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ABSTRACT

We present the discovery of PS18kh, a tidal disruption event (TDE) discovered at the center of
SDSS J075654.534341543.6 (d ~ 322 Mpc) by the Pan-STARRS Survey for Transients. Our dataset includes
pre-discovery survey data from Pan-STARRS, the All-Sky Automated Survey for Supernovae (ASAS-SN),
and the Asteroid Terrestrial-impact Last Alert System (ATLAS) as well as high-cadence, multi-wavelength
follow-up data from ground-based telescopes and Swift, spanning from 56 days before peak light until 75
days after. The optical/UV emission from PS18kh is well-fit as a blackbody with temperatures ranging from
T ~ 12000 K to T ~ 25000 K and it peaked at a luminosity of L ~ 8.8 x 10** ergs s”'. PS18kh radiated
E = (3.45+0.22) x 10°° ergs over the period of observation, with (1.4240.20) x 10 ergs being released dur-
ing the rise to peak. Spectra of PS18kh show a changing, boxy/double-peaked Ha emission feature, which
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becomes more prominent over time. We use models of non-axisymmetric accretion disks to describe the profile
of the He line and its evolution. We find that at early times the high accretion rate leads the disk to emit a wind
which modifies the shape of the line profile and makes it bell-shaped. At late times, the wind becomes optically
thin, allowing the non-axisymmetric perturbations to show up in the line profile. The line-emitting portion of
the disk extends from r;, ~ 607, to an outer radius of ry, ~ 1400r, and the perturbations can be represented
either as an eccentricity in the outer rings of the disk or as a spiral arm in the inner disk.

Keywords: accretion, accretion disks — black hole physics — galaxies: nuclei

1. INTRODUCTION

Tidal disruption events (TDEs) occur when a star crosses
the tidal radius of a supermassive black hole (SMBH) and the
tidal shear forces of the SMBH are able to overcome the self-
gravity of the star. For main-sequence stars, approximately
half of the stellar material is ejected from the system, while
the other half remains bound to the SMBH. The bound mate-
rial falls back to pericenter at a rate proportional to r>/3 and
a fraction of it is accreted onto the black hole, resulting in a
short-lived, luminous flare (e.g., Lacy et al. 1982; Rees 1988;
Evans & Kochanek 1989; Phinney 1989).

Initially, it was commonly assumed that the flare emission
would peak at soft X-ray energies and that the luminosity
would be proportional to the /3 rate of return of the stel-
lar material to pericenter. However, in recent years a num-
ber of well-studied TDEs have been discovered that exhibit
a wide range of observational properties (e.g., van Velzen
et al. 2011; Cenko et al. 2012; Gezari et al. 2012; Arcavi
et al. 2014; Chornock et al. 2014; Holoien et al. 2014; Gezari
et al. 2015; Vinko et al. 2015; Holoien et al. 2016b,a; Brown
et al. 2016; Auchettl et al. 2017; Blagorodnova et al. 2017;
Brown et al. 2017, 2018; Gezari et al. 2017; Holoien et al.
2018). It is now known that the emission depends on many
factors, including the physical properties of the disrupted star
(e.g., MacLeod et al. 2012; Kochanek 2016), the evolution of
the accretion stream after disruption (e.g., Kochanek 1994;
Strubbe & Quataert 2009; Guillochon & Ramirez-Ruiz 2013;
Hayasaki et al. 2013, 2016; Piran et al. 2015; Shiokawa et al.
2015), and radiative transfer effects (e.g., Gaskell & Rojas
Lobos 2014; Strubbe & Murray 2015; Roth et al. 2016; Roth
& Kasen 2018). However, there have been few TDEs moni-
tored in sufficient detail to directly infer these properties. In
particular, most TDE candidates have been discovered after
peak light, making it difficult to study the formation of the
accretion disk and the evolution of the stellar debris.

Here we present the discovery of PS18kh, a TDE candi-
date discovered by the Pan-STARRS Survey for Transients'
(PSST; Chambers et al. 2016) on 2018 March 02 in the spec-
troscopically unobserved galaxy SDSS J075654.53+341543.6.
The discovery was announced publicly on 2018 March 04 on

! https://star.pst.qub.ac.uk/ps 1 threepi/psdb/

the Transient Name Server (TNS) and given the designation
AT 2018zr’. The discovery image indicated that the position
of the transient was consistent with the nucleus of the host,
with the Pan-STARRS coordinates lying within 0”1 of the
measured center of the host in SDSS.

The transient was first spectroscopically observed by the
Spectral Classification of Astronomical Transients (SCAT;
Tucker et al. 2018a) survey, which uses the SuperNova In-
tegral Field Spectrograph (SNIFS; Lantz et al. 2004) on the
University of Hawaii 88-inch telescope. The initial spectrum
obtained on 2018 March 07 showed a blue continuum with
no obvious emission or absorption features, and a second
spectrum obtained on 2018 March 18 was very similar, with
a strong blue continuum, but with the possible addition of
broad Balmer emission lines (Tucker et al. 2018b). Based on
these spectra, we obtained two additional low-resolution op-
tical spectra on 2018 March 20 with the Wide Field Reimag-
ing CCD Camera (WFCCD) mounted on the Las Campanas
Observatory du Pont 2.5-m telescope (3700—9600 A, R ~
7 A) and the Fast Spectrograph (FAST; Fabricant et al. 1998)
mounted on the Fred L. Whipple Observatory Tillinghast 1.5-
m telescope (3700—-9000 A,R~3 A). Both of these spectra
also suggested the presence of broad Balmer emission lines
with a strong blue continuum, both features of TDEs (e.g.,
Arcavi et al. 2014), and Tucker et al. (2018b) publicly an-
nounced that PS18kh was a TDE candidate on 2018 March
24. Based on Ca Il H&K absorption lines visible in the spec-
tra, PS18kh has a redshift of z = 0.071, corresponding to a
luminosity distance of 322 Mpc (Hy = 69.6 km s™' Mpc™!,
Qu =0.29, Qp =0.71; see Section 3.1).

Based on the preliminary classification, we requested
and were awarded target-of-opportunity (TOOQO) observa-
tions from the Neil Gehrels Swift Gamma-ray Burst Mission
(Swift; Gehrels et al. 2004) UltraViolet and Optical Tele-
scope (UVOT; Roming et al. 2005) and X-ray Telescope
(XRT; Burrows et al. 2005). These observations confirmed
that the transient was bright in the UV and appeared to have
weak soft X-ray emission, so we began an extended multi-
wavelength monitoring campaign to characterize PS18kh.
With a peak g-band magnitude of m, ~ 17.3, PS18kh was

2 https://wis-tns.weizmann.ac.il/object/2018zr
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also well-observed by a number of ground-based optical
surveys, and we include in our analysis multiwavelength
pre- and post-discovery light curves from Pan-STARRS,
the All-Sky Automated Survey for Supernovae (ASAS-SN;
Shappee et al. 2014), and the Asteroid Terrestrial-impact
Last Alert System (ATLAS; Tonry et al. 2018) spanning
from 56 days before the peak of the light curve until it be-
came Sun-constrained 75 days after peak, making this one
of the best-sampled early light curves for a TDE candidate
to-date.

In Section 2 we describe the available pre-outburst data for
the host galaxy and fit the physical properties of the host. We
also describe the new observations of the transient that were
obtained by the Pan-STARRS, ASAS-SN, and ATLAS sur-
veys and our follow-up campaign. In Section 3.1 we perform
detailed measurements of the position of PS18kh within its
host, its redshift, and the time of peak light. In Section 3.2
we analyze the photometric data and model the luminosity
and temperature evolution of PS18kh. In Section 3.3 we an-
alyze the spectroscopic evolution of PS18kh and model the
boxy, double-peaked emission line profiles in an attempt to
determine the physical properties of the TDE-SMBH system.
Finally, in Section 4 we compare the properties of PS18kh to
those of supernovae and other TDEs and summarize our find-
ings.

2. OBSERVATIONS AND SURVEY DATA
2.1. Archival Data and Host Fits

We retrieved archival optical ugriz model magnitudes of
SDSS J075654.53+341543.6 from SDSS Data Release 14
(DR14; Abolfathi et al. 2018) and infrared W1 and W2 mag-
nitudes from the Wide-field Infrared Survey Explorer (WISE;
Wright et al. 2010) AIIWISE catalog. The host is not de-
tected in archival data from, or was not previously observed
by, the Two Micron All-Sky Survey (2MASS), Spitzer, Her-
schel, the Hubble Space Telescope (HST), the Chandra X-
ray Observatory, the X-ray Multi-Mirror Mission (XMM-
Newton), or the Very Large Array Faint Images of the Radio
Sky at Twenty-cm (VLA FIRST) survey. It is also not de-
tected in Galaxy Evolution Explorer (GALEX) UV data, but
we obtain 3-sigma 6!'0 upper limits on the UV magnitudes
of NUV > 23.65 and FUV > 23.69 using single-epoch data
obtained on 2008 January 19. The archival host magnitudes
and limits are listed in Table 1.

To place constraints on any X-ray emission prior to the
flare that could be indicative of an AGN, we take advantage
of data from the ROSAT All-sky Survey (Voges et al. 1999).
We do not detect X-ray emission associated with the position
of the host galaxy with a 3-sigma upperlimit on the count
rate of 8 x 107 counts s~'. Assuming an absorbed power
law redshifted to the distance of the host galaxy and a photon
index similar to that of known AGN (I' = 1.75: e.g., Tozzi

et al. 2006; Marchesi et al. 2016; Liu et al. 2017b; Ricci et al.
2017), we derive a limit on the absorbed (unabsorbed) flux
of 2.3 (2.6) x 1073 ergs cm™ s7! in the 0.3-10.0 keV energy
band. At the distance of PS18kh this flux limit corresponds
to an X-ray luminosity of 3.2 x 10%?> ergs s™!. This is lower
than the average luminosity of known AGN (e.g., Ricci et al.
2017), suggesting that the host galaxy of PS18kh does not
harbor a strong AGN.

We fit the spectral energy distribution (SED) of the host
galaxy to the archival limits and magnitudes from GALEX,
SDSS, and WISE using the publicly available Fitting and
Assessment of Synthetic Templates (FAST; Kriek et al.
2009). For the fit we assumed a Cardelli et al. (1989) ex-
tinction law with Ry = 3.1 and a Galactic extinction of Ay =
0.128 mag (Schlafly & Finkbeiner 2011) and we adopted
an exponentially declining star-formation history, a Salpeter
initial mass function, and the Bruzual & Charlot (2003)
stellar population models. In order to make a more ro-
bust estimate of the host SED and the uncertainties on its
physical parameters, we generated 1000 realizations of the
archival fluxes, perturbed by their respective uncertainties
assuming Gaussian errors. Each realization was then mod-
eled with FAST. The median and 68% confidence inter-
vals on the host parameters from these 1000 realizations
are: M, = 1.4f8:ﬁ x 1010 Mg, age = 5.01’%:; Gyr, and a star
formation rate SFR = 6.8 x 10 Mg yr'. We scaled
the stellar mass of SDSS J075654.53+341543.6 using the
average stellar-mass-to-bulge-mass ratio from the hosts of
ASASSN-14ae, ASASSN-14li, and ASASSN-150i (Holoien
et al. 2014, 2016b,a), to get a bulge mass estimate of Mp ~
10°3 Mg,. Using the Mg —Mpy relation from McConnell &
Ma (2013), we obtain a black hole mass of Mgy = 10°° Mo,
comparable to what has been found for other optical TDE
host galaxies (e.g., Holoien et al. 2014, 2016b,a; Brown et al.
2017; Wevers et al. 2017; Mockler et al. 2018).

Our photometric follow-up campaign includes ugri pho-
tometry, for which the archival SDSS data can be used to sub-
tract the host flux and isolate the transient flux. For the Swift
UVOT and Johnson-Cousins BV data, there are no available
archival images. To obtain 5”0 aperture host flux measure-
ments to use for host subtraction in the ugri filters, we mea-
sured 5”0 aperture magnitudes from the archival SDSS im-
ages using the IRAF apphot package, with the magnitudes
calibrated using several stars in the field with well-defined
magnitudes in SDSS DR14. In order to estimate the host flux
in the filters without archival data, we used the bootstrapped
SED fits for the host galaxy to derive synthetic host magni-
tudes for each photometric band in our follow-up campaign.
For each of the 1000 host SEDs, we computed synthetic 50
aperture magnitudes in each of our follow-up filters. This
yields a distribution of synthetic magnitudes for each filter,
and we report the median and 68% confidence intervals on
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Table 1. Archival Photometry of
SDSS J075654.53+341543.6

Filter ~Magnitude Magnitude Uncertainty

FUV >23.69 —
NUV > 23.65 —

u 20.97 0.12
g 18.93 0.01
r 18.17 0.01
i 17.76 0.01
Z 17.46 0.01
w1 15.19 0.94
w2 15.32 0.11

NOTE—Archival model  magnitudes  of
SDSS J075654.53+341543.6  from  SDSS
DR14 (ugriz) and PSF photometry magnitudes
from the AIIWISE catalog (W1 and W2). The
GALEX NUV and FUV upper limits are
3-sigma upper limits measured with a 60
aperture from a single epoch of data obtained
on 2008 January 19.

the host magnitudes, along with the measured ugri magni-
tudes, in Table 2. These host magnitudes were used to obtain
host-subtracted transient magnitudes for the non-survey data
in our analyses.

2.2. Pan-STARRS light curve

The Pan-STARRSI telescope, located at the summit of
Haleakala on Maui, has a 1.8-m diameter primary mirror
with a f/4.4 Cassegrain focus. The telescope uses a wide-
field 1.4 gigapixel camera mounted at the Cassegrain focus,
consisting of sixty Orthogonal Transfer Array devices, each
of which has a detector area of 4846x4868 pixels. The 10
micron pixels have a plate scale of 026, giving a full field-
of-view area of 7.06 square degrees, with an active region
of roughly 5 square degrees. Pan-STARRSI uses the grizyp,
filters, which are similar to those of SDSS (Abazajian et al.
2009), with the redder y filter replacing the bluer SDSS u fil-
ter. The Pan-STARRS!1 photometric system in discussed in
detail in Tonry et al. (2012).

Pan-STARRS1 images are processed with the Image Pro-
cessing Pipeline (IPP; see details in Magnier et al. 2013). The
IPP runs new images through successive stages of process-
ing, including device “de-trending”, a flux-conserving warp-
ing to a sky-based image plane, masking and artefact location
that involves bias and dark correction, flatfielding, and illu-
mination correction obtained by rastering sources across the
field of view (Waters et al. 2016). After determining an initial
astrometric solution, corrected images are then warped onto
the tangent plane of the sky using a flux-conserving algo-
rithm, which involves mapping the camera pixels to a defined

Table 2. 5.0 Host Galaxy Magnitudes

Filter = Magnitude Magnitude Uncertainty

Uvw2 2481 0.60
UvM2 2464 043
UVW1 2319 0.14
Ugpvor 2095 0.07
u 21.28 043
B 19.48 0.04
g 18.94 0.21
v 18.45 0.02
r 18.07 0.14
i 17.76 0.12

NOTE—5!0 aperture magnitudes of
SDSS J075654.53+341543.6  synthesized in
the Swift UV+U filters and the Johnson-Cousins
BV filters and their 68% confidence intervals,
and measured from archival SDSS images in the
ugri filters. Magnitudes were synthesized and
measured using the processes described in §2.1
and are presented in the AB system.

set of skycells. For nightly processing, the zeropoints of the
camera chips are set using a catalog of photometric reference
stars from the “ubercal” analysis of the first reprocessing of
the PS1 37 data (Schlafly et al. 2012; Magnier et al. 2013).
The internal calibration of this catalog has a relative preci-
sion of roughly 1%, but the automated zeropoint applied in
difference imaging is an average full-field zeropoint, which
can result in variations across skycells of up to +0.15 mag-
nitudes.

Transient searching is aided by having pre-existing sky im-
ages from the Pan-STARRS1 Sky Surveys (Chambers et al.
2016). The IPP creates difference images by subtracting
stacked reference images from the PS1 37 from newly ob-
served images, and transient sources are then identified by
the IPP through analysis of the difference images (e.g., Hu-
ber et al. 2015). Catalog source files from the IPP are trans-
ferred from Hawaii to Belfast and ingested into a MySQL
database. A series of quality cuts are implemented (Mc-
Crum et al. 2015; Smartt et al. 2016) together with a ma-
chine learning algorithm that distinguishes real sources from
bogus sources (Wright et al. 2015). Sources are accumulated
into unique objects and spatially cross-matched against all
large catalogs, therefore providing both a real-bogus value
and a classification of variable star, AGN, supernova, CV, or
nuclear transient. The grizyp; lightcurve presented in this
manuscript was produced from this Pan-STARRS transient
processing pipeline as described in McCrum et al. (2014,
2015) and Smartt et al. (2016). The Pan-STARRSI1 griz pho-
tometry is presented in Table 3 and is shown in Figure 1; we
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do not present the y photometry as PS18kh was only detected
in one y-band epoch.

2.3. ASAS-SN light curve

ASAS-SN is an ongoing project that monitors the full visi-
ble sky on a rapid cadence to find bright, nearby transients
(Shappee et al. 2014; Kochanek et al. 2017). ASAS-SN
uses units of four 14-cm telescopes on a common mount
located at multiple sites in both hemispheres and hosted
by the Las Cumbres Observatory global telescope network
(Brown et al. 2013). The ASAS-SN network was expanded
in 2017 and now comprises five units located in Hawaii,
Chile, Texas, and South Africa. With its current capacity,
ASAS-SN observes the entire visible sky every ~ 20 hours
to a depth of g ~ 18.5 mag, weather permitting. ASAS-
SN has proven to be a powerful tool for discovering TDEs,
and it has discovered three of the four nearest and brightest
TDEs to-date: ASASSN-14ae (Holoien et al. 2014; Brown
etal. 2016), ASASSN-14l1i (Holoien et al. 2016b; Prieto et al.
2016; Romero-Cainizales et al. 2016; Brown et al. 2017),
and ASASSN-150i (Holoien et al. 2016a, 2018). The three
ASAS-SN TDEs have since become some of the most well-
studied TDEs, with multiwavelength datasets spanning mul-
tiple years.

ASAS-SN processes new images using a fully automatic
pipeline that incorporates the ISIS image subtraction pack-
age (Alard & Lupton 1998; Alard 2000). After the discovery
of PS18kh, a host-galaxy reference image was constructed
for each ASAS-SN unit that could observe it. As the tran-
sient was still brightening, we only used images obtained at
least 35 days before the discovery of PS18kh to ensure that
no transient flux was present in the references. These ref-
erence images were then used to subtract the host galaxy’s
background emission from all science images. Aperture pho-
tometry was computed for each host-template subtracted sci-
ence image using the IRAF apphot package, with the mag-
nitudes being calibrated using multiple stars in the field of
the host galaxy with known magnitudes in the AAVSO Pho-
tometric All-Sky Survey (APASS; Henden et al. 2015). For
some of the pre-discovery epochs when PS18kh was still very
faint, we stacked multiple science images in order to improve
the signal-to-noise (S/N) of our detections. All ASAS-SN
photometric measurements (detections and 3-sigma limits)
are presented in Table 3 and shown in Figure 1, with error
bars on the X-axis used to denote the date ranges of epochs
that were combined.

2.4. ATLAS light curve

ATLAS is an ongoing survey project with the primary goal
of detecting small (10-140 m) asteroids that are on a colli-
sion course with Earth (Tonry et al. 2018). ATLAS uses fully
robotic 0.5m f/2 Wright Schmidt telescopes located on the

Table 3. Host-Subtracted Photometry of PS18kh

MID Filter Magnitude  Telescope/Observatory

58220.29 b4 18.22+£0.04 PS1
58225.25 z 18.31+0.07 PS1
58260.26 z 19.13+0.04 PS1
58261.12 UVW2 18.714+0.07 Swift
58264.04 UVW2 18.84+0.07 Swift
58267.82 UVW2 18.66+0.07 Swift

NOTE—Host-subtracted magnitudes and 3-sigma upper limits
in all photometric filters used for follow-up data. The Tele-
scope/Observatory column indicates the source of the data in
each epoch: “PS1”, “ASAS-SN”, and “ATLAS” are used for
Pan-STARRS, ASAS-SN, and ATLAS survey data, respec-
tively; “CFHT”, “PO”, and “LT” are used for Canada-France-
Hawaii Telescope, Post Observatory, and Liverpool Telescope
data, respectively; and “Swift” is used for Swift UVOT data.
“Syn” indicates magnitudes synthesized from follow-up spectra,
as described in Section 2.7. These measurements are corrected
for Galactic extinction, and all magnitudes are presented in the
AB system. This Table is published in its entirity in a machine-
readable format in the online journal; a portion is shown here
for guidance regarding its form and content.

summit of Haleakala and at Mauna Loa Observatory to moni-
tor the entire sky visible from Hawaii every few days. During
normal operations, each telescope obtains four 30-second ex-
posures of 200-250 target fields per night, allowing the two
telescopes to cover roughly a quarter of the visible sky each
night. The four observations of a given field are typically ob-
tained within less than an hour of each other. ATLAS uses
two broad filters for its survey operations, with the ‘cyan’ fil-
ter (c) covering 420-650 nm and the ‘orange’ filter (0) cov-
ering 560-820 nm (Tonry et al. 2018).

Every ATLAS image is processed by a fully automated
pipeline that performs flat fielding, astrometric calibration,
and photometric calibration. A low-noise reference image
of the host field was constructed by stacking multiple im-
ages taken under excellent conditions and this reference was
then subtracted from each science image of PS18kh in order
to isolate transient flux. We performed forced photometry
on the subtracted ATLAS images of PS18kh as described in
Tonry et al. (2018), and then combined the intra-night photo-
metric observations using a weighted average to get a single
flux measurement for each epoch of observation. The AT-
LAS o-band photometry and 3-sigma limits are presented in
Table 3 and are shown in Figure 1. We do not present the
¢ photometry as there were few ¢ observations during this
period due to weather and the design of the ATLAS survey.
Because of this, PS18kh was only detected in two c-band
epochs.
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Table 4. Swift XRT photometry of PS18kh

MIJD Range Unabsorbed Flux ~ Uncertainty
58204 —58221 3.44 x 10714 1.21 x 10714
58223 -58240 3.16 x 10714 1.21 x 10714
58242-58267 < 2.88x 10714 —

NOTE—X-ray fluxes measured from merged observa-
tions from the Swift XRT. The first column gives
the date range in MJD of the observations combined
for each merged observation. Fluxes are given in

ergs cm™2 s~!. No X-ray emission was detected in

the third merged observation, and the corresponding
row gives a 3-sigma upper limit on the flux.

2.5. Swift Observations

After PS18kh was classified as a TDE candidate, we were
awarded 20 epochs of Swift TOO observations of PS18kh
between 2018 March 27 and 2018 May 29, after which it
became Sun-constrained. The UVOT observations were ob-
tained in the V (5468 A), B (4392 A), U (3465 A), UVW1
(2600 A), UVM2 (2246 A), and UVW2 (1928 A) filters
(Poole et al. 2008) for all epochs. As each epoch contained 2
observations in each filter, we first combined the two images
in each filter using the HEAsoft software task uvot imsum,
and then extracted counts from the combined images ina 50
radius region using the software task uvotsource, with a
sky region of ~ 40!0 radius used to estimate and subtract
the sky background. The UVOT count rates were converted
into magnitudes and fluxes based on the most recent UVOT
calibration (Poole et al. 2008; Breeveld et al. 2010).

We corrected the UVOT magnitudes for Galactic extinc-
tion assuming a Cardelli et al. (1989) extinction law. Using
the synthetic 5”0 host fluxes calculated from the FAST fits,
we then subtracted the host flux from each UVOT observa-
tion to isolate the transient flux in each band. To enable di-
rect comparison to ASAS-SN magnitudes and other ground-
based follow-up photometry, we converted the UVOT B- and
V-band data to Johnson B and V magnitudes using pub-
licly available color corrections®. The host-subtracted Swift
UVOT photometry and 3-sigma limits are presented in Table
3 and are shown in Figure 1.

PS18kh was also observed using the Swift XRT. All ob-
servations were taken in photon counting mode, and were
reprocessed from level one XRT data using the Swift XRT-
PIPELINE version 0.13.2. As suggested in the Swift XRT
data reduction guide*, standard filters and screening were ap-

3 https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/uvot_
caldb_coltrans_02b.pdf
4 https://swift.gsfc.nasa.gov/analysis/xrt_swguide_v1_2.pdf

plied, along with the most up-to-date calibration files. We
used a source region centered on the position of PS18kh with
a radius of 30", and a source free background region cen-
tered at (o, 0) =(07:57:07.71, +34:20:59.97) with a radius of
150”0. All extracted count rates were corrected for the en-
circled energy fraction (a 307’0 source radius contains only
~90% of the counts from a source at 1.5 keV; Moretti et al.
2004).

To increase the signal-to-noise of our observations, we
combined the individual XRT observations using XSELECT
version 2.4d. We combined our observations into three time-
bins spanning the full Swift observing campaign and merged
all observations together to extract an X-ray spectrum with
the highest signal-to-noise possible. From these merged ob-
servations, we used the task XRTPRODUCTS to extract
both source and background spectra. Ancillary response
files were derived using XRTMKARF and merged exposure
maps were created from the individual observations using
XIMAGE version 4.5.1. We took advantage of the ready-
made response matrix files (RMFs), which are obtained from
the most up-to-date Swift CALDB. The XRT fluxes and 3-
sigma upper limits measured from the merged observations
are given in Table 4.

The spectral data were analyzed using the X-ray spectral
fitting package (XSPEC) version 12.9.1 and ? statistics.
Each spectrum was grouped using FTOOLS command grp-
pha to have a minimum of 10 counts per energy bin. Due
to the faintness of the X-ray emission from this source, the
signal-to-noise of the resulting spectrum is quite low. As
such, the spectrum is insufficient to constrain the column
density (Ny) and so we fixed it to Ny = 4.42 x 10?0 cm2,
which is the Galactic HI column density in the direction of
PS18kh (Kalberla et al. 2005).

2.6. Other Photometric Observations

In addition to the survey data and Swift observations, we
also obtained photometric observations from multiple ground
observatories. BV gri observations were obtained from the
2-m Liverpool Telescope (Steele et al. 2004) and from the
24-inch Post Observatory robotic telescopes located in May-
hill, New Mexico, and Sierra Remote Observatory in Califor-
nia. Additional u-band data were obtained with MegaCam
(Boulade et al. 1998) on the Canada-France-Hawaii Tele-
scope (CFHT). After flat-field corrections were applied to
these follow-up data, we measured 5!'0 aperture magnitudes
using the IRAF apphot package, with the magnitudes cali-
brated using several stars in the field with well-defined mag-
nitudes in SDSS DR14. B and V reference star magnitudes
were calculated from the SDSS ugriz magnitudes using the
corrections from Lupton (2005).

As was done with the Swift UVOT magnitudes, after cal-
culating the 5”0 aperture fluxes in each image, we corrected
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Figure 1. Host-subtracted UV and optical light curves of PS18kh spanning roughly 2 months before and 2.5 months after peak brightness
(MJD=58195.1, measured from the ASAS-SN g light curve; see Section 3.1). Pan-STARRS1 (griz), ASAS-SN (gV), and ATLAS (o) survey
data are shown as stars, circles, and diamonds, respectively; follow-up Swift UVOT data are shown as squares; and follow-up ground data from
LT (BV gri), Post Observatory (BV gri), and CFHT (u) are shown as triangles, pentagons, and right-facing triangles, respectively. Photometry
synthesized from spectra are shown as open circles. 3-sigma upper limits are indicated with downward arrows. Error bars in time are used
to denote the date range of observations that have been combined to obtain a single measurement. Swift B and V data have been converted to
Johnson B and V magnitudes to enable direct comparison with ground-based follow-up data. The blue vertical bar on the X-axis shows the
epoch of discovery, and the black bars show epochs of spectroscopic follow-up. All data have been corrected for Galactic extinction and are
presented in the AB system.
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for Galactic extinction and subtracted the host flux using the
synthetic host magnitudes calculated from the FAST fits. The
host-subtracted ground-based follow-up photometry are pre-
sented in Table 3 and are shown in Figure 1.

2.7. Spectroscopic Observations

After classifying PS18kh as a TDE candidate, we began a
program of spectroscopic follow-up to complement our pho-
tometric follow-up. The telescopes and instruments used to
obtain follow-up spectra as part of this campaign included
SNIFS on the University of Hawaii 88-inch telescope, the
Inamori-Magellan Areal Camera and Spectrograph (IMACS;
Dressler et al. 2011) on the 6.5-m Magellan-Baade telescope,
the Gemini Multi-Object Spectrograph (GMOS; Hook et al.
2004) on the 8.2-m Gemini North telescope, the SPectro-
graph for the Rapid Acquisition of Transients (SPRAT) on
the Liverpool Telescope, the Low-Resolution Imaging Spec-
trometer (LRIS; Oke et al. 1995) on the Keck I 10-m tele-
scope, and the Multi-Object Double Spectrographs (MODS;
Pogge et al. 2010) mounted on the dual 8.4-m Large Binocu-
lar Telescope (LBT).

We reduced and calibrated the majority of the spectra using
IRAF following standard procedures, including bias subtrac-
tion, flat-fielding, 1-D spectral extraction, and wavelength
calibration by comparison to an arc lamp. The MODS spectra
were reduced using the MODS spectroscopic pipeline’. The
observations were flux calibrated with spectroscopic standard
star spectra obtained on the same nights as the science spec-
tra. In some cases, we also performed telluric corrections
using the standard star spectra, and in other cases we masked
prominent telluric features. In order to increase the signal-to-
noise of later observations from SNIFS, spectra taken within
2 -3 days of each other were co-added, with each spectrum
weighted by its uncertainty. Details of all spectra obtained
for PS18kh are presented in Table 7.

We futher calibrated the spectra using the photometric
measurements. We extracted synthetic photometric magni-
tudes for each filter that was completely contained in the
wavelength range covered by the spectrum and for which we
could either interpolate the photometric light curves or ex-
trapolate them by 1 hour or less. We fit a line to the differ-
ence between the observed and synthetic flux as a function
of central wavelength and scaled each spectrum by this fit.
We corrected the observed spectra for Galactic reddening us-
ing a Milky Way extinction curve and assuming Ry = 3.1 and
Ay =0.128 (Schlafly & Finkbeiner 2011).

The spectroscopic evolution of PS18kh is shown in Fig-
ure 2. For cases where multiple observations were obtained
on a given night, only one spectrum is shown. The SNIFS
spectra labelled “2018/05/12” and ‘“2018/05/19” are coad-

5 http://www.astronomy.ohio-state.edu/MODS/Software/modsIDL/

ded spectra combining data from 2018 May 11—-12 and 2018
May 17-19, respectively. The SNIFS dichroic split falls very
close to the Hf line, and some of the SNIFS spectra (2018
March 7, March 18, March 30, March 31, April 27, May 12,
and May 19) show residual noise around Hf as a result.

After calibrating the spectra, we synthesized photomet-
ric magnitudes from each follow-up spectrum for each fil-
ter that was completely contained in the wavelength range
covered by the spectrum. These magnitudes were corrected
for Galactic extinction and host fluxes were subtracted us-
ing the synthetic and measured host 5!'0 magnitudes, as was
done with the Swift and ground follow-up data. The host-
subtracted synthetic photometry are presented in Table 3 and
are shown in Figure 1.

3. ANALYSIS
3.1. Position, Redshift, and tp,q; Measurements

We used the discovery i-band image obtained by Pan-
STARRS1 on 2018 March 02 and the corresponding Pan-
STARRS1 i-band reference image to measure an accurate
position of the transient. We first measured the centroid po-
sition of the transient in the host-subtracted discovery image
and the centroid position of the host galaxy nucleus in the ref-
erence image using the IRAF task imcentroid, then calcu-
lated the offset between the two positions. From this method,
we obtain a position of RA=07:56:54.53, Dec=+434:15:43.58
for PS18kh. We calculate an offset of 0.28 £0.29 arcseconds
from the host nucleus, corresponding to a physical projected
distance of 0.45 £0.48 kpc at the distance of the host.

We initially obtained a redshift of the transient using a
Gaussian fit to the Ha emission line in the Magellan IMACS
spectrum obtained on 2018 March 25, as this spectrum had
both high S/N and was obtained before the double-peaked
feature started to appear in the emission lines. This prelim-
inary redshift was z = 0.074, but this was uncertain due to
being measured from such a broad feature. We were later
able to refine this measurement using Ca Il H & K lines from
the host galaxy that are visible in the LBT MODS spectrum
obtained on 2018 May 21. From these narrow features, we
obtain a redshift of z =0.071, corresponding to a distance of
d =322.4 Mpc.

To estimate the time of peak light, we fit a parabolic func-
tion to the ASAS-SN g and ATLAS o light curves near peak.
In order to estimate the uncertainty on the peak dates, we
used a procedure similar to the one used to estimate the
uncertainties on the host galaxy parameters: we generated
10000 realizations of the g and o light curves near peak,
with each magnitude perturbed by their respective uncertain-
ties and assuming Gaussian errors. We then fit a parabola
to each of these light curves and calculated the 68% confi-
dence interval and median 7.4 values. For g-band, we ob-
tain g peqr = 58195.17°0% and my eqr = 17.4, while for o-band
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Figure 3. Evolution of the blackbody SED fit to the Swift data,
with rest-frame phase relative to peak light shown in the legend.
Data from the individual Swift filters are shown for each epoch in
matching colors. For ease of visibility, only every other epoch is
shown in the figure.

we obtain 7, peqr = 58198.5%9-2 and m, peqr = 17.6. This dis-
crepancy between filters is not unexpected, as PS18kh was
becoming redder in optical filters, which will result in later
peak dates in redder filters. We adopt the median g-band
peak of #, pear = 58195.1, corresponding to 2018 March 18.1,
when discussing data with respect to peak time throughout
the manuscript.

3.2. Light Curve Analysis and SED Fits

The ASAS-SN and ATLAS survey data make PS18kh one
of the few TDE candidates with a well-sampled rising light
curve. PS18kh brightened by roughly 2.1 magnitudes over 40
days in g-band, reaching a peak of m, peqr = 17.3. It bright-
ened by a similar amount in the ATLAS o-band over the same
time frame, but the rise is less dramatic in redder filters such
as i and z. After peak, PS18kh faded gradually in all optical
filters redder than U, but was still brighter than the magni-
tude of first detection in g-band in the observations obtained
78 days after peak. At i-band, in contrast, the transient was
fainter in later data than it was in the discovery epoch, and
in some cases was consistent with the measured host magni-
tude. In the Swift UV+U bands, the flux plateaus, or begins to
re-brighten ~ 50 days after peak, with the effect being more
pronounced in bluer filters.

To better quantify the physical parameters of the system,
we modeled the UV and optical SED of PS18kh for epochs
where Swift data were available as a blackbody using Markov
Chain Monte Carlo methods, as was done for the previous
ASAS-SN TDE:s (e.g., Holoien et al. 2014, 2016b,a; Brown
etal. 2016, 2017; Holoien et al. 2018). So as not to overly in-
fluence the fits, we performed the blackbody fits using a flat
prior of 10000 K < T < 55000 K in all epochs. As can be

!
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Figure 4. Temperature evolution of PS18kh from blackbody fits to
the UV/optical Swift SED. All fits were made with a flat prior of
4.00 <logT < 4.74.

seen in Figure 3, which shows the best-fit blackbody SED at
various epochs compared to the Swift photometry, the black-
body fits provide good fits to the data. The resulting temper-
ature evolution in rest-frame days relative to peak is shown
in Figure 4, with time corrected to rest-frame days relative to
peak.

The blackbody fits indicate that for the first ~ 45 days af-
ter peak, the temperature of PS18kh held relatively constant
around 7 ~ 14000 K. This temperature and flat evolution is
not uncommon for TDEs (e.g., Holoien et al. 2014, 2016b;
Brown et al. 2016, 2017; Holoien et al. 2018). However,
after the UV flux began to rise, the transient became hot-
ter, with the temperature increasing to 7 ~ 25000 K over
the following 3 weeks. This temperature is similar to that
of other TDEs, but the rising behavior seen ~ 50 days af-
ter peak is unusual. Unfortunately, it is unclear whether the
temperature continued to increase further, as PS18kh became
Sun-constrained for Swift not long after the source began to
rebrighten in the UV.

For those epochs with Swift data, we also estimated the
bolometric luminosity of PS18kh from the blackbody fits.
In order to better take advantage of the high-cadence light
curve, we used the epochs with Swift blackbody fits to calcu-
late bolometric corrections to the g-band data taken within 1
day of the Swift observations, or to g-band magnitudes inter-
polated between the previous and next g-band observations if
there was no observation within 1 day of the Swift observa-
tion. We then used these bolometric corrections to estimate
the bolometric luminosity of PS18kh from the g-band data
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for epochs when we did not have Swift data, linearly inter-
polating the bolometric corrections for each g-band epoch.
For epochs prior to our first Swift observation, we used the
bolometric correction from the first Swift SED fit. We do not
correct the data taken after the last Swift observation, as the g-
band continued to decline while the UV was re-brightening,
and we do not want to extrapolate a rising or falling behavior
beyond what our SED fits can tell us. The luminosity evo-
lution calculated from the Swift SED fits and estimated from
the g-band light curve is shown in Figure 5.

As suggested by the Swift light curves, while the luminos-
ity initially drops after peak, it begins to rise again ~ 50 (rest-
frame) days after peak. As we did with previous TDEs, we
fit the initial fading light curve (0 < ¢ < 50 days) with an
exponential profile L = Lye ™0/ a L = Ly(t —t)™5/? power-
law profile, and a power law where the power-law index is fit
freely, L o< (t—1tp)~“. Our best fit parameters for each model
are as follows: for the exponential profile we obtain Ly =
1040 ergs s, 1y = 58163.3, and 7 = 49.8 days; for the /3
power law we obtain Ly = 10*7 ergs s™' and #, = 58142.0;
and for the free power law we obtain Ly = 10%4 ergs s7!,
to=58190.9, and o = 0.60. We find that both power laws pro-
vide better fits than the exponential profile, with x? = 31.0,
x2 =43.4, and x2 = 57.2, for the free power law, the /3
power law, and the exponential fit, respectively. All three fits
are shown in Figure 5.

As can be seen in the Figure and from the x? value of the
fit, the r5/3 profile is not a particularly good fit to the data,
as the luminosity initially declines at a steeper rate, and then
levels off sooner than such a profile would predict. How-
ever, it is expected that there should be some deviation from
this profile near peak, as the luminosity is not expected to
track the fallback rate until later in the flare, and the initial
steeper decline after peak could be due to inefficient circular-
ization of the stellar debris (e.g., Dai et al. 2015; Guillochon
& Ramirez-Ruiz 2015). The best-fit %% power law profile
is closest to the 1>/12 power law expected for disk-dominated
emission (e.g., Lodato & Rossi 2011; Auchettl et al. 2017),
though the flare is not expected to exhibit this decline rate
until later times after peak. It is clear that the luminosity
evolution of PS18kh is more complicated than the simple
17573 rate that would be observed if the luminosity tracked the
mass fallback rate, as predicted in Rees (1988) and Phinney
(1989), and it is not a good match to any individual theory,
implying that multiple physical processes may be contribut-
ing to the observed luminosity.

Figure 5 also shows the X-ray luminosity calculated from
the binned Swift XRT observations. While there is weak X-
ray emission detected in the two earlier time bins, we do not
detect any X-ray emission at later times, and the detected
X-ray luminosity is 2 or more orders of magnitude weaker
than the UV/optical emission in all epochs. The X-ray de-
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Figure 5. Luminosity evolution of PS18kh from blackbody fits to
the UV/optical Swift SED (red squares) and estimated from the g-
band light curve after applying bolometric corrections based on the
Swift fits (black circles). The dotted, dashed, and dash-dotted lines
show exponential, r>/* power-law, and best-fit power-law fits to
the early fading luminosity curve, respectively. The blue diamonds
show the Swift XRT luminosity evolution, multiplied by a factor of
10 to improve readability. Downward arrows indicate upper lim-
its, and X-axis error bars indicate date ranges of data combined to
obtain a single measurement.

tections are below the archival limit from ROSAT, and we
cannot definitively determine whether it is associated with
the host or the transient based on the measured flux. Similar
to what was seen with ASASSN-150i and ASASSN-141i at
early times (Holoien et al. 2016b,a), the X-ray emission does
not show strong evolution during the period of observation.

Modeling the X-ray spectrum obtained by combining all
the XRT data, we find that the X-ray emission favors an ab-
sorbed power-law spectrum with a photon index of I'=341.
We also tested an absorbed blackbody model, but find that
this produces a significantly worse fit (reduced x? ~ 2) com-
pared to the simple powerlaw (x? ~ 1). Auchettl et al. (2017,
2018) showed that the X-ray emission of a non-jetted TDE
can be well described by photon indices larger than ~ 3,
which is consistent with that obtained for PS18kh. These
values are much softer than seen for AGN, which have pho-
ton indexes ~ 1.75 (e.g., Auchettl et al. 2017), suggesting
that the emission we see arises from the TDE, rather than an
underlying AGN.

Integrating over the entire rest-frame bolometric light
curve calculated from the g-band data and the Swift black-
body fits gives a total radiated energy of E = (3.46 +0.22) x
10°° ergs, with (1.4240.20) x 10% ergs being released dur-
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ing the rise to peak. This shows that a significant fraction
of energy radiated from TDEs can be emitting during the
rise to peak, and highlights the need for early detection.
The total radiated energy corresponds to an accreted mass
of My ~ 0.0027," Mg, where the accretion efficiency is
n =0.1n91. As with other TDEs, a negligible fraction of
the bound stellar material appears to actually accrete onto
the black hole, or the material is accreting with a very low
radiative efficiency.

3.3. Spectroscopic Analysis

The dominant spectral features of PS18kh are a strong blue
continuum and broad hydrogen emission lines, similar to the
features that have been seen in most TDEs discovered at op-
tical wavelengths (e.g., Arcavi et al. 2014). PS18kh falls
into the “hydrogen-rich” group of TDEs, with strong Balmer
lines, particularly Hoa and HS, visible in most epochs, but
with weak or absent helium emission features. There is some
suggestion of emission that is consistent with He I 5875A at
the redshift of PS18kh, but the He I 4686A line seen in many
TDE:s is notably absent.

Our earliest spectroscopic follow-up was obtained prior to
or within a few days of the g-band peak, and some interesting
trends can be seen in the spectra. In particular, the spectral
slope becomes steeper near peak before beginning to slowly
flatten again over the course of our observations, which is un-
surprising given that the TDE was optically brightest at peak.
The emission lines become stronger as time progresses, and
only become clearly visible shortly after peak light. Unfortu-
nately our first spectrum, the classification spectrum obtained
on 2018 March 7, was taken through clouds, making it diffi-
cult to determine whether there were emission lines prior to
peak. As was seen with the optical photometry, there is little
evidence of the UV re-brightening in the optical spectra—the
continuum level remains relatively flat, and the lines show no
significant evolution.

The spectra of PS18kh differ from the majority of other
TDEs in one respect: the Hey, and in some cases Hf, lines
show evidence of an evolving, boxy shape that becomes more
prominent over time, and in some later epochs there is a sug-
gestion of double peaks in the Ha profile. A similar double-
peaked Ha profile was seen in the TDE PTF09djl, though in
that case, the peaks showed a much larger separation (Arcavi
et al. 2014; Liu et al. 2017a).

The possibility that TDEs could lead to the formation of
line-emitting (elliptical) disks was discussed by Eracleous
et al. (1995) and Guillochon et al. (2014). In the cases of
two recent TDEs, PTF09djl and ASASSN-14li, an elliptical
disk model has been used to fit the emission line profiles and
model the properties of the accretion disk (Liu et al. 2017a;
Cao et al. 2018). Here we use similar models to infer the

properties of the accretion disk, and potentially the stellar
debris, of PS18kh.

We consider models for the profiles of the broad Ha emis-
sion lines that attribute the emission to gas in a relativistic
keplerian disk. We were motivated by the success of such
models in describing the Balmer line profiles of active galax-
ies and quasars in general (e.g., Popovic et al. 2004; Bon et al.
2009; La Mura et al. 2009; Storchi-Bergmann et al. 2017)
and recent theoretical scenarios that associate the broad-line
region with the accretion disk in quasars and active galaxies
(e.g., Elitzur et al. 2014), as well as the studies of PTF09djl
and ASASSN-14li mentioned above. An alternative family
of models, which we do not consider here, attribute the emis-
sion lines to spherically expanding outflow (see Roth et al.
2016; Roth & Kasen 2018). Those models employ more rig-
orous radiative transfer calculations than ours and incorpo-
rate electron scattering (our models adopt the Sobolev ap-
prximation for radiative transfer in an accelerating medium).
They can also produce asymmetric line profiles in the early
stages of the evolution of the event with asymmetries result-
ing from radiative transfer effects. In contrast, in our models
the asymmetries result from relativistic effects. In fact, an
interpretation of the Balmer line profiles of PS18kh in terms
of an outflow model is discussed in a recent paper by Hung
et al. (2019). The blueshifted broad absorption lines (BALs)
found by Hung et al. (2019) in the UV spectra of PS18kh can
be explained by both their model and ours, since the mod-
els are qualitatively similar: they invoke accretion-powered
outflows (our models are based on the accretion-disk wind
calculations of Murray et al. 1995). The models do differ,
however, in the exact geometry and velocity field of the out-
flow, the layers taken to emit the Balmer lines (we attribute
the Balmer lines to the base of the outflow, i.e. the accretion
disk atmosphere), and methods they used to treat radiative
transfer.

The model line profiles are obtained in the observer’s
frame by adopting the formalism detailed in Chen et al.
(1989), Chen & Halpern (1989), Eracleous et al. (1995), and
Flohic et al. (2012) by computing the integral

£ / di / Cd LE o) DEDTER) ()

over the surface of the disk. The functions in the integrand
are expressed in polar coordinates in the frame of the disk
where ¢ is the azimuthal angle in the plane of the disk, & =
r/rg is the dimensionless radial coordinate, r, = GM, /c? is
the gravitational radius, and M, is the mass of the black hole.
The axis of the disk makes an angle i with the line of sight to
the observer (the “inclination” angle) and the line-emitting
portion of the disk is enclosed between radii &7, and €54,
(see Fig. 1 of Chen et al. 1989).

The functions D and ¥ describe the gravitational and trans-
verse redshifts and light bending, respectively, in the weak-
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Figure 6. Illustrations of the relative surface brightness distributions of some of the disk models used in this work. The shading is logarithmic
with darker shades indicating higher intensities. See §3.3 for details of the models, their adjustable parameters, and other conventions. Left
Panel: Disk+wind model for the 2018 March 25 profile. The non-axisymmetric pattern is a result of the anisotropic escape probability of line
photons caused by the non-negligible optical depth at the base of the wind. The lowest emissivity values are of order 107 of the maximum but
they are not plotted here so that the overal pattern can be displayed more clearly. Middle Panel: A disk spanning radii 80-1500 r, with a spiral
arm, used to model the profiles after 2018 April 11. The arm extends up to 350 rg, it has a pitch angle of p = 10°, and its azimuth at the inner
disk is @i = 10°. The brightness of the arm is five times that of the underlying disk at all radii. The arm is superposed on an axisymmetric
emissivity of the form r~'. Right Panel: An elliptical disk model for the 2018 April 1 profile. The disk spans a range of pericenter distances of
601400 r, and has an emissivity of the form ¢ oc 7', The eccentricity increases linearly with pericienter distance from 0 to 0.25. The dotted
line marks the semi-major axis, which makes an angle of ¢y = 15° with the line of sight.

field approximation. The function /,, represents the apparent
emissivity of the disk and includes terms that account for the
intrinsic brightness distribution of the disk, the (potentially
anisotropic) escape probability of line photons in the direc-
tion of the observer, and local line broadening (see equation 2
of Flohic et al. 2012, and the associated discussion). The lo-
cal profile of the line is assumed to be a Gaussian of standard
deviation o that includes contributions from local turbulence,
electron scattering, and blurring resulting from the finite cells
used in the numerical integration. The intrinsic brightness
profile of the disk is parameterized by a power-law of the
form £7¢ where g takes values between 1 and 3, inspired
by the results of photoionization calculations by Dumont &
Collin-Souffrin (1990a,b). This axisymmetric emissivity pat-
tern can be perturbed either by making the disk elliptical or
by superposing a logarithmic spiral, as we explain below.

At early times, the observed profile of the Ha line in
PS18kh appears bell-shaped and somewhat asymmetric with
an extended red wing. At late times, the profile evolves to a
flat-topped or, sometimes, double-peaked shape. It maintains
its red wing and it sometimes shows a blue shoulder. We in-
terpret this sequence of line profiles as indicating a progres-
sive decline in the optical depth of the line emitting region
of the disk. This interpretation is based on the behavior of
the theoretical line profiles with optical depth and on the ex-
pected evolution of the accretion rate through the disk and
onto the black hole. At early times the high accretion rate is
likely to lead to the emission of a wind from the surface of

the accretion disk, consisting of stellar debris from the dis-
ruption, whose dense base layers will provide a substantial
optical depth to the line photons. As the accretion rate drops
and the debris moves outward from the black hole, the den-
sity of the wind and the optical depth of the surface layers
of the disk decline accordingly. We also note that the blue
shoulder in the observed late-time Ha profiles cannot be re-
produced by a model of an axisymmetric disk. Therefore, we
postulate that a non-axisymmetric perturbation is present and
we explore whether an elliptical disk or a disk with a spiral
arm can describe this perturbation successfully.

The spectra obtained prior to 2018 March 25 show a weak
Ha emission line, suggesting that the optical depth of the
material surrounding the accretion disk is too large to obtain
a model fit to the data. To represent the observed early-time
Ha profiles (those between 2018 March 25 and 2018 April 1)
we adopt the wind model discussed by Murray et al. (1995,
see also Flohic et al. 2012, Chiang & Murray 1996, Murray &
Chiang 1997, and Chajet & Hall 2013). In these models, the
apparent brightness profile of the disk is non-axisymmetric,
as shown, for example, in Figure 4 of Flohic et al. (2012),
because of the large optical depth and anisotropic escape
probability of photons through the emission layer. The re-
sulting line profiles have round or somewhat flat tops and an
extended red wing because of relativistic effects (see exam-
ples in Fig. 5 of Flohic et al. 2012). The free parameters of
the model are the inner and outer radii of the line-emitting
portion of the disk, fg;sk and 53;‘;,(, the local line width, o
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Table 5. Fixed Model Parameters

Parameter Value

Underlying Disk

i 26°
o 800 km s~
Wind

15°

0

Spiral Arm

A 5
Pin 10°
p 10°
w 80°

NoTE—Fixed parameters for the

disk+wind+spiral arm model, as de-
fined in §3.3 of the text. The values listed
in this table to not change with time. The
parameters that do change with time are
given in Table 6.

(in km s71), the emissivity power-law index, g, the disk in-
clination angle, i, the angle of the wind streamlines relative
to the plane of the disk, A (see Fig. 1 of Murray & Chiang
1997), and the normalization of the position-dependent opti-
cal depth pattern, given in terms of 7, the optical depth in the
direction of the observer at a fiducial position in the disk of
&)= (g 007

For a circular disk with an axisymmetric emissivity pat-
tern, the line profile has a net redshift and a red wing
that is more pronounced than the blue wing because of a
combination of gravitational and transverse redshifts. If
gqu /& <10, there are two well-separated peaks and the
blue peak is stronger than the red peak because of Doppler
boosting. As this ratio increases, the two peaks get closer
together, eventually blending to form a profile with a flat or
round top. If the emitting layer of the disk is accelerating
to form a wind, radiative transfer effects make the apparent
emissivity non-axisymmetric, as illustrated in the left panel
of Figure 6. The emissivity is enhanced at low projected
velocities and depressed at high projected velocities, which
enhances the core and depresses the two peaks of the profile,
making it flat- or round-topped.

To fit the profiles at late times, we tried two different mod-
els, an elliptical disk (see Eracleous et al. 1995), and a cir-
cular disk with a single spiral arm (see Gilbert et al. 1999;

6 In the current implementation of this model we do not allow the opti-
cal depth normalization to vary with radius; in the notation of Flohic et al.
(2012) we set n = 0.

7 The speed of the wind is not a parameter of the model since the optical
depth depends on the velocity gradient rather than the velocity itself.

Storchi-Bergmann et al. 2003). Figure 6 shows illustrations
of these models, which are described in more detail below.

Disk With Spiral Arm: The axisymmetric emissivity of a cir-
cular disk is perturbed by a logarithmic spiral, as de-
scribed in equation (2) of Storchi-Bergmann et al.
(2003). In addition to the five free parameters that de-
scribe a circular disk, there are five free parameters that
describe the spiral pattern: the pitch angle, width, and
azimuth of the spiral arm at the inner disk, p, w, and
win, respectively, its brightness contrast relative to the
underlying axisymmetric disk, A, and its outer radius,

epiral- We take its inner radius to be the same as the in-
ner radius of the line emitting portion of the disk, i.e.,
o irat = Eigr- The disk may also emit a wind of mod-
est optical depth that modifies the line profiles because
of radiative transfer effects, as discussed earlier in this

section.

Elliptical Disk: The disk streamlines are nested ellipses with
aligned semi-major axes whose eccentricity increases
linearly with distance from the center (from O to a max-
imum value of e). The emitting gas is optically thin to
the line photons. There are two more free parameters
in addition to those of an axxisymmetric circular disk
(without a wind), the outer eccentricity and orientation
of the semi-major axis relative to the observer, e and
wo. A model of this type was considered by Guillo-
chon et al. (2014) in their discussion of the evolution
of the tidal disruption event PS1-10jh and applied to
PTF09djl and ASASSN-14li by Liu et al. (2017a) and
Cao et al. (2018). Moreover, a structure resembling an
elliptical disk is discernible in the simulations of Sh-
iokawa et al. (2015) that follow the evolution of the
post-disruption debris to late times.

Introducing non-axisymmetric perturbations, such as a spi-
ral arm or eccentric orbits, enhances the disk emissivity at
specific projected velocities. Thus the asymmetries present in
axisymmetric disk models can be changed (e.g., reversed or
eliminated) or the two peaks can become less pronounced be-
cause the valley between them is filled in. In the case of a spi-
ral arm, the profile modifications are determined largely by
the shape, orientation, and contrast of the spiral arm. In the
case of an eccentric disk of the type employed in this work,
the modifications of the line profile are controlled largely by
the combination of eccentricity and orientation of the major
axis.

While a complete exploration of the model parameter
space is beyond the scope of this work, we carried out a
limited, qualitative exploration where the goodness of all
fits was assessed by eye. We focused our attention on disks
with low inclination (i.e., closer to face-on) so as to obtain
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Figure 7. Evolution of the Ha profile of PS18kh. A linear estimate of the continuum emission was subtracted from each epoch and the date
of each spectrum is shown in the upper-left corner of each panel. The cyan lines show disk+wind model fits to the spectra taken between 2018
March 25 and 2018 April 1, the magenta lines show elliptical disk model fits to the 2018 April 1 and later spectra, and the red lines show
disk+spiral arm model fits to the 2018 April 1 and later spectra. The models shown in all epochs after 2018 April 1 are the same models, which
have been scaled by a factor of 1.15—1.8 to fit the line profiles. All models shown are described in Section 3.3. The spectra from 2018 April 1
and 2018 May 10 have prominent telluric water vapor absorption bands in the red wing of the line (6700-6800 A) that have not been corrected.
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fits with models that have small disk radii. We took this
approach in order to reduce the angular momentum of the
debris in the disk so that it does not exceed the initial an-
gular momentum of the approaching star; we discuss this
issue in detail in Section 3.4. We note that in models of
line profiles from a non-relativistic disk, the line profiles
are symmetric and their widths depend on the combination
M,/ R)l/ 2gini oc 5‘1/ Zsini, making the inclination angle and
disk radius degenerate. Once special and general relativistic
effects are included, the line profiles become progressively
more asymmetric and redshifted as & decrases, and the de-
generacy between i and £ is broken. In the models that we
explore here, we look for the minimum inclination angle that
can reproduce the shape/asymmetry of the line profiles.

In practice, we first fitted the 2018 March 25 spectrum
with a wind model (including a spiral arm) and then adjusted
the optical depth and disk radii to reproduce the March 30,
March 31, and April 1 spectra. We found that the minimum
inclination angle for which the model can match the red wing
of the Ha profile well and the blue wing approximately is
26°. At smaller inclination angles the model profiles are too
asymmetric to fit the data well. We then fitted the 2018 April
25 spectrum with a disk and spiral model and an elliptical
disk model of the same inclinaiton and compared that model
with the other observed spectra obtained after 2018 April 1 to
check whether they could adequately describe those spectra
as well. We estimated the uncertainties in the model parame-
ters by perturbing them about their best-fit values and adjust-
ing the other parameters to get a good fit until no good fit was
possible. Thus, we found that the inner disk radius can be de-
termined to 320 r,, the outer radius to 200 7, the emissiv-
ity power law index to 0.2 and the broadening parameter to
4300 km s~'. The wind optical depth could be determined to
a factor of 3 while the wind opening angle was held fixed at
15° based on the physical considerations discussed in Murray
& Chiang (1997). The orientation of the spiral pattern could
be determined to £5°, its pitch angle to +10°, its angular
width to £20°, its outer radius to =200 r,, and its contrast
to +2. The eccentricity of the elliptical disk could be deter-
mined to £0.2 and the orientation of its major axis to +=10°.
The best-fit parameters for the disk+wind+spiral arm mod-
els are given in Tables 5 and 6. The former table gives the
values of the model parameters that wer held fixed while the
latter gives tha values of the parameters that were allowed
vary with time in order to reproduce the evolution of the line
profiles.

Figure 7 shows the evolution of the Ha emission line and
the model fits for each epoch after the line emerges. As de-
scribed above, the profiles between 2018 March 25 and 2018
April 1 are well-fit by a disk+wind model, shown with a cyan
line in the Figure. As the optical depth of the wind drops, the
emission from the underlying disk becomes apparent. We

Table 6. Variable Parameters for Circular Disk Mod-

els
Date (&N, 0) Eaisk Espiral 4
3/25 >3.0 50-1600 ... 1.8
3/30 >3.0 50-1600 . 1.5
3/31 0.9 50-1600 .. 1.3
4/01 0.3 50-1600 1.2

4/11 and later 0.1 80-1500 80-350 1.0

NOTE—Parameters for the disk+wind-+spiral model used to
model the Ha emission line profile that change with time.
All optical depths are in the inner disk the direction of the
observer, i.e., at £ = SZ}S,( and ¢ = 0. Radii are the outer
radius of the disk and the outer radius of the spiral arm in
the disk (the inner radius of the disk and the spiral arm are
fixed). The parameter ¢ is the index of the power law that
describes the axisymmetric portion of the disk emissivity.

show three fits to the 2018 April 1 spectrum, a disk+wind
model, an elliptical disk model (shown in magenta), and a
disk with spiral arm model (shown in red). The parameters of
the elliptical disk model are i =26°, £, = 60—1400 (pericen-
ter distances), e = 0.25, ¢y = 15°, g=1.4, and o = 800 km s~
(see illustration in Fig. 6).

All models can provide a reasonable fit to the top of the
2018 April 1 line profile and its red wing but none can re-
produce the blue wing very well. The same is true for the
models in most of the later epochs, although the blue wing
of the line becomes weaker in some epochs in late April and
early May and the models can approximate it better. The
model parameters that do not change with time are summa-
rized in Table 5 while the parameters that vary with time are
in Table 6. Each of the later epochs has been fit with the same
models, with the only difference between epochs being a flux
scaling factor ranging from 1.15—1.8. The flux scaling factor
increases with time until 15 May 2018 after which it begins
to fall again. The changing scaling factor and and varying
difference between the models and the blue wing of the line
profile, as well as small changes in the peak and wings of
the emission line from epoch-to-epoch, are likely a result of
short-term variability in the disk structure on spatial scales
too small to properly capture with the models used here.

Finally, we note that we also experimented with disk mod-
els with higher inclination angles, up to i = 60°. These mod-
els have correspondingly larger radii and the other parame-
ters have to be adjusted somewhat to obtain a good fit. For
example, the models with i = 60° have £;; ~ 500— 15,000
and T(&,,0) of order a few. We do not favor such models
because they imply that the debris carries too much angular
momentum, as we discuss in detail in Section 3.4.

Taken as a whole, the evolution of the Ha profile in
PS18kh shows that as the TDE is brightening towards its
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Figure 8. Evolution of the Ha (red squares) and HS (blue cir-
cles) luminosities of PS18kh. Errorbars show 30% errors on the
line fluxes. The black line shows the Ha emission that would be
expected from case B recombination, given the H/3 emission.

peak, the disk is obscured by optically thick material, likely
debris from the disruption. Between 2018 March 25 and
2018 April 1, this material becomes progressively more op-
tically thin while the line-emitting portion of the disk grows
in size, and the emission lines are well-fit by a disk+wind
model. After 2018 April 1, the wind become feeble, the
emission from the disk is clearly seen, and the double-
peaked/boxy profile is well-fit by a disk with a spiral arm
model. The scale of the disk is similar to that seen in
PTF09ge and ASASSN-14li (Liu et al. 2017a; Cao et al.
2018), indicating that this is likely a common feature of
TDEs. The disk has non-axisymmetric perturbations that are
approximated by the spiral arm. Slight variation in the scal-
ing of the models to the line profiles after 2018 April 1 sug-
gests that the perturbations are changing with time.

We also measured the luminosities of the Hoa and Hf3 emis-
sion lines from our follow-up spectra for all epochs where the
lines were pronounced enough to measure the flux. In Fig-
ure 8§ we show the luminosity evolution of these two emis-
sion features from the spectra of PS18kh. As estimating
the true error on the line fluxes is difficult given their com-
plex shape, we assume 30% errors on the emission fluxes
calculated in each epoch. From the spectra taken at and
shortly after peak, we can see the Ha line becoming more
luminous and more pronounced, peaking at a luminosity of
Liio ~ 6 x 10*! ergs s™! roughly 20 rest-frame days after the
continuum peaks. After peaking, the Ha luminosity remains
relatively constant for the rest of the period of observations.

Similarly, though it is not measurable prior to peak, the Hj3
luminosity remains at roughly Ly ~ 1—-2 x 10" ergs s! in
all epochs where it is measurable. This roughly constant evo-
lution of the line luminosities differs from that of ASASSN-
141i, which showed declining line luminosities following dis-
covery (Holoien et al. 2016b; Brown et al. 2017).

Figure 8 also shows the Ha emission that would be ex-
pected given the measured H emission, assuming the emis-
sion is driven by case B recombination. The Ha/Hf ratio is
largely consistent with what would be expected from recom-
bination, within noise, similar to what was seen in ASASSN-
141i (Holoien et al. 2016b). This also indicates there is little
additional extinction from the host galaxy. The measured lu-
minosities for both lines are given in Table 8.

The excellent spectroscopic coverage of PS18kh before,
during, and after peak light may also allow us to trace the
evolution of the accretion state in the TDE. Few TDEs prior
to PS18kh have exhibited such a strong evolution in emis-
sion line profiles as we see here with H,,, and this evolution
may be due to changes in the accretion state. For example,
some theories predict that shortly after disruption, the accre-
tion in a TDE is expected to be super-Eddington, launching a
wind where strong optical reprocessing can occur (e.g., Roth
et al. 2016; Dai et al. 2018). The accretion rate is expected to
drop to roughly Eddington shortly after peak for a 105° M,
black hole, when the H,, line began to emerge, and later as
the accretion becomes sub-Eddington the wind is expected
to become optically thin, allowing the disk to be observed.
While there doesn’t seem to be significant evolution in the
H,, profile of PS18kh after it emerges, indicating this theo-
retical picture may not be exactly correct, there have been
few TDEs observed at such early times and even fewer that
are observed before the lines appear, indicating more objects
with similarly early spectra are needed to refine these models.

3.4. Angular Momentum of the Line-Emitting Gas

To further evaluate the plausibility of the models for the
Ha line profiles, we compare the angular momentum of the
line-emitting gas to the angular momentum of the star prior
to disruption. We assume that the star is on a parabolic or-
bit around the black hole with a pericenter distance equal to
the tidal disruption radius, 7y, and a pericenter speed vp(#;) =
(2GM, /r)"/?. The specific angular momentum of the star is,
then, j, = r,vp(r;) = (2GM4ry)'/%. If the post-disruption de-
bris conserves specific angular momentum and settles down
into a circular disk (or ring), the radius of that disk should
be rq = 2r;, which is two orders of magnitude smaller than
the disk radius inferred from fitting the line profiles (see il-
lustration below). Thus, in order to reconcile the size of the
line emitting disk with the dynamics of the debris we must
adopt a picture in which the line-emitting gas represents a
small fraction of the mass of the debris and as much larger
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specific angular momentum than the initial star. This implies
that angular momentum is transported very quickly, perhaps
with the help of shocks, (e.g., Shiokawa et al. 2015; Bonnerot
et al. 2016; Hayasaki et al. 2016), and redistributed so that a
small fraction of the mass of the debris ends up at a large dis-
tance from the center and emits lines. We assess this scenario
below by comparing the fotal angular momentum of the star
to that of the line-emitting disk.

The fotal angular momentum of the star at the tidal dis-
ruption radius, 7;, is J, = m, 17, vp(r;) , which we re-write as
Jo =m, (GM,/c)(2)V/?, where & = r,/r,. We use the ex-
pression for r, from Phinney (1989) and re-cast it in terms
of the average density of the star. We then take advantage
of the mass-radius relation for zero-age main-sequence stars
(r, o< m %7 for m, > 1.66 My; e.g., Demircan & Kahra-
man 1991) to relate the average density of the star to its
mass and obtain & = 7.1(K/0.7) M;2/3 (m,/Mg)"#7, where
M7; = M,/10” M. The parameter K is equivalent to the
combination (k/ £)'/¢ used by Phinney (1989) to parameter-
ize the structure of the star and takes values between 0.52
and 0.82. Substituting this expression for & into the equa-
tion for J, and carrying our some algebra we obtain J, =
3.3 10% (K/0.7)" (m./Mo) "2 M3 g em? 571,

To compute the angular momentum of the line-emitting
debris, J;, we assume that the debris is concentrated at the
outer boundary of the disk adopted in the models for the line
profiles. Using the same approach as for the angular mo-
mentum of the star, and assuming that the disk is generally
elliptical, we write J; = my (GM, /c) [Es;‘s’k(l +e)] 1/ 2, where
my is the mass of the debris and fgl‘.‘;k and e are, respectively,
the outer pericenter distance and eccentricity of the disk (in-
ferred from the fits to the line profiles). To get the mass of
the debris, we use the Ho luminosity, assuming that it is pro-
duced by case-B recombination in an ionized, thermal plasma
of uniform density. The luminosity per unit volume is, then,
Ly /V =nen, e?{ffx(T, n.), where n, is the electron density, nyg
and n,, are the electron and proton densities, and ei?,fg(T, ne)
is the case-B effective recombination coefficient (a function
of the temperature, T, and n,). Expressing n,, in terms of m,
and V and re-arranging, we obtain the following expression
for the mass of the debris: m, = 0.084 (Liz/n. 11 €25) M@,
where Ly = Lyo/10* ergs™, neq; = n./10'" cm™, and
€25 = €M (T,n,)/107% erg s™! em™. For the range of tem-
peratures and densities of interest here, e_s has values
of order a few (see Storey & Hummer 1995). The elec-
tron density is unknown, but we can draw an analogy
with the broad-line region of Seyfert galaxies and quasars
where recent work modelling the Fe II UV line complex
(Bruhweiler & Verner 2008; Hryniewicz et al. 2014), the
optical and UV intermediate-width lines (Adhikari et al.
2016), and the far-UV resonance lines (Moloney & Shull
2014) suggests densities in excess of 10'! cm™. Thus, we

scale n, by 10'' cm™ in the above expression. The an-
gular momentum of the line emitting debris is, then, J; =
o 1/2 _
2.3 10% Loy My} €7)s [€54,(1+€)/1000] "~ gem? 57
Combining the above estimates, the ratio of the angular
momentum of the debris to that of the star is

de—O7L42M$/3 Jin(1+e) 172 LY 12 N2
J. Ne 11 €225 1000 0.7 M

Inserting values for the quantities that we can constrain ob-
servationally, [€97 (1+¢)/1000]'* 1.3, Ly ~ 0.5, M2 =
0.86, and €55 ~ 2 (from Storey & Hummer 1995 for T =
1-3x 10* K and n, = 10°—~10"3 cm™), we obtain Ja/Je 0.2
The value of K, although unknown, does not change the re-
sult by more than 10%. The distance of closest approach of
the star to the black hole is unknown but it cannot be less than
0.14 of &, otherwise the star would enter the event horizon
even for a maximally spinning black hole; since J, o f,l/ :
a closer encounter could increase J;/J, to <0.5, at most.
The mass of the star is also unknown but it is clear from the
above analysis that a more massive star could be disrupted
more easily because of its lower average density and that
would also lead to a smaller value of the angular momen-
tum ratio. For example, assuming m, =4 Mg would lead to
Ja/J, ~0.06. Moreover, if the mass of the black hole is lower
than the value we have estimated, the fraction of the angular
momentum carried by the line-emitting gas is correspond-
ingly lower. Taken at face value, these estimates suggest
that the angular momentum of the line-emitting debris can
be considerably smaller than the angular momentum of the
star, reinforcing the plausibility of the model fits to the Ha
line profiles. However, two significant uncertainties must be
borne in mind: (i) the density of the debris is unknown, and
(i) there may be a substantial amount of neutral gas associ-
ated with the line-emitting gas that would contribute to the
mass, hence the angular momentum, of the debris.

4. DISCUSSION

The temperature, luminosity, radius and spectroscopic
evolution of PS18kh are all consistent with other TDEs.
However, many of these features are also common to type
II superluminous supernovae (SLSNe II), and some of the
observational characteristics of PS18kh (e.g., the UV re-
brightening and the double-peaked line profiles) are not
common to most (or any) other TDEs. In this Section we
compare its luminosity, temperature, radius, and spectro-
scopic evolution to those of TDEs and SLSNe in literature to
further investigate the nature of PS18kh.

Our sample of comparison objects includes the TDEs
ASASSN-14ae (Holoien et al. 2014), ASASSN-14l1i (Holoien
et al. 2016b), ASASSN-150i (Holoien et al. 2016a), and
iPTF16fnl (Brown et al. 2018), and the supernovae SN
2008es (Miller et al. 2009; Gezari et al. 2009), SN 2013hx
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Figure 9. Left Panel: Luminosity evolution of PS18kh compared to that of the TDEs ASASSN-14ae (cyan squares; Holoien et al. 2014),
ASASSN-14li (light blue penatgons; Holoien et al. 2016b), ASASSN-150i (blue diamonds; Holoien et al. 2016a), and iPTF16fnl (navy trian-
gles; Brown et al. 2018), the hydrogen-rich superluminous supernovae SN 2008es (light red squares; Miller et al. 2009; Gezari et al. 2009),
SN 2013hx (dark red triangles; Inserra et al. 2018), and PS15br (red pentagons; Inserra et al. 2018), and the extremely luminous transient
ASASSN-151h (magenta diamonds; Dong et al. 2016; Godoy-Rivera et al. 2017). The full luminosity curve, including both the luminosities
calculated from blackbody fits to the Swift data and the luminosities estimated from the g-band light curve, is shown for PS18kh. Time is
shown in rest-frame days relative to peak for those objects which have observations spanning the peak of the light curve (PS18kh, SN 2008es,
SN 2013hx, PS15br, and ASASSN-151h) and in days relative to discovery for those objects which do not (ASASSN-14ae, ASASSN-14li,
ASASSN-150i, and iPTF16fnl). Right Panel: The luminosity evolution of PS18kh scaled by a factor of 24.5 and shifted by 15 days compared
with that of ASASSN-151h. These are the only two objects in the sample to exhibit a re-brightening in their UV light curves.

(Inserra et al. 2018), and PS15br (Inserra et al. 2018). The
SN sample was chosen because these are the only three
SLSNe that show both a broad Ho feature and no signs of
strong interaction between fast moving ejecta and circumstel-
lar shells in their early spectra (Inserra et al. 2018), making
them spectroscopically similar to PS18kh. Also included in
our comparison sample is ASASSN-151h, an extremely lumi-
nous transient whose nature has been debated, but which is
likely either the most luminous SLSN ever discovered (Dong
et al. 2016; Godoy-Rivera et al. 2017) or an extreme TDE
around a maximally spinning black hole (Leloudas et al.
2016). ASASSN-151h also exhibited a UV re-brightening,
similar to PS18kh (Godoy-Rivera et al. 2017), making it an
interesting comparison object.

The left panel of Figure 9 shows the rest-frame luminos-
ity evolution of PS18kh and the transients in our compari-
son sample, with TDEs and SNe differentiated by color. The
TDE sample has peak luminosities in the range 10°3L, <
L < 10'8L, while the SN sample ranges from 10'°Ls, <
L < 10'98L,, meaning the luminosity of PS18kh is consis-
tent with both types of object. ASASSN-151h is clearly an
outlier in peak luminosity from all the other objects in the

sample, including PS18kh. While none of the TDEs in the
sample were discovered prior to peak, preventing a compar-
ison of the rising phase of the light curve, the rise time of
PS18kh seems to be roughly consistent with that of the SNe
in the sample.

To examine the similarity of the re-brightening seen in
the light curves of PS18kh and ASASSN-151h, we scaled
the peak luminosity of PS18kh by a factor of 24.5 to match
the peak of ASASSN-151lh, and shifted the light curve of
PS18kh by 15 rest-frame days so that the peak of the PS18kh
light curve aligns with the highest measured luminosity of
ASASSN-151h. The resulting comparison is shown in the
right panel of Figure 9. PS18kh rises a bit more steeply
than ASASSN-151h does, but after peak the rate of decline
is very similar between the two objects. PS18kh begins to re-
brighten sooner, with the rise beginning at ¢ ~ 59 rest-frame
days, while ASASSN-151h begins to re-brighten at t ~ 73
rest-frame days, but the shape of the two light curves is very
similar. Assuming PS18kh is a TDE, this perhaps lends cre-
dence to the interpretation that ASASSN-151h was the result
of a TDE. However, the two objects differ in other respects,
such as their temperature and radius evolution and their spec-
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Figure 10. Temperature evolution of PS18kh taken from blackbody
fits to epochs with Swift observations compared with the tempera-
ture evolution of the objects in our comparison sample. Symbols
and colors match those of Figure 9 and all times are plotted in days
relative to peak or discovery, as outlined in the caption of Figure 9.

troscopic features (see Figures 10, 11, and 12), which indi-
cates that the physical mechanisms responsible for the re-
brightening likely differ between the two transients.

Figure 10 shows the evolution of the temperature measured
from the blackbody fits to the Swift observations of PS18kh
compared to the temperature evolution of the other objects
in our comparison sample. All three hydrogen-rich SLSNe
show a very similar temperature evolution, with the temper-
ature declining steadily from a peak of 7' ~ 10000 K, while
the TDE:s all show either rising or constant temperature evo-
lution, with temperatures in the range of 10000 K < T <
50000 K. ASASSN-151h clearly stands out from the other
objects, showing both a decline similar in shape to that of the
hydrogen-rich SLSNe, and a later rise similar to that of the
TDEs. The temperature evolution of PS18kh very strongly
resembles that of ASASSN-14ae in both shape and magni-
tude, including a rising temperature after r ~ 40 days. This
evolution strongly differentiates it from the SLSN sample and
from ASASSN-151h.

Figure 11 shows the evolution of the radius measured from
the blackbody fits to the Swift observations of PS18kh com-
pared to the radius evolution of the other objects in our
comparison sample. All three hydrogen-rich SLSNe and
ASASSN-151h stand out very clearly from the TDEs and
PS18kh. While the SNe show larger and relatively constant
photospheric radii, all the TDEs show a declining radius.
PS18kh again very closely resembles ASASSN-14ae in the
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Figure 11. Radius evolution of PS18kh taken from blackbody fits
to epochs with Swift observations compared with the radius evolu-
tion of the objects in our comparison sample. Symbols and colors
match those of Figure 9 and all times are plotted in days relative to
peak or discovery, as outlined in the caption of Figure 9. The left
scale shows the radius in units of cm, while the right scale gives
the corresponding radius in units of the gravitational radius for a
10" Mg, black hole.

shape and magnitude of its radius evolution, and is clearly
differentiated from the SLSN sample and ASASSN-151h.

Finally, in Figure 12 we compare spectra of PS18kh to
those of ASASSN-14ae, SN 2013hx, and ASASSN-150i
at two similar rest-frame phases (near peak/discovery and
roughly 40 days after peak/discovery). In the early epoch,
the spectra of PS18kh resembles both that of ASASSN-14ae
and that of SN 2013hx, with a broad Ha emission feature
and strong, blue, relatively featureless continuum. How-
ever, the later epoch clearly differentiates PS18kh from the
SLSN, as both ASASSN-14ae and PS18kh continue to ex-
hibit fairly strong continuum emission and broad hydrogen
emission features, while the continuum shape of the spectra
of SN 2013hx has started to change, reflecting its cooling
temperature, and a number of absorption features have ap-
peared. The spectra of ASASSN-15lh show almost no evo-
lution at all between the two epochs, as it exhibits very blue
spectra with broad absorption features at bluer wavelengths
and no emission features, and it is clearly differentiated from
the other three objects.

These comparisons show that luminosity evolution does
not differentiate between SLSNe and TDE:s at early times—
while SLSNe tend to be more luminous, objects from both
the TDE and SLSN samples show similar peak luminosities
and decline rates. Conversely, TDEs and SLSNe quickly dif-
ferentiate themselves in their temperature, radius, and spec-
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Figure 12. Left Panel: Spectra of PS18kh (black), ASASSN-14ae (red; Holoien et al. 2016b), ASASSN-151h (blue; Dong et al. 2016), and
SN 2013hx (green; Inserra et al. 2018) taken at similar phase shortly after rest-frame peak. (Phase for ASASSN-14ae is in days relative to
discovery, as it was discovered after peak light.) Spectra have been offset for clarity and the phase is indicated to the right of each spectrum.
Right Panel: Spectra of the same four objects taken 37-39 days after rest-frame peak/discovery.

troscopic evolution. SLSNe have smoothly declining tem-
peratures, growing or relatively constant photospheric radii,
and absorption features emerge in the spectra over time.
TDEs exhibit constant or rising temperatures, shrinking pho-
tospheres, and consistently blue spectra with broad hydrogen
and helium emission features. ASASSN-151h is an outlier
from both comparison groups in some respects, although its
radius evolution very closely matches the SLSN sample and
no TDE has shown similar spectra, while numerous SLSNe
have similar spectroscopic evolution. While the shape of
its luminosity evolution curve is somewhat similar to that
of PS18kh, it is more luminous than any other object in the
sample, it has a unique temperature evolution, and its spec-
tra show little-to-no evolution between peak light and ~ 40
days after peak light, with no evidence of the broad hydrogen
emission features seen in the other objects’ spectra.

It is clear from these comparisons that despite the unique-
ness of its light curve shape and the double-peaked line pro-
files, PS18kh bears a strong resemblance to other known
TDEs, and this is the most likely origin for the emission we
see during the outburst. Our early survey observations allow
us to see the rise to peak light in multiple bands and to esti-
mate its luminosity prior to peak, where we see that a signifi-
cant fraction of the total early radiated energy is emitted dur-
ing the rise to peak. UV observations obtained prior to peak
will allow us to fit the blackbody SED and better quantify the
fraction of energy emitted early for future TDE discoveries.

Having concluded that PS18kh is likely a TDE, we present
a final comparison between it and other TDEs with similar
spectroscopic coverage in Figure 13. In the Figure we show
the FWHM of the most prominent spectroscopic emission
line in PS18kh and a sample of TDEs from ASAS-SN and
iPTF near peak brightness or near discovery and 20-30 days
later compared to the luminosity of the TDE at similar times
and the mass of the black hole. Data for comparison objects
are taken from Hung et al. (2017).

Comparing the emission line FWHM to luminosity (left
panel of Figure 13, we see that in all cases the FWHM of the
line decreases as the luminosity decreases, with no partic-
ular correlation between decline rate or absolute luminosity
and FWHM. The comparison between line FWHM and black
hole mass (right panel of the Figure) also indicates that there
seems to be little correlation between these two properties,
with the TDEs in the sample exhibiting a range of FWHM
values and decline rates despite spanning roughly 1.5 orders
of magnitude in black hole mass.

The early spectroscopic coverage of PS18kh also lets us
look at the FWHM of the line at peak, compared to the evo-
lution a few days later, and for the initial few days after peak
the FWHM of the Ha line increases. The only other TDE
in the sample with similarly early coverage, iPTF16fnl, does
not show the same behavior, so while it is clear that after
an initial period the lines become narrower as the luminos-
ity decreases, it is not clear whether the initial broadening
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Figure 13. Left Panel: FWHM of the H, line (circles) or He II line (triangles) compared to luminosity for PS18kh and several TDEs from
Hung et al. (2017) for epochs close to peak/discovery (filled points) and epochs 20-30 rest-frame days later (open points). Phase relative to
peak/discovery is shown for each point, with an asterisk noting phase relative to discovery (as opposed to phase relative to peak). For PS18kh
we show both the epoch at peak and the epoch 6 days later, as the FWHM initially increases before beginning to decline, as seen in the other
TDES. Right Panel: Comparison of the FWHM of the same lines and epochs to the black hole mass for the same TDEs.

seen in PS18kh is common or not. This highlights the need
for more TDEs with spectra before, during, and shortly af-
ter peak brightness, as these times are largely unobserved
for most TDEs in literature, and thus we cannot draw strong
conclusions about possible correlations between the spectro-
scopic features and the TDE flare or black hole at these times.
PS18kh is the third TDE, after PTF09ge and ASASSN-
141i (Arcavi et al. 2014; Liu et al. 2017a; Cao et al. 2018),
to exhibit emission lines that can be fit by an elliptical disk
model, and the first to have spectroscopic coverage prior to
and throughout the peak of the light curve. Our modeling al-
lows us to see the likely origin of the broad emission features
that are ubiquitous in optically discovered TDEs, and to de-
velop a physical picture for how these lines form in the early
stages after the star is disrupted. Similarly detailed datasets
will allow us to perform similar analysis on future TDEs, and
will be able to tell us whether the model parameters seen in
PS18kh are common to all TDEs, or whether there is a range
of physical properties that can produce the observations we
see. Real-time, high-cadence sky surveys like Pan-STARRS,
ASAS-SN, and ATLAS will be able to provide early detec-
tion and long-term monitoring of future TDEs, providing us
with a population of objects to study to further develop our
physical understanding of these highly energetic events.
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Table 7. Spectroscopic Observations of PS18kh

Date Telescope Instrument Exposure Time
2018 March 07 University of Hawaii 88-inch SNIFS 1x1200s
2018 March 18 University of Hawaii 88-inch SNIFS 1x2000s
2018 March 20  Fred L. Whipple Observatory Tillinghast 60-inch FAST 1x1800s
2018 March 20 du Pont 100-inch WFCCD 2x1200s, 1x900s
2018 March 25 Magellan Baade 6.5-m IMACS 1x1200s
2018 March 31 University of Hawaii 88-inch SNIFS 3x1800s

2018 April 01 Gemini North 8.2-m GMOS 1x900s
2018 April 06 Liverpool Telescope 2-m SPRAT 1x900s
2018 April 07 Liverpool Telescope 2-m SPRAT 2x900s
2018 April 11 Gemini North 8.2-m GMOS 1x900s
2018 April 13 Liverpool Telescope 2-m SPRAT 2x900s
2018 April 13 Keck I 10-m LRIS 1x2200s
2018 April 16 Liverpool Telescope 2-m SPRAT 2x900s
2018 April 25 University of Hawaii 88-inch SNIFS 3x1800s
2018 April 25 Gemini North 8.2-m GMOS 3x900s
2018 April 27 Liverpool Telescope 2-m SPRAT 2x900s
2018 April 27 University of Hawaii 88-inch SNIFS 2x1800s, 1x1200s
2018 April 29 Liverpool Telescope 2-m SPRAT 2x900s
2018 May 04 Liverpool Telescope 2-m SPRAT 2x900s
2018 May 11 University of Hawaii 88-inch SNIFS 1x1800s
2018 May 12 University of Hawaii 88-inch SNIFS 1x1800s
2018 May 14 Keck I 10-m LRIS 1x1200s
2018 May 15 University of Hawaii 88-inch SNIFS 1x1800s
2018 May 17 University of Hawaii 88-inch SNIFS 1x1800s, 1x1200s
2018 May 18 University of Hawaii 88-inch SNIFS 1x1800s
2018 May 19 University of Hawaii 88-inch SNIFS 1x1800s
2018 May 21 Large Binocular Telescope 8.2-m MODS 3x1200s

NoTE—Date, telescope, instrument, and exposure time for each of the spectroscopic observations obtained
of PS18kh for the initial classification of the transient and as part of our follow-up campaign.



DisCcOVERY OF THE TDE PS18KH

Table 8. Measured Ho and H/3 line luminosities

Rest-Frame Days Relative to Peak

Ha Luminosity

H Luminosity

-0.09 (1.06 £0.32)x 10*! —

1.77 (1.33£0.4)x 10 —

1.77 (0.77 £0.23)x 10*! —

6.44 (2.96£0.89)x10*!  (1.4640.44)x 10%!
11.11 (3.26£0.98)x10*!  (2.5140.75)x 10*!
12.04 (2.68+0.8)x10*"  (3.35+1.0)x10%
12.98 (3.064+0.92)x10*"  (1.16 £0.35)x 10*!
18.58 (3.21£0.96)x10*"  (1.240.36)x10*
2232 (5.32£1.59)x10*"  (0.99+£0.3)x10*
24.18 (4454 1.34)x 10" (1.25+£0.37)x 10*!
24.18 (4.93+£1.48)x10*"  (1.894+0.57)x10%!
26.98 (3.61 £1.08)x10*"  (1.514+0.45)x10%!
35.39 (6.26£1.88)x10*!  (1.2840.39)x 10*!
37.25 (6.18 £1.86)x 10! —

39.12 (4.71£1.41)x10*"  (2.3240.69)x 10%!
43.79 (2.88£0.86)x10*!  (1.084+0.32)x10%!
49.39 (5.05£1.52)x10*"  (1.1840.35)x 10*!
51.26 (4.84 4 1.45)x 10 —

54.06 (6.02£1.81)x10*"  (2.394+0.72)x 104!
57.8 (4.68+1.4)x10* —

59.66 (3.94+£1.18)x10*"  (1.66+£0.5)x10*!
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NOTE—Ha and HS line luminosities measured from the follow-up spectra of
PS18kh. In some epochs HB was not measurable. The uncertainties shown are
30% uncertainties on the measured fluxes.



