Unfortunately, owing to the relatively high
redshift of this object, a telluric absorption band is coincident
with Ha. As most of our spectra were not corrected for telluric
features, it is also difficult to model the evolution of He. This
leads us to focus on the evolution of one particular region of the
spectra ranging from 4600 to 5100 A, encompassing the emission
from HB AM861, [O1I] AA 4959, 5007, and Fell M923 and
A5018. Figure 15 shows the continuum-subtracted region of each
of the spectra with “good” spectral resolution—specifically, this
refers to all except the low-resolution LT spectra, the Kast
spectrum from 2017 August 17 where the red and blue parts of
the spectrum did not overlap and part of the HG+[O 111] profile is
consequently not covered, and the Kast spectrum from 2017
October 19, which had a relatively low resolution.

Owing to the complexity of the region, we attempt to track
the evolution of the individual features by creating a composite
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Figure 15. Evolution of the H3+[O 1] profile in the spectra (excluding the low-resolution LT spectra). The spectra are labeled with their epoch and instrument, and
the lines are color-coded as follows: black—continuum-subtracted spectrum; green—narrow H/3; blue—intermediate H{3; cyan—broad Hf3; yellow—{O HI] A\ 4959,
5007; magenta—Fe II M923 and A5018; orange—unidentified red-wing feature; red—combined fit profile. Note that the ordinate for the two late-time spectra has
been changed to reflect the significantly lower fluxes of the H{ features. As described in the text, the line fits for the two late-time spectra do not include the red wing.

profile consisting of eight Gaussians. These can be divided into
three HQ features with narrow, intermediate, and broad widths
(hereafter referred to as narrow, intermediate, and broad Hp),
two OIII lines, two Fell lines, and one extra Gaussian. The
three H/3 features were free to vary in centroid, flux, and width,
but the two [O1II] lines were constrained such that the offset
from zero velocity and the line widths were made to match, and
the flux of A4959 was set to ~0.33 times the flux of A5007. The
two Fell lines were similarly constrained, with 2923 set
to ~0.70 times the flux of A\5018 (see Kovadevi¢ et al. 2010,
for model flux ratios of Fe Il multiplets). The final feature, the
extra Gaussian, is introduced because of the peculiar, broad,
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red wing of OTI A\5007, where there is clearly excess flux
above that of a single Gaussian. The physical origin of this
feature is unclear, so we refer to it as the red wing. As
explained below, we did not include the red wing while fitting
the two late-time spectra in Figure 15 (+1077 days LRIS and
+1137 days MODS).

In Figure 15, we illustrate the evolution of this spectroscopic
region over time along with the model Gaussian profiles.
Figure 16 shows the evolution of the fluxes and FWHMs of the
features. Of all the features, the one with the most coherent
evolution is broad HF, which drops in flux by a factor of ~4
from its peak brightness at 422days to its minimum at
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wing is not included in the fits of the late-time spectra, it is not shown.

41137 days. Interestingly, this feature also appears to stay
nearly fixed in FWHM, in contrast to what is often seen in
reverberation-mapping studies of AGNs, where line width
increases with decreasing luminosity (e.g., Peterson et al. 2004;
Denney et al. 2009). The narrow HfS feature evolves in a
similar way, dropping by a factor of ~3—4 over the course of
the observations. The flux and FWHM of the narrow H{3 does
seem to fluctuate at early times; though this is likely due to the
lower spectral resolution of the 422 and +53 days Kast
spectra.

By contrast, the [O1II], Fell, and intermediate H3 features
do not coherently evolve over time. [O III] especially does not
vary significantly over the course of our observations. Fell
fluctuates in flux and FWHM apparently randomly; though
these features are relatively weak compared to the others, and
the flux and FWHM measurements have large uncertainties, so
this evolution is also consistent with little-to-no actual
variation. The intermediate HZ feature is somewhat more
complicated. While there is no coherent change in its flux, the
FWHM appears to slowly rise, hit a maximum at 4189 days,
and then drop to its original value at late times. It is unclear
whether this is physical. Regardless, this evolution is clearly
distinct from the coherent flux decay and consistent widths of
the narrow and broad Hg features.

The evolution of the red wing is also complicated. If we
examine the 4137 days MODS spectrum and compare it to the
+1137 days MODS spectrum (the key detail here is that these
spectra were taken using the same instrument) in Figure 15, there
is clearly a broad red wing to the [O 1] A5007+Fe 1 A5018
profile in the early spectrum, while there is clearly no such feature
in the late spectrum. Because of this, we do not include the red-
wing component in our fits of the other features for the two very
late-time spectra. Looking at the evolution of the feature in the
early time spectra in Figures 15 and 16, it is hard to discern how
the feature is evolving over time. It appears to generally become
weaker and narrower over time; though there is quite a bit of
fluctuation in both the flux and the FWHM from epoch to epoch.
Its centroid also varies between 5006 and 5034 A. One problem
we are likely encountering is that the resolutions of the spectra
are not uniform, which can change the apparent profiles of
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[O 1] A5007 and Fe 11 A5018, and consequently the fit of the red
wing. However, as the feature does seem to evolve somewhat
coherently over time, and disappears at late times, we conclude it
is likely transient in nature.

Based on this analysis, we believe the narrow and broad HG
and the red wing are associated with the transient (ASASSN-
17jz), whereas the intermediate HG, [O111], and Fe Il are more
likely to be associated with the host galaxy’s AGN.

Our UV spectra of ASASSN-17jz do not show prominent
changes like the optical spectra. This is at least partially due to
the UV spectra being observed over a much smaller time
window than the optical spectra (46 days versus 1126 days).
The most prominent feature in the spectra is Ly, and there are
no obvious changes to it over time.

In addition to our analysis of the individual lines in our spectra,
we analyze the rms UV and optical spectra to see which features
show the most prominent evolution. Figure 17 shows the UV and
optical rms spectra, as well as the mean spectra from which the
rms spectra were constructed. While there are many prominent
spectral lines in the mean spectra, including those discussed
above, the rms spectra show very few, almost exclusively
hydrogen lines (Lyaw + Balmer series). As the rms spectrum
highlights those features that are evolving continuously while
suppressing those features that vary randomly or are constant, this
is further evidence that the broad and narrow hydrogen features
are associated with the transient, and that the other spectral lines,
like the many forbidden lines, Fe I, etc., are not. It is also worth
noting the prominence of Ly« in the rms spectrum. This suggests
that Ly« is subtly evolving over time, likely fading along with
the narrow Balmer features.

5.2. Comparison with Other Optical Transients

In Figure 18, we compare an optical spectrum of ASASSN-
17jz to those of a TDE (ASASSN-14li; Holoien et al. 2016a); a
conventional Type IIn SN (SN 2010jl; Jencson et al. 2016); a
composite AGN spectrum (Vanden Berk et al. 2001); a NLSy1
spectrum (SDSS J011929.06-000839.7; Williams et al. 2002);
and the ambiguous nuclear transients CSS100217 (Drake et al.
2011), ASASSN-18jd (Neustadt et al. 2020), and PS16dtm
(Blanchard et al. 2017).
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Figure 17. Mean (black) and rms (red) UV (top) and optical (bottom) spectra.
Prominent spectral features of the rms spectra are highlighted. The emission
lines associated with AGN activity (Fe 11, various forbidden lines, etc.) are not
strong in the rms spectra, implying that they are not likely associated with the
transient.

It is immediately apparent that the spectra of ASASSN-17jz
and CSS100217 are very similar. Indeed, both transients are
similarly ambiguous in that they are nuclear transients with
AGN:-like spectra. Interestingly, Drake et al. (2011) also found
that the H emission lines of CSS100217 were best fit by a
three-component model. They similarly see little evolution in
the intermediate-width component of both Ha and Hf, but
unlike ASASSN-17jz, they find that the broad component
shows an increasing flux and FWHM, while the narrow
component shows little evolution. However, it is notable that
the lines are so similar between the two transients. Drake et al.
(2011) only have spectra covering the first 164 days after peak
light, so it is possible that the longer-term evolution of these
features might look more similar to that of ASASSN-17jz.

The early time spectrum of the Type IIn SN 2010jl
somewhat resembles that of ASASSN-17jz, in that there are
prominent Balmer lines, although the lines of SN 2010jl are
clearly broader. SN 2010j1 also lacks the many forbidden lines
([O01], [S], etc.) and Fell that ASASSN-17jz shares with
transients like CSS100217 and PS16dtm, although this could
simply be due to the latter transients being near their host
galaxies” AGNs. SN 2010jl also has much stronger He I A5876.
Jencson et al. (2016) used a combination of Gaussian and
Lorentzian profiles to model their Balmer features, making it
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Figure 18. Comparison of an optical spectrum of ASASSN-17jz to other
objects. Prominent spectral features, except for the Balmer series and various
forbidden emission lines, are labeled.

difficult to compare the evolution of those components to the
evolution we infer for the Hg features in ASASSN-17jz using
our triple Gaussian model. However, they found that the
intermediate-width component of Ha seen in SN 2010jl
narrowed as the transient faded, similar to the broad and
narrow HB components seen in ASASSN-17jz.

It is also apparent that ASASSN-17jz is quite distinct from
the spectra of ASASSN-141i and ASASSN-18jd, both of which
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Figure 19. Comparison of an UV spectrum of ASASSN-17jz to that of other
objects. Prominent spectral features are labeled. Note that many of the labeled
spectral features, especially those with wavelengths given, are not present in
the spectrum of ASASSN-17jz, and only prominent in the other transients and
the AGN spectrum.

show relatively prominent He I and N III lines in their spectra.
ASASSN-141i exhibits significantly broader H emission as well
as broad He I M686 emission that is not present in ASASSN-
17jz, and it does not have the Fe II features. While the complex
of lines blueward of He I1 M686 in ASASSN-18jd resembles
the Fell complex seen in the spectrum of ASASSN-17jz,
Neustadt et al. (2020) showed that those lines were likely not
Fell owing to the spacing of the lines and the lack of a
comparable complex redward of [OII]. In any case, strong
He I and N IIT are usually indicators of a TDE, and ASASSN-
17jz does not have these. However, this is not necessarily an
indicator that ASASSN-17jz is not a TDE, as there are TDEs
that do not show these features (e.g., PS18kh/AT2018zr;
Holoien et al. 2019; Hung et al. 2019; van Velzen et al. 2021).
PS16dtm, proposed to be a TDE in an existing AGN by
Blanchard et al. (2017), does resemble ASASSN-17jz in terms
of spectral features, especially the Fell complex and strong
Balmer features. However, PS16dtm has a much stronger and
evolving Fe I emission (see Blanchard et al. 2017), whereas the
Fell emission of ASASSN-17jz is fainter and does not
coherently evolve.
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Finally, the optical spectrum of ASASSN-17jz shows many
common features with the composite quasar spectrum and the
NLSy1 spectra. The main differences are that ASASSN-17jz has
narrower Balmer features and a relatively low [O 1] /HS intensity
ratio compared to the quasar spectrum. These differences are also
the key differences between NLSyls and most Type I AGNs
(Osterbrock & Pogge 1985). This implies that many of the
emission features in ASASSN-17jz could be consistent with being
generated by an underlying NLSyl AGN.

As there are many features in the optical spectra that are
similar to those of several other types of transients, we perform
a similar comparison with the UV spectra to determine if they
may be more constraining. In Figure 19, we compare an UV
spectrum of ASASSN-17jz to that of other objects: the TDEs
ASASSN-141i (Brown et al. 2017) and PTF15af (Blagorodnova
et al. 2017), the ambiguous nuclear transients ASASSN-18jd
(Neustadt et al. 2020) and ZTFI18aajupnt (Frederick et al.
2021), and a composite AGN spectrum (Vanden Berk et al.
2001). In Figure 20, we compare an UV spectrum of ASASSN-
17jz to that of SN 2010jl (Fransson et al. 2014). We plot these
spectra separately from those in Figure 19 only because of the
large difference in scale between the narrow and broad features
of SN 2010jl, making it difficult to plot in linear units. None of
the comparison sample are particularly good matches to
ASASSN-17jz: all the spectral features of ASASSN-17jz are
very weak compared to Ly, while the other objects all show a
diversity of spectral emission and absorption lines of varying
strength. The UV spectra of ASASSN-17jz thus imply that the
UV emission is dominated by a type of transient other than
those shown in the figure.

6. Radio Analysis

It is difficult to determine from the available data whether the
emission detected with the VLA was emitted by the transient,
by the host galaxy, or by both the host and the transient. We
infer a rest-frame luminosity > 9 x 10*®* ergs™' Hz ' from our
VLA observations. This emission surpasses that of the brightest
Type IIn SNe to date (e.g., SN 1988Z and SN 1986J) at their
peak luminosities (Chandra 2017). When fitting the flux across
the 8—12 GHz band in images made every 256 MHz, we find a
rather flat spectral index (av=0.03 £0.16). This behavior
indicates that the emission most likely corresponds instead to
an AGN-like host.

The average brightness temperature that we obtain at 10 GHz
is <100 K. This matches better with a thermal origin, which is
further at odds with a radio SN. Moreover, the nondetection at
5GHz is difficult to explain unless we consider that the
emission is resolved at milliarcsecond scales and/or has a
combination of both free—free and synchrotron emission and
absorption. The free—free opacity we calculate using the flux
density at 10 GHz considering v = —2.1 is 0.7, indicating that
any free—free emission would be optically thin. On the other
hand, if we use the X-band spectral index (o = — 0.03), we find
that the free—free opacity is ~0, which is explained by optically
thin synchrotron emission suppressed by free—free absorption.
The radio emission is likely a combination of both free—free
and synchrotron emission and absorption, which cannot be
quantified with the current data.

Some ANTSs from our comparison sample also have been
observed in the radio, including CSS100217 (Drake et al.
2011), PS16dtm (Blanchard et al. 2017), and PS1-10adi
(Kankare et al. 2017). The hosts of PS1-10adi and PS16dtm



THE ASTROPHYSICAL JOURNAL, 933:196 (28pp), 2022 July 10

Holoien et al.

6 - —
| = ) =]
g ® 3 = ASASSN-17jz 1
sk S L =2 = - = 5 = T 5 +91dSTIS ]
i Z5 7 2 5 H gE = 2 B +105dLRIS 7 1
| cof E 3o 7 % g 2
! ' U MM
47 T ‘ | ‘ a l b i ]
< I I I [N | I Iy I I I I
4{2 [ I " 1 J I I [N I I I 1
= coo o : a | L I
8 3 ' I | | | I o | I I I -
+ 0 Voo ar 1 .1 SN2010j1
= . | N | 1 sloraces
SO I | | Lo | | | +107 d STIS
= 2 L [ i | | I I |
| I I [ {
| el i
o i ‘ : h l A i
H I 1 o I I Iy I I I I
= I | [ [ | | [N | | | I —
L | ] ] [ | I Iy | I | I
[ I I I I I I I [N I I I I
| I I [ | I Lo | I I I
N o L | e ‘ 1
1200 1400 1600 1800 2000 2200 2400 2600 2800

Rest Wavelength [A]

Figure 20. Comparison of an UV spectrum of ASASSN-17jz to SN 2010jl. Prominent spectral features are labeled. Note that many of the labeled spectral features,
especially those with wavelengths given, are not present in the spectrum of ASASSN-17jz, and only prominent in SN 2010jl. The spectrum of SN 2010jl is shown
apart from the other spectra in Figure 19 only because of the large difference in scale between the narrow and broad features, making it difficult to plot in linear units.

do not have detected radio counterparts at 1.4 GHz (see
Blanchard et al. 2017; Kankare et al. 2017). CSS100217’s host
was reported as not detected at 1.4 GHz (Drake et al. 2011);
however there is significant emission >3¢ in an image cutout
from the NRAO VLA Sky Survey (NVSS; Condon et al.
1998). Because of this, the hosts of these transients have been
classified as radio-quiet NLSyl galaxies. The host of
ASASSN-17jz is not detected in the archival radio images
from the Faint Images of the Radio Sky at Twenty-cm survey
(Becker et al. 1995) or the NVSS.

Drake et al. (2011) reported three epochs of observations
toward CSS100217 at 4.5 and 7.9 GHz spread within a month,
and one epoch at 607.95 MHz observed in a date between their
second and third epochs at higher frequencies. They detected a
point source at the position of CSS100217, whose emission at 4.5
and 7.9 GHz results in a relatively flat spectral index that varied
between —0.20 and + 0.38 within one month (Drake et al. 2011).
Drake et al. noted that the change in spectral index from being
relatively flat to being inverted is difficult to explain with known
mechanisms. Indeed, the normal behavior of transients is to show
first an inverted spectrum as the emission rises, changing to a flat
spectrum when reaching its peak, and finally becoming steep as
the transient emission is turning off. However, the two-point
spectral index between the low-frequency observations and those
made at higher frequencies resulted in a steeper index (between
—0.4 and —0.5). The inferred radio luminosity (Lg ~ 2.3 x 10*
ergs ') seemed brighter than what is expected from other SNe at
the same wavelengths known at the time. Giving the compactness
of the radio emission, flat spectral indices, and the putative upper
limits at 1.4 GHz from previous surveys, Drake et al. argue that
the radio emission they observed might have originated from
nuclear activity of the central black hole, thus being unrelated to
the transient itself.

Based on our analyses of the radio data at the position of
ASASSN-17jz and the similarly inconclusive radio emission
seen in CSS100217, we find that the most likely possibility is
that we are detecting radio emission from the host-galaxy
AGN, and not from the transient itself.
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7. Discussion

ASASSN-17jz was both highly energetic and extremely long
lasting, and it exhibited a dramatic change in its X-ray emission
several years after peak optical light. Its emission shares qualities
with several types of transient events, but also differs from all of
them in some ways. It is thus one of the most ambiguous of the
growing class of ANTs that has been identified in recent years,
and if the nature of the transient can be determined, it may be
helpful in illuminating the physics behind the extreme SN or
accretion scenarios. Here we summarize the results of our analysis
in the previous section, and discuss the implications for the
possible origin of ASASSN-17jz.

7.1. Single Physical Origins

We first examine whether ASASSN-17jz could be the result
of only a single type of event: a SN, a TDE, or an AGN
outburst.

The relatively smooth rise and early decline after peak seen in
ASASSN-17jz’s light curve is a common feature of SNe, and
several of the emission features in its optical spectra and the
shapes of those features have been observed in SNelln (e.g.,
Filippenko 1997). Furthermore, while no single SN emission
model we tested was able to power the entire bolometric light
curve of ASASSN-17jz, the interaction between the SN ejecta and
a surrounding CSM wind was able to reproduce the multiband
light curves, and a combination of SN+CSM interaction and
magnetar spindown is able to reproduce the bolometric light
curve. However, these models require extreme physical properties,
such as ejecta masses of 40-250 M., and CSM masses of up to
130 M, in order to replicate the very high luminosity of the
transient. A comparison of the blackbody evolution of ASASSN-
17jz to those of SNe shows that, while its radius evolution is
similar to that of SNe, it is significantly more luminous than most
SLSNe, and ASASSN-17jz maintains a relatively constant
temperature for several hundred days, while SNe typically
become much cooler shortly after peak light. While the spectra
of ASASSN-17jz do share several characteristics with the SN IIn
spectrum, many differ. The SN spectrum has lines not present in
ASASSN-17jz, the features they share are narrower in ASASSN-
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17jz than in the SN, and ASASSN-17jz exhibits several forbidden
lines and Fe II lines that are not seen in the SN. Finally, while it is
theoretically possible for a SN to power the late-time UV
emission, a SN is unlikely to be able to generate the late-time
X-ray brightening seen ~1100 days after peak light. We thus
disfavor a SN-only origin for ASASSN-17jz.

The light-curve shape of ASASSN-17jz is also similar to those
of TDEs, which often exhibit both smooth evolution and long-
term UV emission (e.g., Holoien et al. 2018; van Velzen et al.
2019b). TDEs have also been observed to produce brightening
X-rays several hundred days after peak light (e.g., Holoien et al.
2018; Hinkle et al. 2021a), have a roughly constant temperature,
and often exhibit broad Balmer features in their optical spectra.
This, however, is where the similarities between TDEs and
ASASSN-17jz end. While the early decline of ASASSN-17jz was
consistent with that of a TDE, none of the TDE models we tested
were able to reproduce either the full multiband or the bolometric
light curves of ASASSN-17jz. While ASASSN-17jz does have a
constant blackbody temperature evolution, its temperature is very
low (T~ 10,000 K) for a TDE, it is much more luminous, and
while its radius does decrease over time, it does not exhibit the
rapid radius decline seen after peak brightness in most TDEs. The
optical spectra of ASASSN-17jz do not show the He or Bowen
lines commonly seen in TDE spectra, and do exhibit several
forbidden lines and Fe II lines not seen in TDEs. The UV spectra
of TDEs typically have several emission or absorption features
that often evolve shortly after peak light (e.g., Cenko et al. 2016;
Brown et al. 2018; Hung et al. 2020), while the only strong
feature in the UV spectra of ASASSN-17jz is Ly« emission, and
there is little evolution over the course of our HST/STIS
observations. ASASSN-17jz also exhibits Mg I A2800 emission,
which has been absent in UV spectra of TDEs to-date. Finally,
while TDEs can produce a late-time X-ray brightening, the
timescale of this brightening is typically a few hundred days, not
1100 days as observed in ASASSN-17jz, and the X-rays from
ASASSN-17jz become softer as they become more luminous,
which is not typical of a TDE (e.g., Auchettl et al. 2017). We
therefore conclude that a TDE-only origin is also disfavored for
ASASSN-17jz.

Finally, we examine the possibility that ASASSN-17jz could
result from solely an AGN, likely one undergoing some kind of
transient accretion event. AGNs typically exhibit some short-term
variation in their light curves (e.g., Shappee et al. 2014), rather
than the smooth evolution seen in ASASSN-17jz. However,
Frederick et al. (2021) report on a subset of peculiar AGN flares
occurring in NLSyls that show smooth, coherent evolution, in
contrast to the normally stochastic variability of AGNs. One of the
transients, ZTF19aatubsj, is highlighted as being spectroscopically
similar to CSS100217, which is itself similar to ASASSN-17jz.
Despite this, the photometric evolution of ZTF19aatubsj is much
slower than that of ASASSN-17jz. It is unclear if these are similar
events or distinct phenomena, but it is notable that there is some
precedent for smooth light-curve evolution in NLSyl transients.
The other transients included by Frederick et al. (2021) are
classified as belonging to the class of transients discussed by
Trakhtenbrot et al. (2019) that have prominent He II/Bowen
features, or are classified as TDEs. Because ASASSN-17jz does
not show any Bowen features, it is thus appropriate to say that if
ASASSN-17jz is related to the transients described by Frederick
et al. (2021), it is likely similar to ZTF19aatubsj, rather than to the
other events discussed in that manuscript.
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There are also differences between the features seen in the
spectra of ASASSN-17jz and those of composite quasar spectra,
particularly in the UV, where typical quasar spectra exhibit several
lines not seen in the UV spectra of ASASSN-17jz. We also
observe little variation in the spectral lines of ASASSN-17jz, with
only the broad and narrow Balmer components clearly evolving
over time. These differences from typical AGNs are not, however,
disqualifying of a possible AGN origin for ASASSN-17jz. The
differences between the spectral features of ASASSN-17jz and the
composite quasar spectra are similar to the differences between
the composite quasar and NLSyls. The lack of changes in the
prominent AGN spectral features, like the [O ] and Fe II lines,
does not mean that the AGN is not itself changing. Physical
models of AGNs place [OIIT] in the narrow-line region, which is
several light-years away from the central SMBH and the broad-
line region (Antonucci 1993). The Fe II is thought to be associated
with the dusty torus (Marziani et al. 2001; Popovi¢ et al. 2004),
which in most models is also several light-years away from the
central SMBH. Thus, it might take several years for changes in the
narrow lines and Fe 11 to reflect the changes seen in the continuum
and broad lines.

Finally, the X-ray emission exhibited by ASASSN-17jz at
late times has a power-law index of I' = 3.4, which is typical of
NLSy!l AGNs (e.g., Boller et al. 1996). Further, Auchettl et al.
(2017) found that X-ray emission from AGNs becomes softer
as it brightens, which is the behavior exhibited by ASASSN-
17jz. This, combined with the dissimilarities between the X-ray
emission of ASASSN-17jz and X-rays that would be expected
from TDEs and SNe, lead us to conclude that the X-ray
emission almost certainly originates from an NLSyl AGN in
SDSS J171955.

Based on all of these properties, ASASSN-17jz appears to be
a unique event that differs in some way from all of the
individual transient comparison sources. However, if we had to
select a single physical origin for ASASSN-17jz, it was likely a
transient accretion event in an AGN in SDSS J171955.

In light of the possibility that ASASSN-17jz was the result
of a transient accretion event in an AGN, we also consider
whether this could be the result of a SMBHB system. In
systems with subparsec separations, the SMBHs can carve out
a cavity in a circumbinary accretion disk via tidal torques (e.g.,
Gold 2019). Individual, smaller accretion disks can also form
around each black hole (e.g., Ryan & MacFadyen 2017;
Gold 2019). Interaction between the accretion stream(s) in the
SMBHB and the cavity can then cause outbursts on timescales
similar to that of ASASSN-17jz, and should result in periodic
or semiperiodic flaring events (e.g., Komossa 2006). Apart
from repeated flaring behavior, such systems can have offset
line centers or even multiple velocity components in their
spectra due to there being multiple accretion streams. The lack
of variability going back ~12yr prior to ASASSN-17jz in
archival data and the lack of such spectroscopic signatures
argue against a SMBHB interpretation. However, we cannot
rule this possibility out completely, as the signatures can be
hidden at certain viewing angles or BH separations. Further
observation of ASASSN-17jz and its host could be helpful in
testing the possibility of a SMBHB system causing the event.

SMBHBs are not the only BH binaries capable of producing
electromagnetic flares in AGNs: BH-BH mergers (or massive
star—-BH mergers) occurring in AGN disks can also result in a
luminous transient flare (e.g., Palmese et al. 2021). Several
candidate BH mergers occurring in AGN disks have been
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identified by LIGO, and Graham et al. (2020) identified a
potential electromagnetic counterpart to one of these, ZTF19a-
banrhr. These events can emit energies similar to that of
ASASSN-17jz and other luminous ANTs; though the timescale
of emission is typically significantly shorter (on the order of
months, rather than the years seen here). While the timescale of
flares from BH mergers in AGN disks can vary with the mass
of the binary BH and the kick velocity of the binary, such
variation would also likely increase the luminosity to
significantly higher than what we observe in ASASSN-17jz,
making this an unlikely explanation for this event. Such models
are worth examining in the context of luminous ANTSs in
general, particularly those with short-lived electromagnetic
emission.

7.2. Multiple Physical Origins

While neither SN emission nor TDE emission are solely able to
replicate the emission seen from ASASSN-17jz, and the X-rays
likely originate from an underlying AGN, it is also possible that
the emission from ASASSN-17jz has multiple physical origins,
with a transient event occurring in an AGN. These are the types of
scenarios commonly invoked to explain the observations of other
ANTs, and we discuss these possibilities here. In these scenarios,
we assume that the late-time emission is driven by the underlying
AGN, while the emission up to the first few hundred days after
peak is dominated by a transient event.

By far the most similar event to ASASSN-17jz in both
photometric and spectroscopic properties is CSS100217, which
Drake et al. (2011) suggested was the result of a SN IIn occurring
in or near the NLSy1l AGN of its host galaxy. In their discovery
paper for the transient PS1-10adi, Kankare et al. (2017) identified
CSS100217 as a similar event, and also consider a SN occurring
in an existing AGN as a plausible explanation for these transients.
SNe IIn result from SNe that are surrounded by dense CSM, and
the models of SN ejecta interacting with both a CSM shell and a
CSM wind are able to replicate the rise and early decline of both
the multiband and bolometric light curves of ASASSN-17jz. The
blackbody evolution of ASASSN-17jz is consistent with that of
CSS100217 in all three aspects, and while the constant
temperature evolution and high luminosity of ASASSN-17jz are
not similar to those of SNe IIn like SN 2010jl, this could perhaps
be explained by the underlying AGN contributing to the emission.
The spectra are extremely similar to those of CSS100217 as well.
Unfortunately, UV spectra were not obtained of CSS100217 at
early times, so we cannot comment on how similar the UV
spectra of ASASSN-17jz might be to that event .

CSS100217 was also analyzed by Frederick et al. (2021),
and they conclude that the event was not a SN, but was instead
a peculiar AGN flare. Their reasoning was somewhat flawed,
however, in that it is explicitly stated by Frederick et al. (2021)
that (among other reasons) CSS100217 is likely not a SN
owing to the lack of P Cygni profiles in the spectra. Such
profiles are not always present in the spectra of Type IIn SNe
(e.g., Filippenko 1997), and so this detail cannot be used to
reject CSS100217 as a SN IIn. Further, their analysis is more
focused on whether a SN alone can explain the observed
emission from CSS100217, rather than whether some of the
observed features of that flare could be due to a SN while
others are caused by the underlying AGN. For example, they
point out that while SNelln can exhibit Fell lines in their
spectra at late times, CSS100217 exhibited these features
throughout the flare. Frederick et al. (2021) use this as a piece

23

Holoien et al.

of evidence against the SN interpretation, but do not consider
the possibility that these lines are caused by an underlying
AGN, and that a SN could produce some of the other observed
features. Thus, while we agree that CSS100217 (and ASASSN-
17jz) were not likely caused solely by a SN, we consider a SN
+AGN scenario a viable interpretation for both events.

Given the similarity of the early time light curve to those of
SNe IIn and the similarity in all aspects to CSS100217, which
can plausibly be explained as a SNIIn in a NLSyl host, we
conclude that a SN IIn in a NLSy1 host galaxy accompanied by
late-time activity from the AGN is a very plausible explanation
for ASASSN-17jz.

We also consider the possibility of a TDE occurring in a host
galaxy with AGN activity. This scenario has been explored to
some degree in theoretical work, which has found that the
emission from such events could be nonthermal and differ
substantially from the “typical” TDEs and AGNs (e.g., Chan et al.

2019). However, this work is based on highly restrictive
simulations, and the full region of parameter space remains largely
unexplored. Interestingly, Kankare et al. (2017) also consider a
TDE occurring in an AGN to be a plausible scenario for PS1-
10adi and CSS100217, based on the idea that the unbound
material from the disrupted star could interact with broad-line
region clouds in a way similar to that of SN ejecta interacting with
CSM. They note, however, that there are several unexplained
points for this case that would require additional study. Jermyn
et al. (2022) discuss the scenario of the tidal disruption of a star
embedded in the AGN disk, which could result in significantly
more luminous but shorter-lived TDEs around more massive
SMBHs. While we find such a scenario unlikely due to the long-
lasting UV emission and relatively low SMBH mass seen in
ASASSN-17jz, we note the possibility here as a potentially
interesting scenario for consideration in the future study of this
and other ANTs. For the purposes of this work, however, we base
our analysis largely on comparison with the transient PS16dtm,
which had compelling evidence that it was a TDE occurring in an
AGN (Blanchard et al. 2017) and provides us with observable
characteristics to compare with those of ASASSN-17jz.

As with the SN models, TDE models are able to replicate the
early multiband and bolometric light curves of ASASSN-17jz,
with perhaps more reasonable model parameters than the SN
models. However, there are many more differences between
PS16dtm and ASASSN-17jz than there are between CS100217
and ASASSN-17jz. The blackbody luminosity of PS16dtm shows
short-term variability and a slower decline than that of ASASSN-
17jz; the temperature of PS16dtm, while roughly constant, is
lower than that of ASASSN-17jz; and the radius of PS16dtm
increases over time, compared to the decreasing radius of
ASASSN-17jz. The two objects’ spectra also show larger
differences. The spectra of PS16dtm clearly evolve and show
much stronger Fe II emission than those of ASASSN-17jz. The
spectra of ASASSN-17jz are also consistent with being a
combination of SN IIn and AGN spectra with little resemblance
to TDE spectra. TDEs typically have much broader Balmer lines
that fade and become narrower over time. Many TDEs also
exhibit lines of helium and/or lines attributed to Bowen
fluorescence (e.g., van Velzen et al. 2020, 2021), while
ASASSN-17jz lacks any He or Bowen features.

Finally, while late-time X-ray brightening is predicted and
seen in some TDEs (e.g., Metzger & Stone 2016; Gezari et al.
2017; Holoien et al. 2018; Wevers et al. 2019; Hinkle et al.
2021b), and roughly 1 in 3 TDEs exhibit detectable X-ray
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emission of some kind (e.g., Hammerstein et al. 2022), many
TDEs do not show any strong X-ray emission (e.g., Holoien
et al. 2014b, 2018, 2020). As discussed above, the late-time
X-ray brightening in TDEs typically occurs roughly a year after
peak optical light, and the hardness ratio has remained largely
consistent throughout the luminosity changes (Auchettl et al.
2017). The X-ray emission from ASASSN-17jz does not
exhibit this behavior, and is more consistent with AGN
emission. The X-ray emission we observe from ASASSN-17jz
could be consistent with a scenario where an X-ray-faint TDE
occurs around an existing AGN, which becomes brighter in
X-rays at late times. However, it is typically assumed that the
X-ray emission is obscured from TDEs in which X-ray
emission is not detected (e.g., Auchettl et al. 2017), and it
seems unlikely that X-ray emission from a TDE could be
obscured while the late-time X-ray emission from an AGN
around the same SMBH is not.

Thus, while we cannot completely rule out a scenario where
the observed emission from ASASSN-17jz is the result of the
combination of a TDE and AGN activity, we conclude that this
scenario is less likely than that of a SN+AGN discussed above.

Ultimately, it seems likely that ASASSN-17jz was either the
result of transient accretion activity in an NLSyl AGN, or a
SNIIn occurring in an NLSyl host. Neither scenario is
significantly favored over the other, but given the evidence of
a SN being partially responsible for the emission (e.g., light-
curve fits, blackbody fits, and similarities with CSS100217), we
conclude that the SN+AGN scenario is the most likely.

As the AGN emission becomes dominant at late times in this
scenario, it is reasonable to ask whether the increased AGN
activity is a consequence of the SN. This would require the SN
to have occurred close enough to the SMBH to affect the
accretion flow, which is unlikely but possible. Our constraints
on the position of the transient and lack of a secondary source
seen in images from HST imply that any non-AGN transient
would need to be very close to the host nucleus, making this
picture plausible.

The likelihood and effects of transients occurring near
enough to AGNs to affect the accretion disk has been explored
theoretically and in simulations (e.g., Rozyczka et al. 1995;
Chan et al. 2019; Grishin et al. 2021; Moranchel-Basurto et al.
2021). These studies have found that the transients can affect
the accretion flow, particularly in the cases of TDE debris
streams colliding with the accretion disk (e.g., Chan et al.
2019) or SNe occurring within the disk itself (e.g., Grishin
et al. 2021). Most of these theoretical studies have focused
more on the effects of the transients on the AGN, rather than
the observable properties of the events, but Grishin et al. (2021)
predict that a SN occurring within an AGN accretion disk
would produce a much faster event than we observed in the
case of ASASSN-17jz. This is because they treat the material of
the accretion disk itself as the “CSM” in a SN+CSM scenario,
and this material has different properties from a stellar CSM.
The scenario we suggest, where a more traditional, luminous
SN IIn occurs near or in the disk, may therefore produce a flare
like the one we observe, rather than what is predicted by
Grishin et al. (2021).

There have also been cases of observed transients that have
been claimed to be TDEs or SNe occurring in and around
AGNs and affecting the accretion flow and/or broad-line
region of the AGN (e.g., Merloni et al. 2015; Blanchard et al.
2017; Smith et al. 2018). The idea that ASASSN-17jz was a
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SN that affected the accretion of its host AGN would thus be
rare, but not a unique case of a transient occurring in and
affecting an AGN. We do note that the timescale of the changes
would be unique among these objects. We have no definitive
proof, however, of a causal relationship between a potential
early SN and the increased AGN emission at late times.
Longer-term monitoring of this system, particularly in the UV
and X-rays, may be able to shed further light on this possibility.

Regardless of whether ASASSN-17jz was the result of a SN
in an AGN or solely an AGN, the increased AGN activity
implies that the accretion flow must have substantially changed
in some way. ASASSN-17jz and other, similar nuclear
transients thus provide us with an opportunity to study how
large-scale changes to accretion disks can occur, how the
accretion flow can change as a result, and how long it takes the
accretion disk to stabilize again.
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Appendix

In Table Al and A2 we present details of the optical and UV

spectroscopic observations of ASASSN-17jz.

Table A1
Spectroscopic Observations of ASASSN-17jz

Holoien et al.

Date Telescope Instrument Grating Slit Exposure Time
2017 Jul 31.92 LT2m SPRAT VPH 600 1 mm™"' 178 1 % 600 s

2017 Jul 31.93 LT2m SPRAT VPH 600 1 mm™" 178 1 x500s

2017 Aug 06.35 Palomar 200 in DBSP 600/4000, 316/7500 175 1 x900s, 1 x900s
2017 Aug 1091 LT2m SPRAT VPH 600 1 mm™" 178 1 x500s

2017 Aug 13.90 LT2m SPRAT VPH 600 1 mm ™" 1”8 1 x500s

2017 Aug 16.23 Shane 3 m Kast 600/4310, 830/8460 270 1 x3600s, 2 x 1200 s
2017 Aug 16.91 LT2m SPRAT VPH 600 1 mm™" 178 1 x500s

2017 Aug 17.31 Shane 3 m Kast 600/4310, 600/7500 270 1 x 1860's, 3 x 600 s
2017 Aug 18.29 Keck 10 m DEIMOS 1200G, 600ZD 170 3x200s,1x180s
2017 Aug 20.30 Palomar 200 in DBSP 300/3990, 316/7500 175 1 x600s, 1 x600s
2017 Aug 20.90 LT2m SPRAT VPH 600 I mm " 178 1 x500s

2017 Aug 28.29 Shane 3 m Kast 600/4310, 300/7500 270 1 x2160s, 3 x 700 s
2017 Sep 02.86 LT2m SPRAT VPH 600 [ mm ' 178 1 x 600 s

2017 Sep 14.12 Palomar 200 in DBSP 600/4000, 316/7500 1”5 1 x900s, 1 x900s
2017 Sep 14.20 Shane 3 m Kast 600/4310, 300/7500 270 1 x2160s,3 x 700 s
2017 Sep 15.88 LT 2 m SPRAT VPH 600 I mm " 178 1 x 600 s

2017 Sep 19.87 LT2m SPRAT VPH 600 1 mm™" 178 1 x 600 s

2017 Sep 27.18 Shane 3 m Kast 600/4310, 300/7500 270 1 x2160s,3 x 700 s
2017 Sep 27.85 LT 2 m SPRAT VPH 600 I mm " 1”8 1 x 600 s

2017 Oct 07.87 LT 2 m SPRAT VPH 600 I mm " 178 1 x 600 s

2017 Oct 19.20 Shane 3 m Kast 600/4310, 300/7500 270 1 x 24605, 3 x 800 s
2017 Oct 21.20 Keck 10 m LRIS 400/3400, 600/5000 170 1 x900s

2017 Oct 22.84 LT 2m SPRAT VPH 600 I mm " 178 1 x 600 s

2017 Oct 30.12 Shane 3 m Kast 600/4310, 300/7500 270 1 x 24605, 3 x 800 s
2017 Nov 01.83 LT 2m SPRAT VPH 600 I mm ' 1”8 1 x 600 s

2017 Nov 18.18 Keck 10 m LRIS 600/4000, 400/8500 170 1 % 1800 s
2017 Nov 20.07 LBT 8.4 m MODS Dual 170 1 x 300s+1 x 260 s
2017 Dec 28.53 Palomar 200 in DBSP 300/3990, 316/7500 175 1 x600s, 1 x 600s
2018 Jan 03.31 LT2m SPRAT VPH 600 1 mm ™" 178 1 x 600 s

2018 Feb 10.51 LBT 8.4 m MODS Dual 170 5 x1200s
2018 Apr 16.37 LBT 8.4 m MODS Dual 170 3 x 1200
2018 Sep 15.25 Keck 10 m DEIMOS 600ZD 170 7 x 600 s

2020 Jul 17.31 Keck 10 m LRIS 400/3400, 400/8500 170 9 x 1200s+1 x 3505, 9 x 1200 s
2020 Sep 15.17 LBT 8.4 m MODS Dual 170 6 x 1200 s

Note. Date, telescope, instrument, grating, slit width, and exposure time for each of the optical spectroscopic observations obtained of ASASSN-17jz for the initial
classification of the transient and as part of our follow-up campaign. For instruments with blue and red channels, the blue and red gratings and exposure times are

separated by a comma, with blue listed first.

HST/STIS Spectroscopic Observations of ASASSN-17jz

Table A2

Date

Detector

Grating

Slit

Total Exposure Time

2017 Sep 09.62
2017 Oct 05.14
2017 Oct 19.03
2017 Nov 04.58

FUV/NUV-MAMA
FUV/NUV-MAMA
FUV/NUV-MAMA
FUV/NUV-MAMA

G140L, G230L
G140L, G230L
G140L, G230L
G140L, G230L

5270 x 072
5270 x 072
5270 x 072
5270 x 072

2460 s, 1854 s
3420's, 2920 s
5809's, 3954 s
5809 s, 3954 s

Note. Date, instrument, grating, slit, and total exposure time for each of the UV spectroscopic observations obtained of ASASSN-17jz with HST/STIS as part of our

follow-up campaign. The gratings and exposure times used for the FUV and NUV detectors are separated by a comma, with FUV listed first.

26



THE ASTROPHYSICAL JOURNAL, 933:196 (28pp), 2022 July 10

ORCID iDs

Thomas W.-S. Holoien @ https: //orcid.org/0000-0001-9206-3460
Jack M. M. Neustadt ® https: //orcid.org/0000-0001-7351-2531
Katie Auchettl ® https: //orcid.org /0000-0002-4449-9152
Jason T. Hinkle ® https: //orcid.org/0000-0001-9668-2920
Cristina Romero-Caiiizales @ https: //orcid.org/0000-0001-
6301-9073

Benjamin. J. Shappee © https: //orcid.org/0000-0003-4631-1149
Christopher S. Kochanek © https: //orcid.org/0000-0001-
6017-2961

Ping Chen @ https: //orcid.org/0000-0003-0853-6427

Subo Dong @ https: //orcid.org/0000-0002-1027-0990

Jose L. Prieto ® https: //orcid.org /0000-0003-0943-0026
Todd A. Thompson ® https: //orcid.org/0000-0003-2377-9574
Thomas G. Brink @ https: //orcid.org/0000-0001-5955-2502
Alexei V. Filippenko © https: //orcid.org/0000-0003-3460-0103
WeiKang Zheng ® https: //orcid.org/0000-0002-2636-6508
David Bersier @ https: //orcid.org/0000-0001-7485-3020
Subhash Bose @ hittps: //orcid.org /0000-0003-3529-3854
Adam J. Burgasser © https: //orcid.org/0000-0002-6523-9536
Thomas de Jaeger ® https: //orcid.org/0000-0001-6069-1139
Myungshin Im ® https: //orcid.org /0000-0002-8537-67 14
Hyunsung D. Jun © https: //orcid.org/0000-0003-1470-5901
George Lansbury @ https: //orcid.org/0000-0002-5328-9827
Daniel Stern © https: //orcid.org/0000-0003-2686-9241
Michael A. Tucker © https: //orcid.org/0000-0002-2471-8442
Stefano Valenti ® https: //orcid.org/0000-0001-8818-0795
Keto D. Zhang ® https: //orcid.org/0000-0002-9955-8797

References

Ahumada, R., Prieto, C. A., Almeida, A., et al. 2020, ApJS, 249, 3

Antonucci, R. 1993, ARA&A, 31, 473

Arcavi, L., Gal-Yam, A., Sullivan, M., et al. 2014, ApJ, 793, 38

Arcavi, 1., Mccully, C., Hosseinzadeh, G., et al. 2017, Transient Name Server
Classification Report, 207-9111

Arnett, W. D. 1982, ApJ, 253, 785

Assef, R. J., Stern, D., Kochanek, C. S., et al. 2013, ApJ, 772, 26

Auchettl, K., Guillochon, J., & Ramirez-Ruiz, E. 2017, ApJ, 838, 149

Becker, A. 2015, HOTPANTS: High Order Transform of PSF ANd Template
Subtraction, Astrophysics Source Code Library, ascl:1504.004

Becker, R. H., White, R. L., & Helfand, D. J. 1995, AplJ, 450, 559

Blagorodnova, N., Gezari, S., Hung, T., et al. 2017, ApJ, 844, 46

Blanchard, P. K., Nicholl, M., Berger, E., et al. 2017, ApJ, 843, 106

Boller, T., Brandt, W. N., & Fink, H. 1996, A&A, 305, 53

Breeveld, A. A., Curran, P. A., Hoversten, E. A., et al. 2010, MNRAS,
406, 1687

Brethauer, D., Margutti, R., Milisavljevic, D., & Bietenholz, M. 2020,
arXiv:2012.04081

Brimacombe, J., Stone, G., Masi, G., et al. 2017, ATel, 10652, 1

Brown, J. S., Holoien, T. W.-S., Auchettl, K., et al. 2017, MNRAS, 466, 4904

Brown, J. S., Kochanek, C. S., Holoien, T. W.-S., et al. 2018, MNRAS,
473, 1130

Brown, T. M., Baliber, N., Bianco, F. B., et al. 2013, PASP, 125, 1031

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Burrows, D. N., Hill, J. E., Nousek, J. A., et al. 2005, SSRv, 120, 165

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245

Cenko, S. B., Cucchiara, A., Roth, N., et al. 2016, ApJL, 818, L32

Chan, C.-H., Piran, T., Krolik, J. H., & Saban, D. 2019, ApJ, 881, 113

Chandra, P. 2017, in Supernova 1987A: 30 years Later—Cosmic Rays and
Nuclei from Supernovae and their Aftermaths, Vol. 331, ed. A. Marcowith,
23

Chandra, P., Chevalier, R. A., Chugai, N., Fransson, C., & Soderberg, A. M.
2015, AplJ, 810, 32

Chatzopoulos, E., Wheeler, J. C., & Vinko, J. 2012, ApJ, 746, 121

Chatzopoulos, E., Wheeler, J. C., Vinko, J., Horvath, Z. L., & Nagy, A. 2013,
Apl, 773, 76

Chevalier, R. A., & Fransson, C. 2006, ApJ, 651, 381

27

Holoien et al.

Chevalier, R. A., & Fransson, C. 2008, ApJL, 683, L135

Condon, J. J., Cotton, W. D., Greisen, E. W, et al. 1998, AJ, 115, 1693

Denney, K. D., Peterson, B. M., Dietrich, M., Vestergaard, M., & Bentz, M. C.
2009, Apl, 692, 246

Dong, S., Shappee, B. J., Prieto, J. L., et al. 2016, Sci, 351, 257

Drake, A. J., Djorgovski, S. G., Mahabal, A., et al. 2009, ApJ, 696, 870

Drake, A. J., Djorgovski, S. G., Mahabal, A., et al. 2011, ApJ, 735, 106

Evans, C. R., & Kochanek, C. S. 1989, ApJL, 346, L13

Faber, S. M., Phillips, A. C., Kibrick, R. L, et al. 2003, Proc. SPIE, 4841, 1657

Filippenko, A. V. 1982, PASP, 94, 715

Filippenko, A. V. 1997, ARA&A, 35, 309

Filippenko, A. V., Li, W. D., Treffers, R. R., & Modjaz, M. 2001, in ASP
Conf. Ser. 246, IAU Coll. 183: Small Telescope Astronomy on Global
Scales, ed. B. Paczynski, W.-P. Chen, & C. Lemme (San Francisco, CA:
ASP), 121

Fransson, C., Ergon, M., Challis, P. J., et al. 2014, ApJ, 797, 118

Frederick, S., Gezari, S., Graham, M. J., et al. 2019, ApJ, 883, 31

Frederick, S., Gezari, S., Graham, M. J., et al. 2021, ApJ, 920, 56

Gal-Yam, A. 2019, ARA&A, 57, 305

Gebhrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ, 611, 1005

Gezari, S., Cenko, S. B., & Arcavi, 1. 2017, ApJL, 851, L47

Godoy-Rivera, D., Stanek, K. Z., Kochanek, C. S., et al. 2017, MNRAS,
466, 1428

Gold, R. 2019, Galax, 7, 63

Graham, M. J., Ford, K. E. S., McKernan, B., et al. 2020, PhRvL, 124, 251102

Grishin, E., Bobrick, A., Hirai, R., Mandel, 1., & Perets, H. B. 2021, MNRAS,
507, 156

Guillochon, J., Nicholl, M., Villar, V. A., et al. 2017, MOSFiT: Modular Open-
source Fitter for Transients, Astrophysics Source Code Library,
ascl:1710.006

Guillochon, J., Nicholl, M., Villar, V. A., et al. 2018, ApJS, 236, 6

Haensel, P., Salgado, M., & Bonazzola, S. 1995, A&A, 296, 745

Hammerstein, E., van Velzen, S., Gezari, S., et al. 2022, arXiv:2203.01461

HEASARGC, N. 2014, HEAsoft: Unified Release of FTOOLS and XANADU,
Astrophysics Source Code Library, ascl:1408.004

Henden, A. A., Levine, S., Terrell, D., & Welch, D. L. 2015, AAS Meeting
Abstracts, 225, 336.16

HI4PI Collaboration, Ben Bekhti, N., Floer, L., et al. 2016, A&A, 594, A116

Hinkle, J. T., Holoien, T. W. S., Auchettl, K., et al. 2021a, MNRAS, 500, 1673

Hinkle, J. T., Holoien, T. W. S., Shappee, B. J., & Auchettl, K. 2021b, ApJ,
910, 83

Hinkle, J. T., Holoien, T. W. S., Shappee, B. J., et al. 2022, ApJ, 930, 12

Holoien, T. W. S., Auchettl, K., Tucker, M. A., et al. 2020, ApJ, 898, 161

Holoien, T. W.-S., Brown, J. S., Auchettl, K., et al. 2018, MNRAS, 480, 5689

Holoien, T. W. S., Huber, M. E., Shappee, B. J., et al. 2019, ApJ, 880, 120

Holoien, T. W.-S., Kochanek, C. S., Prieto, J. L., et al. 2016a, MNRAS,
455, 2918

Holoien, T. W.-S., Kochanek, C. S., Prieto, J. L., et al. 2016b, MNRAS,
463, 3813

Holoien, T. W.-S., Prieto, J. L., Bersier, D., et al. 2014a, MNRAS, 445, 3263

Holoien, T. W.-S., Prieto, J. L., Stanek, K. Z., et al. 2014b, ApJL, 785, L35

Hung, T., Cenko, S. B., Roth, N., et al. 2019, ApJ, 879, 119

Hung, T., Foley, R. J., Ramirez-Ruiz, E., et al. 2020, ApJ, 903, 31

Immler, S., Modjaz, M., Landsman, W., et al. 2008, ApJL, 674, L85

Inserra, C., Smartt, S. J., Gall, E. E. E., et al. 2018, MNRAS, 475, 1046

Inserra, C., Smartt, S. J., Jerkstrand, A., et al. 2013, ApJ, 770, 128

Izzo, L., Auchettl, K., Hjorth, J., et al. 2020, A&A, 639, L11

Jencson, J. E., Prieto, J. L., Kochanek, C. S., et al. 2016, MNRAS,
456, 2622

Jermyn, A. S., Dittmann, A. J., McKernan, B., Ford, K. E. S., & Cantiello, M.
2022, ApJ, 929, 133

Kankare, E., Kotak, R., Mattila, S., et al. 2017, NatAs, 1, 865

Kochanek, C. S. 2016, MNRAS, 461, 371

Kochanek, C. S., Shappee, B. J., Stanek, K. Z., et al. 2017, PASP, 129, 104502

Komossa, S. 2006, MmSAI, 77, 733

Kovacevié, J., Popovié, L., & Dimitrijevi, M. S. 2010, ApJS, 189, 15

Kriek, M., van Dokkum, P. G., Labbé, 1., et al. 2009, ApJ, 700, 221

Lacy, M., Baum, S. A., Chandler, C. J., et al. 2020, PASP, 132, 035001

Leloudas, G., Fraser, M., Stone, N. C., et al. 2016, NatAs, 1, 0002

Lupton, R. 2005, SDSS Data Release 5, http: //www.sdss.org/dr5 /algorithms /
sdssUBVRITransform.html

Margutti, R., Kamble, A., Milisavljevic, D., et al. 2017, ApJ, 835, 140

Margutti, R., Milisavljevic, D., Soderberg, A. M., et al. 2014, AplJ, 780, 21

Marziani, P., Sulentic, J. W., Zwitter, T., Dultzin-Hacyan, D., & Calvani, M.
2001, ApJ, 558, 553

Masci, F. J., Laher, R. R., Rusholme, B., et al. 2019, PASP, 131, 018003


https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-9206-3460
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0001-7351-2531
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0002-4449-9152
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-9668-2920
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0001-6301-9073
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0003-4631-1149
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0001-6017-2961
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0003-0853-6427
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0002-1027-0990
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-0943-0026
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0003-2377-9574
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0001-5955-2502
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0003-3460-0103
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0002-2636-6508
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0001-7485-3020
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0003-3529-3854
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0002-6523-9536
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0001-6069-1139
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0002-8537-6714
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0003-1470-5901
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0002-5328-9827
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0003-2686-9241
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0002-2471-8442
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0001-8818-0795
https://orcid.org/0000-0002-9955-8797
https://orcid.org/0000-0002-9955-8797
https://orcid.org/0000-0002-9955-8797
https://orcid.org/0000-0002-9955-8797
https://orcid.org/0000-0002-9955-8797
https://orcid.org/0000-0002-9955-8797
https://orcid.org/0000-0002-9955-8797
https://orcid.org/0000-0002-9955-8797
https://doi.org/10.3847/1538-4365/ab929e
https://ui.adsabs.harvard.edu/abs/2020ApJS..249....3A/abstract
https://doi.org/10.1146/annurev.aa.31.090193.002353
https://ui.adsabs.harvard.edu/abs/1993ARA&A..31..473A/abstract
https://doi.org/10.1088/0004-637X/793/1/38
https://ui.adsabs.harvard.edu/abs/2014ApJ...793...38A/abstract
https://ui.adsabs.harvard.edu/abs/2017TNSCR.911....1A/abstract
https://doi.org/10.1086/159681
https://ui.adsabs.harvard.edu/abs/1982ApJ...253..785A/abstract
https://doi.org/10.1088/0004-637X/772/1/26
https://ui.adsabs.harvard.edu/abs/2013ApJ...772...26A/abstract
https://doi.org/10.3847/1538-4357/aa633b
https://ui.adsabs.harvard.edu/abs/2017ApJ...838..149A/abstract
https://www.ascl.net/1504.004
https://doi.org/10.1086/176166
https://ui.adsabs.harvard.edu/abs/1995ApJ...450..559B/abstract
https://doi.org/10.3847/1538-4357/aa7579
https://ui.adsabs.harvard.edu/abs/2017ApJ...844...46B/abstract
https://doi.org/10.3847/1538-4357/aa77f7
https://ui.adsabs.harvard.edu/abs/2017ApJ...843..106B/abstract
https://ui.adsabs.harvard.edu/abs/1996A&A...305...53B/abstract
https://doi.org/10.1111/j.1365-2966.2010.16832.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.406.1687B/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.406.1687B/abstract
http://arxiv.org/abs/2012.04081
https://ui.adsabs.harvard.edu/abs/2017ATel.9927....1B/abstract
https://doi.org/10.1093/mnras/stw2991
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.4904B/abstract
https://doi.org/10.1093/mnras/stx2372
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.1130B/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.1130B/abstract
https://doi.org/10.1086/673168
https://ui.adsabs.harvard.edu/abs/2013PASP..125.1031B/abstract
https://doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B/abstract
https://doi.org/10.1007/s11214-005-5097-2
https://ui.adsabs.harvard.edu/abs/2005SSRv..120..165B/abstract
https://doi.org/10.1086/167900
https://ui.adsabs.harvard.edu/abs/1989ApJ...345..245C/abstract
https://doi.org/10.3847/2041-8205/818/2/L32
https://ui.adsabs.harvard.edu/abs/2016ApJ...818L..32C/abstract
https://doi.org/10.3847/1538-4357/ab2b40
https://ui.adsabs.harvard.edu/abs/2019ApJ...881..113C/abstract
https://ui.adsabs.harvard.edu/abs/2017IAUS..331...23C/abstract
https://doi.org/10.1088/0004-637X/810/1/32
https://ui.adsabs.harvard.edu/abs/2015ApJ...810...32C/abstract
https://doi.org/10.1088/0004-637X/746/2/121
https://ui.adsabs.harvard.edu/abs/2012ApJ...746..121C/abstract
https://doi.org/10.1088/0004-637X/773/1/76
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...76C/abstract
https://doi.org/10.1086/507606
https://ui.adsabs.harvard.edu/abs/2006ApJ...651..381C/abstract
https://doi.org/10.1086/591522
https://ui.adsabs.harvard.edu/abs/2008ApJ...683L.135C/abstract
https://doi.org/10.1086/300337
https://ui.adsabs.harvard.edu/abs/1998AJ....115.1693C/abstract
https://doi.org/10.1088/0004-637X/692/1/246
https://ui.adsabs.harvard.edu/abs/2009ApJ...692..246D/abstract
https://doi.org/10.1126/science.aac9613
https://ui.adsabs.harvard.edu/abs/2016Sci...351..257D/abstract
https://doi.org/10.1088/0004-637X/696/1/870
https://ui.adsabs.harvard.edu/abs/2009ApJ...696..870D/abstract
https://doi.org/10.1088/0004-637X/735/2/106
https://ui.adsabs.harvard.edu/abs/2011ApJ...735..106D/abstract
https://doi.org/10.1086/185567
https://ui.adsabs.harvard.edu/abs/1989ApJ...346L..13E/abstract
https://doi.org/10.1117/12.460346
https://ui.adsabs.harvard.edu/abs/2003SPIE.4841.1657F/abstract
https://doi.org/10.1086/131052
https://ui.adsabs.harvard.edu/abs/1982PASP...94..715F/abstract
https://doi.org/10.1146/annurev.astro.35.1.309
https://ui.adsabs.harvard.edu/abs/1997ARA&A..35..309F/abstract
https://ui.adsabs.harvard.edu/abs/2001ASPC..246..121F/abstract
https://doi.org/10.1088/0004-637X/797/2/118
https://ui.adsabs.harvard.edu/abs/2014ApJ...797..118F/abstract
https://doi.org/10.3847/1538-4357/ab3a38
https://ui.adsabs.harvard.edu/abs/2019ApJ...883...31F/abstract
https://doi.org/10.3847/1538-4357/ac110f
https://ui.adsabs.harvard.edu/abs/2021ApJ...920...56F/abstract
https://doi.org/10.1146/annurev-astro-081817-051819
https://ui.adsabs.harvard.edu/abs/2019ARA&A..57..305G/abstract
https://doi.org/10.1086/422091
https://ui.adsabs.harvard.edu/abs/2004ApJ...611.1005G/abstract
https://doi.org/10.3847/2041-8213/aaa0c2
https://ui.adsabs.harvard.edu/abs/2017ApJ...851L..47G/abstract
https://doi.org/10.1093/mnras/stw3237
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.1428G/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.1428G/abstract
https://doi.org/10.3390/galaxies7020063
https://ui.adsabs.harvard.edu/abs/2019Galax...7...63G/abstract
https://doi.org/10.1103/PhysRevLett.124.251102
https://ui.adsabs.harvard.edu/abs/2020PhRvL.124y1102G/abstract
https://doi.org/10.1093/mnras/stab1957
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507..156G/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.507..156G/abstract
https://www.ascl.net/1710.006
https://doi.org/10.3847/1538-4365/aab761
https://ui.adsabs.harvard.edu/abs/2018ApJS..236....6G/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...296..745H/abstract
http://arxiv.org/abs/2203.01461
https://ascl.net/1408.004
https://ui.adsabs.harvard.edu/abs/2015AAS...22533616H/abstract
https://doi.org/10.1051/0004-6361/201629178
https://ui.adsabs.harvard.edu/abs/2016A&A...594A.116H/abstract
https://doi.org/10.1093/mnras/staa3170
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.1673H/abstract
https://doi.org/10.3847/1538-4357/abe4d8
https://ui.adsabs.harvard.edu/abs/2021arXiv210803245H/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv210803245H/abstract
https://doi.org/10.3847/1538-4357/ac5f54
https://ui.adsabs.harvard.edu/abs/2022ApJ...930...12H/abstract
https://doi.org/10.3847/1538-4357/ab9f3d
https://ui.adsabs.harvard.edu/abs/2020ApJ...898..161H/abstract
https://doi.org/10.1093/mnras/sty2273
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480.5689H/abstract
https://doi.org/10.3847/1538-4357/ab2ae1
https://ui.adsabs.harvard.edu/abs/2019ApJ...880..120H/abstract
https://doi.org/10.1093/mnras/stv2486
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.2918H/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.455.2918H/abstract
https://doi.org/10.1093/mnras/stw2272
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.3813H/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.3813H/abstract
https://doi.org/10.1093/mnras/stu1922
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.3263H/abstract
https://doi.org/10.1088/2041-8205/785/2/L35
https://ui.adsabs.harvard.edu/abs/2014ApJ...785L..35H/abstract
https://doi.org/10.3847/1538-4357/ab24de
https://ui.adsabs.harvard.edu/abs/2019ApJ...879..119H/abstract
https://doi.org/10.3847/1538-4357/abb606
https://ui.adsabs.harvard.edu/abs/2020ApJ...903...31H/abstract
https://doi.org/10.1086/529373
https://ui.adsabs.harvard.edu/abs/2008ApJ...674L..85I/abstract
https://doi.org/10.1093/mnras/stx3179
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.1046I/abstract
https://doi.org/10.1088/0004-637X/770/2/128
https://ui.adsabs.harvard.edu/abs/2013ApJ...770..128I/abstract
https://doi.org/10.1051/0004-6361/202038152
https://ui.adsabs.harvard.edu/abs/2020A&A...639L..11I/abstract
https://doi.org/10.1093/mnras/stv2795
https://ui.adsabs.harvard.edu/abs/2016MNRAS.456.2622J/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.456.2622J/abstract
https://doi.org/10.3847/1538-4357/ac5d40
https://ui.adsabs.harvard.edu/abs/2022ApJ...929..133J/abstract
https://doi.org/10.1038/s41550-017-0290-2
https://ui.adsabs.harvard.edu/abs/2017NatAs...1..865K/abstract
https://doi.org/10.1093/mnras/stw1290
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461..371K/abstract
https://doi.org/10.1088/1538-3873/aa80d9
https://ui.adsabs.harvard.edu/abs/2017PASP..129j4502K/abstract
https://ui.adsabs.harvard.edu/abs/2006MmSAI..77..733K/abstract
https://doi.org/10.1088/0067-0049/189/1/15
https://ui.adsabs.harvard.edu/abs/2010ApJS..189...15K/abstract
https://doi.org/10.1088/0004-637X/700/1/221
https://ui.adsabs.harvard.edu/abs/2009ApJ...700..221K/abstract
https://doi.org/10.1088/1538-3873/ab63eb
https://ui.adsabs.harvard.edu/abs/2020PASP..132c5001L/abstract
https://doi.org/10.1038/s41550-016-0002
https://ui.adsabs.harvard.edu/abs/2016NatAs...1E...2L/abstract
https://www.sdss.org/dr5/algorithms/sdssUBVRITransform.html
https://www.sdss.org/dr5/algorithms/sdssUBVRITransform.html
https://doi.org/10.3847/1538-4357/835/2/140
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..140M/abstract
https://doi.org/10.1088/0004-637X/780/1/21
https://ui.adsabs.harvard.edu/abs/2014ApJ...780...21M/abstract
https://doi.org/10.1086/322286
https://ui.adsabs.harvard.edu/abs/2001ApJ...558..553M/abstract
https://doi.org/10.1088/1538-3873/aae8ac
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8003M/abstract

THE ASTROPHYSICAL JOURNAL, 933:196 (28pp), 2022 July 10

McConnell, N. J., & Ma, C.-P. 2013, ApJ, 764, 184

McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, in
ASP Conf. Ser. 376, Astronomical Data Analysis Software and Systems
XVI, ed. R. A. Shaw, F. Hill, & D. J. Bell (San Francisco, CA: ASP), 127

Popovié, L. C., Mediavilla, E., Bon, E., & Ili¢, D. 2004, A&A, 423, 909

Merloni, A., Dwelly, T., Salvato, M., et al. 2015, MNRAS, 452, 69

Metzger, B. D., & Stone, N. C. 2016, MNRAS, 461, 948

Mockler, B., Guillochon, J., & Ramirez-Ruiz, E. 2019, ApJ, 872, 151

Moranchel-Basurto, A., Sanchez-Salcedo, F. J., Chametla, R. O., &
Velazquez, P. F. 2021, ApJ, 906, 15

Moretti, A., Campana, S., Tagliaferri, G., et al. 2004, Proc. SPIE, 5165, 232

Murase, K., Thompson, T. A., Lacki, B. C., & Beacom, J. F. 2011, PhRvD, 84,
043003

Neustadt, J. M. M., Holoien, T. W. S., Kochanek, C. S., et al. 2020, MNRAS,
494, 2538

Oke, J. B., Cohen, J. G., Carr, M., et al. 1995, PASP, 107, 375

Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713

Osterbrock, D. E., & Pogge, R. W. 1985, AplJ, 297, 166

Palmese, A., Fishbach, M., Burke, C. J., Annis, J., & Liu, X. 2021, AplJL,
914, L34

Perley, D. A. 2019, PASP, 131, 084503

Persson, S. E. 1988, ApJ, 330, 751

Peterson, B. M., Ferrarese, L., Gilbert, K. M., et al. 2004, ApJ, 613, 682

Phinney, E. S. 1989, Natur, 340, 595

Pogge, R. W., Atwood, B., Brewer, D. F., et al. 2010, Proc. SPIE, 7735,
77350A

Poole, T. S., Breeveld, A. A., Page, M. J., et al. 2008, MNRAS, 383, 627

Rees, M. J. 1988, Natur, 333, 523

Ricci, C., Trakhtenbrot, B., Koss, M. J., et al. 2017, ApJS, 233, 17

Roming, P. W. A., Kennedy, T. E., Mason, K. O., et al. 2005, SSR, 120, 95

Rozyczka, M., Bodenheimer, P., & Lin, D. N. C. 1995, MNRAS, 276, 597

Ryan, G., & MacFadyen, A. 2017, ApJ, 835, 199

Saxton, R., Komossa, S., Auchettl, K., & Jonker, P. G. 2020, SSRv, 216, 85

Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103

28

Holoien et al.

Shappee, B. J., Prieto, J. L., Grupe, D., et al. 2014, ApJ, 788, 48

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2019, 2MASS All-Sky Point
Source Catalog, IPAC, doi:10.26131/IRSA2

Smith, K. L., Mushotzky, R. F., Boyd, P. T., et al. 2018, ApJ, 857, 141

Smith, N., Kilpatrick, C. D., Mauerhan, J. C., et al. 2017, MNRAS, 466, 3021

Stoll, R., Prieto, J. L., Stanek, K. Z., et al. 2011, ApJ, 730, 34

Svirski, G., Nakar, E., & Sari, R. 2012, ApJ, 759, 108

Terreran, G., Margutti, R., Bersier, D., et al. 2019, ApJ, 883, 147

Tody, D. 1986, Proc. SPIE, 627, 733

Tody, D. 1993, in ASP Conf. Ser. 52, Astronomical Data Analysis Software
and Systems II, ed. R. J. Hanisch, R. J. V. Brissenden, & J. Barnes (San
Francisco, CA: ASP), 173

Tonry, J. L., Denneau, L., Heinze, A. N, et al. 2018, PASP, 130, 064505

Trakhtenbrot, B., Arcavi, 1., Ricci, C., et al. 2019, NatAs, 3, 242

Vallely, P. J., Prieto, J. L., Stanek, K. Z., et al. 2018, MNRAS, 475, 2344

van Velzen, S., Gezari, S., Cenko, S. B., et al. 2019a, ApJ, 872, 198

van Velzen, S., Gezari, S., Hammerstein, E., et al. 2021, ApJ, 908, 4

van Velzen, S., Holoien, T. W. S., Onori, F., Hung, T., & Arcavi, 1. 2020,
SSRv, 216, 124

van Velzen, S., Stone, N. C., Metzger, B. D., et al. 2019b, ApJ, 878, 82

Vanden Berk, D. E., Richards, G. T., Bauer, A., et al. 2001, AJ, 122, 549

Voges, W., Aschenbach, B., Boller, T., et al. 1999, A&A, 349, 389

Wevers, T. 2020, MNRAS, 497, L1

Wevers, T., Pasham, D. R., van Velzen, S., et al. 2019, MNRAS, 488, 4816

Wevers, T., van Velzen, S., Jonker, P. G., et al. 2017, MNRAS, 471, 1694

Williams, R. J., Pogge, R. W., & Mathur, S. 2002, AJ, 124, 3042

Woodgate, B. E., Kimble, R. A., Bowers, C. W., et al. 1998, PASP, 110,
1183

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2019, AIIWISE
Source Catalog, IPAC, doi:10.26131/IRSAI

Wyrzykowski, L., Zieliiski, M., Kostrzewa-Rutkowska, Z., et al. 2017,
MNRAS, 465, L114


https://doi.org/10.1088/0004-637X/764/2/184
https://ui.adsabs.harvard.edu/abs/2013ApJ...764..184M/abstract
https://ui.adsabs.harvard.edu/abs/2007ASPC..376..127M/abstract
https://doi.org/10.1051/0004-6361:20034431
https://ui.adsabs.harvard.edu/abs/2004A&A...423..909P/abstract
https://doi.org/10.1093/mnras/stv1095
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452...69M/abstract
https://doi.org/10.1093/mnras/stw1394
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461..948M/abstract
https://doi.org/10.3847/1538-4357/ab010f
https://ui.adsabs.harvard.edu/abs/2019ApJ...872..151M/abstract
https://doi.org/10.3847/1538-4357/abca88
https://ui.adsabs.harvard.edu/abs/2021ApJ...906...15M/abstract
https://doi.org/10.1117/12.504857
https://ui.adsabs.harvard.edu/abs/2004SPIE.5165..232M/abstract
https://doi.org/10.1103/PhysRevD.84.043003
https://ui.adsabs.harvard.edu/abs/2011PhRvD..84d3003M/abstract
https://ui.adsabs.harvard.edu/abs/2011PhRvD..84d3003M/abstract
https://doi.org/10.1093/mnras/staa859
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.2538N/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.2538N/abstract
https://doi.org/10.1086/133562
https://ui.adsabs.harvard.edu/abs/1995PASP..107..375O/abstract
https://doi.org/10.1086/160817
https://ui.adsabs.harvard.edu/abs/1983ApJ...266..713O/abstract
https://doi.org/10.1086/163513
https://ui.adsabs.harvard.edu/abs/1985ApJ...297..166O/abstract
https://doi.org/10.3847/2041-8213/ac0883
https://ui.adsabs.harvard.edu/abs/2021ApJ...914L..34P/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...914L..34P/abstract
https://doi.org/10.1088/1538-3873/ab215d
https://ui.adsabs.harvard.edu/abs/2019PASP..131h4503P/abstract
https://doi.org/10.1086/166509
https://ui.adsabs.harvard.edu/abs/1988ApJ...330..751P/abstract
https://doi.org/10.1086/423269
https://ui.adsabs.harvard.edu/abs/2004ApJ...613..682P/abstract
https://doi.org/10.1038/340595a0
https://ui.adsabs.harvard.edu/abs/1989Natur.340..595P/abstract
https://doi.org/10.1117/12.857215
https://ui.adsabs.harvard.edu/abs/2010SPIE.7735E..0AP/abstract
https://ui.adsabs.harvard.edu/abs/2010SPIE.7735E..0AP/abstract
https://doi.org/10.1111/j.1365-2966.2007.12563.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.383..627P/abstract
https://doi.org/10.1038/333523a0
https://ui.adsabs.harvard.edu/abs/1988Natur.333..523R/abstract
https://doi.org/10.3847/1538-4365/aa96ad
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...17R/abstract
https://doi.org/10.1007/s11214-005-5095-4
https://ui.adsabs.harvard.edu/abs/2005SSRv..120...95R/abstract
https://doi.org/10.1093/mnras/276.2.597
https://ui.adsabs.harvard.edu/abs/1995MNRAS.276..597R/abstract
https://doi.org/10.3847/1538-4357/835/2/199
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..199R/abstract
https://doi.org/10.1007/s11214-020-00708-4
https://ui.adsabs.harvard.edu/abs/2020SSRv..216...85S/abstract
https://doi.org/10.1088/0004-637X/737/2/103
https://ui.adsabs.harvard.edu/abs/2011ApJ...737..103S/abstract
https://doi.org/10.1088/0004-637X/788/1/48
https://ui.adsabs.harvard.edu/abs/2014ApJ...788...48S/abstract
https://doi.org/10.1086/498708
https://ui.adsabs.harvard.edu/abs/2006AJ....131.1163S/abstract
https://doi.org/10.26131/IRSA2
https://doi.org/10.3847/1538-4357/aab88d
https://ui.adsabs.harvard.edu/abs/2018ApJ...857..141S/abstract
https://doi.org/10.1093/mnras/stw3204
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.3021S/abstract
https://doi.org/10.1088/0004-637X/730/1/34
https://ui.adsabs.harvard.edu/abs/2011ApJ...730...34S/abstract
https://doi.org/10.1088/0004-637X/759/2/108
https://ui.adsabs.harvard.edu/abs/2012ApJ...759..108S/abstract
https://doi.org/10.3847/1538-4357/ab3e37
https://ui.adsabs.harvard.edu/abs/2019ApJ...883..147T/abstract
https://doi.org/10.1117/12.968154
https://ui.adsabs.harvard.edu/abs/1986SPIE..627..733T/abstract
https://ui.adsabs.harvard.edu/abs/1993ASPC...52..173T/abstract
https://doi.org/10.1088/1538-3873/aabadf
https://ui.adsabs.harvard.edu/abs/2018PASP..130f4505T/abstract
https://doi.org/10.1038/s41550-018-0661-3
https://ui.adsabs.harvard.edu/abs/2019NatAs...3..242T/abstract
https://doi.org/10.1093/mnras/stx3303
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.2344V/abstract
https://doi.org/10.3847/1538-4357/aafe0c
https://ui.adsabs.harvard.edu/abs/2019ApJ...872..198V/abstract
https://doi.org/10.3847/1538-4357/abc258
https://ui.adsabs.harvard.edu/abs/2021ApJ...908....4V/abstract
https://doi.org/10.1007/s11214-020-00753-z
https://ui.adsabs.harvard.edu/abs/2020SSRv..216..124V/abstract
https://doi.org/10.3847/1538-4357/ab1844
https://ui.adsabs.harvard.edu/abs/2019ApJ...878...82V/abstract
https://doi.org/10.1086/321167
https://ui.adsabs.harvard.edu/abs/2001AJ....122..549V/abstract
https://ui.adsabs.harvard.edu/abs/1999A&A...349..389V/abstract
https://doi.org/10.1093/mnrasl/slaa097
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497L...1W/abstract
https://doi.org/10.1093/mnras/stz1976
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.4816W/abstract
https://doi.org/10.1093/mnras/stx1703
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1694W/abstract
https://doi.org/10.1086/344765
https://ui.adsabs.harvard.edu/abs/2002AJ....124.3042W/abstract
https://doi.org/10.1086/316243
https://ui.adsabs.harvard.edu/abs/1998PASP..110.1183W/abstract
https://ui.adsabs.harvard.edu/abs/1998PASP..110.1183W/abstract
https://doi.org/10.1088/0004-6256/140/6/1868
https://ui.adsabs.harvard.edu/abs/2010AJ....140.1868W/abstract
https://doi.org/10.26131/IRSA1
https://doi.org/10.1093/mnrasl/slw213
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465L.114W/abstract

	1. Introduction
	2. Observations and Survey Data
	2.1. Archival Data and Host-galaxy Fits
	2.2. ASAS-SN Light Curve
	2.3. ATLAS Light Curve
	2.4. Swift Observations
	2.5. Other Photometric Observations
	2.6. Optical Spectroscopic Observations
	2.7. HST Spectroscopic Observations
	2.8. Radio Observations

	3. Photometric Analysis
	3.1. Position, Redshift, and tpeak Measurements
	3.2. MOSFiT Light-curve Fits
	3.3. Blackbody SED Fits and Luminosity Models
	3.4. Blackbody Comparison to Other Transients

	4. X-Ray Analysis
	5. Spectroscopic Analysis
	5.1. Emission-line Evolution
	5.2. Comparison with Other Optical Transients

	6. Radio Analysis
	7. Discussion
	7.1. Single Physical Origins
	7.2. Multiple Physical Origins

	Appendix 
	References



