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Abstract

We report multiwavelength observations and characterization of the ultraluminous transient AT 2021lwx
(ZTF20abrbeie; aka “Barbie”) identified in the alert stream of the Zwicky Transient Facility (ZTF) using a
Recommender Engine For Intelligent Transient Tracking filter on the ANTARES alert broker. From a
spectroscopically measured redshift of 0.995, we estimate a peak-observed pseudo-bolometric luminosity of log
(Lmax/lerg s711) = 45.7 from slowly fading ztf-g and ztf-r light curves spanning over 1000 observer-frame days.
The host galaxy is not detected in archival Pan-STARRS observations (g > 23.3 mag), implying a lower limit to
the outburst amplitude of more than 5 mag relative to the quiescent host galaxy. Optical spectra exhibit strong
emission lines with narrow cores from the H Balmer series and ultraviolet semi-forbidden lines of SiIIl] A1892,
C 1] A1909, and C 1] A2325. Typical nebular lines in Active Galactic Nucleus (AGN) spectra from ions such as
[O11] and [O 1] are not detected. These spectral features, along with the smooth light curve that is unlike most
AGN flaring activity and the luminosity that exceeds any observed or theorized supernova, lead us to conclude that
AT 20211wx is most likely an extreme tidal disruption event (TDE). Modehng of ZTF photometry with MOSFlT
suggests that the TDE was between a ~14M,, star and a supermasswe black hole of mass Mgy~ 108M...
Continued monitoring of the still-evolving light curve along with deep imaging of the field once AT 20211wx has
faded can test this hypothesis and potentially detect the host galaxy.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); High energy astrophysics (739); Transient

)

detection (1957); All-sky cameras (25)

1. Introduction

Recent advances in untargeted all-sky surveys have led to
many new discoveries of astronomical transients related to the
extreme physical conditions found in the centers of galaxies.
These discoveries have enabled transformative progress to be
made in our understanding of the disruptions of stars due to
tidal forces when they pass close to supermassive black holes
(SMBHs) called tidal disruption events (TDEs; Rees 1988;
Evans & Kochanek 1989; Gezari et al. 2012; Brown et al.
2017; Gezari 2021); changing low-ionization nuclear emission-
line regions (Gezari et al. 2017; Frederick et al. 2019; Yan et al.
2019; Neustadt et al. 2020); changes /flares from existing active
galactic nuclei (AGNs; Bianchi et al. 2005; Drake et al. 2011;
Denney et al. 2014; Shappee et al. 2014; Frederick et al. 2021);
as well as other ambiguous nuclear transients (ANTS;
Trakhtenbrot et al. 2019; Ricci et al. 2020; Hinkle et al.
2022; Holoien et al. 2022; Yu et al. 2022).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Classification between these types of transient phenomena is
sometimes inconclusive. TDEs in general exhibit a blue
continuum with their spectra mostly dominated with broad H
and He lines (Gezari et al. 2012; Arcavi et al. 2014; Holoien
et al. 2014). Their light curves show smooth photometric
evolutlon with a monotonic decline that generally follow a

—5/3 power law with timescales varying from a few days to
over a year (Wevers et al. 2017; Nicholl et al. 2020; Van
Velzen et al. 2021). Some TDEs show different decline rates
and/or exhibit O I and N IIT optical emission lines known to
originate from Bowen fluorescence (BF; Blagorodnova et al.
2017, 2019; Leloudas et al. 2019; Van Velzen et al. 2021).

AGNSs, in contrast, are well-studied astronomical targets
showing random fluctuations including rebrightening in their
light curves over a broad range of duration (Angione &
Smith 1972; Oknyanskij 1978; Bauer et al. 2009; Smith et al.
2018). Typical AGN spectra include strong Mg II emission,
relatively narrow Balmer lines, and strong [O 1I] emission lines
in the optical (Vanden Berk et al. 2001; Aoki et al. 2005; Batra
& Baldwin 2014; Schmidt et al. 2018). AGNs are known to
exhibit flares or outbursts of intense radiation across the
electromagnetic spectrum, from radio waves to gamma rays
(Trakhtenbrot et al. 2019; Frederick et al. 2021). AGN flares
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found in narrow-line Seyfert 1 (NLSyl) host galaxies show
narrow Balmer as well as helium emission lines (Frederick
et al. 2021).

The scenario becomes complex when an AGN hosts a TDE,
leading to a blend of features from the disruption along with its
own properties (Blanchard et al. 2017; Neustadt et al. 2020;
Holoien et al. 2022). In some cases, optical TDEs show
relativistic jets (Bloom et al. 2011; Burrows et al. 2011;
Zauderer et al. 2011; Pasham et al. 2015; Andreoni et al. 2022)
and may also be impacted by the spin and mass of the SMBH,
making the distinction difficult (Gafton & Rosswog 2019).

In this paper, we report optical, ultraviolet, X-ray, and radio
observations of an extremely energetic, slowly evolving
transient AT 2021lwx. The paper is organized as follows:
Section 2 describes the discovery of AT 2021Iwx, along with
observations that we analyze in Sections 3 and 4. We provide
details about modeling AT 2021lwx as a TDE using MOSFiT
in Section 5 and explain why AT 20211wx is not well described
by other types of transients in Section 6. Constraints on the
possible host galaxy are provided in Section 7. Finally, in
Sections 8 and 9, we summarize our results and conclude that
AT 20211wx is most likely a TDE with extreme properties.

2. Observations
2.1. Optical Discovery

AT 20211wx was first identified by our group as a transient
of interest in the Zwicky Transient Facility (ZTF; Bellm et al.
2019) alert stream by the refitt_newsources_snrcut
filter maintained by the Recommender Engine For Intelligent
Transient Tracking (REFITT; Sravan et al. 2020; D. Mili-
savljevic et al. 2023, in preparation)’ on the ANTARES real-
time alert broker (Matheson et al. 2021). The filter selects
objects with a signal-to-noise (S/N) ratio greater than 5 in both
ztf-g and ztf-r passbands and that are located more than one
arcsecond away from previously cataloged sources
(distnr > 1). Additional local processing downstream of
ANTARES is done to remove false detections (e.g., poor image
subtraction) and to prioritize events with light curves exhibiting
features consistent with different scientific objectives. The first
REFITT forecast of AT 2021lwx was on 2021 October 17.
Later, as a result of adding a new classification method adopted
from Garretson et al. (2021), on 2022 May 19 AT 20211wx was
flagged as a high-priority Type IIn/superluminous supernova
(SLSN) candidate and was triggered for follow-up spectro-
scopic observations.

The first discovery report of the transient to Transient Name
Server was made by the Asteroid Terrestrial-impact Last Alert
System (ATLAS; Tonry et al. 2018; Smith et al. 2020) as
ATLAS20bkdj on 2020 November 10, followed by ZTF as
ZTF20abrbeie on 2021 April 13. We adopt the coordinates
o =21"13"48541 and 6§ = +27°25'50”38 (J200.0) reported by
ZTF. We nicknamed the transient “Barbie” internally, and
during the course of our monitoring campaign it was officially
designated AT 2021lwx and classified as an AGN (Grayling
et al. 2022) at z=0.995 on 2022 September 9 by the extended
Public European Southern Observatory (ESO) Spectroscopic
Survey of Transient Objects (Smartt et al. 2015).

° https: / /refitt.physics.purdue.edu/
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2.2. Optical-UV Photometry

All available ZTF public optical photometry of AT 20211wx
in ztf-g and ztf-r passbands were retrieved using the forced-
photometry service (IRSA 2022). Point-spread function (PSF)-
fit photometry is performed on these difference images
resulting in precise flux measurements (Masci et al. 2019).
AT 20211wx was also observed by the ATLAS survey in cyan
and orange passbands. The data were retrieved from the
ATLAS Forced Photometry server.'” All ATLAS data points
with both positive and negative fluxes are included in our
analysis. We filter and retain only those measurements whose
reduced chi-square PSF fit is between 0.5 and 5. We stack
measurements in bins of 7 days in each ATLAS passband to
clean and reduce the scatter in the data.

Two epochs of Swift Ultraviolet Optical Telescope (UVOT;
Roming et al. 2005) photometry were acquired (PI Wang).
UVOT data were reduced following standard standard
prescriptions by Brown et al. (2009). A source region of 5”
was used for all filters. The background was estimated from a
source-free region. We note that the proximity of a bright
source in the v-band and b-band images leads to an increased
background emission at the location of our transient of interest
(and hence to a reduced sensitivity of these observations). All
magnitudes are quoted in AB magnitude system.

From a spectroscopically measured redshift of z=0.995, we
adopt a distance D=6.6 Gpc and a distance modulus of
1 =44.09 mag assuming a standard flat ACDM cosmology
model with Hy=70kmMpc 's™' and Qy=0.3. No host
galaxy associated with AT 20211wx is visible either in any ztf-
g or ztf-r template images or any band of archival Pan-
STARRS images (Flewelling et al. 2020, Section 7). Figure 1
shows the ZTF detection on 2020 December 16 and the
corresponding field of AT 20211wx.

All ZTF forced photometry measurements in each passband
were corrected for Milky Way extinction of E(B — V)yw =
0.12 mag, calculated using Schlafly & Finkbeiner (2011).
Figure 2 shows the optical photometry obtained in all available
passbands from the ZTF and ATLAS all-sky surveys in the
observed frame of reference. The rest frame light curves for AT
20211wx were obtained after incorporating distance modulus,
Milky Way reddening, time dilation and K corrections. The
observed phases were corrected by a factor of (1 + z), and the
absolute magnitudes were calculated using p=44.09, in
addition to the K correction given by —2.5log(1 + z). We
summarize the basic observational parameters of AT 20211wx
in Table 1. We show the optical light curves of AT 20211wx
from ZTF and ATLAS in their respective passbands in the
observed frame of reference in the left panel of Figure 2.

2.3. Optical Spectroscopy

We obtained seven epochs of low-resolution spectroscopic
observations using the Low Resolution Imaging Spectrometer
(LRIS; Oke et al. 1995) on the 10m Keck I Telescope at Keck
Observatory, the Kast Double Spectrograph Miller &
Stone 1993) on the Shane 3 m telescope at Lick Observatory,
and the Double Spectrograph (Oke & Gunn 1982) mounted on
the Palomar 5.1 m Telescope. These spectra are shown in
Figure 3, along with UT dates of observations and observer-
frame days since first detection in ztf-r passband.

10 https: //fallingstar-data.com /forcedphot/
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r-i-z composite

Location of
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Figure 1. Left: ZTF image of the field surrounding AT 20211wx in ztf-r band obtained on 2020 December 16 and retrieved from the Infrared Science Archive (IRSA).
The red circle shows the position of AT 20211wx. Green circles are catalog stars obtained from Gaia DR2 (Van Leeuwen et al. 2018). Middle: composite r — i — z
image of the same field made from images obtained from the PanSTARRS archive. Right: zoom-in at the location of AT 20211lwx. No underlying host galaxy is

detected.

Both the Kast and LRIS observations used a dichroic beam
splitter to separate the blue and red halves of the spectra. The
Kast observations used the 600/4310 grism on the blue side
and the 300/7500 grating on the red side, while the LRIS
observations used the 400/3410 grism and 400/8500 grating to
cover the full optical range. In each case, the total exposure
times were slightly different on the red and blue sides because
the exposures on the red side were split into a larger number of
images with shorter individual exposure times since the thick
red detectors suffer from an enhanced cosmic ray rate.

We use standard IRAF tasks to apply flat-field corrections,
extract one-dimensional spectra, and derive a wavelength
calibration from emission-line lamps. Custom IDL tasks were
used to apply a flux calibration and, when possible, correct for
telluric absorption by comparison to observations of spectra of
standard stars taken at an air mass comparable to that of the
science target and observed at the parallactic angle to minimize
the effects of atmospheric dispersion.

Notably, portions of the spectra of AT 20211wx obtained on
2022 June 26 have been excised around an unreliable region
between 5400 A and 5680 A, in the overlap between the blue
and red sides of Kast. These data were contaminated by a
nearby bright star located southeast of the transient that was
intercepted by the slit and that introduced several reflections off
the dichroic beam splitter onto the object trace.

2.4. X-Rays

X-ray observations of AT 2021lwx were obtained on two
epochs (i.e., on 2022 December 10 and 2023 January 22; PIL:
Wang) with the X-Ray Telescope (Gehrels et al. 2004) on board
the Neil Gehrels Observatory (total exposure time of 5.3 ks). We
reduced the data following standard practice (e.g., Margutti et al.
2013) with HEASoft v6.31 and corresponding calibration files.
We find evidence for a faint source of X-ray emission at the
location of the optical transient with significance of ~ 3¢ (targeted
detection). The inferred 0.3-10keV net count rate is
(2240.87) x 10 ¢s~'. The Galactic neutral hydrogen column
density in the direction of AT 2021lwx is 9.64 x 10 cm 2
(Kalberla et al. 2005). For an assumed spectrum F,, o< v L the
count rate above corresponds to an unabsorbed 0.3—10 keV flux of
Fo~21x10 Pergs 'em ™ (observed flux of F,a~ 1.1 x

10" erg s 'em ™), which is of a luminosity L,~ 10" ergs™".
Within astronomical transient phenomena, this level of X-ray
luminosity at late times (483 days since discovery, rest frame) has
only been observationally associated with TDEs (Polzin et al.
2022, their Figures 1 and 3). However, the relativistic TDEs that
have such luminous X-ray emission at late times also do not have
strong emission lines in their UV-optical spectra (Cenko et al.
2012; Andreoni et al. 2022), in contrast with AT 20211wx.

2.5. Radio

The location of AT 2021lwx was observed by the Very
Large Array Sky Survey (Lacy et al. 2020) on 2019 May 7 and
2021 November 9. The first epoch corresponds to ~208 days
(rest frame) before the first optical detection of the transient,
while the second epoch was acquired ~250 days (rest frame)
post optical detection, which is after the optical peak. We find
no evidence for significant radio emission in either observation.
Using a region of 20” at the location of the optical transient, we
infer a 30 upper limit on the flux density of the transient
F,<035mly at ~3 GHz. This translates into a luminosity
density limit of ~2 x 10*' erg s~ '"Hz ™', which is a factor ~10
less luminous than on-axis jetted TDEs at the same epoch (e.g.,
Swift1644; Zauderer et al. 2011; Alexander et al. 2020).

3. Pseudo-bolometric Light Curve
3.1. Properties

We used extinction and K-corrected measurements in ZTF
passbands to construct the pseudo-bolometric light curve of AT
20211wx. We interpolate the light curves using higher-order
polynomials to account for measurements at missing epochs.
Each observed epoch is then fit to a blackbody spectral energy
distribution, thereby calculating pseudo-bolometric luminos-
ities, blackbody temperatures, and blackbody radii as a function
of time. We estimate the flux outside the observed passbands
by extrapolating the blackbody fit. We only used the ZTF
forced-photometry measurements to construct the pseudo-
bolometric light curves due to its dense sampling and long-
term coverage, as compared to the ATLAS measurements. The
photometry is not corrected for intrinsic host extinction, which
is unknown.
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Figure 2. Optical photometry of AT 20211wx. Left: ZTF forced photometry in ztf-g and ztf-r bands from the ZTF survey. The data in orange and cyan bands are from
ATLAS forced photometry. The inset highlights the evidence of minor fluctuations in the otherwise smooth light curve. The light curve presented is as measured in the
observed frame, and the measurements are not corrected for extinction. The ATLAS photometry is plotted using an offset for the purpose of clarity. Right: rest-frame
ztf-r absolute light curve of AT 20211wx plotted in comparison with other transients. The light curve of AT 20211wx is corrected for Milky Way foreground extinction
in addition to K correction. The light curves of other transients except ASASSN-151h (V band) are in /R passbands plotted with respect to the days from peak or days

from discovery (see Section 6 for references).

Table 1
Observational Parameters of AT 20211wx

21"13m48%41
+27°25'50" 38
0.995
2021 April 13
18.05 £ 0.064 mag

R.A. (J2000)

decl. (J2000)

Redshift ()

Discovery Date

Discovery Magnitude (ztf-r band)

First Detection MJD (ztf-r band) 59025.38

EB — V)uw 0.12 £ 0.0025 mag
Distance Modulus (1) 44.09 mag
Peak Absolute Magnitude (M) in ztf-r band —25.7 mag

Note. The observed discovery magnitude reported in ztf-r band is not
extinction corrected.

AT 20211wx has a peak luminosity of 10g(L ../ [erg s71]) =
45.7, making it among the most luminous transients ever
observed. We measure a peak absolute magnitude of
M,=—-25.7 mag in the ztf-r passband. We estimate the
radiated energy of AT 2021lwx to be E=9.7 x 10°* erg by
integrating the bolometric light curve from —133 to 300 days in
the rest frame. We note that AT 2021lwx is still an evolving
transient, and the estimated energy is a lower limit. The
blackbody fits indicate a peak temperature of 1.6 x10* K
during the initial phase of evolution and subsequently drops to
12 x10* K. This peak temperature is relatively cooler
compared to other TDEs with temperatures >2 x 10* K (Van
Velzen et al. 2021). The blackbody radius expands steadily to 3
% 10" cm until approximately 90 days from peak and slowly
recedes to 10'° cm at later epochs. Figure 4 shows the
bolometric light curve, color evolution, and blackbody
temperature evolution of AT 2021lwx. The color evolution

from bluer to redder magnitudes of AT 2021lwx is consistent
with the blackbody temperature evolution.

3.2. Caveats with Blackbody Approximation

We note that there are limitations in using blackbody
approximations using data in limited passbands for accreting
systems. Complex nonthermal processes, such as Compton
scattering and synchrotron emission, can modify the spectrum
in ways that cannot be accounted for by the blackbody
approximation (Mushotzky 1988; Chakrabarti & Titarchuk
1995; Zdziarski et al. 2020). The assumption that the accretion
disk is in local thermodynamic equilibrium (LTE) is not always
the case. The temperature of the blackbody emission in
accreting systems can be higher than that predicted due to
spectral hardening from non-LTE effects (Hubeny &
Hubeny 1998; Davis & Hubeny 2006; Davis & El-
Abd 2019). The blackbody approximation assumes that the
emission from the accretion disk is isotropic, however, in cases
the emission could be beamed in the direction of the observer
as relativistic jets (McKinney & Blandford 2009; Blandford
et al. 2019; Chen et al. 2021).

4. Spectroscopic Features

All spectra were obtained after the transient had evolved for
more than 400 days in the observed frame since its first detection
in the ztf-r passband. The most prominent features are strong and
narrow H Balmer lines. UV lines around C IV A1548 and He I
A1640 are also seen. Semi-forbidden transitions from O III]
AA1661, 1666, Sil] A1892, C 1] A1909, and C 1I] A2325 are
conspicuous. Weak Mg 11 A2800, O 1T A3133, and [O 11] M4363
emission are also observed in our highest-quality spectrum
obtained on day 883. Narrow absorption lines from the host are
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Figure 3. Top: spectra of AT 20211wx obtained from Lick (brown), Keck (black), and Palomar (blue) with UT dates of observations and phase with respect to the first
detection in ztf-r (MJD 59025.38) provided. Our highest-quality spectrum from November 2022 is enlarged with line identifications. Bottom: comparison with various
transients including a composite quasar (QSO; Vanden Berk et al. 2001), the TDE (AT 2019qiz, Hung et al. 2021), the Type IIn (SN 2010jl, Fransson et al. 2014), and
the ANT (ASSASN-17jz, Holoien et al. 2022). Wavelength regions of telluric contamination are marked with “@®” symbol.

observed around Mg 1 AA2796, 2803 and standard Fe I
interstellar lines. We use Lorentzian and Gaussian profiles to
fit the FWHM of the emission lines. At least two components are
needed in most cases, especially the H Balmer emission and
blend of Sim] A18924 C 1I] A1909: a narrow unresolved
Gaussian component with FWHM of ~300 km's~" and a second
broader component having a half-width-zero-intensity wing that
extends to ~3000 kms .

Our spectra of AT 20211wx do not significantly evolve over
all epochs of observations spaced over a 14 month period
(observer frame). Notably, the spectra do not show emission
lines commonly observed in AGNs, including forbidden [Ne V]

A3426, [O 1] A3727, [O 1] AX4959, 5007, or the broad N 11
640 and He T M4686 lines seen in some TDEs. We compare
our spectra of AT 20211wx to other transients in Section 6.

We calculate an upper limit on the [O III] A5007 line flux to
be 5.10 x10~ "7 erg s™' cm ™. An S/N ratio ~3 is used to find
the threshold flux around the [OI] A5007 spectral line
implying Lsoo7 < 2.7 X 10*" erg s~'. Then we infer an upper
limit to the total bolometric luminosity of Lo < 9.5 x 10** erg
s~! for any preexisting AGN (Heckman et al. 2004). This is at
least a factor of 5 below our estimated optical peak luminosity,
implying an increase in the luminosity of the ionizing
continuum by at least a similar factor.
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Figure 4. Top panel: (left) multiband light-curve fits from MOSFIiT TDE model; (right) pseudo-bolometric light curve of AT 20211wx. Later epochs of AT 20211wx
are reasonably fit with a r > Borar?? power law. Bottom panel: (left) g - r color evolution of AT 20211wx; (right) blackbody temperature evolution of AT 20211wx.

The strengths of the semi-forbidden lines with broader
components, such as C III] A1909, and corresponding lack of
broad forbidden line emission from [OIII] A5007, are also
features of the broad line regions of AGNs and have been used
to estimate an electron density for the emitting gas of n, ~ 10°
cm* due to the collisional suppression of the forbidden lines
(e.g., Osterbrock & Ferland 2006). The lack of the standard
narrow nebular emission lines in a nuclear transient can also be
a light travel-time effect, as the narrow line regions of AGNs
have been shown to have physical sizes of at least several
parsecs (e.g., Peterson et al. 2013), so a strong flare in the
central ionizing source would not produce a corresponding
increase in the A5007 line flux for years or decades. This lack
of forbidden line emission in the flare spectra was also seen in
the turn-on of iPTF16bco (Gezari et al. 2017).

5. Light-curve Modeling with MOSFiT

Accretion onto an SMBH is a plausible power source for the
extreme luminosity of AT 2021lwx. Assuming a fiducial 10%
radiative efficiency, the estimated pseudo-bolometric output of
E=09.7 x 10% erg would require the accretion of ~ 0.5 M, of
material onto an SMBH, all within ~400 rest-frame days. This
large accretion rate, combined with the lack of evidence for
preexisting AGN activity as discussed in Section 4, motivates
exploration of TDE scenarios as one of the few known
mechanisms capable of supplying an SMBH with a sufficient
supply of gas on these timescales.

We model the multiband light curves of AT 20211wx using
the Modular Open-source Fitter for Transients (MOSFiT)
Python package (Guillochon et al. 2018) that uses different
powering mechanisms to model transients. The TDE model

(Mockler et al. 2019) in MOSF1iT uses a set of mass fallback
curves for polytropic stars around SMBHs with a range of
impact parameters 3, defined as the ratio between tidal radius
and pericenter radius. The impact parameters determine the
extent of disruption of the star by the black hole. The model
calculates the output bolometric luminosity by converting the
input fallback rate into radiation with a given efficiency
parameter €. A viscous time delay approximates the speed of
formation of the accretion disk around the black hole. The
radiation is reprocessed by a dense extended photosphere that
is related to the Eddington ratio (L/Lg4q) through a power law
parameterized by the photospheric exponent / (see Equation
(10) of Mockler et al. 2019). The model assumes a blackbody
SED that is convolved with ATLAS and ZTF passbands to
estimate the magnitudes in each passband. Further details of the
TDE model used in MOSFiT can be found in Mockler et al.
(2019).

We implement a Markov Chain Monte Carlo sampler to fit
the TDE model using dynesty (Skilling 2006) and ran the
sampler until convergence. We use the default prior distribu-
tions as described in Mockler et al. (2019) for the physical
parameters in the TDE model to find best-fit parameters with
lo uncertainties. The top left panel of Figure 4 shows the
multiband fits to the observed data from the TDE model. The
best-fit model gives a black hole of mass of Mpy=1.7+
0.1 x 10® M., tidally disrupting a star of 14.28"0-] M. The fits
indicate a significant disruption of the star quantified by the
parameter b = 0.71700;, which is a proxy for the impact
parameter 5. b = (0 corresponds to minimum disruptions, while
full disruptions of stars in the model will yield b= 1. The
systematic uncertainties in the physical TDE model are
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quantified by Mockler et al. (2019) to be 0.2 dex and 0.66 dex
for black hole mass and star mass, respectively. These
systematic errors arise predominantly from the uncertainty
associated with the mass—radius relation of the disrupted star.

6. Comparison with Other Transients

We compare the absolute ztf-r band magnitude of AT
20211lwx with other supernova types: hydrogen-poor, super-
luminous supernova-I (SLSN-I)(PTF12dam, Vreeswijk et al.
2017), SLSN-II (SN 2006gy, Smith et al. 2007), SN IIP
(Dall’Ora et al. 2014, SN 2012aw), SN IIn (SN 2005cl, Kiewe
et al. 2012), SN Ia (SN 2014J, Li et al. 2019), and other
Iuminous transients: AT 2022cmc (Andreoni et al. 2022),
ASASSN-151h (Dong et al. 2016), ASASSN-141i (Brown et al.
2017), ASASSN-17jz (Holoien et al. 2022), ASASSN-18;jd
(Neustadt et al. 2020), and ASASSN-14ae (Holoien et al.
2014), shown in Figure 2. We compare 7/R-band absolute
magnitudes for all transients except ASASSN-151h, for which
we show absolute V-band magnitudes that span peak emission.
Rest-frame light curves are plotted relative to peak for all
transients except AT 2022cmc and ASASSN-18jd, for which
the time is relative to the first detection. We also show different
absolute magnitude thresholds for SNe Ia and SLSNe.

AT 20211lwx is significantly more luminous than all other
transients in our sample. With an absolute magnitude of
M, = —25.7 mag, the next most luminous are AT 2022cmc
(Andreoni et al. 2022) and ASASSN-15lh (Margutti et al.
2017) with the former peaking at M; = —25 mag and the latter
at M, = —23.5 mag as reported in Dong et al. (2016). The
filters for ASASSN-15lh and AT 2022cmc are chosen to
roughly correspond to the same rest-frame wavelength for
comparison. AT 20211wx exhibits a slow rise of approximately
120 rest frame days, strikingly different from AT 2022cmc that
exhibits rapid rise and fall timescales. The rise and fall
timescales of AT 2019brs are comparable to AT 20211wx but
15 times dimmer. ASASSN-15lh and ASASSAN-18jd, along
with AT 2019brs, exhibit a decline rate similar to AT 20211wx,
but all are again orders of magnitude dimmer. We also compare
AT 20211wx with a normal AGN light curve of ZTF19aasejqv
(Hodgkin et al. 2019) that shows random fluctuations over its
evolution, highlighting how AT 2021lwx’s smooth photo-
metric evolution is qualitatively different from typical AGN
activity.

In Figure 3, we compare our spectra of AT 2021lwx to
various transients: a composite quasar (QSO, Vanden Berk
et al. 2001), the TDE (AT 2019qiz, Hung et al. 2021), the Type
IIn (SN 2010j1, Fransson et al. 2014), and the ANT (ASSASN-
17jz, Holoien et al. 2022). The Balmer emission line profiles
seen in SN 2010jl are evidently broader than the narrow line
cores seen in AT 2021lwx. In addition, SN 2010jl exhibits
strong_emission from the NIII] multiplet between 1747 and
1750 A. The strength of these N 1] lines relative to C IIT] in SN
2010jl and other interacting supernovae is due to the enhanced
N abundances that are a result of the Carbon-Nitrogen-Oxygen
(CNO) process in the progenitor star (Fransson et al. 2014).
Anomalously strong N lines were also seen in the UV spectra
of the TDE ASASSN-141i (Cenko et al. 2016), which has also
been argued to be a result of CNO processing in the interior of
a massive star (Kochanek 2016). AT 2021lwx, by contrast,
lacks strong emission from these NII] lines. The lack of N
emission could be attributed to the young age of the disrupted
star and the fact that CNO processing has not been substantial.
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Alternatively, it could be because the outer N-enriched layer
was lost prior to the disruption by the SMBH.

AT 20211wx has narrower H Balmer line profiles compared
to broader ones seen in typical TDEs (Holoien et al. 2014;
Brown et al. 2017; Hung et al. 2021; Van Velzen et al. 2021).
However, there are exceptions to this scenario as is noted in the
case of PS16dtm (Blanchard et al. 2017) and other TDEs (AT
2019dsg; Cannizzaro et al. 2021, AT 2019meg; Van Velzen
et al. 2021). No BF emission lines are seen in the spectra of AT
20211wx, unlike some TDEs. The composite QSO spectrum
shares similar Balmer emission profiles but lacks narrow semi-
forbidden lines (except C 1] A1909) as seen in AT 20211wx.
The strong [O I} AA4959, 5007 emission doublet seen in the
QSO spectrum is absent in AT 2021lwx. The -closest
resemblance of AT 20211wx is with the UV and optical spectra
of ASASSN-17jz. The spectra of both objects show C IV
A1548, strong semi-forbidden lines of Si I A1892, C 1]
A1909, and C 1] A\2325, along with relatively narrow Balmer
line profiles.

7. Host Galaxy

No host galaxy is detected at the location of AT 20211wx,
but photometric limits can be be used to constrain the host
galaxy mass. The inferred mass of 107%’M. from the
Eddington limit should be correlated with the mass of the host
galaxy (Kormendy & Ho 2013; McConnell & Ma 2013). This
can be used to calculate the galaxy bulge as well as stellar mass
of the galaxy using M — o relationships. We use these scaling
relationships to calculate a bulge mass of log (Myuee/M:) =
10.3 and galaxy stellar mass log (Myuge/M:)=10.6 using
Equations (13) and (16) of Bentz & Manne-Nicholas (2018).

The Pan-STARRS 50 point source limiting depth is 23.3
mag in the g band and 23.2 mag in the r band; accounting for
Galactic dust extinction (0.45 mag in the g band and 0.32 mag
in the r band; Schlafly & Finkbeiner 2011), this gives an upper
limit on the absolute magnitude of any potential host of —21.3
mag in the observed-frame g band and —21.2 mag in the
observed-frame » band. From this we can extrapolate an upper
limit on the stellar mass of the host galaxy.

We make use of EzGal (Mancone & Gonzalez 2012) to find
an upper limit on the stellar mass for different stellar population
models. We use the BC0O3 models (Bruzual & Charlot 2003)
with a Salpeter initial mass function (IMF). The models have
an exponentially declining star formation history (SFH), with
an e-folding time (7) of either 0.1 Gyr or 1 Gyr and metallicities
of 0.4 Z., and Z.,. We model dust extinction within the galaxy
with the Calzetti dust law (Calzetti et al. 2000), assuming
nebular extinction values of E(B— V) =0, 0.1, 0.25, and 0.4.
The choice of an exponentially declining SFH is motivated by
the expected redshift, z ~ 1; at this redshift, it is unlikely for the
host galaxy to have an increasing star formation rate. We find
the upper limit on the stellar mass for each model from the
upper limit on the r band, assuming various formation redshifts
(translating to various ages).

Based on the upper limits, we infer that the Pan-STARRS
nondetection does not necessarily exclude a ~ 10'° M., host
galaxy. However, if the host galaxy is this massive, it must
have long since ceased star formation. In this case, the host
galaxy is faint at optical wavelengths despite being massive due
to a paucity of young stars, which is seemingly at odds with the
presence of a ~14 M, star. A possible resolution is that the
host galaxy is a heavily dust-enshrouded, star-forming galaxy.
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Extremely dust-obscured, submillimeter-selected, selected
galaxies are sufficiently massive (e.g., Zavala et al. 2018;
Dudzeviciate et al. 2021), but these galaxies are most common
at z ~ 1.5-2.0 (Casey et al. 2013, 2014; Zavala et al. 2018).
Far-infrared follow-up would help to confirm or deny this
possibility. An additional consideration is that stellar popula-
tion synthesis models treat the galaxy as a monolith, which is
an approximation. In practice, it is possible for star formation to
have ceased through the majority of the galaxy but still persist
in localized regions of the galaxy. The region of the galactic
core in particular is still poorly understood, and recent studies
suggest that the compression of inspiralling gas could trigger
star formation, especially near the SMBH (Bonnell &
Rice 2008; Yusef-Zadeh et al. 2013; Martin-Navarro et al.
2018; Peifiker et al. 2023).

From the host galaxy stellar mass obtained from the Pan-
STARRS nondetection, we independently calculate the mass of
SMBH using galaxy—SMBH scaling relations (Equation (16)
of Bentz & Manne-Nicholas 2018) and infer a mass of
log (My/M) = 6.56 for the underlying SMBH. This estimate
is lower than the SMBH mass obtained from MOSFiT
modeling (Mgy ~ 10%). It should be noted that Bentz &
Manne-Nicholas (2018) used a sample of low-redshift
(0.01 < z<0.3) disk galaxies to find the scaling relations and
that these relations are likely to evolve with nonnegligible
scatter at higher redshifts, possibly due to additional stellar
feedback mechanisms leading to the growth of the SMBH
(Delvecchio et al. 2019; Catmabacak et al. 2022).

Future deep imaging of the field after AT 20211wx fades will
be necessary to further constrain the existence of the host and
its mass. If the host is just below the Pan-STARRS detection
limit, it should be detectable from ground-based observatories.
High-resolution Hubble Space Telescope (HST) or JWST
observations would be useful to pinpoint the exact location of
the transient with respect to the host and will permit improved
constraints on the metallicity and stellar population.

8. Discussion
8.1. AT 2021lwx (“Barbie”) as an Extreme TDE

Multiple lines of evidence suggest that AT 2021lwx is
mostly likely an extreme TDE with a peak luminosity of 10**”
erg s~ !. Frederick et al. (2021) identified a new class of AGN
flares from narrow-line Seyfert 1 (NLS1) galaxies as optical
transients that exhibit significant brightness variability on
timescales ranging from months to years. The spectroscopic
changes include an increase in the continuum emission, as well
as changes in the line emission and line ratios. They classified
flares from NLS1s in their sample based on the presence of Fe
I, He 11, and BF emission lines. However, the spectra of AT
20211wx lack these spectral features, making it distinct from
any classified group from Frederick et al. (2021). In addition,
AT 20211wx is significantly more luminous than known AGN
flares (Peterson et al. 2004; Trakhtenbrot et al. 2019; Frederick
et al. 2021).

The Eddington limit 6g2ives an estimated minimum black hole
mass of Mpy=10" M. Most well-constrained TDEs
modeled using MOSFiT in Mockler et al. (2019) show black
hole masses at the lower-mass end <10°°M.. Other TDEs
including AT 2018hyz (Gomez et al. 2020) and Swift J1644
457 (Zauderer et al. 2011) exhibit typical mass ranges of
Mgy = 106‘6—106'95M@ (also see Nicholl et al. 2022). There is a
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sharp decrease in inferred TDE events with high black hole
masses; an example with high black hole mass is ASASSN-
151h, pro%)osed to originate from a highly spinning black hole
with 10%°M_., (Dong et al. 2016; Leloudas et al. 2016; Margutti
et al. 2017). Andreoni et al. (2022) puts an upper limit on a
rapidly rotating black hole mass of the jetted TDE AT 2022cmc
to be <5 x 10°M.,. However, AT 2021lwx stands distinct
from both these events in terms of luminosity, spectroscopic
signatures, color, and light-curve evolution.

The TDE model fitting indicates disruption of a massive
14.2879%7 M., star, which is an extreme case, compared to any
other known TDE. Tidal disruptions of stars with such high
masses are usually unexpected due to (a) the IMF that heavily
favors low mass stars and (b) the relatively short lifetimes of
massive stars that make it difficult for the star to form and then
be scattered onto a sufficiently eccentric orbit. On the other
hand, for such a massive SMBH, a massive progenitor star may
be necessary for a TDE since a massive star has a larger radius
and is easier to disrupt. A Sun-like star with radius 1R can
potentially be disrupted by a maximally spinning black hole of
10"%°M_, but only just barely (Leloudas et al. 2016; Stone &
Metzger 2016; Huang & Lu 2022).

The photometry of more than 200 rest frame days after
explosion appears to follow a 33 power law described by
Rees (1988) (Figure 4). However, a 43 power law also
provides a reasonable fit during the same time frame at later
epochs. Because this event is so bright, late-time follow-up can
potentially better distinguish which power law is appropriate
and rule out whether this is a fallback-powered event. The ztf-g
band magnitude in this time range can be fit with the formula

m = 1.81 In[~v(t — )],

with y=61.1 dayf1 and 7o =MJD 58,953 (the coefficient of
1.81 implying a 5/3 decay). If this relation holds true a year
later, this could provide a strong confirmation of the TDE
model. The ztf-r band data follows the same trend but with
y=41.7 days .

8.2. Potential Massive-star Scenarios

The current nondetection of the host galaxy that would be
required to host an SMBH motivates consideration of massive-
star explosion scenarios. The total emitted energy of almost
107 erg requires an energy source beyond standard neutrino-
powered explosions. SLSNe are defined as events with absolute
magnitudes less than —21 mag and have been observed as
bright as —23 mag (Gal-Yam 2012). Their luminosities
(>7 x 10% ergs™") are greater by a factor of ~10 or more
compared to normal SNe, and the additional energy is believed
to be due to input from (i) a central magnetar with a fast initial
spin; (ii) a pair-production instability explosion that synthesizes
considerable amounts of radioactive isotopes including nickel
yields of up to tens of solar masses (Heger & Woosley 2002;
Kasen et al. 2011; known as a pair instability SN, PISN); or
(iii) various scenarios of circumstellar interaction.

The light curves of SLSN models powered by a magnetar
presented in Kasen & Bildsten (2010) are comparable to those
of AT 2021lwx. However, peak luminosity of the most
powerful events only reach ~10* ergs™'. The energy
estimated for AT 2021Iwx is at least an order of magnitude
greater than the maximum energy seen in SLSNe explosions
(Gal-Yam 2019). PISNe presented in Kasen et al. (2011) only
approach 10** ergs™' at peak.
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Stars with zero-age main-sequence mass ~70-140 M., are
expected to become unstable and produce a series of energetic
pulses and mass ejections before finally collapsing, called
pulsational pair-instability supernovae (PPISNe). PPISNe give
rise to a broad range of observable phenomena where the
emitted radiation results from colliding shells (Woosley 2017).
The most luminous events of Woosley (2017) emit less than
5 % 10° erg and only briefly exceed 10** ergs'. However,
more extreme scenarios of PPISNe may be possible. For
example, in investigating ASASSN-151h, Chatzopoulos et al.
(2016) modeled ejecta—circumstellar matter interaction scenar-
ios involving a rapidly rotating PPISN progenitor where the
energy peaked at ~10 ergs™

9. Conclusions

We report multiwavelength observations of the transient AT
20211wx identified with REFITT from the alert stream of the
ZTF survey. Our main conclusions can be summarized as
follows:

1. AT 20211wx is an ultraluminous, long-duration (>400 days
in rest frame), energetic transient. We estimate a pseudo-
bolometric peak luminosity of log(Ly.x/[erg s~ =457
and a radiated energy of 9.7 x 10°% erg. This makes AT
20211wx one of the most energetic and luminous transient
events ever observed.

2. The optical spectra of AT 2021lwx show prominent H
Balmer lines, O 1] AA1661, 1666, Si III] A1892, C 1]
A1909, and C 11] A2325, along with weak Mg 11 A\2800
and O I A3133. Nebular emission lines typically
observed in AGNe including [O1I] A3727 and [O 1]
AX 4959, 5007 are not detected. We do not find any
significant spectroscopic evolution of AT 2021lwx over
multiple epochs of observations.

3. There is no detection of a host galaxy in archival Pan-
STARRS images covering the location of AT 20211wx.
We infer that the Pan-STARRS nondetections in g and r
filters do not necessarily exclude a ~10' M. host
galaxy.

4. The upper limit on [O III] A5007 emission constrains the
bolometric luminosity of any preexisting AGN. The high
peak luminosity, large (>4 mag) increase in optical
brightness, and smooth light curve are unlike normal
AGN variability.

5. We conclude that AT 2021lwx is most likely a TDE.
Modeling ZTF photometry with MOSFiT suggests that
the TDE involved a 14.289¢] M_ star and an SMBH
with mass Mgy =1.7£0.1 x 10% M.,

Deep imaging of the location of AT 2021lwx once it has
faded can better constrain the presence of a host galaxy. If a
host galaxy is detected and our favored progenitor scenario of a
TDE is correct, high-resolution imaging using HST and JWST
can determine the location of AT 2021lwx relative to the
galaxy center. Follow-up observations at X-ray and radio
wavelengths can also potentially provide more constraints on
the underlying nature and the physical mechanisms causing AT
20211wx.

During the refereeing process of our manuscript, Wiseman
et al. (2023) posted a manuscript to the arXiv preprint server,
which also presents a focused investigation of AT 2021Iwx.
Much of their analysis agrees with our own although in the
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most recent available version, they favor accretion of a giant
molecular cloud by a dormant black hole of 10°-10° M....
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