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ABSTRACT

Massive black holes (black hole masses Mgy > 100 M) are key to our understand-
ing of galaxy evolution, reionization, and physics that is as fundamental as general
relativity. Many open questions remain surrounding MBH formation, growth, and
demographics. We require methods of discovering BHs, as well as probes of ac-
cretion, that expand beyond analyses of the most luminous, accreting MBHs. Tidal
disruption events (TDEs) occur when a star enters an orbit around an MBH with
pericentric distance small enough that tidal forces from the MBH overcome the
stellar self-gravity. They produce accretion flares on human timescales, lighting
up otherwise quiescent MBHs and enabling direct observations of a newly formed
accretion disk. Efforts to identify TDEs in optical, X-ray, and infrared survey data
have led to the first populations of such events, but selection effects may be limiting
our view of the TDE landscape; for example, we may be missing the lowest mass

black holes or populations with certain types of host galaxies.

In my thesis, I expand our understanding of the TDE landscape using novel TDE
discovery methods. The first part of my thesis discusses eight examples of radio-
selected TDEs with a range of multiwavelength properties. The first event was a
long-lived, jetted TDE candidates, with evidence for ongoing energy injection into
the jet despite a highly sub-Eddington accretion state, as has been observed in X-ray
binary systems. The second event was an infrared, and radio bright TDE, which,
despite showing no optical flare, can be modeled as a TDE analogous to optically-
selected event but with significantly more dust and gas in the circumnuclear medium.
I identified the final six events as radio-selected, optically-detected TDEs. I show
that these events are largely analogous to the optically-selected events, despite being

identified in a search with largely different selection effects.

In the second part of my thesis, I expand to optical searches for nuclear transients,
and I present two events that were identified in optical TDE searches aimed at iden-
tifying events that are excluded by typical selection criteria. The first is a candidate
repeating, partial TDE, where a star is grazing the tidal radius on successive or-
bits and a small fraction of its mass is accreted. This event shows a fast-cooling,
fast-evolving optical flare, unlike previously identified TDEs. Finally, I present a
candidate accretion event onto an IMBH, identified in a search for hostless TDEs
in optical data. My work hows the significant potential of current and upcoming

surveys to identify flaring and variable MBHs in new regimes.
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5.1 Summary plot for VI J1008. Panel a shows an image of the host

galaxy. Panel b shows an example optical spectrum. The observed

spectrum 1s shown on top 1n black, and the best-fit stellar emission
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the X-ray light curve in black. Upper limits are shown as triangles.

Panel c2 shows the ATLAS co and ZTF gr optical lightcurve. Panel
c3 shows the WISE MIR lightcurve, with no obvious flare detected.
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[ 5.2 Summary plot for VI J2012, in the same format as Figure[5.1}} . . . . 147

[ 5.3 Zoom-ins on select optical lines from the low resolution LRIS ob- |

[ servations of VT J1008. Each row shows a different observation |

| epoch. The observations are shown 1n black, and the best-fit models |
L are shown as colored lines. The colored bands denote 1o~ uncertain- |

ties. The blue fits correspond to the first observation epochs, and the |

of Ha are caused by telluric features|. . . . . . ... ... ... ... 151

I
| orange fits correspond to the second epochs. The features blueward |
I
I

3.4 Zoom-1ns on select optical lines from the low resolution LRIS ob- |

[ servations of VI J2012. Each row shows a different observation |

| epoch. The observations are shown 1n black, and the best-fit models |
L are shown as colored lines. The colored bands denote 1o~ uncertain- |

ties. The blue fits correspond to the first observation epochs, and the |

orange fits correspond to the second epochs.|. . . . . . ... ... .. 151

I

I

[ 5.5 Ha spectral profiles from the medium resolution ESI observations.
| The observations of VT J1008 are in the left panel, and those of VT
| J2012 are 1n the right panel. The blue line shows the first epoch of
I
I
I
I

observations and the orange line shows the second epoch. The flux

for each epoch 1s normalized to the local continuum, which 1s not

expected to be the same 1n both observations. In the right panel,

regions particularly impacted by strong sky lines are shown in red. | . 154
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3.6

Comparison of the Ho emission line from VT J1008 and VT J2012

to optically-selected TDEs ((5,|/3), E. Hammerstein, private commu-

nication) and ECLESs (/4)). In the left panel, we show Ha luminosity

lightcurves for VI J1008 (red crosses), VI J2012 (magenta X’s),

ECLE:s (blue stars), and optically-selected TDEs (black circles). The

Ha luminosities of VI J1008 and VT J2012 are much brighter at late

times than those of optically-selected TDEs. They are more com-

parable to the ECLEs. In the right panel, we show the distance of

the emitting region from the central SMBH, r, implied from the Ha

width. The radio-selected TDEs are at larger radi1 than almost every

| dDEandECLE.| . . . .. ... oo o

5.7

An example cartoon geometry that could produce either redshifted

emission without a blueshifted counterpart, or non-shifted emission.

We 1voke a dusty torus that 1s misaligned from the TDE-produced

accretion disk. The blue clouds represent accretion disk winds, the

black clouds represent dense gas in the torus, and the grey clouds

represent less dense gas at larger distances. When the disk winds

slam 1nto the dense torus, radiative shocks are produced. The radio

emission, which 1s not shown here, could also be produced by a

subset of these disk winds that travel fast and shock against the

more extended material at ~0.1pc. The resulting free-free emission

photoionizes gas 1n the vicinity, including outflow gas launched from

the disk, producing the observed emission lines. In the left panel, the

blueshifted component 1s obscured from the observer by the dusty

torus. In the right panel, no redshifted or blueshifted components are

produced. | . . ...

The full optical lightcurve showing the first and second flares from

AT 2020vdg. Observations are shown as scattered points. | . . . . . .

The optical and UV lightcurves for the first (. top) and second

(. bottom) flares from AT 2020vdg. Observations are shown as

scattered points. The best-fit parametric, evolving black body models,
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6.3

The radio evolution of AT 2020vdq. The black scatter points show

a VLA observation from 500 days after the nitial flare, or equiva-

lently 470 days before the second flare. The red scatter points show a

VLA observations from eight days after the rebrightening. The green

upper limit shows a NOEMA observation from two weeks after the

rebrightening. Both SEDs can be fit with spherical, non-relativistic

synchrotron models. No young emitting component 1s required in the

SED from shortly after the rebrightening. VLLASS epoch 3 observa-

tions from ~400 days after the rebrightening (light blue square) are

consistent with our second epoch within 1.50 and show no evidence

forayoungoutflow,| . . ... ... ... ... ... ...

6.4

A comparison of the parametric, evolving, blackbody fit parameters

for AT 2020vdq (black) to those of the TDEs from (/34)) (blue). The

mitial flare from AT 2020vdq 1s denoted with open markers while the

rebrightening 1s denoted with filled markers. The pTDE candidate

has a lightcurve that 1s generally consistent with the broader TDE

population, although the rebrightening 1s luminous and fast evolving.

6.5

Non-parametric temperature, radius, and luminosity evolution for

those TDEs and pTDEs that have available multi-epoch UV and

optical data. Data from the rebrightening of AT 2020vdq 1s shown as

black circles. The required multi-epoch UV data 1s not available for

the 1nitial flare, so only the rebrightening 1s shown. The candidate

pIDEs AT 2018tfyk and ASASSN-14ko are shown as colored stars,

while normal TDEs are shown as open black circles. The data 1s

retrieved from (329, 430, 444-448). AT 2020vdq shows a significant

mitial cooling and a rapid luminosity evolution. Otherwise, this

pIDE candidate 1s generally consistent with the normal TDEs. | . . .

6.6

Example non-parametric SED fits to three epochs of observations of

AT 2020vdq, highlighting the observed cooling. | . . . . . ... ...

6.7

The total emitted optical/UV energy inferred from the pTDE candi-

date optical/UV flares, in the same format as Figure|6.4] The left axis

shows the emitted energy while the right axis shows the equivalent

stellar mass, assuming an accretion efficiency of 10%.| . . . . . . ..
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6.8 Summary of post-rebrightening UV/optical spectra of AT 2020vdq. |

Red regions are contaminated by sky background or telluric lines. In |

all spectra, a variety of strong broad, intermediate width, and narrow |

features are visible on top of a blue continuum. |. . . . . .. ... .. 188

6.9 Best-fit models of the broad emission lines from the post-rebrightening, |

AT 2020vdq optical spectra. The observed spectra are shown in black. |
| The best-fit models are shown in blue and the best-Ai continuum is |

| shown 1n orange. Regions highlighted 1n gray are excluded from the |

| fit due to strong sky/telluric line features that render the reduction |

[ uncertain. | . . ... L. L e 190

[ 6.10 Best-fitmodels of the broad emission lines from the post-rebrightening,

AT 2020vdq optical spectra, in the same format as Figure |6.9 For

visualization, we have subtracted out the normalization 1n this figure

Balmer, intermediate width Balmer, and Helium lines are detected.

The Balmer lines fade slightly between the two spectra while the

|
|
|
and show the best-fit model subcomponents are shown 1n red. Broad |
|
|
|

that these lines all originate from different locations in the source. |. . 190

6.11 Theevolution of the intermediate Balmer lines observed from AT 2020vdq, |

with the best fit host stellar population subtracted. Hf 1s shown in |

I
I
I
I
I
| He Il line brightens and the He I line fades dramatically, suggesting
I
I
I
I

the left panel while Ha 1s shown 1n the right. Data 1s shown as lines |

[ with errorbars while Gaussian model fits are shown as lines. The |

Balmer lines were brightening by ~2 years after the first flare, but |

faded and became slightly blueshiftedby the rebrightening. A few |

weeks post-rebrightening, the Balmer lines began brightening while |

remaining blueshifted.| . . . . .. .. ..o o000 191

6.12  Fitto the Lya region and a continuum region of the . AST spectrum,

in the same format as Figure |6.10. Note that we are not showing

regions. The spectrum 1s well-modelled as two broad lines (Lya and

narrow emission lines (Lya and N V), and one narrow absorption line
(Lya). The broad Ly line is redshifted by ~7600 kms~' relative to

the host rest-frame, which 1s 1n strong contrast to the optical spectral

I
I
I
I
I
I
| the full spectrum, which can be seen in Figure [6.8] but just the fit
I
I
I
I
I

|
|
|
|
an ambiguous line near S1IVA1394), one intermediate line (Lya), two |
|
|
|
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[6.13

. XMM-Newton spectrum of AT 2020vdq, observed +2 days post the

peak of the rebrightening. The data 1s shown as black points while

the best-fit TBabsxzashiftX (simpl®diskbb) model 1s shown as

asablueline . . .. ... .. ... .

197

Historical lightcurves for AT 2020vdqg. The lightcurves for each sur-

vey/band have been binned 1n 3 days bins. For clarity, we distinguish

data from different surveys with different colors, but do not show

different colors for each band (e.g., the ZTF lightcurve includes gri

observations). We find no evidence for earlier flares in any of the

data. ATLAS data rule out similar-brightness flares in the last ~10

.................................. 199

[ 6.15 The full optical lightcurve showing the first and second flares from

AT 2021mhg. Observations are shown as scattered points. |. . . . . .

Spectral evolution of AT 2021mhg. The grey spectrum was observed

60 days after the first flare and the black spectrum was observed 36

days after the second flare. The gap 1n the grey spectrum masks

a region that 1s strongly contaminated by poorly subtracted telluric

features. | . . . . . . L

7.1

Summary of emission from 24puz. The left panel shows the ZTF

lightcurve on the rop panel, the radio/millimeter upper limits 1n the

middle panel, and the 0.3 — 10keV Swift/XRT and XMM-Newton

lightcurves 1n the bottom panel. The X-ray fluxes are computed

as the unabsorbed flux assuming a [' = 1.77 power-law. The two

Switt/XRT observations that are joined together by a line were 1ndi-

vidually non-detections, so we show the flux measured by stacking

the two observations, which 1s significant. Dates of Keck I/LRIS

spectroscopy are shown as dashed lines. The top right panels shows

the optical spectral sequence, which no significant features detected.

The solid lines are smoothed by a Gaussian with width of 5 pix. The

faded lines show the unsmoothed spectra. Commonly detected tran-

sient lines are shown as dashed red lines, none are detected. The

apparent line 1n the red, MJD 60520 spectrum near 4000 1s a poorly

subtracted sky line. The bottom right panel shows a zoom-1n on the

detected absorption lines, with the lines labeled m grey. | . . . . . . .
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1.2

Comparison between the optical/UV emission from 24puz and LF-

| BOTS/TDEs from (734,490, 492]1502). In all panels, LFBOTS are

shown 1n orange, TDEs are shown 1n blue, and 24puz in red. The

left panel shows the black body luminosity evolution. LFBOTs show

rapid fading with a similar late-time power-law decay as 24puz, but

on overall slower timescales and typically with fainter luminosities.

TDEs show a range of lightcurve shapes, which generally evolve

slower than that of 24puz. Some TDEs show a rapid fade like 24puz,

but these are all at least one order of magnitude fainter than 24puz.

These trends are highlighted in the right panel, which shows the peak

g-band luminosity versus time above half-peak luminosity. We also

include fast blue optical transients (FBOTs) as faint dlamonds. TDEs

are divided into featureless TDEs (F-TDEs, circles), which show

featureless spectra like 24puz, and those that have transient spectral

features (diamonds). 24puz 1s intermediate to LFBOTs and TDEs,

and 1s notably more luminous than all events at a similar timescale

and 1s much faster evolving than F-TDEs. |. . . . . . .. ... .. ..

218

1.3

Position angle of the Keck I/LRIS longslit for each observation, over-

laid on the HST/WEC3 F105W observation. 24puz 1s towards the

bottom right corner of the image whereas the galaxy 1s in the center.

‘The MJD 60590 observation longslit was positioned to include the

nearby galaxy and 24puz. | . . . . . ... o oo

7.4

Fits to the absorption lines Fe I1 112586, 2600, Mg I1 112796, 2803,

and Mg 1 12852. The spectra are fit as linear continuum components

and Gaussian lines, as described 1n Section|/.4] The Gaussian widths

[ and redshifts are fixed to the same value for all lines. The best fit |

redshift1s z = 0.35614 +0.00009. The Mg II absorption 1s consistent

with a strong-absorber (EW;79¢ = 0.753 + 0. 104A > 0.3A), suggest-

ing that this absorption 1s more likely occurring within the nearest

galaxy to 24puz (G1) or a nearby group/cluster.| . . . . . . ... ...

224
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Morphology of the nearest galaxy to 24puz, which we name GI.

We show HST/WFC3 1maging of Gl 1n the F606W (left), FIOSW

(middle), and F160W (right) bands. These images were taken 56 rest-

days post-discovery. We have reprojected all images to the F606W

pixel scale for ease of comparison, but this means that the F105W

and FI60W have been resampled to a smaller pixel scale than the

original 1mages. Gl and 24puz are labeled. The white lines show

contours, which highlight the morphology of G1. In all bands, there

1s an extended tidal tail or other 1rregular component towards the top

[ leftof GI. The contour levels are shown for visualization butarenot |

intended to represent sigma levels. | . . . .. ... ... .. ...

1.6

Constraints on the stellar population of G1. We assume a simple

stellar population, due to a lack of constraints on the galaxy emission.

"The corner plot shows the distribution of possible stellar ages (7age),

metallicities Z, and stellar masses M, with grey contours overlaid.

The mass-metallicity relation from (527) 1s shown 1n dark purple. We

find that G1 is a dwarf galaxy with M, < 1037 M,,. If it lies on the

mass-metallicity relation, then the mass is 107> < M, /Mg < 1082

and the age faoe/Myr ~ 100Myr|. . . . . . ..o o000

229

1.7

Emission line fits to the optical spectrum of 24puz from MJD 60590.2,

or 61.4 rest-days post-discovery. Fitsto HS, Ha and the [O 11| 443726, 3729|

doublet are shown 1n the left, middle, and right panels respectively.

The data 1s shown 1n black. The amplitudes of the Balmer lines are

tied to the expected ratio for star formation and the ratio of the [O II]

doublet amplitudes are likewise tied. The apparent line at the location

of Hp 1s a sky subtraction artifact — re-reducing the spectrum with

different sky subtraction algorithms removes this feature. The [O II]

line, on the other hand, 1s robust to sky subtraction. Blue lines show

samples from our Gaussian emcee fits.| . . . . . . ... ... .. ..
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7.8

Left: Star-formation vs stellar mass of G1 relative to other galaxy

populations. Constraints from the optical spectroscopy of G1 are

shown 1n red. LFBOT hosts from (487, 489, 491, 495, 1528, 1529)

are shown 1n orange and TDE hosts from (/34)) in blue. The core-

collapse supernova host galaxy sample from (530) 1s shown 1n grey.

Lines of constant specific star formation rate (sSFR) are shown 1n

grey dashed. 24puz lies below the star forming main sequence. Its

location 1s consistent with LFBO'T host galaxies, but 1s at a low sSFR

and stellar mass relative to core-collapse supernova hosts and a low

stellar mass relative to TDE hosts. Right: Star-formation vs physical

offset from host galaxy of 24puz relative to other populations. The

format 1s the same as in the left panel, except that we have colored

the points by their stellar mass but left the marker outline colors the

same as 1n the /eft panel. For TDEs, we assume a host galaxy offset

< 0.6”. The LFBOT AT 2020xnd does not have a reported offset

so we assume that 1t 1s <17, based on a by-eye approximation from

1mages 1n (528). 24puz 1s at a larger offset than expected from its

host galaxy mass, 1f 1t 1s associated with a star-forming region. | . .

. 231

7.9

The evolution of the best-fit blackbody parameters to the optical/UV

photometry of 24puz. The blackbody luminosity, radius, and tem-

perature are shown 1in the fop, middle, and bottom panels, respec-

tively. The luminosity rapidly rises over a few days, then slowly

rises/plateaus before rapidly decaying. The radius expands at a ve-

{04

locity of 0.1c¢ or a powerlaw and then decays as ¢~'- after a

~week. The temperature 1s largely constant and the weighted-mean

value is log Ty, /K=4.32+0.14 . . ... ... ... ... .....

7.10

Left: the MJD 60536 (21.4 rest-days) XMM-Newton spectrum of

24puz (blue scatter) with the best-fit power-law model overlaid.

Right: corner plot showing the best-fit power-law parameters. The

host galaxy absorption is negligible (ny < 3 x 10°' cm™). The

power-law index is I' = 1.73’:%3)3. | ...................
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Constraints on the physical parameters of any synchrotron-emitting

region from our radio/millimeter observations. The left panel shows

the ambient medium density n at outflow radius R for a spherical,

non-relativistic outlow. The dashed lines mark the boundary between

physical parameters excluded and allowed by a model that includes

free-free absorption where the absorbing medium density 1s assumed

to be the same as the emitting region. The grey region 1s allowed by all

models. Each line corresponds to a different observation and the color

scales with the time since discovery. The solid lines do not include

free-free emission. Regions to the left of these lines are allowed

while regions to the right are excluded. The LEFBOT AT 2018cow

1s shown 1n stars for comparison (/5, |/6). The right panel 1s 1n the

same format as the leff but 1s shows physical parameters appropriate

velocity v and the y-axis the mass-lossrate M| . . . .. ... ...

Summary of results from the MOSFIT TDE modeling. Realizations

from the MCMC samples are overlaid on select observations 1n the

left panel. We only include observations 1n representative bands for

clarity, but perform the fit with all data. The constraints on black

hole (Mgy) and disrupted star mass (M) are shown in the right panel. 242
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[ 7.13 Constraints on a shock breakout model for the optical/UV emission

from 24puz, assuming that the ejecta mass (M,;) 1s much larger than

the circum-transient medium mass (M) and the circum-transient

medium has a power-law density profile with slope s = 1. The opti-

cal/UV blackbody luminosity 1s shown as a function of time in black

1n both panels. The red points show the luminosity obtained from

early g-band-only detections of 24puz, for which we could not fully

constrain the luminosity. We assume the temperature 1s the average of

the over the first ~5 days. We show the case of small ¢y, for illustration.

The shock emergence 1s assumed to occur on the same day in both

panels, corresponding to the time at which the luminosity begins to

decrease. The blue solid line shows the expected power-law evolution

of the lightcurve within the shock breakout model, from equation|[/.9]

'The resulting inferred physical parameters (circum-transient medium

radius R, and mass My,) are listed on the bottom, including a

range of possible shock velocities mferred from the assumption that

Mej > M and the ejecta mass is reasonably small < 10° Mo, | . .

. 245

/.14

Constraints on the origin of the red excess from 24puz. The left

panel shows the HST spectral energy distribution of 24puz 1n black

and, for comparison, an epoch of observations of the red excess from

AT2018cow 1n red. A best-fit hot blackbody 1s shown 1n brown.

The dashed lines show the hot blackbody with potential red excess

emission added on. These are not fits but are meant to guide the

eye. In orange, a A~ power-law was added to represent reprocessing

32

in a shallow medium; in green, a A7°/“ power-law is summed to

represent reprocessing 1n a wind-like medium. In blue, we add a dust

blackbody to show that this model peaks redward of the excess. The

right panel shows our radio upper limits as black triangles. The grey

band shows an extrapolation of a power-law fit to the HST data to

radio frequencies. Considering that the AST data 1s taken at later-

times than the radio, so we would expect i1t to have faded with time,

the power-law extrapolation over-predicts the radio limits.| . . . . . .
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[7.15

X-ray lightcurve comparison, adapted from (529). 24puz 1s shown

in red and LFBOTs 1n orange. For completeness, a population of

gamma-ray bursts (GRBs) 1s shown 1n light blue, as these are common

comparison points for X-ray transient emission. The jetted TDE

SwJ1644 1s shown 1n blue. 24puz 1s among the most X-ray luminous

LEFBOTs. It shows a variability and evolution timescale comparable

to both LFBOTs and the jetted TDE.|. . . . . . ... ... ... ..

. 255

7.16

Blackbody fits to each epoch of UV/optical imaging of 24puz, as

data as black scatterpoints. | . . . . ... ... oL L.

1.17

Spectral constraints from the MJD 60558 (37.6 rest-days) XMM-

Newton observations, 1n the same format as Figure|/.10] We assume

no absorption 1n this fit, based on the results from the higher signal-

to-noise MJD 60536 observations. The photon index from the first

epoch 1s shown 1n blue. The photon index has tentatively softened:

the probabulity that the photon-index 1s consistent with the first epoch

ISPIN<1.73)=1%.| . . .. ...

/.18  Corner plot showing the full MOSFIT parameter set.|. . . . . . . . .. 270
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Chapter 1

INTRODUCTION

In 1964, a bright X-ray source, now named Cygnus X-1, was discovered in the
constellation Cygnus using Geiger counters attached to an unguided rocket (/7).
Follow-up observations showed peculiar properties relative to all previous sources.
Of particular note, Cygnus X-1 was detected out to 100 keV, was X-ray variable on
timescales as short as milliseconds (/8)), and had correlated radio flaring (/9). It was
associated with a supergiant star in a binary (20), and the binary motion suggested a
massive companion >3 Mg. Cygnus X-1 was identified as a likely black hole (BH),
as no other massive object was capable of producing such luminous and variable
multiwavelength emission (2/). It is now confirmed to be a ~21 My BH accreting

from the stellar winds of its companion (22).

A year before the discovery of Cygnus X-1, Maarten Schmidt obtained an optical
spectrum of the luminous radio source 3C 273, thought to be an unusual star and
called a quasi-stellar object, or quasar. He showed that it was located far beyond
our Galaxy at a redshift z = 0.158 (23). Other quasars were soon shown to also
be extragalactic. Like Cygnus X-1, quasars were variable, with optical flaring on
timescales shorter than months, as well as variability on years timescales (24). This
variability, combined with the massive amounts of emitted energy and evidence for
superluminal motion from radio observations, led to the association of these objects
with hugely massive ~10% M, BHs at the centers of galaxies (25-27). This also
led to the first prediction of a massive, but largely quiescent, BH at the center of
the Milky Way Galaxy (28). The existence of these supermassive BHs (SMBHs)
was not confirmed until high resolution observations unambiguously showed that
the central compact objects were too compact to be explained as anything other than
a BH (by (29) for NGC 4258 and (50, 3/) for the Milky Way; see (52) for a review

of earlier efforts).

We now know of populations of BHs from stellar mass to supermassive scales, and
they play a foundational role in astrophysics. The most massive black holes are
critical in shaping galaxy evolution (33). The lower mass subset of these objects,
the elusive intermediate mass black holes may play a critical role in reionization
(34) and shaping dwarf galaxies through feedback (35). The SMBHs profoundly
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affect the star formation histories and gas cycles in massive galaxies (36). In this
introduction, I will begin with a review of BH astrophysics and outstanding open
questions, with a focus on those topics addressed in this thesis. Then, I will discuss
probes of both accreting and non-accreting BHs. 1 will provide a detailed theoretical
and observational review of tidal disruption events, which are fundamental to my

work, and conclude with a brief summary of my thesis.

1.1 The astrophysics of black holes and open questions

Throughout this thesis, I will divide BHs into three classes by their masses. I
will define stellar mass black holes, such as Cygnus X-1, as those with BH masses
Mgy ~ 1 —100 M. Supermassive BHs, like the BH at the center of the Milky Way
(Sagittarius A*, or Sgr A*), have Mpy > 10° M, with the most massive known
SMBHs at Mgy ~ 10'° M, (e.g.37). The class of intermediate mass BHs (IMBHs)
spans the mass range between stellar mass and supermassive BHs Mgy ~ 10>7> M.
IMBHs and SMBHs together are sometimes called massive BHs (MBHs): this MBH
regime is the focus of my thesis. This section will review the formation, growth, and
open questions surrounding BHs. I will focus on MBHs, but, as much BH theory
was developed for stellar mass BHs and later applied to MBHs, I will discuss stellar

mass BHs as necessary.

The origins of black holes and their role within astrophysics as a whole
I begin with a basic summary of each BH class. 1 do not describe BH growth

processes in detail, as they are the focus of the next section.

1. Stellar mass BHs are formed in the final phases of massive star evolution. Stars
with initial masses ~25 — 60 M form BHs, while those between ~8 — 25 M,
form neutron stars and those between ~0.08 — 8 M, form white dwarfs (39).
These mass boundaries are approximate. The boundary between neutron star
and BH formation can be changed with, e.g., differing models of stellar mass
loss (e.g. 40). Stars with initial masses above ~60 — 100 M, are theorized to
trigger pair-instability supernovae (4/)), where electron-positron pair produc-
tion reduces the pressure support inside the stellar core, causing an implosion
(pair-instability supernova). The most massive stars are completely destroyed,
but stars with helium cores ~45 — 65 My will undergo thermonuclear burn-
ing during the contraction that counters the collapse, triggering a series of
pulsations until the mass has reduced enough to enable normal stellar evolu-

tion (pulsational pair-instability supernova). This process, combined with the
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Figure 1.1: Summary of SMBH formation models and resulting observable proper-
ties of IMBHs in the local universe, reproduced from (38).

boundary between neutron star and BH formation, leave stark imprints on the
stellar mass black hole mass function: a lower-mass gap Mgy ~ 2.2 — 5 Mg
and the upper-mass gap Mgy ~ 40 — 120 M, where BHs are not expected
to form as the remnants of single-star evolution. Gravitational wave searches
have uncovered BHs in these mass gaps, however, posing a problem for stel-
lar evolution models. These gaps can be filled through, e.g., mergers and
accretion in dense environments 43). Stellar mass black holes have
proven critical for our understanding of general relativity and massive
star evolution (45), among other subjects.

2. Supermassive BHs occupy the centers of nearly every massive galaxy in the
local universe (46), and the masses of these SMBHs correlate strongly with
their host galaxy properties, including velocity dispersions and stellar masses

(47). This correlation is unexpected as SMBHs can only directly influence
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objects in the innermost regions of galaxie for example, Sgr A* only affects
the dynamics of objects to ~0.1 pc. Nevertheless, SMBHs significantly affect
the large-scale structure and evolution of their host galaxy, largely through
feedback processes tied to their accretion and growth that enable the injection
of energy into their hosts on large scales through the launch of winds and jets
(48). The formation of SMBHs remains an open question (38, 49, 50). The
detection of SMBHs in the earliest epochs of the universe with telescopes
such as the James Webb Space Telescope necessitates models wherein BHs
with masses 2107 My can form within ~100s of Myrs (e.g. |5/). SMBHs
are expected to grow from the intermediate mass seeds via a combination of
mergers and accretion (52-56). Thus, IMBHs are a key diagnostic of SMBH

formation models.

Models to form these seed BHs are split into two classes: light and heavy
seed models. Light seed models propose that SMBHs began as ~100 My BHs
formed as the stellar remnants of the first stars at high-redshift (Population
III stars; (50, 57)). These BHs are the high redshift analogues of the stellar
mass BHs described earlier, but at higher masses due to the extremely high
masses but low metallicites of their progenitor stars. Some models invoke
extremely high accretion rates to grow these BHs to supermassive sizes. The
require accretion rates are well above the Eddington limit, which, as I will
discuss in detail in the next section, is a theoretical limit on the accretion rate,
above which radiation pressure will overcome the gravitational force and the
accreted material will be blown away. Alternatively, if the seed BHs form in
dense environments (e.g., nuclear star clusters), some of the BH growth may
occur via mergers. In heavy seed models, gas clouds of >10* M, directly
collapse into SMBHs in the early universe (52, |53). These models predict

distinct, observable properties for the present day IMBH populations, as seen

in Figure 38).

3. Intermediate mass black holes, despite being key to constraining SMBH
formation are the least well understood class of BHs. Dwarf galaxies may
host IMBHs, analogous to SMBHs occupying massive galaxy centers. Just as
SMBHs affect their host galaxies evolution, IMBHs will influence their dwarf
hosts. In the early universe, these IMBHs may contribute to reionization (34).

I'The radius out to which a SMBH affects the dynamics of material in its host galaxy is defined as
the radius of influence iy = GMgy/ o2, where G is the gravitational constant and o is the velocity
dispersion in the central regions of the galaxy.
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Unlike SMBHs, IMBHs need not reside in the center of their host galaxy:

dwarf galaxies may not have well-defined nuclei or gravitational potential
minima (58)). Moreover, within the hierarchical structure build up within the
A Cold Dark Matter (ACDM) paradigm, IMBHs are predicted to exist in the
outskirts of massive galaxies due to mergers (59) or they may be hosted by

globular clusters (60).

The growth of black holes

After the formation of a BH in any of these mass classes, growth occurs through
two processes: mergers and accretion. I focus on accretion processes here, which
are of most relevance to my thesis. Mergers contribute particularly to the growth of
massive SMBHs at low redshift.

Black hole accretion: a basic theoretical background

BHs are well established to grow via accretion of nearby matter, as they can be
extremely luminous during such events. As I will discuss, non-accreting BHs are
difficult or impossible to identify observationally, while highly accreting BHs can be
some of the brightest sources in the sky. Accreting MBHs in the centers of galaxies
are termed active galactic nuclei (AGN). The demographics of the most luminous
AGN, or quasars, were an early piece of evidence that all massive galaxies must
host SMBHs (46)). Accretion also enables the connection between MBHs and their
host galaxies. During accretion, the BHs can launch relativistic, collimated jets
and powerful winds that propagate to galaxy scales, injecting energy throughout the
host (48). At stellar mass scales, the most commonly observed accreting BHs are
X-ray binaries (XRBs), where the stellar mass BH is consuming a stellar companion.

When XRBs launch relativistic, collimated jets, they are termed microquasars.

At the most basic level, BHs accrete from a disk of material. For many of the ob-
served accreting black holes, friction efficiently dissipates energy from the material,
but angular momentum is only slowly removed, leading to a disk-like structure. The
disk assumption breaks down for the lowest and highest accretion rates, as I will

touch on shortly.

The accretion state of a BH is largely encapsulated in its Eddington ratio Agq4, which
is defined as the accretion luminosity L,c in units of the theoretical maximum
accretion luminosity, or the Eddington luminosity Lgqq: Agdd = Lacc/Lgdd- This
is typically converted to a mass accretion rate Mgy by assuming that 10% of the

accreted energy is emitted as radiation, or Ly, = nMi;Hc2 for n = 0.1. The
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Eddington luminosity is calculated such that the radiation pressure on a particle in

the accretion disk is equal to the gravitational force from the BH, or

4rxGMgym ,c M,
Lpad = ——20P7 _ 126 % 1038( BH
ar M@

)ergs_l. (1.1)

We have defined the proton mass m ,, the speed of light ¢ and the Thomson scattering
cross section o7 = 6.65 x 1072 cm?. Sgr A*, with its mass Mpy ~ 100 M, has
Lega = 10¥ ergs™!

Most well-studied AGN are in the regime Agqg < 1, where the accretion disk
structure is well-approximated as a thin disk, which is defined as 7/R < 1 for scale
height & and disk size R. The (6/) model is the most common prescription for
such a disk. It models a stationary, axially symmetric disk for a cooling dominated
flow. The key assumption is that the angular momentum transport is dominated by
a turbulent viscosity that is proportional to the disk sound speed and height. The
proportionality constant is typically assumed to be constant.

The disk spectrum can be approximated as a sum of blackbodies over the disk. The

blackbody temperature is given by

Teff(R):[?)GgiBo}_lszH( w/ )} R34
1
2

1 1
Mgy \ 2 M, 3 Rin\* R 3/
~ 8.6 x 10" K| —22 BH I—4/=2] = , (12
106 M@ 1 M@ yr_l R Rin

where, to compute the numbers in the second equality, we have assumed that the disk
inner radius Ry, ~ R, = GMgp/c?. The accretion rate is given by Mgy, the radius
within the disk R, and the Stefan-Boltzmann constant is osg. The spectrum is then

the sum of a series of blackbody-emitting rings with this temperature distribution.

A key assumption of the (6/)) model is that the disk cooling is advection dominated.
For low accretion rates (dggq < 0.01), the viscous energy cannot be efficiently
radiated and is instead advected towards the BH. This form of accretion is termed an
advection dominated accretion flow (ADAF; (62-H65))). This model can only occur
if the accretion timescale is much faster than the Coulomb coupling timescale,
such that the electrons are much cooler than the protons so radiation is inefficient:
this timescale requirement is why ADAFs occur for low accretion rates. The disk
becomes geometrically thick (2/R ~ 1) and has a low luminosity. ADAFs are
predicted to commonly launch outflows and jets, which we will discuss in more

detail later. ADAFs formed a key test of general relativity, as accreting BHs can
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absorb the advected energy within the event horizon, whereas neutron stars must

radiate the energy from their surface.

For high accretion rates (dgqq = 1), like in the lowest accretion states, the thin disk
model breaks down. The accretion disk becomes radiation pressure dominated, as
is clear from the definition of the Eddington limit, but the emitting energy is limited
to the Eddington luminosity (66). Like in the ADAF model, all remaining energy
is carried inwards by advection and the disk is geometrically thick. As in ADAFs,
slim disks are expected to launch significant outflows. These outflows, as well
as patchy and non-spherical geometries, can enable super-Eddington luminosities.
Many open questions remain about super-Eddington accretion, including the long-
timescale stability, the accretion and radiative efficiency (i.e., what fraction of the
energy is consumed, radiated, or blown away in outflows), and what super-Eddington

luminosities are feasible.
Jets and outflows

Early observations of accreting SMBHs detected significant radio emission from
these sources, consistent with highly relativistic beams of emission shocking against
surrounding gas. Ultraviolet and X-ray spectroscopy has suggested the presence of
fast outflows (67H70). These jets and outflows enable the BHs to inject energy on
the scale of their host galaxies, rather than only affecting their host within the radius
of influence (48). I will briefly review processes by which accreting BHs launch

outflows.

I first consider non-relativistic, wide-angle winds. There are three basic mechanisms
that can drive a wind from an accretion disk: thermal pressure, radiation pressure,
or magnetic fields (see |7/, for a review). Thermally launched winds occur when
X-rays from the central accretion flow heat low density gas to ~107 K, which can
accelerate winds up to ~2000kms~! (72,|73). These are thought to be responsible

for narrow absorption lines observed in X-ray spectra (e.g.|/4).

Radiation pressure-driven winds can occur in super-Eddington sources, where radi-
ation pressure is dominant. For BHs with lower accretion rates, these winds must be
line-driven. Such a model is borne out observationally: quasars are often observed
to have ultraviolet spectra with complex emission and absorption features superim-
posed on a strong continuum suggestive of moderately ionized, high velocity gas
illuminated by a luminous ultraviolet source (75). This mechanism is only efficient,

however, if the wind is shielded from the luminous X-rays produced by the inner
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disk, so that it does not become fully ionized. There has been debate over whether

shielding is efficient in typical AGN with strong winds (76)).

Magnetically-driven winds can be launched by the magnetocentrifugal force or
magnetic pressure (/7). The former occurs in the case where this a a strong poloidal
component to the magnetic field and the field lines have an angle > 30 deg relative to
the disk rotation axis (/7). In the latter case, a strong toroidal field creates magnetic

pressure and launches the wind, but these winds may be transitory (78).

The (77) mechanism may also play a role in the launching of highly collimated,
relativistic jets. Alternatively, the jet energy may be extracted from the rotation of
the BH itself via the (/9) mechanism, or the jet may be the result of a combination of
these processes. High resolution imaging with the Event Horizon Telescope (EHT;
(80)) is proving key to test these mechanisms. As I will discuss in the next section,
there appears to be a strong connection between the accretion disk and the jet, at
leastin XRBs. Steady jets are only detected in certain accretion states: at the highest
and lowest accretion states. Geometrically thick disks may help collimate the jet,
or retain the requisite large scale magnetic flux to launch the jet. As in the case of
accretion disk models, it is unclear whether the jet-disk connection is the same in
XRBs and AGN. This is a topic that my thesis will briefly address.

Observations of BHs
Observations of BHs have tested formation, evolution, and growth models. 1 will

highlight results that are of particular relevance to this thesis.

BH number density: The number density of SMBHs in the local universe has been
constrained using the luminosity function of quasars, as well as mass-estimates based
on scaling relations with host galaxies, to be ~4 x 10° Mg, cMpc® (81-84). At higher
redshift, the quasar luminosity function provides a lower limit, but whether, e.g., the
quasar radiative efficiency and active fraction evolve with redshift is unknown (85).
Results with the James Webb Space Telescope are suggesting that some SMBHs
may have established their masses at high-redshift (86)).

AGN duty cycle: Comparisons of the local quasar luminosity function to the number
density of BHs established via, e.g., host galaxy correlations, as well as case studies
of AGN with age estimates, suggest that local AGN spend ~107 yr in an active state
(81, 187). The fraction of active AGN may increase with redshift for high mass
SMBHs (88), although it may be be lower for smaller SMBHs (§9).

Super-Eddington accretion: The detection of massive SMBHs in the early universe



Observer sees blazar

N\ Observer sees
N radio loud quaser
< d Observer sees
radio galaxy
Gas clouds in narrow P

line region

P

-0, Ct - Observer sees
/ b Seyfert 2 galaxy
Jet 2 g R ~

Broad line region

Observer sees
Seyfert 1 galaxy
“{i\1

Figure 1.2: The structure of an AGN, from https://fermi.gsfc.nasa.gov/
science/eteu/agn/, with the type of source perceived by the observer along
different lines-of-sight noted.

suggests that, within light seed models for SMBH formation, very super-Eddington
accretion must be sustainable (5/). Observations of candidate super-Eddington
quasars in the local (90) and high-redshift universe (9/) suggest that such accretion
is possible, but how abundant such objects are, the observable characteristics of

super-Eddington events, and the stability of such accretion remain unclear (92).

Simple disk models fail: AGN are observed to undergo many types of behavior that
are not explained within the standard model, such as luminous outbursts over long
timescales (93, |94). X-ray binaries, for which many of the simple disk models were
developed, show clear correlations between the disk state and jet/wind launching,
where in the lowest and highest accretion states, steady jets are launched. It is
unclear whether AGN have similar behavior (95)). These observations may suggest
that AGN disk models are insufficient. Some success has been found explaining
AGN flaring as the result of stars embedded in the AGN disk (96).

The environment around an SMBH: AGN show a dichotomy in observable emis-
sion, where in some sources, emission associated from close to the SMBH (highly
broadened lines; strong, unabsorbed X-rays) are detected. In others, this emission

cannot be seen. In all AGN, narrow line emission suggestive of gas up to ~100 pc in
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size is observable. These observations are thought to be the result of a characteristic
structure (Figure @]), where AGN have a central SMHB with an accretion disk,
surrounded by clouds of high-velocity gas, potentially launched as winds from the
accretion (97)). Surrounding this interior structure on ~pc-scales is a donut-like,
dusty torus, and, on the largest scales, a cloud of gas forming the narrow line region
(98). The origin of the broad line region and dusty torus remain open questions

(99), as well as whether such gas and dust exists in non-accreting SMBH systems.

IMBHs are hard to find: There have been numerous efforts to search for signatures
of IMBHs via accretion or dynamics (/00-103), with limited success. The faintness
of these sources, as well as the lack of prior on their locations, render them difficult

to conclusively identify (see 38, for a review).

Key outstanding questions
Many open questions about MBHs and their growth/evolution remain. In particular,
I will focus on the following four points, the first two of which are directly connected

to accretion physics while the final two are focused on demographics of SMBHs:

1. How does SMBH accretion differ from stellar mass BH accretion? XRBs
show distinct accretion states that have been extensively considered within the
ADAF-thin disk-slim disk framework. They show strong connections between
the accretion state and jet launching properties. AGN show some evidence for

similar behavior, but they do not seem to produce state transitions analogous
to XRBs.

2. What are the properties of super-Eddington accretion onto MBHs? While
some super-Eddington events are known, we still do not fully understand the
detailed physics. In particular, if SMBHs can stay in highly super-Eddington
states for long timescales, this will be significant for SMBH formation models.

3. Do quiescent BHs or low accretion rate AGN have the same properties as
AGN? Our knowledge of SMBH demographics are largely based on the most
highly accreting objects, but most will not be in this state. How do their
demographics and environments differ from the accreting BHs? Why are

only certain BHs accreting?

4. What are the demographics of IMBHs? Searches for IMBHs have proven
challenging. How can we identify a population of bona-fide IMBHs?
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Key to answering these questions is expanding our studies of MBHs beyond the most
highly luminous objects. Efforts to do this include using gravitational waves (e.g.
104),|105)), gravitational lensing (e.g.|/06)), direct imaging (80, 107), and dynamics
(e.g. [108). In my thesis, I focus on transient accretion as a probe of otherwise
hidden BHs. In particular, if a star ventures close to a MBH, it will be shredded in

a dramatic, electromagnetic transient. This is called a tidal disruption event (TDE).

1.2 Tidal disruption events

Tidal disruption events (TDEs) were originally predicted in the 1980s, when as-
tronomers were hotly debating the existence of a black hole in the Milky Way center
({1094111). If the Milky Way has a MBH, then, in all probability, nuclear MBHs
are ubiquitous. Eventually, stars in galactic nuclei will be scattered onto plunging
orbits to these MBH two-body interactions, allowing tidal forces from the MBH to
violently shred the star. If such a process can efficiently convert the stellar mass to
radiation, these TDEs could temporarily light up otherwise quiescent black holes.
They would provide a smoking gun of the presence of MBHs, possibly in galaxies
out to large distances if the emission is sufficiently luminous. Depending on the
details of the radiation mechanism, they could be used to measure the mass and
other properties of the MBH, as well as to study the structure (both gas and stellar)

of the nuclear environment.

In this section, I provide key theoretical and observational background on TDEs,
following (/11}112).

Basic theory
TDEs occur when a star is on an orbit with a pericenter R, smaller than the tidal

radius Rr, given by

1/3 -
M R, \[ M.
Ry~ R.|=28| ~o05AU
M., 1R )\ 1M,

W=

Mgy g
EAI

where the stellar radius is R., the stellar mass is M., and the BH mass is Mgy. The
tidal radius scales as Ry « Méﬁ , whereas the gravitational radius R, = GMgy/ c? x
Mgg, so there is a maximum mass where TDEs can occur. Assuming the event

horizon is given by 2R,, the maximum BH mass is given by

Nl—=

2\2 1 3 M.\~
c 13 .
MBH,max = (%) M, 2R>§ ~ 108 MO(MQ)

R.\}
EA T

Note that accounting for BH spin modifies this limit.
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Upon reaching Ry, the star will be disrupted. The binding energy of the star will

have a spread

_ GM*(MBH)% (1.5)

Ae =
R. \ M.
such that roughly half the matter is bound to the BH (Ae < 0) and half is unbound.
The bound portion will, eventually, be accreted onto the BH, while the unbound will
be ejected in an outflow. The bound material will return to the BH on the fallback

timescale, or the orbit period of the most bound debris,

3 -1 1
R\ (M. N\ Mpn\?
:O.Iyr( )( ) ( BH). (1.6)
Ro) \Mo| \'Ms

=

G Mgy 2ﬂ(GM* M, )_
2 MguR}

The fallback rate as a function of time is given by

Wl
Wl

dM _ dMde _ (27rGMBH)2/3d_Mt_ ~ lM*( t

- _ = = —1 . 1.7
dr de dr 3 de 3t tfb) (1.7)

A common assumption is that dM /de is roughly constant, so M o t=>/3. The stellar
parameters (density structure and spin), the stellar orbit, and the BH spin will affect

this result.

The peak fallback rate is thus

3 4
. M, . n Mgy \ %2 M, \3
M([fb) = 3 = 133MEdd(m)(lO6 M@) (IMQ) . (1.8)

If the accretion rate tracks the fallback rate, then the accretion rate is highly super-
Eddington for solar-type stars and Mgy < 2 X 107 M. For smaller BH masses, the
Eddington ratio is higher: this fact makes TDEs powerful probes of the lowest mass
BHs.

The accretion disk will be compact (size ~R7). The temperature can be estimated by
treating the disk as a spherical blackbody: T ~ 3.6 x 1083/ 4M(: 7 24ml/ 7 " The
emission will thus peak in the X-ray/EUV. If the disk is in a super-Eddington state,
it will be puffy and able to launch significant winds, producing a cloud of debris.
Alternatively, the unbound stellar debris may also form a cloud, or an outflow may
be launched from shocked, bound stellar debris (//3). This cloud can absorb and
reprocess the hot, T ~ 10° K emission into a T ~ 10* K blackbody, which emits in
the optical/UV.
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Figure 1.3: The optical lightcurve of the first TDE discovered by the Zwicky
Transient Facility, reproduced from (//6). Each color denotes a different band. The
flare has a constant, blue color and evolves on month timescales.

The accretion rate declines as r—/3 after the fallback time and will drop below the
Eddington rate after

r 30

%

Mgy )—2/5( M, )1/5

fpag = 1.1 yrﬁ_6/5(106M A
(O]

Lower mass black holes spend longer in a super-Eddington accretion state. If
this super-Eddington accretion state is conducive to collimating jets and launching
fast winds, radio emission may be produced. Alternatively, the unbound half of
the stellar debris may shock against the circumnuclear medium (CNM), producing
synchrotron emission, or jets/winds may be launched through other processes (e.g.,
analogously to X-ray binaries). The CNM itself may also emit in the IR, if it is
heated by UV photons produced during the TDE (//4,|115)).

From these considerations, we see that TDEs may produce optical/UV/X-ray emis-
sion that peaks on ~week timescales and decays over ~months—years. The emission
may correspond to super-Eddington accretion, and thus be quite luminous. They

may also emit in the radio and infrared.

Observations

TDE search efforts began in the 1990s with the launch of the ROentgen SATellite
(ROSAT), which monitored the full sky in the soft X-rays. At that point, TDE
emission was expected to be dominated by that from the hot accretion disk, so



14

ROSAT provided an ideal dataset to search for events (//7-/20). In the early 2000s,
the GALEX UV and the SDSS optical photometric surveys enabled the discovery
of the first optical/UV TDEs (/21-123).

In 2019, the Zwicky Transient Facility (ZTF; (/24-127)) turned on and revolution-
ized the study of TDEs with the first quasi-uniformly selected samples (/28) (see
Figure [1.3] for the lightcurve of the first TDE discovered by ZTF). The extended
ROentgen Survey with an Imaging Telescope Array (eROSITA; (/29)) instrument
on the Spectrum-Roentgen-Gamma (SRG) telescope has enabled the same in the
soft X-ray (/30). Mid-infrared selected TDE samples have been produced using
data from the Wide-field Infrared Survey Explorer (WISE) mission (/31,|/32), and
upcoming UV missions will enable sample searches in that band. This thesis will
produce radio-selected TDE samples using the Jansky Very Large Array (jVLA)
and its 3 GHz, wide-field survey, the VLA Sky Survey (VLASS; (/33)), as well as

optically-selected events that are beyond the selection bounds of previous searches.

Throughout the rest of this section, I will discuss the results of these searches in
more detail. I will begin by summarizing the methodology used to identify TDEs
in each survey. I will focus on the ZTF TDE samples, as I will heavily rely on the

optical results and methodology throughout this thesis.

For the ZTF TDE sample, we focus on the selection from (/354), which is relatively
representative of the criteria used from other ZTF TDE papers (e.g., (/3)). In brief,
TDEs are selected as blue transients in the nuclei of (mostly) quiescent galaxies
that rise of a timescale of ~weeks and fade over ~months. In more detail, (/34)
identified TDEs as transients that are offset by < 0.6” from the nearest object and
where the nearest object must have a galaxy-like (i.e. extended) morphology. The
peak g- and r-band magnitudes must both be brighter than 19.5 mag, although this
constraint is loosened in other ZTF TDE searches. The source must not be classified
as a quasar or star in a number of catalogs and the mid-infrared lightcurve from
WISE must not show variability. The flare must have a mean color g —r < 0.2 mag,
i.e., it must be blue. The color must evolve at < 0.02 mag day~' post-peak. The
resulting sources are then all examined visually and followed up spectroscopically

to confirm their TDE classifications.

The SRG/eROSITA team identified TDEs as X-ray transients in the nuclei of a
quiescent galaxy (/30). They followed up all these nuclear transients with optical
spectroscopy and excluded sources with AGN signatures in their spectra. The

resulting sample consisted of thirteen events. Mid-infrared TDE searches identify
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Figure 1.4: The preferred host galaxies of optically-selected TDEs, reproduced
from (135)). The left panel shows that the TDE hosts are over-abundant in the green
valley (colored points) relative to a background sample (contours). The right panel
shows that TDE hosts tend to be hosted by E+A galaxies, with ~1 Gyr old stellar
populations.

TDESs as luminous, long-lived infrared flares in the nuclei of relatively quiescent

galaxies (/32).

There have been a few key takeaways (for the purposes of this thesis) from these,
and other, TDE searches:

The typical host galaxies of TDEs: Optically-selected TDEs tend to be hosted by
centrally concentrated, post-starburst galaxies that are located in the green valley
(135H139). They are relatively low mass (<1091 Mg; (140)), as is expected
given that solar mass stars cannot be disrupted by large SMBHs (> 108 My). X-
ray selected TDEs may tend to prefer higher mass galaxies than optically-selected
TDEs (/30). There is some suggestion that infrared-selected TDEs prefer different,
although equally unusual, host galaxies to optically-selected events (/32)

Characteristics of broadband optical emission from TDEs:  Even within the
bounds of the optical flare selection criteria, the broadband optical lightcurves
from TDEs show a range of behavior [/34). The observed peak luminosity
range is ~10%% ergs~!. Some of the lightcurves plateau near peak, while others
briefly rebrighten a single time in the ~10s of days post-peak. Others plateau at late
times and remain detectable for ~100s of days. There are a few TDEs with well-

characterized (i.e., deep, high cadenced follow-up beyond survey data) optical/UV
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emission near peak, and many of these show a temperature evolution involving an
initial, rapid cooling following by a stabilization, although this behavior has not
been discussed. A few TDEs show 2+ rebrightenings on ~year timescales: these

are likely repeating partial TDEs (/41).

Characteristics of X-ray emission from TDEs: The X-ray emission from TDEs,
both as observed in the X-ray selected sample and in follow-up of optically-selected
TDEs, tends to be extremely soft (photon index I ~ 4 — 11; (/30,|/42))). The X-ray
lightcurves show a range of properties, including rapid variability, late-time turn

ons, and long timescale emission in various cases (/43)).

Infrared emission from optically-selected TDEs: There have been detailed studies
of the infrared lightcurves from the WISE survey for some of the optically-selected
TDESs. Broadly, optically-selected TDEs tend to produce little infrared emission,
corresponding to dust covering fractions $1% (/44). Of course, this is likely in
part a selection bias: dust will redden the optical flares and optical TDE selection
require a blue flare color (/3}|/34). If there is sufficient dust, the optical flare may
not be detectable at all. More and more TDEs are being discovered with extremely
bright infrared flares, including a few unusual optically-selected events, although

many are selected in different wavebands (e.g. (/31}|/32,145)).

Optical/UV spectral features produced by optically-selected TDEs: Some optically-
selected TDEs are observed to have broad emission lines in their optical and UV
spectra, with widths ~10%* km s~! (728). From the optical spectra, these events
can be classified into four categories: (1) H-TDEs, which only show Balmer lines;
(2) H+He-TDEs, which show Helium lines in addition to the Balmer lines; (3)
He-TDEs, which show only Helium lines and Bowen fluorescence features; and (4)
featureless TDEs, which show no spectral features (/3). These lines typically fade
within a year of the TDE turning on. The width of the lines may suggest that they
originate in a fast outflow or in gas where electron scattering plays a strong role
(146,147). Atlate times (~years), some TDEs are observed to produce coronal line
emission (e.g., [Fe X]; (/48)), suggesting that dense gas formed from sublimated
dust is being irradiated by a strong X-ray source. Prior to the detection of these
lines from definitive TDEs, strong, evolving coronal line emission was known to be
produced by a subset of galaxies called the extreme coronal line emitters (ECLESs),
which are now suggested to be old TDEs (/4).

Radio emission from optically-selected TDEs: QOver the last few years, there have

been extensive efforts to follow-up optically-selected TDEs in the radio (/50). Few
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Figure 1.5: Radio evolution of TDEs at GHz frequencies, reproduced from (/49).
TDESs show a range of evolution. The on-axis, jetted TDEs are the luminous events
at the top of the figure.

optically-selected TDEs produce radio emission at early times (< 100 days post-
optical peak). A growing sample of events (>30% of optically-selected TDEs) have
been detected to turn on at late-times (years post-optical peak) and some of those
with early time emission rebrighten at late times, possibly suggesting the launch of
a new outflow/jet (149, [I51H153)), as shown in Figure [I.5] The origin of this radio
emission, and in particular whether it originates from a collimated jet or wide-angle

outflow, are hotly debated.

Correlations between multiwavelength emission from TDEs selected in different
bands: X-ray selected TDEs are infrequently observed to be optically bright, and
vice versa ((/30,|/43), although see (/42)). This could occur if the optical emission
is produced when the accretion disk is obscured by stellar debris. Likewise, IR
selected TDEs have distinct host galaxies and do not show optical flares, although
this may be because the events are too old for good optical survey converage (/32).
These results suggest that TDEs selected in different bands may be fundamentally

different events.

The TDE black hole mass function and rate: The X-ray selected TDE rate was
measured tobe (1.1+0.5)x 107> galaxy~! year—1 (/30). The optically-selected TDE
rate was measured to be ~3.2 x 107> galaxy~! yr~! (/34). The IR-selcted TDE rated
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i1s comparable to that of opticall-selected events. Of course, these measurements
may be underestimates if many TDEs are being missed by current selections. The
optically-selected TDE blackhole mass function was found to be consistent with a
flat local BH mass function, and was consistent at the high mass end with predictions

of direct capture rather than disruption for large SMBHs (/34)).

1.3 This thesis
Despite these monumental advances in our understanding of TDEs, many open
questions remain, which directly connect to the open questions around BH and

AGN noted above. Of most relevance to this work,

1. What TDEs are we missing? The current TDE samples are biased towards
a certain subset of events (e.g., optically-selected TDEs must be blue). It is
possible that many TDEs are being missed by these selections, affecting both
rate calculations and the general landscape of TDE emission. The host galaxy
preference of optically-selected TDEs has been suggested to arise from these

selection effects.

2. Where are the IMBH TDEs? Connecting to the previous issue, few, if
any, bona-fide TDEs with masses Mpy < 10° M, are known, but they are
predicted to exist. Are we missing these because of selection effects, such as

the host galaxy requirements? Or are they not optically bright?

3. What produces the observed radio emission? The observed radio emission
from TDEs spans a diverse range of luminosities and behaviors. Some pro-
portion of these are likely produced by jets, while some may be disk outflows
or outflowing stellar debris. It is unknown how this connects to the accre-
tion disk state, as with AGN, but, because of the younger age of the system,
TDEs may pose a simpler test case. We require an unbiased census of radio

emission.

These are the questions that my thesis aims to address. In the rest of this work, I
present attempts to identify and characterize TDEs at novel wavelengths and with
new selection criteria, with the aim of identifying new populations of TDEs or
showing that the current events are representative. In Chapters 2-5 of my thesis,
I will use radio survey data to produce a sample of radio-selected TDEs, which I
will compare to optical populations and use to constrain TDE outflow launching and

host galaxy properties. In Chapters 6-7, I will discuss results from efforts to reduce
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and modify the selection effects in optical TDE searches. Finally, in Chapter 8, I
will conclude and highlight future directions for studies of MBHs.
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Abstract

We present observations of an extreme radio flare, VT J024345.70-284040.08,
hereafter VT J0243, from the nucleus of a galaxy with evidence for historic Seyfert
activity at redshift z = 0.074. Between NRAO VLA Sky Survey observations in
1993 to VLA Sky Survey observations in 2018, VT J0243 rose from a ~GHz radio
luminosity of vL, < 10 ergs™! to vL,~10%* erg s~!, and still continues to brighten.
The radio spectral energy distribution (SED) evolution is consistent with a nascent

jet that has slowed over ~3, 000 days with an average 0.1 < (8) < 0.6. The jet is
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energetic (~10°'72 erg), and had a radius ~0.7 pc in Dec. 2021. X-ray observations
suggest a persistent or evolving corona, possibly associated with an accretion disk,
and IR and optical observations constrain any high-energy counterpart to be sub-
Eddington. VT J0243 may be an example of a young, off-axis radio jet from
a slowly evolving tidal disruption event. Other more mysterious triggers for the
accretion enhancement and jet launching are possible. In either case, VT J0243 is
a unique example of a nascent jet, highlighting the unknown connection between

supermassive black holes, the properties of their accretion flows, and jet launching.

2.1 Introduction

In galactic nuclei, accretion-associated phenomena produce extreme radio variability
on timescales of months—years and with flare luminosities covering the full range up
to 21032 erg s™! Hz~!. These flares are often associated with tidal disruption events
(TDEs; (150)), young radio jets from active galactic nuclei (AGN; (/54-157)), or
outflows launched from accretion disks (e.g.|/58).

The physical mechanisms causing many of these radio flares in galactic nuclei have
yet to be understood. For stellar mass black holes, it is well established that there is
a strong connection between accretion and the launching of radio-emitting outflows
and jets (see /59, for a review). Jet and outflow launching from supermassive black
holes (SMBHs) is an unsolved problem, whether we consider those black holes
associated with AGN that have been accreting for long timescales or the newly active
black holes resulting from stellar disruptions. The conditions under which radio
jets launch, the mechanisms through which they emit across the electromagnetic

spectrum, and their duty cycle remain open questions (e.g.|/60).

Our understanding of accretion-associated radio transients is evolving significantly
with the advent of high-resolution, wide-field radio surveys, such as the Very Large
Array Sky Survey (VLASS; (/33)). In this paper, we present an extraordinar-
ily luminous radio transient discovered with VLASS, VT J024345.70-284040.08,
hereafter VT J0243. VT J0243 is located in the nucleus of a nearby galaxy, 2dF-
GRS TGS314Z138 (z = 0.0742, Section [2.4). We identified VT J0243 as a radio
transient between the NRAO VLA Sky Survey (NVSS; (/6/7)) and VLASS. VT
J0243 has risen to ~10%° erg s~! over ~5 years, and continues to brighten. As we
will show, VT J0243 is likely a nascent radio jet, yet no other event observed to
date has shown its multiwavelength signatures, including a radio luminosity that

continues to rise more than 1,000 days after the jet turned on. In Section[2.2] we
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describe our selection criteria that led to the discovery of VT J0243. In Section[2.3]
we describe our multiwavelength archival searches and follow-up observations. In
Section [2.4] we present our analysis of the observations, and in Section [2.5] we
discuss the interpretation of VT J0243.

We adopt the (/62) cosmology with Hy = 67.7 km s~! Mpc™'.

2.2 Target Selection

VT J0243 was detected as part of our transient search using the 1.4 GHz NRAO VLA
Sky Survey in the 1990s (/6/) and the 3 GHz VLA Sky Survey (/33)), observing
from 2017 to today. These surveys provide a unique opportunity to identify slowly
evolving radio transients. NVSS has an rms noise 0.45 mJy/beam and a resolution
of 45” FWHM, and VLASS has an rms noise 0.14 mJy/beam and a resolution 1.5”
FWHM. Dong et al., in prep., generated a transient catalog by identifying sources
that were detected by pyBDSF at a > 70 level in VLASS but were not detected
(< 30) in NVSS. We refer the reader to that work and Appendix A of (/63) for a

detailed description of the pipeline used.

VT J0243 was also selected as an evolving source in an independent search (Chen et
al., in prep.) that identified young radio transients through VLASS and the VLITE
Commensal Sky Survey (VCSS;|/64). VCSS is a survey conducted simultaneously
with VLASS by VLITE, a commensal instrument on the VLA (/65, |166). VCSS
covers the same regions of the sky as VLASS and observes at v ~ 340 MHz
with an angular resolution of & ~ 20” and a median image rms of 3 mJy/beam.
Additionally, VT J0243 was identified to be young because of its inverted spectrum
between 340 MHz — 3 GHz, suggesting optically thick emission at low frequencies.

Because of the extreme radio luminosity of this source given its history of inactivity
and its coincidence with the nucleus of a low-mass galaxy, we initiated an extensive,

multi-wavelength follow-up campaign.

2.3 Observations and Data Reduction

In this section, we describe our multi-wavelength follow-up of and archival searches
for VT J0243 and its host, 2dFGRS TGS3147138.

Radio observations

The available archival radio observations and our radio follow-up are summarized in
Table[2.1] After anondetection by NVSS on MJD 49520, VT J0243 was first detected
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Instrument/Survey Date MJD | Frequency [GHz] | Flux Density [m]y]
NVSS™ Sept. 20 1993 | 49250 1.4 < 1.3 (3o)
TGSS® Dec. 27 2010 | 55557 0.15 <15 (30o)
VCSS® Epoch 1 Feb. 17,2018 | 58166 0.340 23 +7
VLASS®™ Epoch 1 Feb. 17,2018 | 58166 2.157 39.14 + 0.31
VLASS Epoch 1 Feb. 17,2018 | 58166 2.578 40.21 +0.26
VLASS Epoch 1 Feb. 17,2018 | 58166 3.048 41.54 +0.30
VLASS Epoch 1 Feb. 17,2018 | 58166 3.865 41.39 +0.34
RACS®) Apr. 28,2019 | 58601 0.8875 45.81 +0.64
VCSS Epoch 2 Nov. 1,2020 | 59154 0.340 22+7
VLASS Epoch 2 Nov. 1,2020 | 59154 2.157 54.33 £ 0.48
VLASS Epoch 2 Nov. 1,2020 | 59154 2.579 53.85 +0.34
VLASS Epoch 2 Nov. 1, 2020 | 59154 3.048 52.84 +0.29
VLASS Epoch 2 Nov. 1, 2020 | 59154 3.685 52.29 +0.34
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 1.877 68.82 + 11.51
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 2.636 71.26 + 12.69
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 479 59.23 + 6.59
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 5779 55.92 + 6.24
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 6.732 52.48 £ 5.34
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 7.734 49.27 +5.22
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 8.706 46.49 +4.9
ATCA Epoch 1 (PC: CX486) | Jun. 27, 2021 | 59392 9.677 45.08 + 4.98
ATCA Epoch 1 (PC: CX486) | Jun. 27,2021 | 59392 10.68 43.61 +5.56
ATCA Epoch 2 (PC: CX486) | Aug. 13,2021 | 59439 5.25 57.47+0.7
ATCA Epoch 2 (PC: CX486) | Aug. 13,2021 | 59439 8.75 48.74 £ 0.52
ATCA Epoch 2 (PC: CX486) | Aug. 13,2021 | 59439 18.0 32.0 + 0.66
ATCA Epoch 2 (PC: CX486) | Aug. 13,2021 | 59439 34.0 21.4+0.71
ATCA Epoch 2 (PC: CX486) | Aug. 13,2021 | 59439 40.0 19.82 + 0.69
GMRT (PID: ddtC203) Aug. 27,2021 | 59454 0.402 32.39+0.24
GMRT (PID: ddtC203) Aug. 29,2021 | 59454 0.648 52.44 £ 0.26
GMRT (PID: ddtC203) Aug. 28,2021 | 59454 1.264 60.88 + 0.41

Note. Archival and follow-up radio observations of VT J0243. References: (1)(] 61),
@) (167), P (164), ®(133), O)(168).
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on MJD 58166 in the first epoch of the VLASS with a luminosity vL, (3 GHz) ~ 10*
erg s~!. NVSS and VLASS are described at the beginning of Section At the
same time as the VLASS first epoch observations, VCSS detected the source (see
Section [2.2] for details of VCSS). The source was then detected by the Autralian
SKA Pathfinder (ASKAP) telescope as part of the Rapid ASKAP Continuum Survey
(RACS) at 0.9 GHz (/68). RACS is observing the whole sky visible to ASKAP in
the 700—1800 MHz band with 15” resolution and a sensitivity of ~0.25 mJy/beam.
The final surveys to detect VT J0243 were the second epochs of VLASS and VCSS.
Follow-up observations for this source were obtained using the Australia Telescope
Compact Array (ATCA), the upgraded Giant Metrewave Radio Telescope (uGMRT),
and the Very Long Baseline Array (VLBA).

Two epochs of ATCA observations were obtained on MJDs 59392 and 59439 with
the six 22 m dishes arranged in the extended 6B configuration, providing baselines
spanning 214-5969 m The Compact Array Broadband Backend (CABB; |/69)
was used in the CFB-1M mode to simultaneously record full-polarization visibilities
in two 2048 MHz bands each split into 2048 1 MHz channels. In the first epoch, by
cycling between three different non-standard frequency setups data were obtained in
2048 MHz bands centered on 2.1 GHz, 5.25 GHz, 7 GHz, 8.75 GHz, and 10.25 GHz.
Observations in the first epoch totaled two hours. Scans of PKS 1934-638 in
each frequency setup were used to set the flux-density scale, and calibrate the
complex time-independent bandpasses. Regular observations of the unresolved
source PKS 0237-233 were used to calibrate the time-variable complex gains. In
the second epoch, data were obtained at 5.25 GHz, 8.75 GHz, 18 GHz, 24 GHz,
34 GHz, and 40 GHz in 2048 MHz bands to further constrain time evolution and
spectral shape at high frequencies. For the cm bands, scans of PKS 1934-638 and
PKS 0237-233 were again used to calibrate the bandpass, flux density scale, and
time-variable gains. For the mm bands, scans of PKS 1921-293 were used instead
of PKS 1934-638 for the bandpass and flux calibration.

The data were reduced, edited, calibrated and imaged using standard techniques
implemented in the MIRIAD package (/70). Multi-frequency synthesis images
were made in multiple sub-bands, centered on frequencies listed in Table VT
J0243 was detected in all images; single rounds of phase-only self calibration were
applied in each band to improve image quality. Flux densities and their uncertainties
were estimated using the MIRIAD task imfit.

'https://www.narrabri.atnf.csiro.au/observing/users_guide/html/chunked/
aph.html
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The event VT J0243 was observed with the upgraded Giant Metrewave Radio
Telescope (WUGMRT) under Director’s Discretionary Time (DDT) proposal DDT
C203 on 2021 Aug 27, 28 and 29 in bands 3 (250—500 MHz), 5 (1000- 1450
MHz) and 4 (550—900 MHz), respectively, of the uGMRT. The observations were
two hours in duration including overheads using a bandwidth of 400 MHz in bands
4 and 5, whereas the duration was three hours in band 3. The VLA calibrator 3C
147 was used as a flux and a bandpass calibrator and J0240-231 was used as a
phase calibrator. We use the Common Astronomy Software Applications (CASA;
(/71)) for data analysis. The data were analyzed in three major steps, i.e. flagging,
calibration and imaging using the procedure laid out in (/72)). A total of six rounds
of phase self-calibrations and two rounds of amplitude & phase self-calibration were
performed. A source was clearly detected at the VLASS position. The source flux
densities at bands 5, 4, and 3 are mentioned in Table[2.1]

VLBA observations of VT J0243 were conducted on MJID 59569, with 512 MHz
of bandwidth centered on 8.368 GHz, and the data were processed using the DiFX
correlator (/73). All standard VLBA stations were used except for North Liberty.
Data were recorded at a rate of 4.096 Gbps at all sites besides North Liberty in four
128 MHz sub-bands, using the Digital Downconverter (DDC) mode of the Roach
Digital Backends. Given the high expected flux density of the source, we planned to
self-calibrate the observations. The 45 min observation included two 2-min scans of
the fringe finder J0555+3948, and two 1-min scans of the check source J0236-2953,
and a total of 31.5-min on VT J0243. Calibration and imaging of the observations
was carried out using CASA, following procedures outlined in VLBA Memo 38E]
Following data editing, we performed a global fringe-fit, which was successful
for seven antennas (data from Pie Town and St. Croix were substantially lower
in sensitivity). We then performed two rounds of phase-only self-calibration on
VT J0243, and one round of amplitude+phase self-calibration. This yielded phase
variations under +5 deg. The PSF was 3.5 X 0.6 mas at a PA of -15°. Inspection of
visibility amplitudes on VT J0243 revealed a marginally resolved source. We fit the
data with an elliptical Gaussian model using the CASA task uvmodel fit, and found
a flux density of 37 mJy (with ~ 10% uncertainty), a major axis of 1.1 + 0.1 mas,
and a minor axis of 0.5 + 0.1 mas, at a position angle of —23 deg. This corresponds

to an outflow radius of R = 0.71 + 0.02 pc.

thtps ://library.nrao.edu/public/memos/vlba/sci/VLBAS_38.pdf
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Optical photometry

From the radio observations of VT J0243, we can naively constrain the radio-turn-
on time range to 1990 — 2018. The Catalina Realtime Transient Survey (CRTS;
(/74))) observed the location of VT J0243 between ~2005 and 2013 (MJD 53554 —
56302), the Pan-STARRS 37 survey (/75)) over ~2010-2013 (MJD 55433 -56970),
and the Asteroid Terrestrial-impact Last Alert System (ATLAS; (/76)) between
~2015 — 2021 (MJD 57303 — 59097). We retrieve the CRTS photometry for this
source from the default photcat catalog (/74). This photometry is performed
on absolute (i.e., not difference) images using SExtractor to measure aperture
magnitudes. Also note that CRTS does not use a filter, so the absolute calibration
of the photometry is uncertain. We retrieved archival optical images of the source
from the PanSTARRSI1 survey (/7/5). The reduced images were processed through
a custom image subtraction pipeline (described in (/77)) to remove the host galaxy
light using the first epoch of PS1 observations as a template. Point-spread function
photometry was performed on the resulting difference images to derive the optical
light curve shown in Figure [2.1f We retrieve ATLAS photometry at the position of
2dFGRS TGS3147138 from their forced photometry servelﬂ using default settings.
Finally, we generated a mid-infrared lightcurve for VT J0243 by performing PSF
photometry on single-epoch difference images from the UNWISE reprocessing of
observations from the WISE and NEOWISE surveys (/2, /78-180). The resulting

lightcurves are summarized in Figure [2.1]

Optical spectroscopy

An optical spectrum of VT J0243 was obtained before 2002 (MJD < 52375) as
part of the 2dF Galaxy Redshift Survey (2dFGRS; (/8/)). The spectrum was
taken using a 2.0” arcsec fiber with the 2dF instrument on the Anglo-Australian
Telescope telescope. The wavelength range was 3627 — 8037 A (observed frame)
and the resolution R = 648. We retrieved the non-flux calibrated spectrum from the
NASA/IPAC Extragalactic Database (NED). We observed VT J0243 on the night of
Oct. 6 2021 (MJD 59493) using the Low Resolution Image Spectrometer (LRIS;
(182)) on the Keck I telescope. We used the 1.0 slit centered on the galactic
nucleus using a parallactic angle (—0.035°). We used the 400/3400 grism, the
400/8500 grating with central wavelength 7830, and the 560 dichroic. We observed
this source for 20 min. The resulting wavelength range was ~1300—10000 A and the
resolution R~700. Comparing these spectra, there are no obvious transient features

3https ://fallingstar-data.com/forcedphot/
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(Figure[2.1). Weak AGN-like emission lines are visible, but no broad emission lines

are detected. The spectra are all fully consistent with being host-dominated.

X-ray/UV observations

VT J0243 was observed in the X-ray band as part of the ROSAT survey on Jan. 6,
1990 (MJD 47897). There is no detection reported in the Second ROSAT All-Sky
Survey Point Source Catalog (/83, |/84). We retrieved the ROSAT image at the
location of VT J02438 from the HEASARC archiveﬁ and used ximage to find a
30 upper limit of the 0.3—10 keV, unabsorbed soft X-ray flux, fx < 2 x 10713 erg
cm~2 57!, assuming a power law spectrum with " = 3 and the Milky Way Ny yw =
1.51 x 10%° cm™2 (185). VT J0243 was subsequently observed by the XMM-
Newton Slew Survey on Jul. 30, 2008 (MJD 54677), Dec. 30, 2009 (MJD 55195),
Jul. 12,2012 (MJD 56120), Jan. 26, 2021 (MJD 59240), and Jun. 26, 2021 (MJD
59391). No detection was reported on any of these dates, so we adopt an upper limit
corresponding to the flux limit reported by the survey f(0.2-12keV) = 1.3 x 10712
erg sT em™2 (L ~ 1.67 x 10* erg s7!). Finally, VT J0243 was observed by the
Monitor of All-sky X-ray Image (MAXT; (/86))). We retrieved 2—30 keV photometry
for this transient using the on-demand photometry survey provided by the MAXI
collaboratiorﬂ for the MJD range 55058.0—-58000.0. No significant detection was
reported, and the typical upper limit was fx(0.3-10keV) < 7.7 x 107! erg s7!
cm™2. There was also no significant detection by the Swift Burst Area Telescope
(BAT) in the transient monitor light curve produced for this source during the MJD
range 55798-56961 (/87).

We observed VT J0243 using the X-ray Telescope (XRT) on The Neil Gehrels Swift
Observatory (Swift XRT; (/88)) on MJID 59379 and 59484 for 3 and 5 ks exposures,
respectively. A source was detected in both exposures, with 0.3 — 10 keV fluxes of
0.67+0.35x 1073 ergecm™? 57! and 1.28 £0.37 x 10712 erg cm™2 5!, respectively,
assuming power-law spectra with I' = 3. We then obtained a soft X-ray spectrum
for VT J0243 on MJD 59391 using the XMM-Newton observatory EPIC camera
using the thin filters in full frame mode with a 30 ks exposure time. We used the

standard analysis pipeline to process the data and extract an X-ray spectrum.

Swift/UVOT observed VT J0243 simultaneously with the Swift/XRT observations
in the UVW1 band. We reduced the observations using the standard HEASOFT

pipeline and measured the source magnitude using the uvotsource tool with a 5”

4https ://heasarc.gsfc.nasa.gov/docs/archive.html
Shttp://maxi.riken. jp/mxondem/
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source region and a 15” background region offset from the source. We found a
UVW1 AB magnitude 20.38 + 0.06(stat) + 0.03(sys). This is consistent within 20
with the quiescent-level predictions from our SED fit (see Section [2.4), so there is

no detectable transient emission and we do not consider these observations further.

2.4 Analysis

In this section, we present our analyses of the archival and follow-up observations
of VT J0243. We begin in Section [2.4] with a brief discussion of the host properties.
In Section[2.4] we constrain the physical properties of the radio-emitting outflow or
jet using the radio observations. In Section|2.4{ we constrain the origins of the X-ray
emission, and in Section [2.4] we discuss the optical and infrared photometry at the
location of VT J0243.

Host Galaxy
Table 2.2: Host Galaxy, 2dFGRS TGS31472138
Parameter Value
R.A. (J2000) 02:43:45.70
Dec. (J2000) -28:40:40.08
Redshift z 0.0742
dr 347.0 Mpc
log M./ M, 10.282%4?3
fage [GyT] 1'6;%‘34
+0.
(¥) 0'69—0.0%8
[M/H] -1.23701¢
Tourst 0.3 i%g
Jourst 0. 78t0'é}1
log Mgy /My (from Mgy — M,) | 6.94 + 0.82

Note. R.A. and Dec. are from the Legacy imaging survey (/89). Redshift is as measured
in our work. The parameters below the line are derived from an SED fit using £sps and
prospector (/90-/92). The SMBH mass is measured using the (38) Mgy — M. relation.

VT J0243 is offset by 0.2” (10~ uncertainty ~ 0.15”) from the Pan-STARRS centroid
of the galaxy 2dFGRS TGS314Z138. 2dFGRS TGS3147Z138 is an SA galaxy. We
summarize relevant properties of this host in Table [2.2] including its redshift and
location. In this section, we will constrain the star formation rate, stellar and black
hole mass, and Baldwin, Phillips & Terlevich (BPT) classification of this galaxy.
We will use these properties to constrain the origin of the emission associated with
VT J0243 and the trigger of VT J0243 later in this work.
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To measure the stellar mass and star formation history of the galaxy, we performed
an SED fit using the Prospector code (/90-192) and the WISE, GALEX, and Pan
STARRS galaxy photometry following a similar procedure to (/63) and references
therein. We assume a tau-model star formation history (SFRoc e~* /), a (193) IMF,
and extinction following (/94)). We use emcee (|/95)) to fit the SED, with 100 walkers,
500 burn-in steps, and 50000 steps. The results showed that 7 was very small, with
a posterior distribution rising towards 7 < 0.1 Gyr and flattening for lower values.
prospector does not support such low values of 7, so we reran the fit including
a burst component (i.e., a delta function of star formation) and fixing 7 = 0.1 Gyr.
We found the fraction of the stellar mass formed in the burst was poorly constrained
but peaked towards 1. The age of the burst is also poorly constrained. We report the
maximume-a-posteriori estimate and 10 highest posterior density interval for each
fit parameter in Table[2.2]

First, we consider the star formation rate of this galaxy. The star formation rate is
critical for constraining the source of the observed X-ray emission (Section [2.4).
Our SED fitting results were consistent with a large fraction of the stellar mass
forming in a star formation burst near the lookback time at z = 0.0742. Hence, the
star formation rate could be very high for this source (> 1 Mg yr~!). However, our
constraints are sufficiently loose that the SFR may be << 1 M, yr~!. For galaxies with
star formation that has remained constant for ~6 Myrs, the Ho—SFR relationship can
be used to set an upper limit on the SFR as SFR= 5.5 x 10" Ly, ~ 0.21 Mg yr~!,
with ~15% uncertainty (/96). We measured Ly, = (3.73 + 0.05) x 10%° erg s7!,
before any host extinction corrections. If we use the Ha/Hp ratio to measure the

host extinction, we find Ap, = (3.33 + 0.80) x 1.97 log (Hg/;gﬁ ) = 1.09 £ 0.26

(797). Then, the extinction corrected Ha luminiosity is Ly 0 = (10.2 +£2.5) X 10%0
erg s~!. Plugging this luminosity into the Ha-SFR relationship, we find SFR=
0.56 £ 0.16 My yr‘l; in other words SFR< 1 M yr‘1 at the 30 level. We find a
consistent constraint using the [O II] luminosity and the SFR-[O II] relation from
(198): SFR= 0.10 + 0.02 M, yr". These constraints are robust even if the line
emission is not entirely produced by star formation (see the end of this section for a
discussion of possible AGN activity in 2dFGRS TGS314Z138). However, the He
constraint relies on the assumption that the star formation has been constant for at

least 6 Myrs.

Next we use the stellar mass of 2dFGRS TGS3147138 to constrain the black hole

mass of the galaxy. The black hole mass is critical for constraining the origin of
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VT J0243, as different types of transients dominate at different masses (e.g., TDEs
cannot occur for My 2 108 My). The stellar mass of this galaxy is well-constrained
at log M, = 10.06fg})§. Using the black hole-stellar mass relation from (38), we
find a black hole mass log Mgy /Mg = 6.94 + 0.82.

Finally, we discuss the optical spectral features, and use them to classify 2dF-
GRS TGS314Z138 as a possible Seyfert galaxy. Both the archival 2dFGRS
and the LRIS spectra show narrow line emission associated with AGN, such as
[O1II] 214959, 5007, HB, Ha, [N1I]116548, 6583, and [S1I]116716,6731. We
fit the spectra and measure emission line strengths using the same procedures as
(163), and we refer the reader to that work for details. There has been no significant
evolution in any of the line ratios, so we assume that the recent LRIS spectrum
does not include any transient emission associated with VT J2043 and place both
spectra on BPT diagrams (4H6), as shown in Figure 2.2 Both spectra are consis-
tent with BPT-weak Seyferts. Likewise, none of the available WISE mid-infrared
colors of 2dFGRS TGS314Z138 are consistent with a strong AGN (200). We thus
identify this galaxy as a weak Type 2 Seyfert. As we will discuss in Section [2.4]
this galaxy may be a true Type 2 Seyfert, meaning that the absence of broad lines
may be due to the complete lack of a broad line region (BLR). From the ROSAT
soft X-ray flux constraints, we can constrain the pre-flare AGN accretion rate. Since
Ly < 2.6 x 10% erg s < 1073 Leqq. and assuming a bolometric correction ~20
(201), we find feqq. S 2%.

Radio analysis

Typically, radio emission from galactic centers is dominated by synchrotron emission
due to particles accelerated within a relativistic, collimated jet (/60) or shocks from
the collision of a jet and/or non-relativistic, wide-angle outflow with the circum-
nuclear medium (CNM). This emission can be self-absorbed or free-free absorbed.
Because we are observing a transient, the outflow or jet must be expanding. In this
section, we combine a fit to our VLBA observations of this source with synchrotron
modelling of the observed SED (Figure[2.3) to constrain the physical parameters of

the source.

Synchrotron analysis methods

We constrain the physical properties of the source by assuming equipartition between

the energy in electrons and the energy in the magnetic field. We also adopt the
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standard assumption that the relativistic electron distribution is a power-law in
Lorentz factor (LF) with index p and normalization Ny above a minimum LF vy,,:
N(y)dy = Noy~Pdy, v > v,. In this case, the SED is well-modelled by a broken
power law (202, 203).

The slopes of the power law segments depend on the ordering of a number of
characteristic LFs. The three relevant LFs for this work are (1) the LF of the
lowest energy electrons y,,, (2) the electron energy at which the optical depth
to synchrotron self-absorption is one, ys,, and (3) the energy at which the electron
cooling timescale is shorter than the age of the source, y.. Each of these corresponds
to a characteristic synchrotron frequency vx = y2eB/(m.c), x € [m, sa, c], where
e is the electron charge, B is the magnetic field strength, and m, is the electron
mass. These characteristic frequencies correspond to the locations of the breaks in

a multiply-broken power law model of the synchrotron emission.

Our radio SED at all epochs is best-modelled when vy, < v,, < v.. No other
orderings can reproduce the observed broad and flat peak. For vy, < v, < v,
the power-law slope in the optically thick regime (v < vg,) is 2, corresponding
to the slope of a Rayleigh-Jeans law with constant brightness temperature. For
Vsa < V < vy, the slope is 1/3, which is that of a single electron spectrum at
frequencies smaller than the characteristic synchrotron frequency of that electron.
For v,, < v, the power-law slope is @ = —(p — 1)/2. Since each electron primarily
emits at its characteristic synchrotron frequency v o y? and the synchrotron power
dE

for a single electron —= o ¥2, we can approximate the flux density S,(v)dv =

—EN(y)dy o« y*>Pdy o< y=P~D/2dy, leading to the slope @ = —(p — 1)/2.

Following (204)), we can now derive expressions for the number of electrons in the
outflow N,, magnetic field B, and total energy E as a function of radius R, bulk
Lorentz factor I', and radio SED properties. We assume a fraction €, of the total
energy is stored in electrons, and a fraction €p is stored in the magnetic field. We
nominally assume €, = e = 0.1, although at the end of this section we will vary
those values. We assume the outflow has an area f47R? and volume fy7R>. As we

will discuss, VT J0243 has transitioned to a regime where I ~ 1, so the following
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equations apply to the nonrelativistic limit.

N chpdin I sixaonie 7T 2.1)
= ~ 1 X 5 .
© 2VBr2e2m2v3(1 + 2)8 f2R v oRls f3
8m3mlevd (1 +2) f2R* V2 oRief3
S C AR VN R T: G(”g—lgloA) (2.2)
9ngdin?F3 Fg’_2577?r3
1 ]C\/R3B2 51 1 R?sBEO 74 Jv
=— ~5.3%x 10 — . 2.3
ep 8I2 =8 eg I? 4/3 -

Here, d; is the luminosity distance, F), is the peak flux density, v, is the peak
frequency, and z is redshift. The notation Y, denotes quantity Y in units of 10*
cgs. The variable 7 is defined as the ratio between the minimum and self-absorption
frequencies: n = v, /vs, if v, < vy,; else 1. Only the final equation for total energy
E assumes equipartition. In the final equalities, we have adopted the luminosity and
redshift of VT J0243. We also assume, both in these equalities and henceforth, that
fa = 1and fy = 4/3, appropriate for a spherical, nonrelativistic outflow. For a jet,
the appropriate values are fy = fy = (6 jF)Z, where 6 is the jet half-opening angle.
For the jetted TDE Sw J1644, assuming 6; ~ 0.1, we have fa, fy 2 0.1 (205).
Given that our best-fit VLBA model is non-spherical, we also test f4 = fy = 0.1

and present the synchrotron parameters in Table[2.3]

We will also require the electron density of the material into which the outflow is
expanding. We denote this density n,. Note that n, # N./(47R>), since N, is the
electron number in the outflow, whereas n, is the density of the material outside
the outflow. We derive this density following (/5), who require conservation of

momentum across the shock front and find

BZ
6mepBicim,

10 p8 44
v, oRisfA )
Ne .

~ 1.1 cm_3( =
F;’_ZSUTF%ZGB

Here, B8 = v/c, where v is the outflow velocity. This equation assumes expansion
of a thermal gas (y = 5/3) into fully ionized hydrogen. The generalization to a
relativistic gas would modify this equation by a factor of order unity, which we

neglect as it is significantly smaller than our measurement errors.

To apply these equations, we require a measurement of 7. The self-absorption
frequency of this system is likely at or below the low frequency end of our obser-
vations, so we cannot tightly constrain 7 by fitting for vy, and vy,. Instead, we use

the outflow size measured using our VLBA observations. Under equipartition, the
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M
fas fv o~ €es €B I, 1 log 7i2e | log s log o log 772
0.1.0.1 1.005,0.1] 10+3 |-155+5| 1.5+0.1 | 52.2+0.1 | -1.8+0.1
113,06 8+3 -152+6 |-0.10 £ 0.12| 52.0+0.1 | -1.9+0.1
1.4/3122+0.10.71 + 0.02 0.1.10-3 1.005,0.1] 15+5 |-213+4]2.29+0.08 |53.01 +£0.08/-0.94 + 0.08
o 1.3,0.6 11+4 |-211+£5{0.72+0.09 |52.83 +£0.09|-1.12 + 0.09
0.1.0.1 1.005,0.14.07 + 1.34|-118 £ 10| 2.2+0.2 | 51.8+0.2 |-2.11 +£0.19
113,06 3£1 |-113+11| 0.7+02 | 51.7+0.2 | -2.2+0.2
1/3,1.912.2 £ 0.110.71 £ 0.02 01 1021005, 0.1(6. 14 1.97[ <178 7 | 3.0+0.1 | 526+0.1 | -1320.1
o 13,06 | 48+1.6 |-175+8| 14+0.2 |5247+0.17| -1.5+0.2
outflow radius is related to 7 as
L noE o3 16
[ 3¢ p—leB] 7 TTF n5d]’
7
32\/_719m p-2e f”(l ) f7
1 F17Fi7 )72_?
—legd/3\7 ‘
~ 6.1 X 1017cm[(p—6—BL) 2 -
p_zee fV 7

(1 +z)ﬁvp,9fAl

Synchrotron analysis results

In this section, we present the physical parameters derived from our synchrotron
analysis. First, however, we consider the fact that our observations can only be fit in
the regime vy, < v, < v.. This is unusual — the (203)) model for an adiabatically
expanding outflow applied to this source suggests that we should observe vg, > v,
given the > 1,000 day age of the outflow. A very high v,, at late times requires
a source of energy which keeps the electron population at high y. Thus, continual
energy injection could explain our observation of vy, < v,. Continual energy
injection is also a possible explanation of the unusual, rising late-time radio light

curve (Figure 2.1} also see Section [2.5)

To derive the physical parameters, we first constrain F, and v,. We fit a doubly-
broken power-law to the most recent observation epochs (GMRT+ATCA 1+ATCA
2) using the dynesty software (206). We fix the slopes to the expected values
described above, and allow the position of each break and the electron spectral index
p to float. We adopt broad, Heaviside priors on all parameters, except for p, which
we require be in the physically-motivated range [2, 5]. We use the resulting best-fit
model to evaluate the peak flux density and frequency, along with their uncertainties.

We find F), = 66.7 + 3.1 mly, v, = 2.28 + 0.28 GHz, and p = 2.40 + 0.17. Note
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that the peak frequency is consistent within < 2.50- with the best-fit characteristic
minimum frequency, v,, = 2.78 + 0.35 GHz. Next, we constrain the bulk lorentz
factor, I'. The outflow was launched before the first VLASS observation epoch on
MIJD 58166; hence, it is at least ~1,400 days old. It was launched after the NVSS
observation, so it is no more than ~10, 000 days old, Thus, we have 0.1 < (8) < 0.6
and average bulk Lorentz factor 1.005 < I" < 1.3.

Next, we calculate n using the outflow size and the equipartition radius equation.
As described in Section [2.3] our VLBA observations imply an approximate radius
R =0.71 £0.02 pc. Thus, we have n =5.17 = 1.13 (I" = 1.005),4.05 £ 0.89 (I" =
1.3). In both cases, the predicted v, is consistent with constraints from our doubly-
broken power-law fit. We re-ran the doubly-broken power-law fit while requiring n
be consistent with the above values and found that p has not changed significantly

from our previous measurement: p = 2.20 £ 0.12.

Finally, we constrain the magnetic field, electron number density, and total energy.
We also constrain the required ejecta mass M.j = 2E/ ¢? for total energy E. This
mass is a lower limit as the radio energy is only a subset of the energy in the event.
The results are tabulated in Table 2.3l The measured densities are consistent with
results for other galaxies: at a similar distance (in units of the Schwarzschild radius),
typical densities are 2 10~! cm™ (see Fig. 2 of (150)). The energies are consistent
with jetted TDE observations (205).

Our assumption of e = 0.1 has been shown to be incorrect for the jetted TDE
Sw J1644+57 (205). If we adopt the preferred value for that event, ep = 1073,
our physical parameters are modified, and the results are listed in Table 2.3] The
energy is now higher than measured for previous jetted TDEs (205). A collimated
geometry (i.e., smaller f4 and fy) will tend to decrease the energy (E o 3/ 7),
increase the magnetic field (B « f‘f/ 7), and increase n, (n, « f‘?/ 7). We report the

values for a cone with opening angle # = 30°, for which f, = tan?6/3 = 1/9 and
fa =tan?6 = 1/3 in Table 2.3
The evolution of VT J0243’s radio SED is shown in Figure 2.3] The datapoints

are colored by the observation MJD. We have overplotted a doubly-broken power
law fit to the most recent epoch in purple. We overplot fits to the VLASS/VCSS
observations. In these fits, p is forced to be consistent with the value measured from
the most recent observations. The break frequencies and amplitude are allowed to
float freely. These observations are not sufficiently well-sampled to provide strong

constraints on any physical parameters, but are roughly consistent with expectations
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for an expanding outflow.

In summary, VT J0243 is associated with a luminous, energetic outflow. The
outflow is currently non-relativistic, but given the high, and still rising, luminosity,
we believe it likely that we are observing a relativistic jet, possibly off-axis, that has
slowed. This hypothesis is supported by the observed non-spherical geometry from
the VLBA (see the end of Section[2.3)).

X-ray analysis

In this section, we discuss our X-ray observations. First, we present constraints on
X-ray emission at the time that VT J0243 turned on. Then, we discuss the luminosity
and spectrum from our more recent X-ray observations. Finally, we consider three
possible origins for this late-time X-ray emission: star formation, an accretion disk,

or something associated with the transient event.

Beginning on MJD ~59375, we detected near-constant X-ray emission from the
location of VT J0243 with a 0.3 — 10 keV luminosity of log Lo 3.101ev/(ergs™!) =
42.3 + 0.01 (Figure 2.1), after correcting for Milky Way HI absorption (Nymw =
1.51x10%° at the location of VT J0243; (185)). We do not have strong constraints on
the X-ray emission before that date, although from the archival MAXI observations
(black triangle upper limits) we can rule out X-ray emission with the same luminosity
and lightcurve of the jetted TDE Sw J1644 (red line). We cannot rule out a flare

with average luminosity over ~100 days that is <2Le4q..

The late-time X-ray spectrum is shown in Figure 2.4, We used xspec to fit the X-
ray emission to an absorbed power law (cflux*TBabs*zTBabs*powerlaw) and a
blackbody (cflux*TBabs*zTBabs*bbody). In both cases, we include both Milky
Way extinction, for which we fix the hydrogen column density to the known value
Ny mw = 1.52 x 10%° cm™2 (785), and intrinsic extinction, for which we let the
Hydrogen column density float. The best-fit models are shown in Figure [2.4] The
pure blackbody cannot fit our observations (cstat/dof = 195/32), but power law
(cstat/dof = 33.7/33) provides a statistically acceptable fit. The best-fit power
law parameters are: intrinsic column density < 7.7 x 10'° cm™2 (50°), photon-
index I' = 2.98 + 0.06, and an absorbed 0.3 — 10 keV flux density log fo3-10kev =
—12.86+0.01 (Lo3-10kev/(ergs™') = 42.3+0.01). We will discuss the interpretation

of these parameters later in this section.

We consider three general categories of X-ray sources: (1) star formation in the

host galaxy, (2) an accretion disk with or without a hot electron corona, and (3)
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other transient emission associated with VT J2043. We will now discuss the likely

contribution of each of these sources in turn.

X-ray photons associated with star formation are predominantly emitted by low-
and high-mass X-ray binaries (LMXBs/HMXBs; (207))). The star formation rate is
correlated with the 2—10 keV X-ray luminosity as SFR= (1.40+0.32)x IOLA‘%‘;;V,[ Mg
yr~! (208). To reproduce the observed 2 — 10 keV luminosity of 4.7 x 10*0 erg
s™!, we require that the SFR= 6.58 + 1.5 My, yr~'. This is consistent with our
SED fit, but our SED fit provides very weak constraints on the SFR. It is also
consistent with our pre-flare radio limits: radio emission due to star formation has
been empirically measured to be SFR= 5.52 X 1072 L} 4 GHz. SFR for L1.4GHz SFR >
6.4 x 1028 erg s~! Hz™!, which corresponds to LiagHz srr = 0.83 + 0.22 mly
for SFR= 6.58 + 1.5 My yr~'. This star formation rate is inconsistent with the
observed Ha emission: from Section [2.4] the SFR based on the Ha emission is
SFR= 0.56 + 0.16. This expression for the SFR-Ha correlation is only valid if the
SFR has been ~ constant for > 6 Myr, but, if the star formation was very recent,
we would not expect to see the X-ray emitting LMXBs and HMXBs. Hence, it is
unlikely the X-ray emission was produced by star formation. We briefly consider

alternative X-ray sources in the rest of this section.

X-ray emission from AGN is dominated by thermal emission from the disk, and
inverse Comptonized thermal photons by the hot electron corona (209). Using the
observed correlation between narrow [O III]A5007 and Ha with X-ray luminosity
(210), an accretion disk can account for all of the observed X-ray flux. Given that
the X-ray lightcurve is consistent with a constant luminosity, it is feasible that the
X-ray emission is entirely due to an active accretion disk. A I' ~ 3 power law
spectrum is consistent with observations of narrow line Seyfert 1 galaxies (2117,
although radio-loud Seyferts typically have flatter X-ray spectra (I' ~ 2; (2/2)), but

with large scatter.

The X-ray emission from 2dFGRS TGS3147138 is not entirely consistent with “nor-
mal” Seyferts. The intrinsic column density is consistent with zero and inconsistent

0?2 cm™2 typically measured in Seyfert 2s (2/3). For standard AGN,

with the nyg > 1
such a low gas column density means that the BLR should be observable (2/4).
However, as discussed in Section 2.4, we do not detect any broad line emission.
This low ny may support the hypothesis that the X-ray emission is dominated by
star formation. If it is not, and the column density is truly near-zero, 2dFGRS

TGS314Z138 may be a “true” Seyfert 2, which show small X-ray column densities
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but no broad line emission (215)).

Finally, we consider the scenario where the observed X-rays are transient, rather
than associated with an old accretion disk or star formation, and consider a few
of the possible origins. X-rays may be emitted from the forward shock of the
outflow, as may have been the case for jetted TDEs like Sw J1644+57 (205). In
this case, we expect the X-ray slope to be I' = p/2 + 1 = 2.1 £ 0.05, where p
is taken from Table [2.3] This I is significantly inconsistent with our measured
value. bremmstrahlung associated with the electrons in the radio-emitting outflow
and dense clumps of CNM gas could produce X-rays, but we would expect a harder

power-law spectrum in this case.

The X-rays may be associated with a new corona and associated accretion disk,
formed as a result of, e.g., a stellar disruption. The observed power-law spectrum

would be consistent with expectations for a transient corona/disk (2/6).

In summary, VT J0243 is not associated with an extraordinarily bright X-ray flare
as has been observed for the extremeley luminous, on-axis, jetted TDEs. We
cannot rule out a flare with L < 2L.qq.. VT J0243 is detected in late-time X-ray

0*23 erg s~!, photon index I" ~ 3,

observations with a0.3—10 keV luminosity Ly ~ 1
and negligible intrinsic column density. This emission is unlikely to be related to

star formation. Instead, it is most likely a transient, or a pre-existing accretion disk.

Infrared and optical analysis

In Figure 2.1} we show the infrared (bottom) and optical (middle) light curves for
VT J0243. In this section, we will provide brief analyses of the possible origins
of the observed transient emission. Because of the low cadence and insufficient

sensitivity of the observations, we will not perform any detailed modelling.

There is a significant flare detected by the PanSTARRS survey near MJD~55895
with g-band luminosity L, ~ 4 X 10*? erg s~!. The flare brightened and faded over
a timescale smaller than the PanSTARRS cadence (< 400 days). Given the low
cadence, we cannot measure light curve shape in more detail, but it is consistent
with optically-detected TDEs, which typically rise over tens of days and fade over
~60 days (/28). The co-temporal CRTS observations detect the flare at a ~20 level
but are not sensitive enough to reliably constrain the lightcurve. They do suggest
that the flare peaked around the time of the brightest PanSTARRS observation, so
the peak luminosity is likely within a factor of a few of L, ~ 4 X 10*2 erg s~
This is slightly dimmer than but consistent with typical optically-detected TDEs;
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the dimmest TDE from (/28) peaked at Ly ~ 7 X 10*2 erg s=1. We fit the fluxes

to a blackbody assuming no intrinsic extinction, which is reasonable given the low

column density measured from the X-ray spectrum (Section [2.4).

The optical fluxes at peak are consistent with a blackbody with no extinction and
temperature log Ty, /K = 4.35 + 0.38 and radius log Ry, /pc = —3.89 + 0.34, corre-
sponding to a blackbody luminosity log Lyp/(erg s™!) = 43.4 + 1.7. Again, these
blackbody parameters are all standard for optically-detected TDEs. We cannot rule
out that the flare has repeated. Shortly after the peak, the optical emission rebrightens
slightly to L, ~ (6.7 + 1) x 10*> erg s™!. The fluxes at the rebrightening are consis-
tent with a blackbody with no extinction and temperature log Ty, /K = 3.70 + 0.07
and radius log Ryp/pc = —3.19 + 0.20, corresponding to a blackbody luminosity
log Lyy/(erg s™!) = 42.3 + 0.5. This blackbody luminosity is roughly an order of
magnitude fainter than the brighter peak. The temperature is significantly cooler

than the first peak, and the emission may come from a larger radius.

Unfortunately, because of the limited cadence of the PanSTARRS observations
and the large uncertainties even at the optical peak, we cannot perform detailed
modelling to determine the origin of the optical flare. The peak emission can be
modelled as a standard accretion disk. It also could be a thermally-emitting outflow,

heated by EUV emission from, e.g., an accretion disk, as may be observed in TDEs.

The infrared lightcurve shows variability with an approximate amplitude ~150 uJy
(~10% erg s7!). The emission appears to redden slightly between the first three
epochs and the rest of the MIR observations, which suggests that the MIR-emitting
dust was heated when, e.g., the accretion rate increased. Intriguingly, the time period
when this change must have occurred is roughly consistent with the range of launch
dates constrained by the outflow radius evolution, and the time of the optical flare.
The average change in flux density in each band between the first three epochs and the
later observationsis Af, (W1) =44.8+11.1 uJy, Af, (W2) = 88.5+17.6 uly, where

the uncertainties are determined through the standard deviation of the observations.

If we assume that the dust started out cold and the entire flux change was due to
the dust heating, we can fit the A f, values during each WISE epoch to a blackbody
to estimate the dust temperature and luminosity, albeit with large uncertainties and
covariances. The average temperature over all WISE epochs is 865 + 259 K and the
bolometric luminosity log Lig/(ergs™!) ~ 41.69 + 0.15. If we assume dust with
a covering fraction ~1, this implies it is located at an unrealistically small radius

~1072 pc. Instead, we favor a scenario where more distant dust with a low covering
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fraction is located farther away (e.g., a covering fraction ~1% corresponds to a

distance ~0.1 pc). Low covering fractions of ~1% are consistent with measurements

from IR flares during TDEs in quiescent galaxies (/44). AGN typically have high

covering fractions >40% due to the dusty torus (e.g.2/7). The best fit average dust

luminosity suggests that the bolometric luminosity of the EUV flare that heated the
Seov, dust

dust was log Lgyy /ergs™! ~ 43.2 — log(=35=). Unless the dust covering fraction
is abnormally small, the EUV flare was sub-Eddington (< 1% Leqq.)-

This analysis of the IR flare assumes that there was no emission in between the low
cadence WISE observations. A higher Eddington ratio EUV flare could have heated
the dust between the IR observations, and we would not observe it. Hence, these

constraints should be taken with a large grain of salt.

In conclusion, the low amplitude of the WISE variability suggests that either this
galaxy has an extraordinarily low dust covering fraction, even when compared
to completely quiescent galaxies, or that any EUV flare in the time period under
question was sub-Eddington. There may have been a higher luminosity EUV flare in
between the WISE observations. Moreover, this analysis has been subject to many
poorly supported-assumptions. For example, if there was pre-existing accretion
disk, our assumption that the dust was initially cold would be incorrect.

2.5 Discussion

The radio emission associated with VT J0243 is likely caused by the launching of
a jet. Sub-relativistic outflows never produce the observed high luminosity radio
emission (vL,(3GHz) > 10% erg s™1), nor such high energies (E ~ 10°! erg).
Even fast (8 > 0.1), wide angle outflows from AGN are generally associated with
radio-quiet sources and are compact (< 0.1 pc). Such outflows are not expected to be
produced by disks with very low accretion rates, and no outflow has ever reproduced
the observed outflow velocity, radio luminosity, and radio/X-ray luminosity ratio.
Hence, we do not consider wide-angle, non- or semi-relativistic outflows further.
Instead, we assume VT J0243 is associated with the launching of a jet. In this section
we discuss the answer to the question: why did a jet launch? First, we summarize

our observations:

* X-ray emission with log Ly /ergs™' = 42.3 +0.01 and a power-law spectrum
with index I" = 2.98 + 0.06 and a column density consistent with the Milky
Way value. The emission is likely associated with a hot accretion disk and

electron corona. The emission may have been transient or persistent, and
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may have evolved over the last few decades. The peak luminosity was likely
< 2Leqd.-

« Transient radio emission with a current luminosity vL, (5 GHz) = 3.6 x 10*°
erg s~!. The radio-emitting outflow is currently at a radius R = 0.71 + 0.02
pc. It has an average velocity 0.1 < 8 < 0.6, or 1.005 < I" < 1.3, and is
currently non-relativistic. It has a high equipartition energy ~10°% erg and a
moderate electron density, 1 cm™, depending on the assumed fraction of

the energy stored in the magnetic field. The magnetic field is ~1072 G.

e Significant optical variability, peaking at L, = 4 X 10* erg s='. The flare
peaks around MJD 56000, and fades over <400 days. The peak date is
consistent with an extrapolated radio launch date, assuming constant velocity
and 0.1 < B < 0.6, although the uncertainties are large and the flare may
have been launched a few thousand days before or after the optical peak. The
peak is consistent with a 7 ~ 2 x 10* K blackbody with bolometric luminosity
1044 erg s7!. After the flare faded, it rebrightened to a cooler blackbody
(T ~ 5000 K) with a bolometric luminosity an order of magnitude dimmer at
10423 erg s71.

* Weak MIR variability suggesting that any EUV flare in the last ~5000 days was
sub-Eddington, unless it occured between the low cadence IR observations.
The MIR variability increased around MJD 56000, which is consistent with
the launch date of the radio-emitting outflow if the outflow has travelled at a

constant 3.

* The host galaxy of VT J0243, 2dFGRS TGS314Z138, shows narrow line
emission consistent with historic, weak Seyfert activity. The MIR colors, on

the other hand, are consistent with quiescent galaxies.

In the rest of this section, we consider the possibility that this source is caused by
a nascent jet associated with an accreting black hole. First, for completeness, we

briefly discuss, and rule out, an alternate possibility: a supernova-triggered jet.

Supernova-triggered jet
Supernovae (SNe) can produce radio emission spanning from L, ~ 10%732 erg
s~! Hz™! for timescales as long as ten years (/55, 225). The emission is often

synchrotron emission associated with an outflow/jet colliding with the dense, local
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environment or a relativistic jet (e.g. 202}, 223). Typical SNe do not remain as bright
as VT J0243 for such long periods of time (see Figure [2.5)). Moreover, the O(pc)
size of the radio emitting outflow/jet associated with VT J0243 would be highly
unusual. A gamma-ray burst (GRB) can produce such an outflow; however, no GRB
has been observed with a rising radio luminosity thousands of days post-explosion
(e.g.226). Moreover, the observation of v, < v,, thousands of days post-explosion
is inconsistent with models of GRB outflow evolution (203)). Hence, VT J0243 is

unlikely to be related to a supernova.

Black hole accretion-triggered jet

Accreting black holes, whether stellar mass or supermassive, are well established to
be associated with jet activity. The process through which the jet is launched, the
connection between the accretion disk and the jet, and the connection between the
black hole properties (i.e., spin) and the jet remain open questions. In the following
sections, we provide a basic summary of the physics of jets associated with black
holes and accretion, and then we compare the properties of VT J0243 to those

expected for young jets launched from accreting black holes.

While the stellar mass black hole regime is not relevant to VT J0243, our under-
standing of jet physics and the disk-jet connection for stellar mass black holes is
more sophisticated. We are better able to study these events because of the short
timescales associated with the disk and jet evolution, which allow real-time ob-
servations of the jet and disk life cycles, and the smaller dynamic ranges of the
systems, which allow for more realistic simulations. Ideally, the accretion disk and
black hole evolution would be scale-free, so we can apply the same physics to stellar
mass black holes and SMBHs. In reality, effects such as the mass-dependence of
the inner disk temperature introduce a scale-dependence (e.g. 227). These effects
have critical effects on accreting SMBHs, causing them to behave very differently in
certain regimes (e.g., at very high accretion rates) from XRBs. Despite this, much
of the stellar mass black hole physics is relevant to SMBHs, so we begin with a
summary of stellar mass black hole disc/jet evolution. Then, we discuss the SMBH

regime, and finally focus the discussion to comparisons with VT J0243.

X-ray binary disk-jet connection

The evolution of accreting stellar-mass black hole systems, X-ray binaries (XRB),

is best understood by considering the evolution in X-ray hardness/luminosity space.
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When the X-ray binary is extremely sub-Eddington (Lx/Leqq. < 0.01), the X-ray

emission is low, with a flat spectral slope. Hence, this is called the low-hard state. In
this low Eddington ratio regime, the accretion disk is geometrically-thick, optically-
thin, and hot. It is radiatively inefficient, so advection dominates and this type of
disk is called an advection dominated accretion flow (ADAF; (62))). In the low-hard
state, the XRB is typically observed to have a mildly relativistic (I' < 2) jet (228).

As the Eddington ratio increases, the X-ray luminosity increases but the spectrum
remains hard as the ADAF continues to dominate the disk. The radio luminosity
likewise increases. Eventually, the X-ray emission reaches a peak, as the high Ed-
dington ratio has caused the geometrically-thin outer-disk to extend into the inner
disk and replace the ADAF. The X-ray spectrum softens, while the luminosity re-
mains roughly constant (/59). During this softening, the jet Lorentz factor increases
to " > 2, and the jet emission becomes intermittent and dominated by discrete blobs
(159). Soon after this change in the jet properties, the XRB will pass the “jet line”,
which is a characteristic hardness ratio at which the steady jet completely vanishes
(229). The XRB is now in the high-soft state. After this stage, the Eddington ratio
will drop while the spectrum remains soft. At low Eddington ratios, the ADAF will
begin to dominate again and the X-ray hardens. The XRB will cross the jet line

again, and a new jet will launch.

The processes through which the jet is quenched and launched are not fully under-
stood. Both likely involve changes in the magnetic field in the accretion disk. The
jet is likely collimated by pressure from external material; hence, the prevalence of
jets in low Eddington ratio AGN with pufty disks (250). The internal jet magnetic
fields are generally unable to collimate more than the extreme base of the jet (257).
As we will discuss in Section[2.5] jets are also sustainable near SMBHs accreting at
near- or super-Eddington rates, as the disk again becomes puffy and the jet can be

collimated.

XRBs largely remain in the quiescent low-hard state, only entering the high-soft
state during outbursts that are thought to be triggered by instabilities in the accretion
disk (/59). There is some evidence that black hole spin is positively correlated
with jet power, as would be expected if jets are powered by the (79) mechanism.

However, the sample of XRBs with known spins remains small (232)).
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The disk-jet connection for supermassive black holes

There is observational evidence that the disk-jet connection for XRBs can be extrap-
olated to accreting SMBHs. For example, there is a tight, black-hole-mass dependent
correlation between the X-ray and radio luminosities of XRBs, and observations of
AGN have shown that these SMBHs lie on the same correlation (233]). Moreover,
a modified version of the X-ray hardness-luminosity diagram, which replaces the
X-ray hardness with the relative luminosity in power law and disk blackbody com-
ponents, shows the same structure for XRBs and AGN (/59). Itis not clear, however,
that AGN follow the same cycle as XRBs in this diagram. The disk instabilities that
cause XRB outbursts have not been proven to occur in AGN (234)). The relationship
between spin and jet power is observationally unclear, as for X-ray binaries. The ob-
served dichotomy between the radio-loud and quiet low-luminosity AGN (LLAGN)
populations (~10% of LLAGN are radio loud) is plausibly explained if the radio-
quiet LLAGN have low SMBH spins while the radio-loud sources have extremal
spins (230). AGN simulations unambiguously find a strong, positive correlation

between jet power and spin (230).

As with XRBs, AGN with lower Eddington ratios (< 0.1) often have weak jets (48,
235,[236). As we will discuss in Section [2.5] there is strong evidence that accreting
black holes at near- or super-Eddington rates also launch jets. For example, the
TDE Sw J1644 launched a powerful jet during a period of near- or super-Eddington
accretion. The exact mechanism through which this jet was launched is unconfirmed,
but the observation of a jet from such a young accreting system suggests that the

accretion disk became strongly magnetized remarkably quickly (237).

In summary, one can draw parallels between the high-soft/low-hard classification
for XRBs and the observed states of AGN, although there are many differences.
For example, AGN do not cycle between the high-soft/low-hard states during disk
instability-driven outbursts like XRBs, and the mechanism that causes AGN to
perform this transition (with its associated jet quenching/launch) is unknown. There
may be a correlation between SMBH spin and jet power, although this is not

observationally confirmed.

With this background in the jet-disk connection and the factors that control the
launching of a SMBH jet, we now turn towards VT J0243. We consider two
scenarios. First, VT J0243 may be a young jet launched from a system that has been
actively accreting since long before the jet was launched, i.e., an AGN. Alternatively,

VT J0243 may be a jet launched near the onset of accretion. In this case, much of the
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previous discussion must be altered, as the properties of very young accretion disks
are distinct from old disks (in particular, the magnetizations). The combination of
young accretion and a new jet is expected for TDEs, so we discuss the possibility
that VT J0243 is a jetted TDE.

VT J0243 as a young jet from an AGN

First, we consider the possibility that VT J0243 is a young jet from an AGN.
We briefly compare the observations to the theory summarized in the previous
subsections, and then we perform a detailed comparison of the observations of VT
J0243 and known, young AGN jets.

From a theoretical perspective, even if all of the X-ray emission is due to an accretion
disk/corona, VT J0243’s bolometric luminosity is sufficiently low that it is feasible
that we are observing an AGN in the low-hard state that has launched a jet. The lack
of dust, based on the infrared colors and X-ray absorption, and the low luminosities
inferred from the IR and optical observations support the hypothesis that any pre-
existing accretion disk was in a low state. The low average bulk Lorentz factor of
the outflow (I' < 1.3) is also consistent with the I' < 2 jets typically associated with
this state.

Of course, we cannot exclude that this event had an Eddington ratio 0.1 during
the jet launching, although the infrared observations and X-ray limits constrain the
Eddington ratio to < 1. If the Eddington ratio is >0.1 but not near- or super-
Eddington, VT J0243 is in a regime where the physics of jet activity is very unclear.
As we have discussed, in XRBs these higher Eddington ratios are associated with
no jet activity. However, AGN in this regime are observed to be radio loud, and the
mechanism through which the radio-emitting jet is produced is not fully understood

(see (238) for simulations of a thin accretion disk that can support jet activity).

VT J0243 is consistent with theoretical expectations, albeit with uncertainties due
to the unknown Eddington ratio at the time of jet launch. To further constrain the
origin of VT J0243, we compare its properties with past observations. First, we
compare the properties of VT J0243 and its host to the population of persistent
radio-loud Seyferts. Later, we will focus back to transient sources and young jets.

Astronomers have discovered jetted Seyfert galaxies, like VT J0243, although they
are uncommon. Around ~15% of broad line AGN are very radio-loud, where radio

loudness is measured by the parameter Rrp = focm/ fia90 4 and Rre > 100 is the
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cut for very radio-loud AGN (239). In contrast, only ~2.5% of Seyfert 1s have
Rgrr > 100, so these galaxies tend to be radio quiet (239). Radio loud Seyferts may
have high black hole masses ~10"~8 M, compared to the general Seyfert population,
but still much lower masses than general radio-loud AGN (~10° M) (239). These
black hole masses for radio-loud Seyferts are still higher than observed for VT J0243.
Radio-loud Seyferts also have flat X-ray spectra (I' ~ 2 for radio-loud Seyferts
compared to I ~ 2.9 for the general Seyfert population) with rapid variability on as
short as hour timescales (2/2)). Note that the typical X-ray spectral slopes of radio-
loud Seyferts are shallower than that of VT J0243. Radio-loud Seyferts have high
Eddington ratios, and show strong Fe Il emission, both in contrast. Finally, ~70% of
radio-loud Seyferts show compact, steep radio SEDs, analogous to the more general
compact, steep spectrum (CSS) source population. This compact emission suggests
an overabundance of young radio-emitting jets, which do not form into ~kpc scale
structures like observed in FR I/I galaxies (240). In summary, the population
of persistent radio-loud Seyferts shows some similarities to VT J0243, but many

distinctions.

VT J0243 is not a persistent source, of course. Candidate young radio jets in
AGN and Seyferts have become more common in recent years. (/55) reported an
AGN that switched from radio-quiet to radio-loud on a decade timescale, and more
recently, (/56) and (/57)) published the first samples of such objects. We show
individual light curves for these turning-on radio AGN in Figure[2.5] VT J0243 has

a luminosity and timescale consistent with these events.

Likewise, VT J0243 is consistent with observations of the jet power and bolo-
metric luminosity of young, radio-loud AGN, which occupy specific regions of
jet power—bolometric luminosity parameter space (/57). Adopting P; = 5 X
1022(L1 4Grz/W Hz 1)%/7 erg s=! (241), and using the X-ray luminosity to approx-
imate the bolometric luminosity with a bolometric correction factor ~20 (201)), we
find P; ~ 1042 erg s™! and Ly ~ 1096 erg s™! ~ 0.046 Lgq for VT J0243. This
low Eddington ratio places the source slightly above the border of the radiatively
inefficient regime, where most of the AGN energy is channeled into a radio-emitting
jet. This regime is typically defined as Lpo/Leqd. < 1072, Given the large un-
certainties in the bolometric luminosity of VT J0243, as discussed previously, we
cannot convincingly place VT J0243 on either side of this dividing line. If we adopt
Luol/Lead. ~ 10713 and P;/Lyo ~ 10794, we find VT J0243 is consistent with
radio-detected AGN (/57).
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On the other hand, VT J0243 has a unique radio SED relative to typical young jetted
AGN. Young radio jets from AGN are observed to fall on a characteristic line in
peak frequency—linear size parameter space (e.g.|/54). VT J0243 has a significantly
smaller linear size compared to other young radio-loud AGN with the same peak

frequency, which are typically hundreds of parsec in size.

Even if we only consider Seyferts, VT J0243 has unusual radio SED properties.
A few expamples of bright radio flares from Seyferts have been detected. (242)
observed 66 radio-quiet, narrow line Seyfert 1 galaxies at 37 GHz, and detected eight.
These sources were undetected in archival observations from the VLA Faint Images
of the Radio Sky at Twenty-Centimeters (FIRST) survey. They show variability at
37 GHz as large as a Jansky and on month—year timescales. Seyferts can produce
bright radio flares. In contrast to VT J0243, the low frequency emission from these
Seyferts is weak (~micro-milliJy), suggestive of strong absorption at low frequencies
(240).

In summary, while VT J0243 may be consistent with expectations for a young jetted
AGN from a theoretical perspective, its radio SED is distinct from typical young
jetted AGN, it has a soft X-ray spectrum, and its host properties are unusual. For
example, it has quiescent host IR colors, a lack of strong evidence for ongoing AGN
activity within a few thousand years of the radio flare, and a low black hole mass.
Given the large range of properties of young jetted AGN and the large theoretical
uncertainties, we do not rule out that we are observing such an event. However, if

VT J0243 is a young jetted AGN, it is an extremely unusual member of this class.

VT J0243 as a young jet from a TDE

Tidal disruption events (TDEs) occur when a star ventures within the tidal radius,
Ry ~ R.(M,/Mgn)'/3, of a nearby SMBH (e.g. |10, |123, 243, 244). The bulk of
TDEs are “thermal” TDEs with vL, gu, < 1038 erg s~!, which are dominated by a
thermally-emitting, hot accretion disk in the soft X-ray, and its reprocessed emission
at lower energies (/50). The radio emission mechanism for thermal TDE:s is poorly
constrained, but may be associated with a disk wind or stellar debris outflow that
is colliding with the CNM (750). As is clear from Figure [2.5] VT J0243 is much
brighter than all known thermal TDEs.

The luminosity of VT J0243 is, however, consistent with the jetted TDE population,
which includes the three brightest (vL, gu, 2 10%0 erg s~1) of the ~20 radio-detected
TDEs (2, 3,205], 245425 1). The radio properties of these events are best exemplified
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through Sw J1644+57, the earliest example of an on-axis, jetted TDE. Sw J1644+57
was discovered by the Swift Burst Alert Telescope in 2011, and was promptly
observed by a variety of telescopes across the electromagnetic spectrum. Within a

0% erg s~! and best-

few days, a radio outflow was detected at a luminosity near 1
modelled as relativistic (I' ~ 3) with vy, < v,,,. The energy in the outflow increased
over ~300 days from ~2 x 10°° erg to ~4 x 107! erg while I" decreased as ~ =02,
>300 days post-launch, the energy plateaued, the peak flux began decreasing, and
the SED transitioned to the regime with v, < vg. The outflow transitioned to

non-relativistic motion ~700 days post-launch.

Around the same time as the radio turned-on, Sw J1644+57 exhibited a bright X-

048

ray flare peaking at an isotropic luminosity ~10* erg s=!, which is ~2 — 3 orders

of magnitude brighter than the Eddington luminosity of the SMBH. The X-ray

-5/3

emission declined as ~¢7°/~, corresponding to the mass fallback rate during a TDE,

and showed strong variability on < l1day timescales. At 500 days post-launch, the

036 erg s~!. which has been

X-ray emission plummeted precipitously to Lx ~ 1
interpreted as the jet turning off. Because the X-ray luminosity tracks the expected
mass fall back rate after a TDE, it is thought to be powered by a mechanism closely
tied to the jet. (252)) comprehensively surveyed many possible mechanisms, and
favored models in which the X-ray photons are produced through either synchrotron
emission or inverse-Comptonization of external photons (i.e., off the accretion disk).
The emitting electrons are likely accelerated by magnetic reconnection in a Poynting
flux-dominated jet. In this case, the fact that the observed jet was on-axis allowed the

X-ray emission to be beamed, enabling the extremeley high luminosities observed.

In contrast to Sw J1644+57, and other similar events, VT J0243 is not associated
with hugely super-Eddington X-ray flare. Only one other jetted TDE candidate was
not detected as a bright X-ray transient, and this event was off-axis and in the highly
obscured nucleus of a merging galaxy. VT J0243 may also be an off-axis jetted
TDE. If we assume VT J0243 is a jetted TDE, this suggests that there will be a
population of such events that cannot be detected via, e.g., X-ray transient surveys,

but require wide field, deep radio surveys like VLASS.

VT J0243 also differs from Sw J1644+57-like events in its radio lightcurve. The ~5
GHz luminosity is still increasing > 1, 000 days post-launch, whereas “typical” jetted
TDEs have long since begun fading at similar frequencies. Moreover, at > 1,000
days post-launch the SED is still in the regime where vg, < v,,. These observations

may suggest that the jet has yet to turn off. Unusually slowly evolving TDEs are not
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unprecedented: some observed non-jetted TDEs evolve on much slower timescales
than expected (see (/63) Section 7.1 and references therein, see also (253)). The
timescale of a TDE depends on factors including the stellar orbital parameters, the
stellar structure, and the energy dissipation rate of the tidal debris. We may be seeing
the jetted analogue of events in a regime with, e.g., a low energy dissipation rate,
such that the accretion disk formation is delayed and the evolution slowed. In the
case of VT J0243, the jet launch may have been enabled by magnetization provided
by a fossil accretion disk, as was proposed in the case of Sw J1644+57 (237).

The X-ray properties of VT J0243 are consistent with, although the luminosity is
at the bright end of, late-time (> 4 yrs) observations of non-jetted TDEs (254).
However, the sample of TDEs with deep, late-time X-ray observations is small, so a
detailed interpretation is difficult. The only object with late-time X-ray observations
and a luminosity comparable to VT J0243 is PTF09axc, with Lx = 10*** ergs~! and
I' = 2.5 eight years after optical peak (254). At early times, PTF09axc was detected
with Ly = 10*>8 erg s~!, which is constraints on the early-time X-ray emission
from VT J0243. This event was interpreted as a TDE with an accretion disk that
underwent a change from an early soft state to a late hard state. No late-time radio
detection has been reported for this event. A non-detection five-years post-optical
flare set a 6.1 (3.5) GHz 30 upper limit of 5.3 x 10?8 (1.2x 10 erg s~! Hz™! (136),
in strong contrast to the bright emission observed from VT J0243, although the first
radio detection of VT J0243 was ~6 yrs post-optical flare.

If VT J0243 is a jetted PTF09axc, by analogy to the X-ray binary observations
described earlier, the jet may have been launched during the state transition. In
this case, VT J0243 is a member of the recently discovered and rapidly growing
class of delayed radio TDEs (e.g.|/51}/53). These events show radio emission that
turns on > 2 yrs post-TDE. This radio emission is typically fainter than observed
from VT J0423 (< 10)* erg s~!). Some authors have proposed that the late-time
radio emission is associated with an accretion-state change (255), although more
coordinated X-ray and radio observations of other events are required to test this
possibility. In the case of VT J0243, we cannot confirm a delayed launch of a jet
associated with an accretion-state change due to the lack of constraints on the radio

launch-date and the X-ray evolution, but this possibility cannot be ruled out.

In summary, VT J0243 is plausibly a jetted TDE. However, it differs from known
jetted TDEs because of the slow timescale of the radio evolution and lack of a bright

X-ray counterpart, the latter of which may support the idea that we are observing an
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off-axis jet.VT J0243 may also be an extreme example of the TDEs with late time

(2 3 yrs post-TDE) radio turn-on, triggered by an accretion state-change.

2.6 Conclusion

We have presented an extraordinarily bright and long lasting radio flare in a galactic
nucleus detected in the VLA Sky Survey. VT J0243 rose to ~10* erg s™! in a
time period of ~5 — 20 years. Radio follow-up suggests the presence of a compact,
relativistic jet. X-ray emission with a luminosity Ly = 10*>3 ergs~! is observed,
which may be associated with a pre-existing or transient corona and accretion disk.

0% erg s~! optical flare are observed, both

Faint IR variability and an L, = 1
consistent with reprocessed emission from a sub-Eddington EUV flare. VT J0243
is hosted by a weak Seyfert galaxy. A more detailed summary of our observations

is provided at the beginning of Section [2.5]

VT J0243 is a unique example of a young radio source. It is likely caused by the
launch of a powerful jet, combined with strongly sub-Eddington multiwavelength
flares. This is consistent with a tidal disruption event, although the TDE likely
evolved very slowly. It may also be an AGN, but the trigger for the abrupt accretion
enhancement is unknown. In either case, VT J0243 highlights the complicated
connection between SMBH accretion and jet launching. In the near future, radio
surveys like VLASS will hopefully uncover large populations of similar, nascent
jets, which, combined with extensive multiwavelength follow-up as was performed
in this work, will illuminate the true triggers of such dramatic radio flaring and their
connection with SMBH activity.
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Figure 2.1:  ( top) From top to bottom, X-ray, optical, mid-infrared, and radio
lightcurves for VT J0243. In the topmost panel, the black triangles represent three
sigma upper limits from the MAXI and XMM slew surveys. The squares and
circles show recent detections by Swift/XRT and XMM/EPIC, and the inset axis
magnifies this data. The colored lines show the X-ray lightcurves for two of the three
X-ray detected jetted TDEs, Sw J1644+57 (/) and Sw J2058+05 (2). We do not
show the X-ray lightcurve for the final X-ray detected jetted TDE, Sw J1112-8283
(9), as it largely overlaps with the Sw J1644+57 lightcurve but is poorly sampled
in comparison. Regardless of the binning of the MAXI observations, an X-ray
flare of the same luminosity as those detected for previous jetted TDEs would have
been detected in the first ~100 days. An optical flare is detected in PanSTARRS
around MJD 56000. The MIR emission is measured using forced photometry on
NEOWISE images, and is variable. The MIR color appears to have reddened after
the first three epochs. The radio lightcurves are extrapolated from the model fits
described in Section[2.4] and the non-detection on the far left of the plot corresponds
to the 1990 NVSS observation. (bottom) LRIS (top) and 2dFGRS (bottom) optical
spectra, normalized. The red regions of each spectrum show wavelengths flagged
by the respective reduction pipelines. No significant transient features are detected.
No broad emission lines are significantly detected. The emission line ratios are
consistent with weak Seyfert emission on a BPT diagram.
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Figure 2.2: Five versions of the BPT diagram (446)), following Figure 13 from
(799). Line ratios measured from the LRIS (2dFGRS) observations of 2dFGRS
TGS3147138 are shown as black squares (red trangles). 2dFGRS TGS3147138 is
consistent with a Seyfert in most of the diagrams.
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Figure 2.3:  The evolution of VT J0243’s radio SED. The circles with errorbars
correspond to our observations, and are colored with the observation epoch. We
fit a synchrotron model to the three main observation epochs (see Section [2.4] for
details), and show the best-fit model and 1o errors as lines and bands.



52

0.15 ¢ m— Power law -
@ == = Blackbody
* 4 J0243 obs.

count s~! keV~!

&
T

0.00 . . L. . h
0.3 04 0.5 0.6 0.70.80.91.0 2.0

— —
005 4+ ]
E 0,00 -ttt gttty e Sttt
—005F N | N
0.3 04 0.5 0.6 0.70.80.91.0 2.0
Energy (keV)

Figure 2.4: The XMM-Newton x-ray spectrum for 2dFGRS TGS314Z138. The
observations are the black points, while the lines show model fits. The emission
is most consistent with a power law model with little intrinsic hydrogen column
density.
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Figure 2.5: Radio light curves (lines) and typical durations/luminosities (squares)
for classes of radio transients. The squares are retrieved from (2/8) and are measured
at 1.4 GHz. The TDE lightcurves are from (/50,|219, 220), and references therein,
and are largely at 5 GHz. The SN lightcurves are at 5 — 8 GHz, are from (22/-224).
The lightcurve for VT J1548 is measured at 3 GHz (/63). For comparison, the
5 GHz lightcurve of VT J0243 is shown in red, assuming the flare was launched
around MJD 56000. This source is of comparable brightness to jetted TDEs, but is
still rising whereas previous events began fading by ~1, 000 days post-event. It is
also at a comparable luminosity to the newly radio loud AGN from (/57), shown as
orange circles, and the radio variable AGN from (/54), which are shown as orange
dot-dashed light curves. The triangles in the light curves denote upper limits. We
have arbitrarily chosen the start date of these AGN flares for ease of comparison to
VT J0243.
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Abstract

We present detailed multiwavelength follow up of a nuclear radio flare, VT J154843.06+220812.6,
hereafter VT J1548. VT J1548 was selected as a ~1 mJy radio flare in 3 GHz ob-

servations from the VLA Sky Survey (VLASS). It is located in the nucleus of

a low mass (log Mpy/Ms ~ 6) host galaxy with weak or no past AGN activ-

ity. VT J1548 is associated with a slow rising (multiple year), bright mid IR

flare in the WISE survey, peaking at ~10%Lcqq.. No associated optical tran-

sient is detected, although we cannot rule out a short, early optical flare given

the limited data available. Constant late time (~3 years post-flare) X-ray emis-

sion is detected at ~10* erg s™'.

The radio SED is consistent with synchrotron
emission from an outflow incident on an asymmetric medium. A follow-up,
optical spectrum shows transient, bright, high-ionization coronal line emission
([Fe X] 46375, [Fe XI] 17894, [S XII] 17612). Transient broad He is also detected
but without corresponding broad Hf emission, suggesting high nuclear extinction.
We interpret this event as either a tidal disruption event or an extreme flare of an
active galactic nucleus, in both cases obscured by a dusty torus. Although these
individual properties have been observed in previous transients, the combination is
unprecedented. This event highlights the importance of searches across all wave

bands for assembling a sample of nuclear flares that spans the range of observable
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properties and possible triggers.

3.1 Introduction

Supermassive black holes (SMBHs) at the centers of galaxies power myriad observ-
able phenomena across cosmic time. The evolution of galaxies is closely linked
to SMBH activity (e.g. 47). Active galactic nuclei (AGN), which have actively
accreting SMBHs at their centers, produce bright multiwavelength emission due to
the presence of an accretion disk and, in many cases, an associated jet or outflow
(256).

Quiescent or only weakly accreting SMBHs are challenging to study because of their
dim or nonexistent emission. The recent advent of high cadence photometric and
spectroscopic surveys has enabled the discovery of large samples of tidal disruption
events (TDEs), which occur when a star is disrupted as it enters the tidal radius of
an SMBH, given by Ry ~ R.(Mgr/M,)'3 for a black hole of mass Mgy and a star
of radius (mass) R.(M.,) (e.g. 110,123,128, 130, 243, 244, 257). TDEs provide
a key probe of the SMBHs and nuclear regions in quiescent galaxies: among
many insights, they enable measurements of the dust covering factors in quiescent
galaxies, the circum-nuclear density profile, and they may provide a new method
of measuring the mass of low mass (~10° M) SMBHs (e.g.1144,1257-259). They

04145

are often observed as 1 erg s~! X-ray transients, which decay with the mass

fallback rate as a t /3

power law (e.g. /18, 260, 261). The X-rays may originate
directly from an accretion disk or via material forced inward at the nozzle shock

close to pericenter (e.g.|/18,1262-264).

While the landscape of TDEs in quiescent galaxies is rapidly being mapped out,
the evolution of a TDE in a galaxy with a pre-existing accretion disk is poorly
understood (although, recent simulations are gaining ground, see 265). Given
current knowledge, it is difficult, or in some cases impossible, to observationally
differentiate between a nuclear flare caused by a TDE and one caused by an accretion-
state change (see 266, for a review of possible distinguishing characteristics). This
problem is made particularly challenging because of the many remaining mysteries
in accretion disk physics: the magnitude of possible state changes due to accretion
disk instabilities, their occurrence rate, and their multiwavelength properties are

largely unknown (see 267, and references therein).

Thus, nuclear flares from galaxies with pre-existing accretion disks are particularly

challenging to interpret. In galaxies where a pre-existing accretion disk cannot
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be ruled out (i.e., those that are either weakly accreting or are quiescent but were
accreting in the recent past), several aspects of the central SMBH and the inner few
parsecs of the galaxy remain mysterious. For example, it is still not understood if,
when, and how a dusty torus can form in a weakly accreting or non-accreting galaxy
(e.g. 1268, 269).

Progress in observationally mapping out the range and properties of nuclear flares
from weakly accreting or recently accreting galaxies is advancing. For example,
searches for transient line emission in the Sloan Digital Sky Survey (SDSS) spectro-
scopic survey (270) have unveiled a class dubbed the extreme coronal line emitters
(ECLESs), which show bright, high ionization (> 100 eV) coronal emission lines (e.g.,
[Fe X] 16375, [Fe XIV] A45303) (e.g. 271). These lines are excited by a transient,

high-energy, photoionizing continuum and fade on ~3—5 yr timescales (272).

Although most of the ~20 known ECLEs are in quiescent galaxies (e.g. /4, 199,
271,273, 274), an increasingly large subset are hosted by galaxies which lie in the
grey area between strongly accreting AGN and quiescent galaxies. For example,
ASASSN-18jd was a nuclear transient in a host galaxy with no clear evidence for
AGN activity (275). Although this event had a TDE-like blue continuum and a
high ratio of [Fe X] to [O III], it showed a non-monotonically declining optical light
curve and a harder-while-fading X-ray spectrum that are both more typical of AGN
activity. Likewise, the transient AT 2019avd showed strong coronal line emission
alongside TDE-like transient features (e.g., soft X-ray emission, Bowen fluorescence
lines, broad Balmer emission), and is located in an inactive galaxy (274). Its double
peaked optical light curve is characteristic of AGN activity, although some exotic
TDE models could predict similar behavior (274).

Originally, ECLEs were thought to be associated with TDEs, which can produce the
requisite high energy continuum that would only illuminate the coronal line emitting
region but not excite [O III] immediately because of light travel time effects (/4).
However, it is well known that AGN-like continua can produce coronal line emission
since, before the discovery of ECLEs, coronal lines were most often observed from
Seyfert galaxies of all types (e.g. |276-278). ~2/3 of AGN across the range of
activity levels show at least one coronal line in the near-infrared (NIR) (279). This
fraction is poorly constrained in the optical because optical coronal lines are dim
in most AGN, with the brightest [Fe VII]16086 lines no more than ~10% of the
[OIII]A5007 flux (280). An accretion state change could well replicate the ECLE

phenomena.
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Key evidence in understanding the possible triggers of ECLEs lies in their multiwave-
length emission. ECLEs sometimes show transient, broad lines (FWHM~1000-2000
km s~1), including hydrogen Balmer emission (e.g. |/4). ECLEs have been associ-
ated with optical/UV flares, which begin before the coronal lines appear (/99, |281).
Many ECLEs have been associated with IR flares with luminosities ~10*~* erg
s~!, consistent with emission from dust (e.g. [282). The IR emission can fade on
timescales as long as ~10 years (e.g. 282). The radio emission from ECLEs, which
can constrain the presence of a nascent jet or outflow, is practically unconstrained.
Note that the relative frequency of the different multi-wavelength signatures in
galaxies that may have pre-existing accretion disks and those that are quiescent is

unknown.

More conclusive constraints on the trigger(s) of ECLEs require a large sample of
events with minimal selection biases. Searches based on evolving optical spectral
features may miss objects similar to the ECLEs but with dimmer coronal line
emission. The multi-wavelength, transient emission from ECLEs will allow us to

understand the full range of possible triggers and host properties.

In this work, we present the first radio selected ECLE, SDSS J154843.06+220812.6,
hereafter SDSS J1548. SDSS J1548 shows weak or no evidence for accretion, so we
cannot confirm or exclude the presence of a pre-existing accretion disk. SDSS J1548
was identified by (/37) as the host of a bright nuclear MIR flare. Independently,
we selected SDSS J1548 as part of our ongoing effort to compile a sample of
radio-selected TDE candidates using the VLA Sky Survey (VLASS; (/33)). We
performed an extensive follow up campaign, during which we identified this object
as an ECLE with additional broad Balmer features. It is X-ray bright, although,
intriguingly, it shows no optical flare in the available data. The transient emission

appears to evolve on long (~year) timescales.

We present multi-wavelength observations of SDSS J1548 and the associated tran-
sient, which we label VT J1548+2208 (VT J1548 hereafter). In Section [3.2] we
describe our target selection. In Section[3.3] we detail both the archival and follow-
up observations and data reduction. In Section [3.4] we describe the non-transient
galactic-scale properties of SDSS J1548. In Sections and [3.6 we discuss the
transient emission associated with VT J1548. Finally, in Sectionwe consider the
possible origins (i.e., TDE, AGN-related activity) of VT J1548, and in Section @

we conclude.

We adopt a standard flat ACDM model with Hy = 70 km g1 Mpc‘1 and Q,, = 0.3.
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All magnitudes are reported in the AB system unless otherwise specified.

3.2 Target Selection

We selected VT J1548 during our search for radio-bright TDE candidates using the
Karl G. Jansky Very Large Array (VLA) Sky Survey (VLASS; also see (283) for the
first discussion of the possibility of searching for TDEs as radio transients). VLASS
is a full-sky, radio survey (6 > —40°, 2 —4 GHz; (/33)). Each VLASS pointing will
be observed three times. The first epoch (E1) was completed between 2017-2018
and the second (E2) is halfway done (~2020—present). VLASS is optimal for
studies of radio-emitting TDEs because it is sensitive (~0.13 mJy) and has a high
angular resolution that allows for source localization to galactic nuclei (~2.5”, with

variations with declination and hour angle).

Dong et al., in prep., developed a pipeline to robustly identify radio transients with
VLASS, which we used to select radio TDE candidates. We will describe the

source detection and photometry in detail in that work; we provide a brief summary
in Appendix [3.9]

We selected TDE candidates as nuclear VLASS transients (<3” from the center of
a Pan-STARRS source; (/75, 284)) with no archival radio detections (>3” from
a source in the NVSS or FIRST catalogues; (/61, 285, |286)). We inspect all
crossmatches to ensure that the radio transient is located on a galaxy, rather than a
star. After this initial selection, we verified that each source was nuclear using precise
positions from VLA follow up. We required the stellar mass of the host galaxy,
measured using an SED fit (Section [3.4), to be consistent with log Mgn/Me < 8
according to the stellar mass - SMBH mass relation from (38) (i.e., log M./ Mg <
12). For SMBH masses log Mpy/Mg > 8, stars will be captured whole rather than
be disrupted because the Hill radius is comparable to the tidal radius (//0). After
this initial selection, we carefully inspected the archival radio images to ensure
there are no detections (sub-threshold or otherwise) that are at a position consistent
with the VLASS position. We will present the full sample of radio selected TDE
candidates in future papers. In this paper, and other in prep. work, we present

individual, unique candidates, including VT J1548.

3.3 Observations and Data Reduction
After identifying VT J1548 as a promising TDE candidate, we performed extensive,
multi-wavelength follow up. In this section, we describe the observations and data

reduction. We also present the available archival data. Detailed data analysis
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and interpretation will be described in later sections. Figure [3.3] summarizes the

observation timeline.

Radio Observations

SDSS J1548 was undetected in the NVSS and FIRST radio surveys (/61,|285, 286).
Most recently, it was observed on MJD 58046 (Oct. 15, 2018) during VLASS E1
with a 30~ upper limit f,(3 GHz) < 0.36 mJy. VT J1548 was first detected in the
radio during VLASS E2 on MJD 59068 (Aug. 7,2020) with f,(3 GHz) = 1.12+0.15
mly.

We obtained a broadband (0.3—20 GHz) radio SED for VT J1548 on MJD 59273
(Feb. 28, 2021) as part of program 20B-393 (PI: Dong). We reduced the data using
the Common Astronomy Software Applications (CASA) with standard procedures.
VT J1548 was detected in the L, S, C, and X bands and undetected in the P band.

Optical/IR Light Curve

SDSS J1548 is in the survey area of the NEOWISE and Zwicky Transient Facility
(ZTF) surveys (124-127). NEOWISE has observed SDSS J1548 in the W1 (3.4 um)
and W2 (4.6 um) bands with a cadence of ~6 months since MJD ~ 56700. Each
epoch consists of ~12 exposures. We downloaded the NEOWISE photometry from
irsa.ipac.caltech.edu. The lightcurve is shown in Figure 3.3l SDSS J1548
flared brightly in NEOWISE beginning on MJD~58100 (Mar. 23 2018). Itincreased
from W1/W2 ~ 13.6/13.6 mag (native Vega system) to W1/W2 ~ 11.2/10.3 mag
(native Vega system) in ~900 days and had not begun to fade by the most recent
observation (MJD 59049; Jul. 19 2020). The peak flux of the flare was > Soqyies.,

where o guies. Was the root-mean-square variability in the pre-flare NEOWISE data.

ZTF is a high cadence optical transient survey. SDSS J1548 was observed as part
of the public MSIP survey (287)), which observes the full northern sky every three
nights in the gr filters. We used the IPAC forced photometry service (288) to
download the optical light curve, and processed it using the recommended signal-
to-noise cutsﬂ No optical transient is detected in the available data, although we
may have missed the transient because of poor coverage. MJD 57500—-58000 is only
covered by the ATLAS survey, but the ATLAS coverage has a gap between MJD
57650-57750, and it is possible that an optical transient would be undetected if it
occurred near 57500 and contaminated the ATLAS reference images. Assuming no

1http ://web.ipac.caltech.edu/staff/fmasci/ztf/forcedphot.pdf
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systematic problems in the photometry that may mask a flare, we can exclude an
optical transient that peaks during the ATLAS coverage with a flux density brighter
than ~0.6 mJy (L < 6 x 10*? erg s™!) at the 50 level in the ATLAS o band. This
constraint rules out a flare similar to those in optically-selected TDEs (/28), unless
it occurred between MJD 57650-57750.

X-ray Observations

SDSS J1548 is not detected in any archival X-ray catalogs, including the Second
ROSAT All-Sky Survey Point Source Catalog (/85) |/84)). The best limit on the
host galaxy X-ray flux is from a serendipitous 17.9 ks XMM-Newton exposure ~100
days before the first VLASS epoch (PI: Seacrest, MJD 57950; Jul. 16 2017). We
retrieved the Processing Pipeline System (PPS) products from the XMM-Newton
archive. The PPS products have already been reduced using standard procedures
with the most up-to-date pipeline and calibration files. We used the ximage sosta
tool to measure the source flux at the location of SDSS J1548 on the EPIC-PN and
MOS2 0.2 — 12 keV images (289). (SDSS J1548 was not in the field-of-view of the
EPIC-MOSI1 image.) We used the recommended source box size. However, SDSS
J1548 is near the edge of both images, so the recommended background box sizes
extended off the image. We manually drew background boxes of different sizes
centered on/near the source and measured the intensity in each case, to verify that
our choice did not affect our result. The source was undetected, with a 30~ upper
limit on the 0.2 — 10 keV flux of ~10713 erg cm™2 s~!. We get a similar upper limit
using both the PN and MOS1 images, which suggests that our result is not strongly

affected by the fact that the source is near the image edge.

SDSS J1548 was observed three times (MJD 59127/Oct. 5 2020, 59281/Mar. 8
2021, 59388/Jun. 23 2021) post-flare with ~2 ks exposures by the Swift X-ray
Telescope (Swift/XRT; (/88)). The final epoch was a target of opportunity (ToO)
observation requested by our group. The first two observations are ToOs (PI Dou)
that we found during a search of the Swift archive. The data were reduced using
the Swift HEASOFT online reduction pipelin with default settings to generate a
lightcurve at the position of SDSS J1548 (290). There is no significant evolution

between observations.

XMM-Newton observed SDSS J1548 on MJD 59457 for a duration of 30 ks with the

EPIC camera using the thin filters in full frame mode. We retrieved the Processing

2https ://www.swift.ac.uk/user_objects/index.php
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Pipeline Subsystem (PPS) products and extracted a PN spectrum at the location of
VT J1548 using standard procedures. The spectrum is shown in Figure 3.9/ and we
discuss it in Section

Optical Spectroscopy

SDSS J1548 was observed on MJD 53556 (Jul. 5 2005) as part of the SDSS
Spectroscopic Survey (270). We retrieved the archival optical spectrum from the
SDSS archive. After identifying SDSS J1548 as a transient host, we observed it
with the Keck I Low Resolution Image Spectrometer (LRIS; (/82))) on MJD 59259
(Feb. 14 2021) and 59348 (May 14 2021) with exposure times of 10 and 30 min.
respectively. Because of poor seeing, we used the 1.5” slit for the first epoch, but we
used the 1.0” slit for the second epoch. The slit positions are shown in Figure
For both epochs, we used the 400/3400 grism, the 400/8500 grating with central
wavelength 7830, and the 560 dichroic. This leads to a usable wavelength range of
~1300-10000 A and a resolution R~700.

We reduced the first epoch of observations using the 1pipev2020.09 pipeline with
default settings (29/). The LRIS red CCD was upgraded before the second epoch
of observations and was incompatible with earlier 1pipe versions, so we reduced

this deeper epoch using 1pipev2021.068.

We observed SDSS J1548 on MJD 59371 (Jun. 6 2021) with the Echellette Spec-
trograph and Imager (ESI; (292)) on Keck II. ESI is optimal for velocity dispersion
measurements because of its resolution, which can be as high as R ~ 13000 (22.4 km
s~! FWHM) in echellette mode. ESI in echellette mode has a wavelength coverage
~0.4 — 1.1 um. We exposed for 25 minutes using the 0.3” slit. The slit positioning
is shown in Figure[3.1] We reduced the observations using the makee pipeline with
the standard star Feige 34. We used default settings, except to adjust the spectral

extraction aperture, as described in Appendix [3.9]

3.4 Host Galaxy Analysis

In this section, we describe SDSS J1548, the host galaxy of VT J1548. SDSS J1548
is at redshift z ~ 0.031 (d; ~ 137 Mpc). Figure [3.1] shows a zrg image of SDSS
J1548. We have noted the cataloged position of the galaxy nucleus (/89) and the
radio transient position from our VLA follow up. The radio transient is consistent

with being nuclear.

SDSS J1548 is classified as an elliptical or SO galaxy with a g-band semi-major
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Figure 3.1: zrg image of SDSS J1548, the host galaxy of the radio transient VT
J1548. The optical nucleus is shown as a small red circle and the radio transient
position is shown as small black circle. The circle radii show approximate 30
statistical uncertainties. Systematic reference-frame uncertainties are not included.
The radio transient is consistent with being nuclear. The blue rectangles show the
slit positions for LRIS follow up and the orange rectangles shows that for ESI follow
up. Image from the Legacy Survey (7).

half-light axis ~1.8 kpc 294). It is bulge-dominated, with a g- (r-) band bulge-
to-disk ratio B/T = 0.7(0.73) (294). The bulge-dominated morphology is unusual
for ECLEs — the known ECLEs are largely located in intermediate-luminosity disk
galaxies with no apparent bulge in SDSS imaging (/4).

We measured the galaxy stellar mass using an SED fit following and (295).
We retrieved archival photometry from the GALEX (FUV, NUYV; 297)), SDSS
(ugriz; (298)), and WISE (W1, W2; (12))) surveys. We used prospector (/90),
a Bayesian wrapper for the fsps stellar population synthesis tool 1192)), with
a IMF, a 7-model star formation history, and the (/94) attenuation curve.
We fixed the redshift to the best-fit redshift from the LRIS spectrum (0.031; Ap-
pendix [3.9). We fit the SED using the emcee Monte Carlo Chain Ensemble sampler
(195) with 500 (burn-in) + 1000 steps. The best-fit stellar mass is reported in Ta-
ble[3.1] Our best-fit parameters are consistent with cataloged SED fits of this source
from SDSS. We relate the stellar mass to the SMBH mass using the empirically
derived M, — Mgy relation from (38). We find log Mgy ~ 7.1 + 0.79, where the
uncertainty is dominated by intrinsic scatter in the relation. Alternatively, we can

relate the bulge mass to the SMBH mass using the Myyee — Mpy relation from
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Figure 3.2: Five variations of the BPT diagram (4-6)), following Figure 13 from
(199). The SDSS measurements of SDSS J1548 are shown as a black square, while
the LRIS measurements are shown as a reddish cross. Where possible, we include
the changing look LINERSs from (/99) and the ECLEs from (/4) for comparison.
SDSS J1548 has weak or no AGN activity.

(47). We estimate the bulge mass using the bulge-to-disk ratio above, and find
Mg =7.51 £0.32.

The SMBH mass is more tightly correlated with the bulge velocity dispersion (o)
than M,.. We measured o, from the high resolution ESI spectrum and find an
SMBH mass log Mpy/Me = 6.48 + 0.33, as described in Appendix [3.9] The error
is dominated by intrinsic uncertainty in the Mgy — o relation. This SMBH mass
is consistent with that measured by (/3/)) using the lower resolution archival SDSS

spectrum. It corresponds to an Eddington luminosity of 3 x 10* erg s™! (112).

Next, we constrain any prior AGN activity in SDSS J1548. The archival SDSS spec-
trum is shown in the bottom panel of Figure[3.3] It has many narrow features, includ-
ing the Balmer series, [O III] 15007, [N II] 16548, 6584, and [S II] 16713, 6731, but
no broad emission. We fit the narrow lines following Appendix [3.9)and the fluxes
are tabulated in Table [3.2] Figure [3.2] shows five variations of the BPT diagrams,
which classify galaxies according to their AGN activity (4-6). We plot the ECLE
hosts from (/4) and changing look (CL) LINERSs from (/99), where possible. The
CL LINER sample includes one ECLE (see discussion in Section[3.7). SDSS J1548
lies between the ECLE and CL LINER samples. It is consistent with weak or no

AGN emission.
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The WISE color of a galaxy (pre-transient) provides an additional constraint on
its AGN activity (200). The WISE color W1-W2= 0.055 (W1/W2 = 13.625 +
0.025/13.570 £ 0.029) is inconsistent with typical AGN, which have W1-W2> 0.8
(200). Hence, SDSS J1548 may be quiescent or weakly active. Note that the current
NEOWISE color (W1-W2~ 0.9) is in the AGN regime.

Table 3.1: Host Galaxy

Parameter Value

R.A. 15:48:43.06
Dec. 22:08:12.84
Redshift z 0.031

dr 137 Mpc
log M.,/ Mo 10.15*907

log Mgy /Mg (from Mgy — o) 6.48 +0.33

Notes. R.A. and Dec. are from the SDSS imaging survey (/89). Redshift is as measured in our
work. The stellar mass is derived from an SED fit. SMBH mass is measured using the velocity
dispersion and the (47)) Mgy — o relation.

Finally, SDSS J1548 is within the virial radius of a small group (total halo mass
~10'15 My; (299)). SDSS J1548 shows no obvious evidence for a disturbed mor-

phology indicative of a recent interaction or merger.

3.5 Analysis of transient spectral features

Next, we consider the transient emission associated with VT J1548, summarized
in Figure [3.3] We begin by describing the transient spectral features, which will
inform our discussion of the broadband emission in the next section. We identify

transient lines as those present in the LRIS spectra but not in the SDSS spectrum.

First, we provide a brief summary of the transient features. The following subsec-
tions will analyze specific features in detail. The line fluxes for each observation

epoch, measured using the procedure described in Appendix [3.9] are listed in Ta-
ble

VT J1548 was associated with the appearance of strong, high-ionization coro-
nal line emission. We detect [Fe X] 16375, [Fe XI] 17892, and [S XII] A7611.
[Fe XIV] 45303 is marginally detected, and we do not observe any [Fe VII] emis-
sion. The coronal lines are all double peaked, with two roughly equal flux compo-
nents separated by ~230 km s~!. We will discuss these lines in detail in Section
We also detect a broad Ha component (FWHM~ 1900 km s7h), although we do not
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Figure 3.3: A summary of the observations of SDSS J1548. (fop) The optical and
IR light curves for SDSS J1548. IR magnitudes are in their native Vega system,
whereas optical magnitudes are in their native AB system. The IR light curve flares
by ~2 — 3 mag beginning around MJD 58100. There is no obvious optical flare,
although gaps in survey coverage mean that we cannot rule one out. The optical
upper limits are consistent with the tail of the best-fit blackbody to the IR emission.
We overplot the range of fluxes expected in different bands (as denoted by the color
of the band) from typical optical TDEs as shaded regions. We have adopted the
models of ZTF optical TDE light curves from Table 6 of (/28)) with the appropriate
distance for SDSS J1548 and extinction E(B — V)yuc ~ 1. We plot the central +10
range of fluxes expected from these models. We shift the start date of the each band
to be within the coverage of the corresponding survey but still consistent with the
start of the WISE flare. (middle) The 3 GHz radio (black squares) and 0.2 — 10 keV
X-ray light curves. Solid lines show power law fits to the radio light curve, with
the launch date in each case noted in the legend. (bottom) The optical spectrum
evolution. The late-time LRIS optical spectra show transient broad Balmer and
coronal line emission. We highlight regions impacted by reduction problems in red.
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detect the corresponding Hp3 feature (Section [3.5). We refrain from a detailed line
flux evolution analysis because the flux calibration may be imperfect. The transient
line fluxes agree within 20~ between the LRIS observations. The lines which are
present in all observations (SDSS+LRIS) do not evolve between epochs, except that
the narrow He brightens. This brightening could be caused by the changing slit
widths if the Ha is extended, so we do not consider it further.

He I1 14686 is commonly observed in TDE candidates accompanied by N II1 14640
due to the Bowen fluorescence mechanism (//2). We do not observe these lines.
[Fe II] lines are abundant in Seyferts but are undetected from VT J1548 (300).

Coronal line emission

The strongest observed coronal lines are [Fe X] 16375 (ionization potential 262.1
eV), [Fe XI] 17894 (IP 290.9 eV), and [S XII] 47612 (IP 564.41 eV) with luminosi-
ties (1.2,2.3,1.3) x 10* erg s™!, respectively (we have summed over all velocity
components, see discussion later in this section). The [O III] 45007 luminosity is
~1.2x10% erg s~!. The [Fe X] to [O IIT] ratio of ~1 is unprecedented for “standard”
Seyferts, which typically have coronal line luminosities that are a factor of ~100
dimmer than [O III] (see Figure 5 of (/4)). These fluxes are also marginally dimmer
than observed in other ECLEs, which have Lgex 1i. = 3 X 103 erg s7! despite sim-
ilarly low SMBH masses (/4)). Selection effects may explain the brighter coronal
lines in many ECLEs. Alternatively, VT J1548 may be more obscured than the (/4)
ECLEs.

We marginally detect [Fe XIV] 45303 at <20 significance. Most ECLEs with
[Fe XIV] 45303 emission have Lirexiv] 2 0.1Lrex) (/4). We expect sufficiently
high energy photons to ionize [Fe XIV] because it has a lower ionization poten-
tial than the bright [S XII] line. Extinction could weaken the [Fe XIV] emission:
[Fe XIV] is the bluest of the coronal lines. If the coronal lines are heavily extincted,
like the broad Balmer emission (see next section), the [Fe XIV] line could be ex-
tincted by a factor of ~1.5 — 2 relative to [Fe X]. This extinction is unlikely to affect
the ECLE classification because reducing the [Fe X] to [O III] ratio by a factor of
ten would require E(B -V) = 5.

We do not detect [Fe VII] emission although it has a low ionization potential (/4).
There are a number of ECLEs with undetected [Fe VII], and most have been at-
tributed to TDEs (/4). These ECLEs tend to be galaxies that are less luminous

and lower mass than those with detected [Fe VII], which is consistent with the low
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Table 3.2: Optical Emission Line Strengths

Line SDSS LRISI LRISII
Ha (narrow) 15.60*9-22 16.953%% 23.34%3
He (2060 km s™") - 18.09+31 26.32+17
o e o 38404
[O1] 26300 1 .49_§f§% 1.41+027 1.544032
[Fe X] 16375 - 2.313-?% /2734068 3.18*010/2.569-62
0. 040 026 0.29

[Fe X1] 17894 - 3.94*021/4.60%0% 5.37+0:30/5.50%020
[Fe XIV] 15303 - 0.65+33! 0.50+042
[S XII] 17612 - 1.73%030/1.55%7026  2.10*0.25/3.95702
[O11] 113726,3729  14.40%) 7% 10.2349-59 8.67%03¢
[O111] 24959 2.35%-33 1.82j§~3é 1_66%.32 )

54 4 25
Nmess sl Tedd (s
[N II] 16584 6.797031 6.57+04 675704
[ ] 1 7-044 : —833 -19_0.39
[S1I] 26716 3.84i§'2§ 4.55H0%3 5.39108

b 0.81 1.21
[ST1] 46731 4.01%57 451750 4.617 3

Notes. Line fluxes are reported in units of 107! erg cm™2 s~!. While we report absolute fluxes, the

flux calibration is likely imperfect. Double-peaked lines (e.g., Fe X) have two reported fluxes which
correspond to the blue and red peaks, respectively.

SMBH mass measured for SDSS J1548 (/4). Moreover, if they are associated with
an optical flare, the flare is dimmer than in those galaxies with [Fe VII] detections

(/4). The low statistics in current ECLE samples render these trends inconclusive.

(/4) suggest that [Fe VII] dim ECLEs can be explained if either the [Fe VII] is

collisionally de-excited because of its low critical density (106~7 cm™>

compared to
> 10” cm™ for the higher ionization iron lines), or if the X-ray SED is sufficiently
bright and peaked above ~250 eV so that higher ionization states are favored.
The first scenario is disfavored if coronal line emission from ECLEs is produced
analogously to that in Seyfert galaxies. In Seyferts, [Fe VII] is expected to be emitted
from gas which is lower density and more extended than that which emits the higher
1onization Fe lines. For example, (278)) suggest that the coronal line-emitting gas is
embedded in a wind, and the [Fe VII] emitting gas is upstream of the gas which emits
the higher ionization Fe lines. If this model also applies to ECLEs, it is unlikely

that all of the coronal line-emitting gas is above the [Fe VII] critical density.

An excess of soft photons can cause a high [Fe X]/[Fe VII] ratio. (278) discuss a
few Seyferts with high [Fe X]/[Fe VII] which also have high [Fe X]/[OIII] ratios
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(although not as extreme as ECLEs) and broad Hoe FWHM which are narrower
than expected (~750 km s~!). They argue that these extreme ratios are related to
the X-ray SED shape. A soft excess which drops off around 100 eV would cause
[Fe X]/[Fe VII] to be high, although it is unclear whether this would explain the
extreme ratios observed in [Fe VII] dim ECLEs. Alternatively, the soft excess can
continue below 100 eV if the [Fe VII] emitting gas is obscured from the photoionizing
source. As (/4) discusses in the context of ECLESs, a very bright soft X-ray source
that overionizes the coronal line-emitting gas could also explain the [Fe VII] non-

detections.

Further insight into the origin of the coronal line emission comes from close inspec-
tion of the coronal line profiles in the high resolution ESI spectrum (Figure [3.4).
Each coronal line contains two velocity components: [Fe X] 16375, [Fe XI] 17894,
and [S XII] 47612 have velocity separations of 215 + 8, 240 + 2, and 230 + 6 km
s~!, respectively. These velocities are roughly consistent within uncertainties (< 30
variation). The individual components all have narrow widths 50 — 60 km s~!.
From the velocity separation of the velocity components, the coronal line-emitting
gas may reside at ~1 pc from the SMBH, which is consistent within a factor of a few
with the constraints on the position of the MIR emitting dust, as will be described
in Section

Coronal lines in Seyferts are typically blueshifted (278). The blueshift is thought to
indicate the ubiquitous presence of radiatively driven outflows from the AGN torus
(278)). In contrast, we observe both a red- and blueshifted component with roughly
equal flux. Moreover, the linewidths of coronal lines in Seyferts are often broader
than the [OIII] linewidth, whereas we observe narrower coronal line emission.
No other ECLE has a published optical spectrum with sufficiently high resolution
to decompose the line profiles, although the coronal lines sometimes appear non-
Gaussian in the available, low-resolution spectra (/4). By eye, the published line

profiles seem inconsistent with two, equal-flux peaks.

The coronal line gas could be entrained in and accelerated by the synchrotron
emitting outflow (see Section @, but the line widths are too narrow and the velocity
difference between the components too small to favor this scenario. Alternatively, we
may be observing rotating gas clouds at a radius ~1 pc, corresponding to the velocity
separation of the two components of the coronal lines, or an obscured, gaseous disk.
The coronal line emitting clouds could also be moving in a radiation-driven outflow,

as is thought to occur in Seyferts (278)). We tentatively favor the final scenario
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although, as we discussed above, the observed line profiles are different from those
in typical Seyferts given that the radiatively driven outflow model has observational
support in coronal-line-emitting Seyferts and the different profiles could result from
a different geometry. Future observations of the line profile evolution and more
detailed modelling, such as was done in (30/) using CLOUDY, would constrain this

scenario.

Next, we constrain the physical properties of the emitting region. We assume the
emission is dominated by photoionized gas. This is areasonable assumption because
shocks only strongly contribute to coronal line emission for shock velocities > 300
km s~!, which is much larger than the coronal line widths (302). Photoionized gas
is expected to be at a temperature ~10° K (303), so we adopt this as our fiducial

value.

First, we roughly estimate the emission measure of the gas following (273)). Because
the gas is photoionized, it must be optically thin to bound-free absorption of soft
X-rays of energy ~1 keV. We ignore collisional de-excitation to simplify the calcu-
lations. For a uniform emitting region of volume V with an ion (electron) density
nj(e)» the emission measure is given by EM = n.n;V. For a given ion i, The emission
measure is related to the observed line luminosity L;: EM = L;/C;(T). Here, C;(T)
is the collisional strength for the relevant ion at the gas temperature 7 ~ 10° K. We
retrieve the collision strengths from the CHIANTI archive (504, 305). We find that
the emission measures for each strong coronal line are similar, with EM¢p, ~ 107859
cm™3. Assuming the gas has solar abundances, the sulfur and iron abundances are

both n/ng ~ 107> (306). We assume both sulfur and iron are dominantly in the

observed highly ionized states. Then, we can write n.ngV ~ néV ~ 10% cm™ and
V= ek = 10% (1) (3.1)
3 109cm=3) '
ny -2/3
R=13x10"cm|—"—| , 3.2
crn( 10° cm‘3) (3:2)
-1
_ ng
M = V=84x10" Mo |———=]| . 3.3
Mmyngy o ( 09 cm‘3) (3.3)

We adopt a distance ~0.8 pc based on the coronal line widths. The coronal line-
emitting gas may be at a different distance if it is outflowing, but given the low
velocity we do not expect the true distance to be changed by more than a factor of

a few. With this assumption, the gas must have R < 0.8 pc or ny 2 10* cm™3. The
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detection of [Fe X] emission requires ny < 10° cm™, which is the critical density
of that line. This density range corresponds to 8.4 X 107> My < M < 800. The
large mass at the upper bound leads us to favor a higher density than ~10* cm™3.

The gas column density is 1022 < Ny / cm™2 < 10%,

For column densities above a few times 10>> cm™ the gas is optically thick to X-rays.
We require optically thin gas. If the gas is clumpy or in a thin shell, the column
density will be scaled by a factor of £2/3, where & = AR/R is the relative thickness
of the shell or clumps. Likewise, the radius will scale by a factor of £~1/3. If we
adopt a column density ~10%2 cm™2, we find & ~ 10~3=5)_ Thus, either the coronal
line-emitting gas has a very low density but fills a large volume, which is unlikely
given the distinctly double peaked, narrow line profiles, or it is dense with a low

covering factor. We favor the latter scenario.

Finally, we can constrain the soft X-ray flux required to power the coronal emission.
In coronal line-emitting Seyferts, the coronal line luminosity is correlated with the
flux in the soft X-ray photoionizing continuum (27/8). If we assume that ECLEs
lie on this correlation, we can extrapolate to the required soft X-ray flux to power
the observed coronal line emission. Given the Seyfert relation log frex/fx =
—3.43+0.55 (278), where fr.x is the flux in the [Fe X] line and fx is the X-ray flux,

042

we require a soft X-ray luminosity ~3 x 10*? erg s~'. We will discuss the origins of

this flare in more detail in Section[3.71

In summary, we have detected strong, double-peaked coronal line emission (com-
parable to the [OIII] emission). The emission likely comes from clumped gas
accelerated by a radiatively driven wind or orbiting the SMBH at ~0.3 pc. The
coronal lines require an X-ray source with luminosity ~3 x 10** erg s~!, with

significant uncertainty.

Broad Balmer emission

VT J1548 is associated with strong, broad Ha emission with luminosity ~4 x 10%°
erg s~ and width ~1900 km s~! (Figure[3.5). The detection of late time broad Ha
from an optical TDE is uncommon, but this luminosity and width are both consistent
with upper limits on ~1000 day Ha emission in optical TDEs (see Figure 7 of (3)).
The ~1900 km s~! width corresponds to a radius ~ 5 x 1073 pc ~ 1000 AU whether
the gas is orbiting the SMBH or driven in an outflow (the correspondence between

the expected radius in each case is a coincidence).

The Ha luminosity is dimmer than typical AGN emission. The (507) relationship
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Figure 3.4: Line profiles for selected lines from the ESI observations of SDSS
J1548. The top left panel shows the Ha narrow component and [O III] line profiles.
The faint lines show the observations and the solid lines show Gaussian fits, where
we include two Gaussian components in each case to match the coronal line profiles.
The top right and bottom panels show the coronal line profiles, which all clearly
contain two Gaussian components separated by 215 — 240 km s~!. The solid lines
in between each pair of lines indicates the average of the two peak wavelengths.

between SMBH mass and the broad Ha luminosity/width predicts log Mgy/ Mg ~
5.3 from the observed broad Ha, which is smaller than the SMBH mass predicted
by the Mgy — o, relation. The (307) relation was not calibrated to such low mass
BHs and this line is heavily extincted (see next paragraph), so we cannot exclude

that the broad emission is consistent with or brighter than that from AGN.

We see no evidence for broad HB, which is unusual for optical TDEs. In AGN broad
line regions (BLRs), the expected value of the Ha/Hp ratio is universally ~3 (&) so

0% erg s~!. Possible modifications to account

we expect an HB luminosity ~ 2 X 1
for collisional excitation can increase the ratio to <5, although whether these higher

ratios are ever observed is debated (e.g. 308). As shown in Figure such a bright



71

Velocity Offset from narrow Ha Lkln s Velocity Offset from narrow HB Lkm s
—2000 —1000 1 2000 —2000 —1000 0 100 2000
I I 1 I I 0.6 I I 1 | I
— Observations : — Observations
Best-fit model 05k \ Best-fit model
3 +1, 20 broad fit =] +1, 20 broad fit
1/3xbroad Ha fit =

| | | | | 0.1 | |
6520 6540 6560 6580 6600 4840 4860 4880 4900

Rest Wavelength [A] Rest Wavelength [A]

Figure 3.5: Balmer line profiles from the second epoch of LRIS observations of
SDSS J1548. The left panel shows the Ha and NI line profiles. The faint lines
show the observations and the solid lines show Gaussian fits with uncertainties. A
strong, broad Ha component is clearly present. The right panel shows the HS profile
and fit. We overplot the broad He fit scaled down by the expected Ha/Hp ratio ~ 3
(8). The HB profile is inconsistent with including such a strong, broad component,
suggesting that the broad emission must be heavily extincted.

line would be detectable.

Extinction in the galactic nucleus preferentially obscures broad Hf because it is
bluer than Ha. Extinction is related to the Balmer line ratio as E(B — V)pue =
1.97 log HQT/Hﬁ We set an upper limit on the broad Hg flux by force-fitting a Gaussian
profile at the location of HS with a FWHM constrained to be within 10 of the broad
Ha FWHM. The 30 lower limit on the extinction is E (B — V)pyc > 0.7. Comparing
to measurements of column density and dust extinction in Seyferts BLRs (509), we

find that this corresponds to an absorbing column density log Ny /cm™2 2 21.5.

This extinction is similar to that observed in Seyfert 1.9 galaxies (309). Seyfert
1.9s are an inhomogeneous class (see 3/0, and references therein). Some fraction
likely have a large torus that extincts the broad HS. Galactic-scale extinction can
also play a role in these Seyferts, as well as an abnormal nuclear continuum. As
discussed in Section we favor a torus as the cause of the high extinction in
VT J1548. We cannot exclude the latter two possibilities. For example, a dust
lane covering the nucleus could obscure the BLR while remaining consistent with
the observed narrow Balmer decrement ~3.3 if the narrow Ha comes from a very

extended region.

In summary, we detect broad Ha but no broad HfS, suggesting we are observing
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Figure 3.6: Late time multiwavelength SED of VT J1548. We show the most
recent WISE and ZTF obsrvations, along with the VLA SED and the unabsorbed
Swift/XRT best-fit spectrum. We also include the coronal line emission and the
best-fit blackbody to the WISE emission. Note that the reported blackbody pa-
rameter uncertainties are only due to errors in the NEOWISE flux measurement;
differential internal extinction between the WISE W1 and W2 bands could increase
the temperature by ~250 K for the extreme case E(B-V) = 3.

high velocity gas near the SMBH through a screen of obscuring material.

3.6 Analysis of transient broadband features

VT J1548 was associated with flares in the infrared (Section[3.6)), radio (Section[3.6)),
and X-ray (Section [3.6). The light curve for each flare is shown in Figure[3.3] VT
J1548 was not detected in the optical, and we postpone discussion of the non-
detection to Section[3.7

Infrared flare

VT J1548 is associated with a bright (Am ~ 2), long lasting (> 1000 day) flare in the
WISE MIR bands. This flare was > 5x brighter than the quiescent state variability.
Recent work on IR flares in galactic nuclei has largely argued that the flares can
be modeled as “dust echoes” (//5). Dust echoes occur when EUV photons are

absorbed by circumnuclear dust and reprocessed into IR emission.

Dust echo emission can be fit using detailed models including the dust geometry and
emission properties, but they typically agree closely with a blackbody fit (e.g. 317).
We fit a blackbody curve to the WISE data points at each epoch. Figure [3.6|shows
the WISE SED and blackbody fit in the final epoch. We only report uncertainties
due to the flux errors reported by NEOWISE. We emphasize that these uncertainties

do not account for internal extinction: while extinction is small in the WISE bands,
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differential extinction between the W1 and W2 bands could increase the measured
blackbody temperature by as much as ~250 K for an extreme E(B-V) = 3. This
shift is sufficiently small that it does not change our conclusions significantly but
should be noted.

The emission plateaus at a near constant temperature ~1000 K (Figure [3.7). The
blackbody radius grows from 0.7 x 1072 pc to 7 x 1072 pc (although note that this
radius does not correspond to the size of the emitting region but instead encodes
information about the dust geometry and properties, see discussion in the rest of this
section). The dust luminosity has risen to ~3 X 1043 erg s7! ~ 0.1Leqq and has yet
to fade.

Integrating the blackbody flux, we find a lower limit on the total emitted energy
~5 x 10°° erg. If we assume that this energy is provided by accretion with an
efficiency 7 ~ 0.1, the accreted mass must be 21072 M. This is consistent the
energy emitted during the first few hundred days of typical TDEs, although a factor
of 10 — 100 more energy may be emitted on much longer timescales (>5 years) (see

257, for a review).

A simple explanation of the rising light-curve and nearly constant temperature is a

light-travel delay due to dust on different sides of the SMBH. This means that the

dust is located at a distance ~1000day X ¢/2 ~ 0.4 pc from the source. We can

determine the bolometric luminosity required to produce the IR radiation using the
equilibrium between heating and radiative cooling:

_¢ Lol

47 R?

7 is the optical depth for absorption of the heating photons at radii < R. Lo

7a*Quvs = (Quvsypdna’oT?, (3.4)

is the bolometric luminosity of the flare. R is the emitting radius and 7T is the
emitting temperature. a, is the grain size in units of microns. Qu,s ~ 1 is the
absorption efficiency for the incident photons (3/2), while (Qaps)p ~ a,(7T/1000K)
is the Planck-averaged absorption efficiency appropriate for a, < 1 and 500 <
T/K < 1500 (3/3). Assuming a negligible optical depth 7, we find the bolometric

044

luminosity of the flare is Lyo ~ 1 erg sl ~ Leqa assuming a grain size of 0.1

micron (3/3). The flare was due to a near- or super-Eddington episode of accretion.

Alternatively, we can estimate the bolometric luminosity required to heat the dust
from the total emitted energy and rise time. The rise time of the IR emission sets an
upper bound on the length of the flare that heated the dust. Given that the luminosity
seemed to near a plateau or peak at MJID ~59000 (Figure [3.7), the total length of



T T T 1300 T T T T T T T T

1200 E 0.07

E 1100}~ 4 0.06
— 1000~ 4 =005 4
= 2
2900 4 Zonp -
& soof H4 =003

700~ N 0.02~ N

Bl

T

!
)
adi

Luminosity [erg s
Te

6001 4 001k

10 S I I— 741 AN R — 11
]QISZUU 58400 58600 58800 59000 "uﬂzuu 58400 58600 58800 59000 58200 58400 58600 58800 59000
MJD MJD MJID

Figure 3.7: The best-fit blackbody parameters for the mid-IR transient associated
with VT J1548. The luminosity (left), temperature (middle), and radius (right)
evolution are shown with 10 uncertainties. The reported uncertainties are due to
errors in the NEOWISE flux measurement. Differential internal extinction between
the WISE W1 and W2 bands could increase the temperature by ~250 K for the
extreme case E(B-V) = 3.

the ionizing flare is probably < 1000 days. The total emitted energy is ~5 x 10°°
erg s~!. If we assume a dust covering factor of ~1%, which is typical of optically
selected TDEs (144, 314) we find Ly > 6 x 10* erg s~!. If we assume a covering
factor ~10%, which is consistent with an AGN torus (217), Lyoi = 6 x 10* erg
s~!. We favor a higher covering factor (>10%) given the high extinction of the
broad line region described in Section [3.5] Regardless of the covering factor, the
UV flare which heated the dust must have been near- or super-Eddington. If we
adopt these estimates for the bolometric luminosity and a flare length of 1000 days,
the total emitted energy is ~5 x 103172 erg, which is substantially higher than the
lower bound discussed earlier. As before, we assume that this energy is provided
by accretion with an efficiency n ~ 0.1, so the accreted mass is ~0.03 — 0.3 M.
Depending on the dust covering factor, this energy may correspond to a significant
fraction of the stellar mass.

In summary, VT J1548 is associated with a ~10% Eddington MIR flare that has been
ongoing for ~3 years. The MIR emission is powered by a near- or super-Eddington

nuclear flare.

Radio emission
In this section, we discuss the transient radio emission. First, we consider the rapid

light curve evolution. Then, we model the broadband SED.

The radio light curve is shown in Figure [3.3] If the radio emission turned on when
the IR emission turned on, the fast rise between the VLASS E2 and VLA follow-up
observations requires F, (3 GHz) o« Ar*>. The fastest expected optically thick flux
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Table 3.3: Best-fit Radio SED Parameters

Parameter SSA FFA Inhomogeneous SSA Multi-comp. SSA
0.02 0.3 0.07 0.28 0.55

K 0.46% 5  9.6573 1.85%0 08 1.68’:827, 3.2f871

K> 17.5+12 4.1’:%% 38.53-; 31407, 278+163

@ 0.50%001  0.5670-02 0.5*00% 14752 1.0640 18

o - - 1357003 -

x?/dof 496/78 45878 69/77 62/74

Notes. All fluxes are assumed to be in mJy and frequencies in GHz. 1o uncertainties are reported.
The multi-component SSA model includes a low-frequency pure power-law component that is not
included in the reported fits; see text for details of the model.

Table 3.4: Results of the synchrotron equipartition analysis

Parameter | Low freq. Comp. | High freq. Comp.
p 2.28t0.37 3‘19t0.47
43, 4%,
logR,/cm 17.00%5 03 16.687
log U, /erg 48.6+0> 48.77404
B, [G] 0.1370:9% 0.46970-13
g 00 +0.003
B 0.065% 10 0.03%0 00>
loo n /Cm—3 2 18+0.'l§) 3 19+0'.4(%
gre 19_0.08 17035

Note. All parameters are derived assuming equipartition with €, = eg = 0.1. We assume
that both the low and high frequency components correspond to outflows that launched
~700 days after the beginning of the IR flare.

density rise is F,(3 GHz) o Ar® for an on-axis, relativistic jet, which is likely an
oversimplification (see discussion in [/5/). The observed radio emission rises as
A# if it turned on ~400 days after the IR flare (MJD 58530). The emission is best
modeled as sub-relativistic (see discussion at the end of this section), so the light
curve should rise more slowly than Ar>>, which corresponds to an outflow launch
date ~500 days after the initial IR flare (MJD 58635). These rise times all assume
a constant circumnuclear density profile, which is likely incorrect. The launch date
need not be delayed if the outflow evolved for ~700 days before colliding with a

dense shell of material.

The radio SED provides insight into the unusual light curve evolution. The observed
SED, shown in Figure[3.8] has evolved significantly between the VLASS E2 obser-
vations (green points) and the VLA follow up (black points). The uncertainty on the
in-band slope from the VLASS E2 observations is too large to make any conclusive

claims, but the 2 — 3 GHz slope has stayed roughly flat.
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Figure 3.8: The observed radio SED and best fit models. The top panel show the
VLA follow-up observations in black, the VLASS E2 observations in green, and the
best fit self absorbed synchrotron and free-free absorbed models, with 10 error bars.
In both cases, the models provide extremely poor fits. We also show an extrapolation
of a power law fit to the VLASS E2 points in green. The bottom panel shows the non-
standard synchrotron model fits. The blue band shows the best-fit inhomogeneous
model. The top-most orange band shows the best-fit multi-component synchrotron
model. Each component is shown as an orange band in the lower part of the panel.
The non-standard models both provide substantially better fits.

Radio emission from a TDE may result from a relativistic or sub-relativistic outflow
interacting with the circumnuclear material (CNM) and producing a synchrotron-
emitting shockwave. We assume the emission is produced by a population of
electrons with a power law energy distribution:

dN(y)
dy

o<y Py > ym. (3.5)

) =

The index p depends on the acceleration mechanism, with typical mechanisms
producing 2 < p < 3. The minimum electron Lorentz factor, y, is set by €., the
fraction of the total energy used to accelerate electrons. Equipartition is commonly
assumed: €, = eg ~ 0.1, where €p is the fraction of the energy density stored in

magnetic fields. The SSA model includes characteristic frequencies: v,,, vy, and
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Ve. Vi 18 the synchrotron frequency of the minimum energy electrons. vy, is the
frequency below which emission is optically thick so synchrotron self-absorption
(SSA) is important. v, is the cooling frequency where the electron age is equal to
the characteristic cooling time by SSA. We refer the reader to (/5)) for a concise and

clear description of SSA models and the characteristic frequencies.

Typically, the dominant absorption mechanism in TDE-driven outflows is SSA.

Then, the radio flux density can be written (3/5)

F L, \23

=K 1 —e ™), 3.6

mly 1( 1 GHZ) (1= (36)
—(a+2.5)

TSSA = Kz( 1 GHZ) (3.7)

K > are normalizations characterizing the SED flux and optical depth, respectively.
a 1s the optically thin slope. 7gsa is the optical depth to SSA. We are forcing the
optically thick slope to be 5/2, which is expected for optically thick blackbody

emission, where the blackbody temperature depends on frequency as v!/2.

We fit this model to the observations using the dynesty dynamic nested sampler
(206) with uninformative Heaviside priors. The best-fit SED is shown in the top
panel of Figure [3.8] and the best-fit parameters are summarized in Table 3.3] The
observed optically thick slope is shallower than the canonical 5/2. Variations on
this standard SSA model can predict slopes as shallow as 2 (203), which is still

inconsistent with our observations.

One possible modification of this model is strong free-free absorption (FFA) rather
than SSA. The SED for an FFA dominated model is (202):

F, v —
Y - K TTFFA 3.8
mly 1(1GHZ) ¢ 38)
, |2
- K ) .
TEFA 2(1GHZ) (3.9)

We fit this FFA model to the observations using the same techniques as for the SSA
model. The best fit parameters are tabulated in Table[3.3]and the model is shown in
Figure [3.8] The fit is poor with xy2/do f = 458/78.

We may not be in the canonical regime with v,, < vs, < v, for which the above
parameterizations apply. As we discuss later in this section, the magnetic fields
consistent with our SED are ~0.5 G. Assuming a >500 day age of the emission, the

corresponding cooling frequency is higher than our highest frequency observation,
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whereas the other two characteristic frequencies are much smaller. We tested
a model with v,, < vg < v, and found that the resulting )(2 was worse at a
statistically significant level (p < 0.05). Instead, we must consider non-standard
emission models. First, we use a model that allows for inhomogeneities in the

emitting region. Then, we consider the sum of multiple, independent SSA models.

We model an inhomogenous emitting region following (3/6-31/8). The probability
of observing a given magnetic field is P(B) « B™“, By < B < B;. When the
frequency is below the characteristic synchrotron frequency at By, the SED will
have the standard optically thick slope of 5/2. The slope for frequencies above the
synchrotron frequency for B is interpreted as the optically thin slope in the standard
SSA model. In between, the SED slopeisa’ = 3p+56"—a(p+4))/(p+2(1+75")),
where 0 < ¢’ < 1 characterizes a correlation between the electron distribution and
the magnetic field strength distribution, and all other variables are as defined earlier.
We assume the optically thick region with slope 5/2 is at frequencies lower than our

observations, and adopt the model:

Bk [ w/(l ~Ton) (3.10)
= — e . .
mlJy "\1GHz
L\l D
=K 3.11
TSSA 2( N GHz) (3.11)

The best fit slopes (Table[3.3)) are @’ = 0.5 and @ = (p — 1)/2 = 1.35. The value of
@’ = 0.5 corresponds to a = 1.1, 1.6 for ¢’ = 0, 1 respectively. The high frequency
spectral slope corresponds to p ~ 3.7, which is substantially higher than the typical
p < 3. The large p may be unphysical and suggests the inhomogeneities are more

complex than assumed.

We conclude our radio SED modelling by fitting the sum of two independent SSA
models. The best-fit parameters for each SSA profile are shown in Table[3.3|and the
best fit model is shown in the lower panel of Figure [3.8] The optically thin slopes
correspond to p ~ 2.3/3.2 for the low and high frequency components, respectively.
Both slopes are consistent with 2 < p < 3 within 1o, so we can use a standard
equipartition analysis to map the two SSA components to physical parameters of the

outflow.

(202) provides a detailed overview of equipartition analyses. In brief, the outer

radius of the shock is given by

P+5 p+6 n2p+12
2 - 6c6 F,”D
p

| (eefen) f(p = 2)mpHSelOED

1/(2p+13)
3

-
i ) , (3.12)
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where the electron rest mass energy E; = 0.51 MeV, f is the filling factor, and
c1 = 6.27 x 10" (cgs). c5 and c¢g are both functions of p (319). v, is the peak
frequency and F), is the peak flux density. We have adopted the notation of (/5).

Assuming a time ¢, since the initial event, the speed of the shock is given by
v = Bc ~ R,/t,. As discussed at the beginning of this section, the radio light
curve for VT J1548 is inconsistent with the dominant synchrotron components
corresponding to outflows that are launched with the IR flare. Hence, we calculate
the launch date assuming a > rise, so tp, ~ 600 days. A smaller ¢, would result in

a slightly, but not significantly, higher velocity and lower electron density.

Using the same notation, the magnetic field is given by
3 36735

" (el (p - 22 E P F, D2

Here, D is the distance to the source (137 Mpc for SDSS J1548).

B

(V” ) (3.13)

2y

Finally, the equipartition energy, which is a lower bound on the true energy, is

14 B2
U=—""rR3Z). (3.14)
eg 3 8

The physical parameters for each component are listed in Table [3.4] Both compo-
nents are consistent with an energetic, non-relativistic outflow moving through a
dense medium. The lower frequency component, which dominates the fast rising
light curve, is faster, at slightly larger radius, and is consistent with a lower density

than the higher frequency, subdominant component.

These observations might suggest that the outflow is colliding with an asymmetric
and/or inhomogeneous medium. We will discuss this interpretation in Section [3.7]
In principle, it should be possible to devise a more realistic synchrotron model that
includes a physically motivated parameterization of the circumnuclear medium, but

such an analysis is beyond the scope of this paper.

To conclude, VT J1548 shows fast-rising, radio emission that is consistent with an

outflow at a radius ~0.1 pc that is incident on a inhomogenous medium.

X-ray emission
Finally, we consider the X-ray emission associated with VT J1548. First, we discuss
the X-ray spectrum and luminosity. Then, we consider the source of the X-ray

emission.
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Figure 3.9: The XMM-Newton spectrum for VT J1548 (black points). The best-fit
bremmstrahlung model is shown in solid blue, the best-fit Comptonized blackbody
is dashed green, and the best-fit power-law in dot-dashed orange. Residuals are
shown in the bottom panel. The Comptonized blackbody provides the best-fit.
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Figure 3.10: (left) The radio SED compared with the observed X-ray emission. The
inhomogeneous (blue) and multi-component (orange) SSA models both predict an
X-ray flux that is many orders of magnitude lower than the observations. We have
included a cooling break, and the plausible cooling break frequencies are denoted by
the red band. The cooling break would have to be at a frequency orders of magnitude
higher than predicted for the X-ray synchrotron to be observable. We conclude that
it is unlikely that the synchrotron tail contributes the the X-ray emission. (right)
The fundamental plane for black hole accretion from (235), with observations of
SDSS J1548 overplotted. This source is inconsistent with both the X-ray and radio
emission being associated with normal accretion.
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Table 3.5: Best-fit X-ray Model Parameters

Model KT [keV] T oy (107 om™] log (LOI0M) 42/ qof
Bremmstrahlung 25+ 11 - 0.177 £0.038 —12.396 + 0.053 74/43
Power-law - 1.44 +£0.082 0.226 £0.046 —12.394+0.023 73/44
Comptonized Blackbody|0.16 £ 0.032 1.17+£0.16 0.58 £0.19 -12.392 +0.023 52/42

Note. Best-fit X-ray model parameters. The parameters are as defined in the text.

As shown in the middle panel of Figure [3.3] the X-ray emission from SDSS J1548
is bright, with an XMM-Newton flux log f,(0.3-10keV) /ergs 'em™? = —12.392 +
0.023, or Ly = (9.5 £ 0.5) x 10* erg s™!, adopting the best-fit model that will be
described shortly. This is ~1%Lggq., and is bright compared to most late-time (5
yr) TDE X-ray detections but probably consistent with ~1000 day TDE observations
provided that there is on-going accretion years to decades after the event (254). The
observed luminosity is comparable to that required by the coronal lines, so it likely
powers the high ionization emission. Assuming the X-ray flare has lasted for the

same duration as the WISE flare, the total energy output is ~10°° erg.

X-rays can also be emitted by the tail of the radio synchrotron emission. Given
the likely presence of a cooling break between the X-ray and radio frequencies, the
synchrotron tail underpredicts the observed X-ray emission by orders of magnitude
(left panel of Figure [3.10). Synchrotron emission is not a significant contributor to
the X-ray luminosity. The X-ray flare could be related to normal AGN variability,
in which case VT J1548 should lie on the fundamental plane for black holes. In
the right panel of Figure [3.8] we show the fundamental plane from (233) with
our observations overplotted. This source is inconsistent with accretion-related

emission. Hence, it is unlikely the result of normal (non-extreme) AGN variability.

Inverse Compton scattering of radiation by electrons in the outflow can produce

X-rays. In general, the ratio of synchrotron to inverse Compton power is given by

Psynch _ UB

= , (3.15)
Pcompt Uph

where Uy, is the photon energy density and Up is the magnetic field energy density.
The magnetic field in the outflow is ~0.5 G, so the magnetic energy density is
B?/(87) ~ 0.01 erg cm™. The IR luminosity is ~10* erg s~! and is emitted
from a radius ~0.4 pc. Then, we can set a lower limit on the photon energy
density of ~10* ergs™! x (0.4pc)/c x (4/37(0.4pc)®>)~! ~ 107*ergecm™. Thus,
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we have Pgynch/ Peompt ~ 100. The predicted X-ray luminosity from inverse Compton
scattering in the outflow is thus ~10%¢ erg s=!. This is ~6 orders of magnitude lower

than observed.

To tightly constrain the origin of the X-rays, we model the X-ray spectrum. We
use xspec with (320) statistics and the (32/) abundances. We include both
external extinction, and internal extinction within the host galaxy. We report
the results for three models: bremmstrahlung (cflux*TBabs*zTBabs*brem), a
power-law (cflux*TBabs*zTBabs*powerlaw), and a Comptonized blackbody
(cflux*TBabs*zTBabs*thcomp (bbody)). We have tested other simple models,
including a pure blackbody, and found that they do not provide adequate fits. The
bremmstrahlung model has free parameters of total 0.3 — 10 keV flux, internal ny
and temperature k7. The power law model has free parameters of total 0.3 — 10 keV
flux, internal ny and photon index. The Comptonized blackbody model has free
parameters of total 0.3 — 10 keV flux, internal ngy, blackbody temperature k7', cover-
ing fraction f.,y, which parameterizes the fraction of photons that are Comptonized,
and the low-energy power-law photon index I'. The Comptonized blackbody model
also includes a high energy cutoff, parameterized by the electron temperature k7,
but our data do not extend to sufficiently high energies to constrain this parameter,
so we fix it to the arbitrary high value k7, = 150 keV. This choice does not affect
our results. The results are summarized in Table [3.5] and the models are shown in

Figure[3.9]

The Comptonized blackbody model provides a statistically consistent fit that is
significantly better than any of the other models tested. The temperature is consistent
with X-ray loud TDEs (/30). The intrinsic column density is ng ~ 6 X 102! cm~2,

similar to the column densities suggested by the coronal lines.

Hence, we conclude that the ~10%? erg s~! X-ray emission likely originates from the
same source that is causing the coronal line emission and IR flare. As we discuss in
the next section, the exact origin of this emission depends on the event that caused
the transient. One explanation that could apply in both a TDE scenario or extreme
AGN variability is AGN-like soft X-rays from an accretion disk with a hot electron
corona, or emission from the base of a nascent jet, and this suggestion is supported

by our measurements of the X-ray spectral shape.
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3.7 Discussion

In this section, we consider models that explain the emission from VT J1548. First,
we summarize the observations of SDSS J1548/VT J1548. Then, we compare VT
J1548 to published transients. We present a qualitative cartoon model describing
the geometry of the system. Finally, we discuss the possible events that triggered the
onset of VT J1548, and we finish by describing observations that could distinguish
between these properties and/or clarify our physical model.

The observational properties of VT J1548 and its host, SDSS J1548, can be sum-

marized as follows:

* SDSS J1548 is a bulge dominated SO galaxy. It has line ratios that are
marginally consistent with an AGN-like ionizing source. It hosts a low mass
black hole, with log My /My = 6.48 + 0.33.

* VT J1548 is associated with strong ([Fe X]/[OIII] ~ 1), double peaked
(Av ~ 230 km s~!) coronal line emission powered by X-ray emission with a

042

luminosity 2 10%* erg s7!.

e VT J1548 coincided with the onset of broad Ha emission (FWHM ~ 1900
km s~!), but no broad HB emission, suggesting strong internal extinction with
E(B-V) x> 0.7.

* The transient emission lines commonly associated with optically-selected
TDESs (HeII, N III) are undetected. We do not detect any of the [Fe II] lines

that are abundant in Seyfert spectra.

* VT J1548 is associated with a bright (Am ~ 2 — 3) MIR flare. The flare rose
over ~900 days and had not begun fading from a luminosity of ~0.1Lcqq. as
of MJD 59000. The flare temperature stayed roughly constant at 1000 K, and
the emission is consistent with dust heated by near- or super-Eddington UV

flare.

* VT J1548 was undetected in the radio shortly before the beginning of the
IR flare, but had turned on within ~2 years. The radio emission from VT
J1548 is currently consistent with an inhomogeneous SSA model or a two-
component SSA model peaking at a frequency of 5 GHz with a flux density 4
mlJy, although the best-fit parameters for the two-component model are more

consistent with theoretical expectations for synchrotron sources. The best-fit



84

Coronal line-emitting clouds Observer line of

ight
OO0 %% sig

M MIR-emitting
hot dust

Figure 3.11: A cartoon showing the approximate geometry of SDSS J1548/VT
J1548. Some event triggered a flare at the nucleus of the galaxy, which caused the
formation of an accretion disk or was associated with enhanced accretion from a pre-
existing accretion disk. The broad Ha emission originates from near the accretion
disk (~1000 AU), and is extincted by the dusty torus along the line of sight to the
observer. Any optical emission from the transient event is also heavily extincted.
The coronal line-emitting gas, synchrotron-emitting outflow, and MIR emitting dust
are all at roughly the same distance (~0.4 pc). The coronal line-emitting clouds are
embedded in a radiation-driven wind (~100 km s™!) off of the torus, which causes
the double peaked emission. Alternatively, the clouds may be orbiting the SMBH
at ~0.3 pc to produce the double peaked lines. IR emission comes from the heated
dust in the torus. The radio emitting outflow is shown in blue.

parameters suggest the components are both non-relativistic outflows, one of

which is slightly faster with a lower electron density and magnetic field.

* The transient X-ray emission (fx = (4.1+0.2)x 10" B ergem™2 57!, Ly~10%*
erg s—1, kT = 0.16 + 0.032 keV) is most likely produced by a Comptonized
blackbody, such as would be observed from an AGN.

Comparison to published transients

These general features have individually been observed in previous transients, but
never together. In this section, we compare VT J1548 to select transients from
the literature. We refer the reader to (266) for a more comprehensive discussion
of unusual TDE candidates. In Table[3.6] we summarize critical properties of VT
J1548 and compare them to the “unusual” TDE candidates and two unique changing
look AGN that we discuss in Section[3.71 We selected these transients as those that
evolve in the optical/IR/X-ray on a timescale slower than the typical TDE (> 400
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days) or those that initially evolve on shorter timescales but have late-time (> 400
day) X-ray detections. In the rest of this section, we highlight some of the unusual

transients.

First, tens of extreme coronal line emitters have been observed with coronal line
luminosities that are generally a factor of a few higher than that observed from VT
J1548 (e.g.|14,1199,1271,273). High extinction in SDSS J1548 could cause the dim
emission. The line profiles from ECLEs have not been studied in detail due to a lack
of high resolution follow up, but double peaked profiles are not unprecedented for
normal AGN and are generally attributed to a partially obscured rotating disk or an
outflow (e.g.278,|522). It would be unsurprising if high resolution observations of
ECLEs uncovered complex line profiles (see /4, for discussion of possible unusal

coronal line profiles in ECLEs).

Most ECLEs are inconsistent with past AGN activity whereas SDSS J1548 has
line ratios that could be consistent with weak AGN activity (/4). One exception
is AT2019avd (93, |274), which was selected as an X-ray and optical transient in
a galaxy with a low SMBH mass log Mgy/Mgs ~ 6.3 £ 0.3. Like VT J1548, the
host galaxy was consistent with weak or no AGN activity based on archival X-ray
non-detections and BPT line ratios. The optical light curve was initially similar to
standard, prompt TDE emission (i.e., it evolved over a timescale of ~100 days), but
it rebrightened significantly ~ 500 days after the initial peak. Its X-ray emission was
very soft (I' ~ 5) and the X-ray luminosity ~600 days post-optical peak remained
at ~10%3 erg s7!, or ~0.1Leqq. It was detected as a WISE flare that turned on
after the optical emission. An optical spectrum near the first optical peak showed
Fe II emission, and another spectrum taken ~450 days post-peak showed He II and
Bowen fluorescence lines. It showed broad transient Balmer emission and a Balmer
decrement close to the expected value of 3. AT2019avd has been interpreted as
either an AGN flare or an unusual TDE. While the high Eddington ratio and MIR
detection are similar to our observations of VT J1548, VT J1548 did was highly
extincted and showed slower evolution in the MIR. Both of these difference could
be caused by a larger dusty torus in VT1548 if it is undergoing the same type of
flare as AT2019avd.

There is a growing population of transients which evolve on longer timescales than
the typical TDE. PS1-10adi (523) was interpreted as a TDE candidate or highly
obscured supernova in a Seyfert galaxy (323). This event was notable for its

high bolometric luminosity (~10°2 erg s~!') and slow evolution: the optical light
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curve faded slowly over ~1000 days after peaking at the Eddington luminosity.
(323) proposed that it is a member of a class of similar transients; here we focus
on PS1-10adi for simplicity. PS1-10adi also produced a dust echo, although the
dust echo faded more quickly than that of VT J1548 and followed the expected
blackbody temperature evolution. It was X-ray dim until ~1500 days, at which point
it brightened in the X-rays to ~10* erg s~! and rebrightened briefly in the optical/IR.
PS1-10adi was not detected in the radio at early times, but without further follow
up we cannot exclude late time rebrightening. PS1-10adi also did not show strong
coronal lines. Thus, VT J1548 and PS-10adi are similar in their high Eddington
ratio, slow timescales, dust echoes, and late time X-ray detections, but there were
clearly significant differences between this event and VT J1548. Some, but not
all, of the differences can be explained if VT J1548 is observed on a more heavily

obscured line of sight.

PS1-10adi shows properties that are similar to the class of slowly-evolving flares
reported by (33/). That work focused on AT2017bgt, a slowly evolving (timescale
> 14 months) optical/X-ray transient in an AGN (identified via archival X-ray
detections) with log Mgy/My ~ 7. It showed strong, broad Hell and Bowen
fluorescence lines, as well as broad Balmer lines. (33/) proposed that this source,
along with the similar transients OGLE17aaj and that hosted by the galaxy FO1004-
2237, form a new class of AGN flares where the UV/optical continuum emission
increases by a factor ~2 in a few weeks. The flare in FO1004-2237 was associated
with a bright IR flare with ~constant temperature that rose over thousands of days.
Given the large number of similarities with VT J1548, it is feasible that VT J1548 is
a member of this class but with a larger amount of dust and/or a more extincted sight
line. Radio observations of AT2017bgt and like events are critical for assessing this

interpretation.

Every transient discussed thus far has been detected in the optical. On the other
hand, the candidate TDE or AGN flare SDSS J1657+2345 was discovered as a MIR
flare with no optical counterpart (326)). It evolved over ~1000 day timescales, like
VT J1548. Broad He is detected in its spectrum, but no broad Hg is detected. In
contrast to VT J1548, no coronal line emission is detected. Follow-up radio and

X-ray observations would help determine whether this event is analogous to VT
J1548.

Similarly, none of the transients discussed have been reported to have unusual radio
emission like that from VT J1548. While the radio luminosity of VT J1548 is typical



Table 3.6: Comparison to select published transients

87

Mgy Lyeac  |Optically| Slow Late time . Delayed Broad E(B-V)nuc. .

Name log 77| BPT | 700 | dim? *|Evol.? MIR? X_ray2 Radio? 4000 [ECLE? Bolmers | %037 | Trigger
AT2018dyk’ 5.5 | LINER | 0.004 X | X ? X ? v v X AGN/TDE
PS16dtm?3 6 |NLSyl| 28 X oV ? X ? X v/ X AGN/TDE
SDSS J1657+2345% | 6.2 | AGN 1.7 v | v ? ? ? X v v AGN/TDE

Double
5,6 2 2 2

AT2019avd 6.3 | Comp. | 0.1 X peaked v ? ? ? v v/ X AGN/TDE
NGC 35997 6.4 LSfNyEi 0.004 v v/ ? X ? ? X X - AGN/TDE
VT J1548 6.48 | Comp. | 0.1 v/ | v v/ v/ v/ v/ v v/ AGN/TDE
PS1-10adi8® 7 HII ~1 X Va4 v ? ? X v ? TDE/SN

ASASSN-150i!0-12 | 71 HII 0.15 X X X v v v X X - TDE
1ES 1927+65413 73 AGN [0.01-0.2 X X ? v ? ? X v v AGN/TDE
AT2017bgt!* 73 | Comp. | 20.1 X v/ ? v/ ? ? X v/ ? AGN/TDE
F01004-223715:16 | 74 SI:sz 0.02-0.7] X | v ? X ? X X - AGN/TDE
OGLE17aaj!” 7.4 ? 0.01 X |/ ? X ? X v/ ? AGN/TDE
ASASSN-18jd!8 7.6 | Comp. | 0.09 X | v X ? ? v/ v X AGN/TDE
XMMSL2 J14461° | 7.8 HII 0.02 v v ? v X ? X X - AGN/TDE
ASASSN-20hx20 7.9 [LLAGN? 0.003 X v/ ? ? ? ? X X - AGN/TDE

WISE J1052+151921 | 8.6 | AGN | 0.02 X Va4 X ? ? X v X f‘:g?g
ASASSN-151011:22.23| 87 | LINER| 0.1 x  [Double v X X X - SN/TDE

peaked
24 ? ? - -
013815+00 93 | AGN | 0.02 X v ? ? v X X \broad M o1 AGN

Note. See text for further description of select transients. Transients are sorted according to SMBH
mass. SMBH masses are as reported by the authors, although we prefer to report those measured
using the Mpy—o, relation. Late time detections refer to detections ~400 days after the initial flare.
Slow evolution refers to flares that rise over timescales > 50 days or fade over a characteristic
timescale >400 days in the optical, IR, or X-ray. Eddington ratios are very approximate; they are
reported using the peak bolometric luminosity when possible, otherwise using the peak luminosity
in any given waveband. The trigger is as given in the relevant reference. Question marks refer to
values for which we could not find a reported measurement. Note that WISE J1052+1519 is a
fading CL AGN. References: !(199), 2(324), 3(325), *(326), >(93), 6(274), (327), 8(323), °(328),
100151), 11(144), 12(329), 3(330), 1*(331), 1(332), 6(333), 17(334), 13(275), 1°(335), °(336),
21(337), 2(338), 2(339), 24(156).

of non-jetted TDEs (/50), the SED and late time detections are atypical. We cannot
exclude that most of the aformentioned transients show the same radio light curves
as VT J1548: none of these transients have published, late-time, broadband radio
follow-up. If the late time emission is caused by an outflow colliding with a dense,
torus-like medium, it is particularly important to obtain late-time radio follow-up of

transients where there is evidence for large obscuration.

The closest analog in the literature is the delayed radio emission from the TDE
ASASSN-150i reported by (/5/). ASASSN-150i rebrightened in the radio ~1400
days after its initial flare. This event also rebrightened in the X-ray. The radio light
curve evolved at an extremely fast rate, similar to VT J1548, and an inhomogeneous
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synchrotron model was required to fit the observations. Apart from this unusual
radio emission, ASASSN-150i was a relatively typical TDE, unlike VT J1548 (/44,
329).

We conclude that VT J1548 is a unique transient, largely because of its large
extinction, slow evolution, and delayed radio flare. While there is no single transient
that definitively comes from the same class as VT J1548, by invoking different
levels of obscuration it is plausible that the family of transients proposed by (337)
(AT2017bgt, OGLE17aaj, F01004-2237) and the IR transient SDSS J1657+2345

could form a class of similar objects.

A qualitative model for VT J1548

Next, we present a physical model that can explain all the above observations, and
later we constrain the event that triggered VT J1548. In Figure [3.11] we show a
very qualitative cartoon model. At the center, we have shown an SMBH with an
accretion disk. While we do not have direct evidence for an accretion disk, many
of the scenarios we discuss in the rest of this section require a disk. Moreover,
emission from an AGN-like disk and its corona could explain some of the observed

X-rays. The typical outer radius of an AGN accretion disk is a few light days, or
~1073 pc (340).

The clouds surrounding the accretion disk depict the broad line region, which
produces the broad Ha. Given the width of the observed broad Ha, we expect that
these clouds are located at a distance ~5 x 1073 pc. The BLR may have existed
before the transient, as long as there was no significant ongoing accretion that would
have illuminated the BLR and produced observable broad lines in the archival SDSS
spectrum. Alternatively, the BLR could have formed via a dusty wind driven from

the accretion disk, as has been proposed in some AGN models (97).

Outside of the BLR, we show coronal line-emitting clouds orbiting the SMBH, and
a large dusty torus. The torus is not depicted as a standard doughnut, which is an
oversimplification of the true structure, which fails to predict some observations
(e.g. 341, |342)). Instead, we adopt a clumpy, thick, flared, and extended gaseous
disk. As discussed by (269) and references therein, galactic-scale inflows trigger a
series of gravitational instabilities on small scales, which produce a thick, eccentric
disk near the SMBH without requiring active accretion. The orientation of the disk
may be twisted and misaligned with the inner accretion disk, although we depict it

as perfectly aligned for simplicity.
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The observer is along a line of sight through the edge of the torus such that there
is significant extinction, but the line of sight is not completely obscured as in Type
2 AGN. We expect the line of sight to have a column density log N/cm™2 2 21.5

given the constraints on the broad Balmer decrement.

We expect the torus to extend outward from at least ~0.4 pc given the constraints
from the MIR emission (Section [3.6). At 0.4 pc the temperature of the torus is
~1000 K, and the dust interior to this radius is hotter. Dust that has been heated to
Tsup ~ 1600 K (/15)) is sublimated.

The coronal line-emitting gas is represented by clouds at roughly the same distance
(~0.8 pc) as the MIR emitting gas and outflow. These clouds form from a hot, dusty
wind driven by radiation pressure from the edge of the torus (278, 300, |543). As
the dusty clouds are accelerated off of the torus, the dust sublimates and releases
the iron that produces the coronal line emission. While similar clouds are likely
driven from the lower side of the torus, these would be highly extincted because
they lie on a line of sight through the center of the torus. For simplicity, we do not
draw them. While the geometry depicted may not produce the exact coronal line
profiles observed, given uncertainties in the torus shape and dusty wind directions
and kinematics, we are confident that there is a geometry which could replicate the

observations.

Finally, we have drawn an outflow beginning at the accretion disk and that has
collided with parts of the torus at a radius ~0.1 pc, corresponding to the best-fit
radius from our synchrotron model. This radius is roughly consistent with the
distance to the MIR emitting dust. A wide angle outflow is required to explain the
multiple synchrotron components (see /50, for a discussion of possible origins). We
will discuss some of these possibilities in the following sections. While the exact
position of this outflow is unknown, we emphasize that it need not be colliding with
a uniform medium. Parts of the outflow may be incident on denser parts of the torus,

and that could cause the unusual radio SED.

Coronal line emitters are generally interpreted as originating from one of three
classes of transients: extreme AGN variability, tidal disruption events, or super-
novae. In the following subsections, we discuss each of these possibilities in turn.
We expect that our cartoon applies regardless of the exact cause of the flare, unless
the flare was triggered by a slightly off-nuclear event (e.g., a supernova). In this
case, we are observing the event through some abnormally thick cloud of material.

We will discuss this possibility briefly in the following section.
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Is VT J1548 a supernova?

We consider it unlikely that VT J1548 is caused by a supernova because of its
luminosity and timescale. The difficulties of interpreting ECLEs as supernova have
been discussed in many previous papers (e.g. /4, 199, |275), so we only briefly
consider it here. Only a few Type IIn supernova are observed to have coronal line
emission. One of the SN IIn with the brightest coronal line emission was SN 2005ip,
but by ~1000 days the [Fe X] emission was only at ~1037 erg s~ (344), which is
a factor of ~100 dimmer than we observe. At no point during the evolution of SN
2005ip was the [Fe X] emission within a factor of ~10 as bright as observed from
VT J1548. Of course, VT J1548 may be the most extreme coronal line-emitting
supernova seen to date. The X-ray luminosity ~10*>~*3 erg s~! required to produce
the coronal lines is unprecedented for supernova — one of the brightest, long-
duration X-ray emitting supernova, SN1988Z, was only detected at ~10*! erg s™!
(345).

The MIR emission from VT J1548 is difficult to reconcile with a supernova interpre-
tation. Consider the case where the MIR photons are emitted by dust that is ejected
by the supernova. The observed MIR emission is consistent with a distance ~0.4
pc. To reach this radius within ~1 year, the ejecta must have moved at a velocity
~c. This is extraordinarily fast, so instead we invoke pre-existing material. The su-
pernova either occurred in the galactic nucleus so that it is obscured by the torus, or
the supernova is obscured by a torus-like quantity of dust outside the nucleus. Both
of these scenarios are unusual, and combined with the extreme X-ray luminosity

required to power the emission, we disfavor the supernova interpretation.

Is VT J1548 a TDE?

Next, we assess whether VT J1548 is consistent with a TDE. ECLEs are often
attributed to TDEs (e.g. [/4), although it is difficult to distinguish between AGN
accretion variability (see next section) and TDEs. The observed coronal lines would
be excited by the soft X-rays and UV continuum produced by the TDE (e.g.|/4). A
complication is that many TDEs show bright optical light curves (e.g. /25), which
we do not observe from VT J1548. However, an increasing number of optically-
faint TDEs are being discovered (see /30, for optically-faint X-ray selected TDEs).
The optical emission from TC0221 may be heavily extincted (see example TDE
lightcurves in Figure [3.3). The flare may have occurred during a gap in survey
coverage. Alternatively, the TDE may have been optically dim. TDEs associated
with SMBHs with masses log Mpy/Mo < 6 may lack the optically thick gas layer
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which reprocesses higher energy photons and dominates the optical emission (//3).

The timescale of VT J1548 may also pose a problem: “standard” TDEs are expected
to rise on short (~10s of days) timescales, and they generally fade according to a

canonical t75/3

power law (see|/ /2, for a review). Example optical light curves are
overplotted in Figure [3.3] The IR emission from VT J1548 rises over 22 years. As
we discussed in Section[3.6] a prompt, high-energy transient may be able to produce
a slowly evolving, MIR flare. Because MIR photons emitted from the far side of the
torus have to travel an extra distance ~2Ren;i; for an emitting radius Renit, the flare

is smoothed out over a time period 2Repit/c.

If the observed MIR emission is the echo of a bright, prompt TDE, we have to invoke
some delayed X-ray emission to explain our X-ray detections. We might expect dim,
late-time X-ray detections from a viscous accretion disk, although whether such
disks are expected is uncertain. (257) reported the detection of late-time (5-10
years post-flare) transient UV emission from eight optical TDE hosts which is
inconsistent with this late-time models, but could be explained as emission from
unobscured accretion disks with long viscous timescales. Similarly, (254)) detected
late time (5-10 years post-flare) X-ray emission from TDE candidates. Simulations
of TDE evolution may have incorrectly predicted the late-time light curve evolution,
possibly because of incorrect viscosity assumptions. If a slowly evolving viscous
disk is present in SDSS J1548, we would expect the MIR flare to fade extremely

slowly (i.e., decades timescale).

Late-time interactions between an outflow launched during the initial TDE and
a dusty torus are also able to produced delayed X-ray emission at a luminosity
~10*1=42 erg 571 (346). This model can also explain the brightening in the radio via
shocks due to the outflow hitting the torus, and predicts that this event should be

y-ray bright (347).

Alternatively, we may be witnessing a TDE that evolves slowly because of delayed
accretion disk formation (although see 254, |257). TDE accretion disks may form
when stellar debris streams collide because of general relativistic precession, even-
tually dissipating enough energy to collapse (348). The precession is correlated
with the SMBH mass: stellar streams orbiting SMBHs with log Mgy /Mg < 6 may
take years for the debris to precess sufficiently to cause collisions (348). The slow
disk formation erases information about the mass fallback rate which usually sets the

-5/3

light curve decay time to ¢t—>/°. TDEs with delayed accretion disks decay following

a power law ~¢~1 (348).



92

This delayed accretion disk model also requires no pre-existing accretion disk. We
have invoked a torus to explain the IR emission from VT J1548, but some models
predict that tori are only hosted by AGN with sufficiently large luminosities (310>
erg s7! for a log My/Mg ~ 6 SMBH; (268)). As discussed by (269), it is feasible
that tori can form in quiescent galaxies if dynamical instabilities reminiscent of the
bars-within-bars models drive gas to the galactic center. Regardless, we consider

the possibility that SDSS J1548 had a pre-existing accretion disk for completeness.

Like TDEs in quiescent galaxies, it is feasible that TDEs in AGN may produce
emission years after the initial flare. However, predictions for the observational
characteristics of TDEs in AGN are limited. (265)) modeled a TDE in an AGN and
predicted light curves that evolve on ~month timescales, which is much faster than
observed for VT J1548. However, the simulations spanned a very small range of
parameter space, so we will have to wait for a more expansive set of models of TDEs

in AGN to constrain whether that mechanism could have triggered VT J1548.

In summary, interpreting VT J1548 as a TDE is plausible. In one scenario, the torus
geometry and optical depth are such that the long duration MIR brightening can be
produced by a short high energy flare. Alternatively, TDEs in AGN may simply be

able to evolve on very long timescales.

Is VT J1548 an AGN flare?

VT J1548 may be an extreme AGN event if it is neither a TDE nor a supernova.
However, such an event must be unusual. From the low [OIII] luminosity ~10%
erg s~! and the AGN X-ray/[O III] emission relation from (349), we can constrain
the historical X-ray luminosity of this source to be < 10%* erg s~!. The light travel
time through the narrow line region of an AGN is typically 10?2 years, so we know
that the X-ray luminosity from this source over that time period must be < 10*? erg

s~!. Hence, flares such as that observed must occur infrequently.

Variable obscuration can cause bright flares on the orbital timescale of the obscuring
cloud (e.g. 337) but could not explain most all of the other transient emission, such

as the broad He, and we do not consider it further.

Alternatively, VT J1548 may be a changing look AGN (CL AGN; also see (350,351)
for examples of more phenomena that can trigger AGN flares). CL AGN comprise a
rapidly growing class of AGN which transition from Type 1, with a weak continuum
and narrow line emission, to Type 1.8-2, with broad Ha and Hp alongside a strong

continuum, or vice versa. These transitions occur on year-decade timescales, and
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the AGN can fade and/or rise (e.g.352). They are sometimes associated with MIR
(337,352, 353) and X-ray (354)) variability and flaring.

If VT J1548 is a CL AGN, it is unprecedented. Unlike most CL AGN, SDSS
J1548 showed no strong pre-flare variability or evidence for AGN activity (e.g.,
see candidates in 355), although this might be a selection effect since CL AGN
candidates are often identified by their pre-flare variability. No unambiguous CL
AGN with the unusual radio emission and high Eddington ratio of VT J1548 has
been observed to date, although radio follow up of CL AGN is limited. The CL
AGN 013815+00 is notable because it brightens in both the optical and the radio
(356). Similarly, Mrk 590 underwent multiple transitions between Seyfert types
in the last thirty years and shows some evidence for radio variability (/58, 357).
A more complete sample of radio-selected, optical/UV/IR flaring CL AGN, or a
comprehensive follow up program to measure the radio light curves of ongoing CL.

AGN are key to understanding the expected radio signatures.

Flaring galaxies with log Mgy/Ms < 8 are difficult to unambiguously classify as
a TDE or AGN flare, in part because AGN accretion disks still present mysteries:
observations of large amplitude variability in AGN are becoming common, and most
accretion disk models do not predict frequent, large variability, but instead explain
these flares by “instabilities” (267). Large uncertainties in the relevant timescales

and flare amplitudes renders any comparison to observation difficult.

NGC 3599 exemplifies this difficulty. This galaxy underwent a slow, soft X-ray
flare that rose over multiple years (327)). It lacked observations between the rise and
decay, which complicated the interpretation. However, the slow timescale is atypical
of normal, prompt TDEs, although, as we have discussed, it is likely that some TDEs
can evolve on much longer timescales and cannot be excluded as a trigger of the flare
in NGC 3599. (327) suggested the Lightman-Eardley disk instability as one possible
cause of the flare. The instability arises because (6/)) thin accretion disks become
unstable when radiation pressure dominates over thermal pressure. This condition
is fulfilled in the inner regions of any disk that is accreting at a near-Eddington
luminosity. The instability manifests as a limit-cycle behavior. When the disk is
bright and highly accreting, the inner disk is unstable and empties, which reduces
the accretion rate. The inner disk slowly refills, eventually returning to the high
accretion state and repeating the cycle. The rise time to the high accretion rate state

is set by the time required to heat the inner disk, which depends strongly on the
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viscosity prescription but must be greater than (327)

(3.16)

Rtrunc MBH
Rirunc/cs ~ 1 month( 100R, ) ( 106 M, ),

where Riunc 1S the radius at which the disk will become truncated and c; is the
sound speed. R, is the gravitational radius of the SMBH. After the rise, the
emission plateaus for an unconstrained time as the inner disk is cleared out. Once
the inner disk is empty, the emission will decay to the low state. The decay time is

poorly constrained, but it is expected to be faster than the rise time.

Like NGC 3599, VT J1548 evolves on the correct timescales to be explained by the
Lightman-Eardely instability. In the future, we can more definitively constrain this
possibility by monitoring the evolution of VT J1548 for evidence of (1) a decay time
that is much more rapid than the rise time and (2) a repeat flare on a many-decade
timescale. Even if such behavior is observed, the interpretation is complicated. The
Lightman Eardley instability cannot be considered in isolation: other instabilities
are predicted in the inner disk. For example, the ionization instability applies to
cool (T ~ 6000 K) regions of the disk and is the result of the strong temperature and
density dependence of the opacity of partially ionized hydrogen (556)).

Moreover, it is unclear whether the Lightman Eardley instability actually occurs in
low mass accreting BHs, let alone AGN (254). The (6/) viscosity is an oversim-
plification, and there is some evidence that a more physical viscosity prescription
eliminates the instability (558). Similarly, while the ionization instability is well
established for dwarf novae (see |356, for a review), it has not been definitively
observed in AGN.

In summary, VT J1548 may be a CL AGN, although its lack of strong AGN signatures
and bright radio flare are unusual. Observations of a repeat flare or a fast decay time

could support a CL AGN origin.

Future work and observations

It is extremely difficult to unambiguously determine the cause of VT J1548, as is
a common issue for like transients. In many cases, extreme AGN variability is as
feasible an explanation as a TDE-like transient. In this section, we suggest future
observations and theoretical work that could help constrain the origin of VT J1548

and like events. We begin with possible observations.

» Early time spectroscopic follow up of VT J1548-like transients. While inap-
plicable to VT J1548 itself, this follow up could help constrain the presence
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of features such as He Il and Bowen flourescence lines that may have faded
by the late time observations of VT J1548.

* Long term NIR/MIR monitoring of VT J1548 (and similar transients). Knowl-
edge of the IR evolution is essential to constrain the origin of the flare. If
this event is triggered by a TDE, we expect the emission to begin fading soon.
If VT J1548 is an AGN flare, it could remain bright for decades or longer.
Combined with theoretical modelling of AGN flares and TDE in AGN, the
fade time of the event may constrain its origin. Some AGN flares may fade
more quickly than a typical TDE (327). We are actively monitoring VT J1548
in the NIR. If SDSS J1548 is also monitored in the MIR for multiple decades,
we could also constrain the presence of a repeat flare, which may provide a

smoking gun for extreme AGN variability.

* Long term optical spectroscopic monitoring. We are actively following up
VT J1548 with optical spectrographs to determine the evolution of the broad
Balmer emission, the coronal lines (both profile and flux), as well as any other

features that may begin to evolve.

* Long term X-ray/Radio (100s of MHz — GHz) monitoring. Long term X-
ray/radio monitoring will allow us to constrain the origin of emission at
both wavelengths. As we have mentioned the importance of this follow up

throughout the text, we do not discuss it further.

» Optical IFU follow up. Optical IFU observations would allow us to constrain
whether the pre-existing high ionization emission, such as the [OIII] lines,
are nuclear or very extended. Then, we could constrain the history of AGN

activity.

This list is far from exhaustive (e.g., polarimetric observations and hard X-ray spectra

would prove useful).

On the theoretical side, the most critical work is extensive simulations of TDEs
in AGN-like environments. In particular, given the difficulty of getting early-time
follow up of these events, detailed simulations of the fading of the TDE emission
would be valuable. It would also be useful to model the response of an AGN torus to
a TDE-like flare accounting for different torus models, inclination angles, and flare

durations/shapes. Finally, detailed models of the expected evolution of coronal line
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flux and profile during a TDE-like event would prove extremely valuable towards

constraining the timescales of ECLEs, and hence their triggers.

3.8 Conclusions
We have presented the first radio selected ECLE, VT J1548, and its host, SDSS

J1548. This work can be summarized as follows:

1. VT J1548 is associated with a MIR flare that rose in ~900 days and has
plateaued with a constant color corresponding to a blackbody with 7 ~ 1000
Kand L ~ 0.1Lcqq. (Figure[3.3). Radio emission turned on during the WISE
flare. The radio SED can be modeled as synchrotron from an outflow incident
on an imhomogeneous medium. No optical flare is detected. Transient, X-ray
emission with Los_jorev ~ 10** erg s™! was detected ~1000 days after the
MIR flare began.

2. Transient coronal lines with L¢o; ~ Lo and broad He emission are detected
~1000 days post-flare. The coronal line emission from VT J1548 is double
peaked with a velocity separation ~230 km s~! (Figure . The broad Ha
emission has FWHM ~ 1900 km s~!. No broad Hp is detected, suggesting a
high extinction E(B-V) 2 0.7 (Figure 3.5).

3. SDSS J1548, the host of VT J1548, is an SO galaxy at z = 0.031 (dy = 137
Mpc). Its pre-flare line ratios are consistent with no or weak AGN activity
(Figure [3.2). Its pre-flare WISE color was inconsistent with typical AGN
colors and it showed no significant MIR variability. It hosts a low mass
SMBH with log Mgy /Mg = 6.48 + 0.33.

4. VT J1548 is unique when compared to other transients, although it shares
individual properties with other objects (Table [3.6). It is reminiscent of the
class reported by (53/)) and the MIR flare SDSS J1657+2345 (326)), which are
all slowly evolving. None of these events emit in the radio like VT J1548, nor
do they show coronal line emission. The only transient with radio emission
which resembles that from VT J1548 is the TDE candidate ASASSN-1501,
which was detected at late-times in the X-ray and radio with an unusual radio
SED, although none of its other properties resemble VT J1548.

5. VT J1548 can be modeled with a broad line region (~1073 pc) surrounded
by a dusty torus (Figure [3.11). At the inner edge of the torus (~0.4 pc),
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sublimated dust accelerated in a radiation-driven wind causes the formation of
coronal line-emitting clouds. Alternatively, the coronal line-emitting clouds
are orbiting the SMBH. Some of the dust in the torus is heated to produce the
MIR flare. The synchrotron-emitting outflow is launched near the SMBH and

collides with the torus.

6. VT J1548 could plausibly have been triggered by a tidal disruption event or an
AGN disk instability. In the TDE scenario, the high observed Eddington ratio,
the radio emission, and the slow evolution are unusual. In the AGN scenario,
the lack of strong pre-flare AGN activity is uncommon, the high Eddington

ratio is unexpected, and the unusual radio emission is unprecedented.

We have emphasized the difficulty of distinguishing between an AGN flare and a
TDE in a highly obscured galaxy with evidence for weak AGN activity. Such efforts
are particularly complicated because of the freedom in structure and optical depth
of a torus, which can eliminate most all timescale information if the inner ~pc of
the galaxy is too extincted to be directly visible. Moreover, the uncertainty in the
timescale, luminosity, and multiwavelength properties of flares from TDEs (in both
AGN and quiescent galaxies) as well as AGN disk instability-driven flares renders it
difficult to distinguish between these events even with early time follow up. While
it may be difficult to constrain the origins of individual events, population studies
are key to characterizing the range and relative frequency of these different flares.
The identification of classes of transients is likely to be less ambiguous if members
are observed from a range of inclination angles over a variety of time baselines in

multiple wavebands.

3.9 Appendix

VLASS Transient Search

We identified transient sources between the VLASS Epoch 2.1 and Epoch 1 observa-
tions using the following procedure. First, we run the source extractor PyBDSF (359)
on the VLASS Epoch 2.1 quicklook images provided by the National Radio Astron-
omy Observatory (NRAO) (/33), spanning ~17, 000 deg”. We identify point source
candidates as regions within the Epoch 2.1 images where contiguous “islands” of
> 40 pixels surrounding a peak pixel of > 60 can be well described by a single 2D
Gaussian. Some of these candidates are due to deconvolution artifacts: typically
sidelobes near bright sources or extended stripes. We flag the majority of these

artifacts in an automated way using a stripe detection algorithm and by comparing
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the pixels near the source to the pixels in the 1 arcminute region around it (Dong
et al. in prep). After flagging likely artifacts, we estimate the flux of each point
source candidate as its peak pixel value, and the uncertainty as the local value in
the quicklook RMS maps provided by the NRAO. We then check the corresponding
location in the Epoch 1.1 image data. Based on the local pixel values in each epoch,
we estimate the probability of variability by comparison with a grid of Monte Carlo
simulations of sources embedded in Gaussian noise (Dong et al. in prep). We create
an initial transient catalog in which we retain sources that have (1) no artifact flags,
(2) a >90% probability of being variable, (3) a peak >70 in Epoch 2.1, and (4)
a peak < 30 in Epoch 1.1. We visually inspected all transient candidates in the
initial catalog, removing the artifacts that were missed by our automated filters. The

remaining sources comprise our final transient catalog.

Spectral Fitting Methods

We use a consistent method to fit the optical emission lines in all of our observations.
First, we correct the spectrum for Milky Way extinction using Ay = 0.1606 and
Ry = 3.1 (360, 361). We remove the stellar continuum using a full spectrum
fit with the penalized pixel-fitting (pPXF) method. We use the implementation of
pPXF from (362, 563) with the default MILES templates (364). We run the fit
using recommended procedures to determine the appropriate regularization error
and refer the reader to the pPXF documentation for details. Rather than mask the
emission lines during this fit, we include Gaussian components for each emission
line, and allow the parameters for narrow forbidden, narrow allowed, and broad lines
to float separately. These Gaussian fits are not used to measure the line fluxes; we
only include emission line components to prevent the lines from biasing the pPXF
fit. Our exact treatment of the emission lines does not affect our results. We also

include a multiplicative normalization component that is a degree 10 polynomial.

The MILES templates cover the wavelength range 3525 — 7500 A, which does not
span the full wavelength range of our observations. Hence, we perform an additional
median-subtraction to normalize the remaining parts of the spectrum, as well as to
correct for any continuum flux that was poorly removed by the pPXF fit. First,
we subtract the best-fit stellar continuum and emission lines found by pPXF from
our observed spectrum. We subtract the value of the best-fit stellar continuum
at the nearest available pixel from the portions of the spectrum not covered by
the template fit. From this procedure, we have a preliminary continuum-subtracted

spectrum. Next, we median smooth this preliminary continuum-subtracted spectrum
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with a kernel of ~130 pixels, which we found was sufficient for both the LRIS and
SDSS spectra. We identify all points in the spectrum that are > 100 from the
resulting median smoothed continuum and mask them, as well as the ~10 pixels
neighboring those points. Then, we median smooth the preliminary continuum-
subtracted spectrum a second time with these pixels masked. This gives us a
correction to the continuum, which we subtract from our preliminary continuum-

subtracted spectrum to obtain the final continuum-subtracted spectrum.

Next, we measure the emission line fluxes from the final continuum-subtracted
spectrum. We model each line with as many Gaussian profiles are required, and we
specify throughout the text any case where multiple components are needed. We
let the width of the Gaussians float independently for different lines, and include a
broad component if necessary. We also include a linear continuum component to
account for any residual flux. We fit each emission line separately unless multiple
emission lines are so close that they cannot be fit independently (e.g., the He and
[NII] lines). We fit a region around each line that includes a ~10 — 20 A continuum

region.

We run the emission line fit using the dynesty Nested Sampler (206}, |365). Our
stopping condition is Alog Z = 5, which we verify does not affect our results.

Unless otherwise specified, we report 1o errors on all line fluxes.

Measurement of the Bulge Velocity Dispersion

We measure the bulge velocity dispersion using the R ~ 13,000 ESI spectrum of
SDSS J1548 following the methodology in (366)). To ensure that we are measuring
the bulge velocity dispersion, we consider two different methods of extracting the
host spectrum: first, we use the spectrum extracted from the full slit; second, we
isolate the bulge by using the spectrum extracted from a region centered on the peak
galaxy light and with width 0.5”, which roughly corresponds to the seeing during

the observation. We find no significant difference in the results.

We use the (563) implementation of pPXF to measure the velocity dispersion. First,
we mask all emission lines in the spectrum, including the Hydrogen Balmer lines
and all TDE features. We fit the spectrum using the (367, 1368) high resolution
(R ~ 10000) template library. We run the fit using the recommended pPXF settings.
The best fit velocity dispersion is ~66 km s~!. Removing the intrinsic resolution (~22
km s™!) only changes the result by a few km s~!'. Next, we convert to SMBH mass

using the relation from (369). The intrinsic scatter in the Mgy — o, relation strongly
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dominates our results, although we also propagate through both the uncertainties
in the velocity dispersion measurement and assumed uncertainties in the intrinsic
resolution. We find an SMBH mass log Mgy /Mg = 5.98 + 0.38. Alternatively, the
more recent Mgy — o, relation from (47) gives log Mgy /Mg = 6.48 + 0.33, which
is consistent with the (369) within 1o. We adopt the latter calibration because it

includes more low mass galaxies.
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Abstract

In this work, we use the Jansky VLA Sky Survey (VLASS) to compile the first
sample of six radio-selected tidal disruption events (TDEs) with transient optical
counterparts. While we still lack the statistics to do detailed population studies
of radio-selected TDEs, we use these events to suggest trends in host galaxy and
optical light curve properties that may correlate with the presence of radio emission,
and hence can inform optically-selected TDE radio follow-up campaigns. We find
tentative trends that radio-selected TDEs tend to have faint and cool optical flares, as
well as host galaxies with low SMBH masses, although larger samples are required to
establish these trends as statistically significant. Our radio-selected TDEs also tend
to have more energetic, larger radio emitting regions than radio-detected, optically-
selected TDEs. We consider possible explanations for these trends, including by
invoking super-Eddington accretion and enhanced circumnuclear media. Finally,

we constrain the radio-emitting TDE rate to be > 10 Gpc ™ yr~!.

4.1 Introduction
Extragalactic radio-synchrotron transients open a novel window onto some of the

most extreme activity in the universe. These transients are typically associated
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with dramatic accretion events and stellar explosions, among a multitude of other
possibilities. Until recently, it was impossible to obtain a uniform census of the
transient radio sky due to the difficulty of performing a multi-epoch, full sky radio
survey. The advent of surveys like the Caltech-NRAO Stripe 82 Survey (CNSS;
(155)), the Jansky Very Large Array Sky Survey (VLASS; (/33)), the Australian
Square Kilometre Array Pathfinder Variables and Slow Transients (ASKAP VAST;
(370)) survey have transformed our understanding by enabling the compilation of

samples of radio transients that are assembled with a known selection function.

Despite this progress, many open questions remain. In particular, the relationship
between radio transients and higher wavelength flares remains poorly understood,
despite providing significant insight into the underlying physical processes. Tidal
disruption events (TDEs) provide a quintessential example of this. TDEs occur
when a star strays within the tidal radiu of a supermassive black hole (SMBH)
(e.g.|110, 111, 5371). TDEs were originally theorized to produce X-ray emission,
so many of the early searches for these events focused on this waveband using the
ROSAT All Sky Survey (RASS; e.g., (372)). Soon, UV and optical searches using
GALEX and SDSS began producing TDE candidates (e.g.|/22).

Throughout this effort, the question of radio emission from TDEs remained uncon-
strained. (283) first suggested that a radio transient could be produced if TDEs can
launch relativistic, highly collimated jets, and the first detection of a candidate jetted
TDE followed shortly (373). Efforts to follow-up TDEs in the radio followed, but
these tended to involve one or a few observations shortly after the higher wavelength
flare and few detections resulted (see [/50, for a review). Recently, the detection
rate has increased through long-timescale follow-up of optically-selected TDEs (e.g.
149,151} 1153, 253, 374). Still, without a better understanding of the mechanisms
that produce TDE radio emission and how they may be related to the multiwave-
length properties of the events, it is difficult to identify the optimal candidates for

follow-up, the optimal follow-up cadence, and the optimal follow-up sensitivity.

Moreover, even if radio instruments could be used to comprehensively follow up
all TDE:s, the resulting radio-detected samples will be biased. Any radio-emitting
TDEs discovered through follow-up of, e.g., optically-selected events, will be biased
towards those TDEs that produce optical emission, and it has already been estab-
lished that not all TDEs do so (e.g. /30, |/63). This renders it near impossible to

I'The tidal radius Ry where the tidal forces from a SMBH overpower the internal gravity of a
star is given by Ry ~ R.(Mgy/M.)~'/? for a non-spinning black hole of mass Mgy and a star of
mass M, and radius R,.
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compile a view of the complete landscape of radio emission through follow-up of
known TDE:s: if there is a correlation between optical emission and radio emission,

selecting on optically-emitting TDEs will bias the expected types of radio emission.

Table 4.1: Properties of our TDE sample

Name AT Name R.A. Dec. Ad["l z foxr2[m]y]
VT J0813523[AT 2019azh 082 13™17.05+22°38’54.0” 0.0 0.022 1.0
VT J1008*>-9AT 2020vdq 10"08™53.45+42°43'00.2” 0.18 0.045 1.5

VT J1356 13P56™12.15-26°58’50.7” 0.54 0.018 2.5
VT J1752*% | AT 2019baf 17"52™00.15+65°3736.0” 0.13 0.089 1.4
VT J2012 20M12™m29.95-17°05’56.3” 0.2 0.053 1.1
VT J2030 20P30m47.35+04°13’31.0” 0.19 0.061 1.4

Notes. Redshifts are measured from our follow-up optical spectroscopy as described in
Appendix References: '(128),2(253), 3(255),*(134),>(375),5(9)

A radio-selected TDE sample is key to constraining these many unknowns, and
the 3 GHz Jansky Very Large Array Sky Survey (VLASS; (/33)) is ideal for such
an effort: predictions have estimated that ~100 TDEs could be detectable using
that survey (376). The first candidates detected in this survey have already been
published (/ 1,163}, 219), and compilation of the first VLASS-selected TDE sample,

regardless of multiwavelength counterpart, is underway (Somalwar et al., in prep.).

With this VLASS TDE sample, we can begin answering some of the questions posed
earlier about the range of radio emission and the emission mechanisms, as well as
the relationship between the radio emission and multiwavelength emission. In this
paper, we focus on the latter questions: we present the first sample of radio-selected,
optically-detected TDEs.

For clarity, we have divided our analysis into three papers. In this paper (Paper
I), we present our full radio-selected, optically-detected TDE sample and perform
observational comparisons between radio-selected, optically-detected TDEs and
optically-selected TDEs, with the aim of identifying those factors that distinguish
between radio-emitting TDEs and radio-quiet TDEs. We also discuss the rate
of radio-bright, optically-bright TDEs. We will briefly speculate on the physical
mechanisms at play. We defer detailed discussion of both the multiwavelength
properties and physical interpretations of each event to the companion papers. (9)
discusses late-time, transient, optical spectral features detected from two of the
events. (37/7) discusses evidence for and implications of jet launching from three of

the events.
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4.2 Sample Selection

We compile our radio-selected TDE sample using data from the Very Large Array
Sky Survey (VLASS; (/33)). VLASS is an ongoing effort to observe the entire sky
with & > —40° at 3 GHz for three epochs with a cadence of ~2 years. VLASS has
a 1o sensitivity of ~0.13 mJy/beam and a spatial resolution of ~2.5”. Each epoch
is divided into two halves. The first half of epoch one, which we denote E1.1, was
observed in 2017. The second half of epoch one (E1.2) was observed 2018. E2.1
was observed in 2020, and E2.2 was observed from 2021. E3.1 is ongoing (Jan
2023-present).

We identified TDE candidates using the transient catalog of Dong et al., in prep.,
who identified all sources that were detected at > 70 in E2 but not significantly
detected (< 307) in E1; i.e., this catalog contains all transients that are rising between
El and E2. Details about the transient detection algorithm are described in (/63)
and Dong et al., in prep. We select TDE candidates from this catalog using the

following criteria:

1. the transient is within 1” of the position of a source in the PanSTARRS catalog
(175, 284);

2. the associated source is a galaxy; i.e., it is inconsistent with being a star using
all public catalogs, including GAIA (to remove all objects with significant
parallax; (378, 379)) and the PanSTARRS star-galaxy classifier (380);

3. the host galaxy must show no evidence for strong AGN activity. Among the
criteria used to identify AGN, we consider: the position of the source on the
WISE W1-W2 and W2-W3 color diagram (38/)) and rule out sources within
the AGN region defined by (382); any evidence for past optical, X-ray, or
radio variability/detections that could indicate AGN activity; and any public
optical spectra with broad or narrow line emission that indicate strong AGN
activity. We have found that this criteria rules out strong AGN, but some
weak AGN remain, as evidenced by the narrow line emission in our optical
spectra, discussed in Section[4.3] In this paper, we include these objects and

will discuss the implications of their AGN activity primarily in (377);

4. the host galaxy must have a PanSTARRS photometric redshift z,poe < 0.25
(380). When PanSTARRS photometric redshifts are unavailable, we inspect
catalog data for the galaxy to identify the redshift. If no redshift information
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is available, we measure a redshift using an SED fit to the galaxy photometry,
following the procedure discussed in Appendix4.10] We include this redshift
cut to ensure that we can obtain multiwavelength follow-up to detect coun-
terparts and classify the host galaxies with reasonable exposure times. This
redshift cut will bias us against rare TDEs; e.g., we are not sensitive to most
on-axis jetted TDEs, which are generally found at z > 0.3. Future work will

consider the higher-redshift transients.

In summary, this selection criteria will identify nuclear radio flares in nearby non- or
weakly-active galaxies. We obtained optical spectroscopy for all events to measure
spectroscopic redshifts, and do not consider any source with zgpee > 0.25. The
resulting sample has ~100 objects. We will perform a detailed analysis of the
completeness of this selection in future work, when we present the full VLASS
TDE sample.

In this paper, we only consider transients with associated optical flares. We obtained
forced-photometry at the position of each transient from the Zwicky Transient
Facility (ZTF; gri bands; (/24H127)) and the Asteroid Terrestrial-impact Last Alert
System (ATLAS; co bands; (/76)) using recommended procedures. Our sample
includes every transient with an optical lightcurve with at least three 5o~ detections
and at least one 100 in any bands. We chose this criteria to ensure that the
flare is significantly detected, and thus amenable to quantitative analysis of the
flare evolution. Note that we have already ruled out events with long-term, AGN-
like variability in our TDE candidate selection. While we do not do a detailed
search of optical lightcurves from the All-Sky Automated Survey for Supernovae
(ASASSN; (383)) because of limited optical color information and sensitivity, our
final sample includes one source that has an ASASSN flare with simultaneous MIR

observations, and thus more constraints on the physical properties of the optical
flare (Appendix {4.10).

The resulting sample has six objects, the properties of which are summarized in
Table4.1l These sources are named using our VLASS transient naming convention:
VT J081316.97+223853.99 (henceforth VT J0813), VT J100853.44+424300.22
(VT J1008), VT J135612.14-265850.71 (VT J1356), VT J175200.13+653736.04
(J1752), VT J201229.90-170556.32 (VT J2012), and VT J203057.34+041330.97
(VT J2030). We refer to the host galaxies of these objects using the coordinates
prefixed with HG (host galaxy; e.g., HG J1356, HG J1008, etc.). In plots, we often
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label the individual transients or host galaxies without the prefixes (e.g., J1356,

J1008), except when the prefixes are necessary for clarity.

The optically-selected TDE sample

A key aspect of this paper is our comparison of radio-selected and optically-selected
TDEs; hence, here we present our chosen optically-selected comparison samples.
We consider two different samples: the (/34)) and (/3)) samples. The (/3) sample
includes all classified TDEs discovered in the first ~3 years of ZTF. (/34) presents
a complete sample of TDEs with peak g-band mag < 19 during the first three years
of ZTF.

We largely compare to the (/34) sample. However, when considering host galaxy
stellar masses, colors, or star-formation rates, or Baldwin, Phillips & Terlevich
(BPT;(4)) classifications, we adopt the (/3) sample, because our methods better

align with theirs.

In both cases, we restrict our comparison to events at redshifts z < 0.1. We apply
this cut to ensure that redshift evolution doesn’t bias our results: the highest redshift
object in our sample is at z = 0.089, whereas the optically-selected TDEs range to

much larger redshifts.

Note that there are known radio-emitting TDEs in the optically-selected sample that
were not detected in our sample, either because they were below the sensitivity of
VLASS or were already detectable in the first epoch of VLASS.

4.3 Observations and Data Reduction

We have performed an extensive multi-wavelength follow-up campaign for all of
our TDE candidates. We present a relevant subset of that data here; the full dataset
for each TDE candidate is presented in the corresponding companion paper. In this

section, we describe our observations and data reduction procedures.

Radio observations

Each TDE candidate has one or more multi-frequency radio observations from the
Jansky Very Large Array. We summarize the observations for all sources except
JO813 in Table All observations used flux and phase calibrators recommended
by the VLAE| and typical exposure times were ~5 min. on source in each band.
The reduced VLA SEDs for JO813 were published in (253)), so we adopt the spectra

Zhttps://science.nrao. edu/facilities/vla/observing/callist
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Table 4.2: Summary of VLA follow-up

Name |MJD ConfigurationFreq. range [GHz] Program (PI)

VT J100859612 B—BnA 1-12 21B-322 (G. Hallinan)

VT J135659626 BnA 1-12 21B-322 (G. Hallinan)

VT J1752/59273 A 1-12 20B-393 (D. Dong)
59632 BnA 1-12 21B-322 (G. Hallinan)

VT J2012/59257 A 1-12 20B-393 (D. Dong)
59271 A 1-12 20B-393 (D. Dong)

VT J2030/58881 C 1-18 19A-013 (PI: K. Alexander)
59130 C 1-18 20A-372 (PI: K. Alexander)
59257 C 1-12 20B-393 (PI: D. Dong)

tabulated in that work. We reduced all other observations using the VLA Calibration
Pipeline 2022.2.0.64 and CASA version 6.4.1 (384). We imaged the data using
standard CASA recipes, and measured the flux density of each source as the flux
density of the peak pixel in a 50 X 50 pixel box centered on the source location. All

sources were consistent with point sources.

Optical transient photometry

We retrieve forced, difference photometry from the Asteroid Terrestrial-impact Last
Alert System (ATLAS; (/76))) and Zwicky Transient Facility (ZTF; (/24-127))
using the recommended procedures and automated pipelines for each survey. We
use public data from the ATLAS survey, and both public and partnership data from
ZTF. We load the data from both surveys using the Hybrid Analytic Flux FittEr
(HAFFET; (385)) code, and then bin each lightcurve with a binsize of one day. The
ATLAS photometry of JO813 use different baselines for MJD > 58895, leading
to zeropoint offsets for this MJD range. We correct for the zeropoint offset by
estimating the median non-transient flux in each filter from those data points at MJD
> 59200 in each and subtract that median flux from the lightcurve for MJD > 58895.
Similarly, the ZTF host reference image of J2030 was taken while the transient was
active, so it overestimates the baseline flux, and we correct for this by calculating
the median flux in each band for MJID> 58500 and subtracting this flux from the

entire lightcurve.

We treat J1356 separately because it is the oldest transient and is not detected by
ATLAS or ZTF. It is, however, detected by the All-Sky Automated Survey for
Supernovae (ASASSN; (385)). We retrieved and processed the lightcurve using the
recommended ASASSN tools (386, |357)). Like for the other events, we binned the
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lightcurve in one day bins.

Host photometry

We retrieve host photometry for each TDE using the same methods as (/3)), to enable
a like-to-like comparison with the results from that work. We refer the reader to
(/3) for a detailed description of the adopted methods. In brief, we retrieve SDSS
or PanSTARRS, where SDSS is unavailable, Kron magnitudes. We also retrieve
GALEX NUYV and FUV photometry using recommended methods.

Optical spectroscopy

HG JO813 was previously observed as part of the Sloan Digital Sky Survey (SDSS;
(388)) Spectroscopic survey (270) on MJD 52943. We retrieved the spectrum of
this source from the SDSS DR17 website.

We obtained optical spectra for the all our TDE candidates except VT JO813 using
the Low Resolution Imaging Spectrometer (LRIS) on the Keck I telescope. In all
cases, we centered the observation on the galactic nucleus using a parallactic angle.
We used the 400/3400 grism, the 400/8500 grating with central wavelength 7830,
and the 560 dichroic. The resulting wavelength range was ~1300—10000 A and the
resolution R~700. We observed VT J1008 on MJD 59676 for 20 min using the
1” slit with the standard star Feige 34. We observed VT J1356 on MJD 59616 for
10 min using the 1” slit with the standard star Feige 34. We observed VT J1752
on MJD 59260 for 10 min using the 1.5” slit with the standard star Feige 34. We
observed VT J2012 on MJD 59464 for 10 min using the 1.5” slit with the standard
star BD+28. We observed VT J2030 on MJD 59464 for 10 min using the 1.5” slit
with the standard star Feige 34. We reduced the observations using the 1pipe code
with standard settings (297)).

We obtained high-resolution optical spectra for a subset of the TDE candidates
using the Echellette Spectrograph and Imager (ESI) on the Keck II telescope. We
used the Echelle mode for all observations. We observed VT J0813 on MJD 59874
for 20 minutes using the 0.5” arcsec slit. We observed VT J1008 on MJD 59908
for 22.5 min using the 0.3” slit. We observed VT J2012 on MJD 59876 for 20
min using the 0.5” arcsec slit. We observed VT J2030 on MJD 59874 for 20 min
using the 0.5” arcsec slit. The 0.5” (0.3”) slit leads to an instrumental broadening
of oinst = 15.8(9.5) km s™'. We reduced the spectra using the makee software

following the default, recommended procedures for ESI data reduction.
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4.4 Summary of detailed transient properties

In this paper, we focus on the properties of the radio-selected, optically-bright TDE
population, rather than the individual characteristics of each source. Hence, we
will primarily discuss observations that are available for our full sample and for
comparison optical TDE samples; namely, the optical lightcurves and spectra, host
galaxy observations from public survey data, and the radio observations. Context
about the individual transients is, however, useful for interpreting the results of
this paper. Thus, we begin our paper with a brief review of the properties of each
transient detailed in papers II/III and other sources.

VT JO813 ((/28, 253, 255,1377)): VT JO813 (otherwise known as ASASSN-19dj
or AT2019azh) was first discovered as an optical transient by the ASASSN survey
on Feb. 22 2019 (389). It was also detected by the ZTF and ATLAS surveys.
The optical lightcurve is typical of TDEs. Transient Balmer and Helium lines were
detected in follow-up optical spectra, leading to the classification of this source as
a TDE-H+He (/3, |/28). In addition to the optical flare, this source was detected
as an X-ray transient with peak luminosity Ly = 10* erg s~! that brightened ~7
months after the optical peak (/28). The host galaxy shows a disturbed morphology,

characteristic of a recent merger or interaction (377).

This source was first detected as a GHz radio transient by (390) with the e-MERLIN
telescope and was then observed by numerous radio telescopes, notably by (253),
who obtained multi-epoch radio SEDs and argued that the radio-emitting outflow
was non-relativistic and had a very optically-thin spectral index. (255) further
observed this source with a high cadence and argued that the radio variability was
correlated with the X-ray spectral variability and luminosity in a manner similar to
that observed from X-ray binaries. They used this to argue for the presence of a jet

subject to the accretion state changes in the accretion disk.

VT J1008 (9, [34,375): VT J1008 (AT 2020vdq) was first detected as an optical
transient by ZTF on Oct. 4 2020. There is no prompt follow-up for this source, so
the early time radio and X-ray behavior is unknown. It was not reported as an X-ray
transient in any public X-ray surveys. Late-time (~2 years post-optical peak) Neil
Gehrels Swift Observatory X-ray Telescope (Swift/XRT; (/88)) follow-up ~2 years
post-TDE did not detect any significant X-ray emission (3¢ upper limit < 10*!-8 erg
s™1). In an optical spectrum ~2 years post-optical-peak, transient Balmer lines and
He I lines are detected with widths ~1000 km s~! and luminosities ~10%" erg s,

These lines are commonly detected from TDEs, but they are typically much broader
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(~10*km s~1) and fade within a year. The origin of these lines is considered in detail
by (9). Roughly three years after the initial optical flare, this source re-brightened in
the optical. (375) constrain the origin of the rebrightening and suggest that this event
is a repeating, partial tidal disruption event. No new radio emission was detected

post-rebrightening.

VT J1356 (Appendix {.10): VT J1356 is detected as a transient in ASASSN
forced photometry. It is simultaneously detected as a NIR transient in NEOWISE
photometry. It is the oldest of our TDE sample, with the ASASSN detections
occuring ~8 years ago. The NIR flare is double peaked, with an initial, hot (T ~ 10*
K) flare followed by a > 5 year cool flare (T ~ 10° K), consistent with blackbody
emission from dust at ~0.5 pc that has been heated by the high energy emission
produced during the transient. This source is not discussed in either of the companion

papers, so we describe its properties in detail in Appendix 4.10]

VT J1752 ((377), simultaneously reported by (/34)): VT J1752 (AT2019baf) was
first reported as a transient by ZTF on Jan. 9 2019. The optical lightcurve showed an
unusual double peaked structure. There was no prompt multiwavelength follow-up
for this source, so the early time radio and X-ray behavior is unknown. It was not
reported as an X-ray transient in any public X-ray surveys. Late-time (~2 years
post-optical peak) Swift/XRT follow-up detected an X-ray source with Ly = 10%>4

erg s\

No transient optical spectral features were detected in follow-up optical
spectra. The host galaxy shows a disturbed morphology, characteristic of a recent
merger or interaction. The radio SED is best-fit by a multi-component synchrotron
model, suggesting the presence of multiple outflows or a structured outflow. The

outflows have high luminosities and energies, suggestive of the presence of a jet.

VT J2012 ((9)): VT J2012 was first detected as a transient by the ATLAS survey on
58772. It has multiwavelength properties that are very similar to those of VT J1008.
The only major differences between these two events is that no transient Helium
lines are detected from VT J2012, and the transient Balmer lines are redshifted by
~700 km s~!. There is no blueshifted component.

VT J2030 ((377)): VT J2030 was first detected as transient by the XMM-Newton
Slew Survey team, who undertook an X-ray and radio follow-up campaign. The
X-ray emission from this source has an peak luminosity ~10*8 erg s~!, but with
strong variability of a factor of a few on ~week timescales. The radio emission also
shows non-monotonic evolution. Both of these properties are consistent with the

presence of a young jet.
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Figure 4.1: The optical spectra for the radio-selected TDEs in our sample. The
observed spectra are shown in black and the best-fit stellar continuum in red (Ap-
pendix @D The Balmer, Hell, and [Fe X] features observed from J1008 and
J2012 are associated with the transient and are discussed in (9).

VT J2030 was detected as an optical transient by the ZTF survey. However, the
transient occurred during the start of ZTF, so it was present in the reference images
and the transient appeared as a negative flux in the ZTF photometry. VT J2030 was
also detected as a transient by the ATLAS survey. In this survey, it appeared like a
typical TDE, with a positive rise and then decay.

4.5 Host galaxies
Table 4.3: Host Galaxy

Name z | log AA;—G log kn‘l’;_l log MB?;GM*) log M"A*}é”*) BPTllog (SAI;@Rj‘;‘?) Ay ((u—-r)

J0813(0.022 9.79§;§§ 68 + 2 6.99f§'_'291 6.44 + 0.29 Sey. o.27§;§j o.121§-2§ 1.77%
J1008(0.045/9.1600 | 44 £3 | 4.817050 15.59 £0.29 Q? | 0.07y02 (0.18*13/1.860

919 098 0:09 0.03 25
JI3560.0188.94y5, |~ | 5.08%%, - | SF| 0.0805 0.08%51.635,
117520.08910.070:32 - | 6.91+)2 —  [Sey.| 241370 11.10*93/1.930:

. . . . 1
J2012(0.053/9.90022 | 59 +2 | 6.557047 16.17 +0.31] Q? | 0.00505 10.32+0-22 234088

0:95 1033 0:40 03] | 94008
120300.061/9.7902¢| 625 | 6.37*022 6.25 £ 0.31| SF | 050000 0.14+0091.84005

Notes. The host galaxy properties of our radio-selected TDE sample. The methods of measuring
these properties are described in Section [4.3]

In the rest of this paper, our primary goal is to constrain the physical properties that
distinguish between radio-selected, optically-bright and optically-selected TDEs.
This will rely on observations that are uniformly available for both the radio and

optically selected samples; namely, host galaxy photometry and spectroscopy and
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optical light curves.

We begin by considering the properties of the host galaxies. The properties of
host galaxy directly affect the environment in which the transient occurs and the
properties of the astrophysical objects that produced the transient; for example, the
presence of long-lived ionized emission lines in the optical spectra can suggest
the presence of an AGN, or the morphology and color of the host can suggest
that the galaxy recently underwent a merger or interaction. The differences in the
host galaxies of these radio-selected, optically-detected transients will inform our

understanding of the parameters that control radio emission from TDE:s.

Each of the following sections considers one or a subset of the host galaxy properties.
We begin by describing the relevance of each property, then discuss our methodology
for constraining it, and finally compare the radio-selected host properties to those of
the optically-selected sample. The host galaxy properties of our sample, constrained

as described in the following sections, are summarized in Table 4.3]

Black hole and stellar mass

SMBHs are central to TDEs and the TDE evolution is certainly affected by the black
hole mass. For SMBH masses Mgy > 108 M, the tidal radius Ry ~ R.(Mgu/M.)*?
is smaller than the Schwarzchild radius Ry ~ 2G Mgy/ c2, so any star on an orbit
that reaches R < Ry is swallowed whole rather than disrupted. This limit assumes
a non-spinning SMBH: if the SMBH has a high spin, the event horizon is smaller
and thus TDEs can occur. SMBH mass may also affect the efficiency with which
the TDE accretion disk forms. In some models of TDE evolution, an accretion disk
forms when the stellar tidal stream precesses due to Lense—Thirring precession and
collides with itself, dissipating energy (348). The rate of Lense-Thirring precession
isQ~ M]%H,
mass SMBHs (//3). This might reduce the high energy (X-ray, UV) emission, if

that emission is partly produced during these shocks. Lower precession could also

so these collisions will occur less frequently, if at all, for TDEs by low

reduce optical emission, if optical emission is produced when outflowing material
that becomes unbound during the shocks reprocesses the higher energy emission
(/13). Radio emission may also be affected; for example, if radio emission is
produced from accretion disk winds, as delayed accretion disk formation could

produce delayed winds.

We constrain the SMBH mass using two methods. First, the SMBH mass is tightly

connected to the stellar mass (47)). Thus, we begin by simply considering the stellar
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mass distributions of our galaxies as compared to that of the optically-selected
sample. We measure the stellar masses using fits to the UV/optical/IR spectral energy
distributions with the prospector SED fitting code (/90), following the exact
methods of (/3). The SMBH mass is also tightly connected to the stellar velocity
dispersion, which we measure from our high resolution ESI spectra following the

same methodology used by (/63).

We can then measure SMBH mass distribution in two ways: (1) using SMBH masses

from the host galaxy stellar mass-black hole mass relation from (/34):

logMgpo = —(1.83 £0.15) + (1.64 + 0.27)x

log (L) ; intrinsic scatter=0.18, “.1)
3 x 1010 M,
where Mgy is the SMBH mass in units of 10° My; (2) for those sources with
high-resolution optical spectra, we use SMBH masses measured using the stellar
velocity dispersion-black hole mass relation. We adopt the My — o relation from
(47), to match that used by (/34):

Mgy
I = —(0.509 + 0.049
02 105 a0 = ¢ )

+(4.384 + 0.287) x log (———). (4.2)

200kms™!

The intrinsic scatter in this relation is 0.29 dex.

We consider the relative black hole masses of the optically-selected and radio-
selected samples using three different methods. First, we compare the stellar mass
distributions of the two samples, with the caveat that differences in stellar mass can
suggest different SMBH masses, or the same SMBH mass but different galactic
formation pathways. Then, we compare the stellar velocity dispersion for those
objects with stellar velocity measurements, which is a more direct probe of SMBH
mass, but is limited by statistics. Finally, we compare the SMBH mass distributions
directly, where the masses are inferred from the stellar velocity dispersions and

stellar masses.

In Figure 4.2 we show histograms of each of these quantities for the radio-selected
sample and the optically-selected sample. In the leftmost panel, we show the stellar
mass distribution. In the middle panel, we show the stellar velocity dispersion
distribution. In the rightmost panel, we show the black hole mass distribution. In

all cases, we have chosen the bin size to be larger than the typical measurement
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Figure 4.2: Left panel: Stellar mass distributions for the radio-selected TDE hosts
in this work (red line) as compared to the optically-selected TDE hosts from (/3)
(dashed black line). The radio-selected TDEs tentatively prefer lower mass galaxies.
Middle panel: Stellar velocity dispersion distributions for the radio-selected TDE
hosts in this work (red line) as compared to the optically-selected TDE hosts from
(/34)) (dotted black line). The radio-selected TDEs tentatively prefer lower velocity
dispersion galaxies. Right panel: SMBH mass distributions for the radio-selected
TDE hosts in this work (red line) as compared to the optically-selected TDE hosts
from (/34)) (dotted black line).

uncertainty. There is a hint of a trend in both the stellar mass and velocity dispersion
panels, the radio-selected TDEs appear to prefer lower values than those of the
optically-selected TDEs. The mean velocity dispersion for the radio-selected TDE
hosts is 62 + 2 km s~! whereas that for the optically-selected hosts is 82 + 3kms~!,
which are significantly offset from each other. Note that there are small statistics in
both samples, but there has recently been a similar claim that those TDEs that can

launch relativistic jets tend to have low black hole masses (397).

This trend towards lower SMBH masses is not present in the rightmost panel of
Figure 4.2} however, we urge caution in interpreting this result. While our velocity
dispersion measurements agree with (/34), to which work we are comparing in this
figure, our stellar mass measurements follow the methods of (/3) and are consistently
larger than those of (/34) (see Figure 24 of (/34)), which biases our SMBH mass
distribution towards higher values. Hence, despite the apparent agreement, we
believe there is a tentative trend towards lower SMBH masses for radio-selected
TDE:s.

SMBH activity

TDEs by SMBHs that were actively accreting in the years prior to the event may have
substantially altered local environments compared to disruptions by non-accreting
SMBHs. AGN tend to have more dust and gas in the nuclei, which will obscure

optical emission but can enhance radio and infrared emission. Moreover, a pre-
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Figure 4.3: Baldwin, Phillips & Terlevich (BPT) and Wy, versus [NIIJ/Ha
(WHAM) diagrams (4-6) for the radio-selected TDEs. The radio-selected TDEs
are shown as colored markers with different shapes. Optically-selected TDEs with
detected emission lines as reported in Figure 5 of (/35) are shown in black in the
top left panel, for comparison. Note that VT JO813 and VT J1752 are also in the
optically-selected sample.

existing accretion disk will alter the properties of the TDE accretion disk; for
example, a fossil disk can provide a seed magnetic field that may enable jet launching
(237). While our selection criteria excludes strong AGN, weak Seyferts or retired

AGN are included in our sample.

We constrain the SMBH activity in each host using Baldwin, Phillips & Terlevich
(BPT) and Wy, versus [NII]/Hoe (WHAM) diagrams (4-6). We place the host
galaxies on BPT and WHAM diagrams using fits to the narrow emission lines in
stellar-continuum-subtracted optical spectra. We use the lower resolution LRIS and
SDSS spectra for this fit; these are shown in Figure B.I We model the spectral
continua and emission lines as described in Appendix 4.10] The stellar continuum
model is shown in red in Figure .1 Because most of our spectra are taken post
TDE, it is possible that there is contamination from transient emission lines. In our
analysis, we have assumed that the narrow (~100s km s~!) emission line components
are uncontaminated by the TDE, as was also done for the optically-selected TDEs
in (/35).

The resulting emission line ratios are shown on the BPT and WHAM diagrams

in Figure 4.3] 1In the top left panel, we have overlaid the BPT classifications of
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the subset of optically-selected TDEs with host galaxy spectral information (/3)5).
Seven of the nineteen ((37+13) %, adopting hereafter Poisson frequentist-confidence
uncertainties, (392)) optically-selected TDEs considered in that work show strong
nebular emission lines, and can thus be placed on a BPT diagram. In contrast, four
out of our six events ((67 + 25)%) have nebular emission lines. These fractions are

consistent within statistical uncertainties.

A larger fraction of our sample lies in the AGN region than found for the optically-
selected events: 2/19 ((11 + 9)%) of the optically-selected events are classified as
AGN, whereas 3/6 ((50 + 26)%) of the radio-selected events are classified as AGN,
where we have identified AGN as those host galaxies that are classified as an AGN
or Seyfert in the BPT diagrams. We note that VT JO813 is classified as a retired
galaxy in the WHAM diagram, suggesting that some of the emission line flux is
contributed by an old stellar population. However, the classification of this object
as a Seyfert in the BPT diagrams, rather than a LINER, suggests that there may be
some emission component resulting from AGN activity: AGN-free, retired galaxies
are typically BPT liners (6). 4/19 ((21 + 12)%) of the optically-selected events
are classified as composite, whereas none of the radio-selected events are classified
as such. Finally, 1/19 ((5 * 8)%) of the optically-selected events are classified as
star-forming, whereas 1/6 ((17 +21)%) of the radio-selected events are classified as
such. These results suggest that radio-selected TDEs may prefer galaxies with more
recent or stronger AGN activity, and they may prefer star-forming hosts more than

optically-selected TDEs. These trends are not statistically significant, however.

Note that if this AGN activity trend is real (as we do not have the statistics to
determine), it may be induced by different selection criteria between the samples
— while both samples exclude strong AGN, the treatment of weak AGN, like those
discussed here, is ambiguous. We include those sources that may have had a recent
AGN, but are not necessarily still active. The optical selection may be different,
leading to some of these trends. The trend with star-forming hosts should be more

robust to selection effects.

The presence of recent AGN activity in the hosts of VT J1752, J2030, and likely
JO813 may call into question their TDE classification. Low luminosity AGN can
produce flares through mechanisms other than stellar disruption, such as accretion
disk instabilities, and distinguishing between TDEs and AGN flares is notoriously
difficult (e.g. |/63). We cannot rule out that these three events are caused by AGN

variability. However, in this paper, we have empirically classified these events as
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Figure 4.4: Left panel: The rest-frame u — r color (*%u — r) of the TDE host
galaxies vs the host galaxy stellar mass. The radio-selected sample is shown as
colored markers, and the optically-selected sample is shown as light blue squares.
The region of this plot occupied by galaxies in the green valley is shown as a green
shaded region (/0). Right panel: The Ha equivalent width versus the Lick Ho 4
absorption for the TDE host galaxies. The different TDEs are formatted the same
way as in the left panel, except upper limits are shown as arrows.

TDEs for consistency with the optical selection: all of these events would pass
the typical optical TDE selection cuts (such as those used in |/34)), and both VT
JO813 and VT J1752 are, in fact, included in optical TDE samples. We consider
these events to be TDE:s for the rest of this work given the consistency with typical
optically-selected events and the fact that the AGN are very low luminosity, if on at

all. We urge further research on distinguishing between AGN flares and TDE:s.

Stellar population and star-formation

Galactic star-formation histories, and thus stellar populations, are tightly connected
to the galaxy evolution. They may reflect processes that can drive stars to the galactic
nucleus; for example, mergers can trigger starbursts and may enhance the TDE rate,
so recent bursts of star-formation and young (< 1 Gyr) stellar populations may
correlate TDE rate. Optically-selected TDE hosts also tend to reside in the green
valley, which includes the population of galaxies transitioning from the starforming
state (blue cloud) to a non-starforming (red-and-dead) state or vice versa (e.g. 393).
They are well established to predominantly reside in E+A galaxies (/35}/40), which

are galaxies that have undergone a recent (< 1 Gyr) starburst.

Because indicators of the presence of an E+A and/or green valley galaxy have been
studied in detail for optically-selected TDEs, we focus on those same indicators for

our galaxies (/35). We discuss the star formation histories of the individual VLASS
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transients in more detail in the companion papers and Appendix 4.10}

We determine whether a galaxy is in the green valley by comparing its MW extinction
and redshift-corrected u — r color, which we denote %%y — r, and stellar mass to
those for green valley galaxies, as shown in the left panel of Figure 4.4, We adopt
the same definition of green valley as (/3) and overplot the ®%u — r colors and
stellar masses for their optically-selected sample as blue squares. Qualitatively, all
the radio-selected TDE hosts are towards the edges of or outside the green valley,
with a preference towards bluer hosts, whereas the optically-selected TDE hosts
span it. Quantitatively, two of the six ((33 + 25)%) radio-selected TDEs fall within
the green valley, which is consistent with the eight of the seventeen ((47 + 14)%)

optically-selected TDEs in the same region.

We also constrain the stellar populations using the optical spectra. In particular,
we identify E+A galaxies using the Lick Ho4 absorption index and Ha equivalent
width, as shown in the right panel of Figure d.4] The E+A region is shown in black
solid lines. We have adopted the same E+A galaxy definition as (/3). We also
show the quiescent balmer strong (QBS) region is dashed black lines. Up to 2/6
((33 £25%) of the VLASS TDE hosts are consistent with E+A galaxies, although a
quiescent Ha luminosity for J1008 is required to confirm that result. This fraction
is consistent with the 2/12 ((16 + 14%) of the optically-selected TDEs that satisfy
the E+A definition.

Summary

Our host galaxy analysis can be summarized as follows:

1. Radio-selected, optically-bright TDEs tend to lie at lower stellar masses and
SMBH masses than optically-selected TDEs, as determined by a significantly
lower mean velocity dispersion among the radio-selected TDEs. Larger sam-

ples sizes are needed to evaluate this trend in detail.

2. Radio-selected TDEs occur at a slightly higher rate in galaxies with detectable
nebular emission relative to optically-selected TDEs. A larger fraction of
these radio-selected events with nebular emission lie in AGN hosts, whereas
optically-selected events tend to prefer composite hosts, although this trend
may be in part due to different treatments of transients in AGN between the

samples.
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3. Radio-selected, optically-bright TDEs occupy green valley galaxies and E+A

galaxies at approximately the same rate as the optically-selected TDE:s.

Future studies with larger radio-selected TDE samples will test whether these cor-

relations are real.

4.6 Optical transient broadband emission analysis

Informed by the discussion of the host emission from the last section, we begin our
analysis of the multiwavelength transient emission. We first consider the optical
broadband emission for two reasons: (1) the optical emission from TDEs probes the
evolution of the TDE debris and the accretion flow at early times (~months). Later,
we will consider the radio emission, which can be delayed and long-lived. (2) A key
datum is the MJD on which the TDE began; VLASS alone is not sufficiently high-
cadence to constrain this date. The optical light curves set the strongest constraints
because they have long baselines and high cadences. In this section, we present the
optical light-curves of our events (Figure 4.5)) and perform a basic analysis of their

evolution.

Methodology

Table 4.4: Optical light curve parameters

Name | Lpp |Tvb | Rob [f1/2.decay| 1/2.vise | Ref. |
VT J081344.3014.46(14.80[45.4* 04 1* -1 (134)
VT J100842.984.15(14.76(23.1*-5/11.8*13|  (/34)
VT J1356(42.643.73(15.44 21.2%;72 2.6*}5 [This work
VT J175243.814.10/15.2827.4*0723 14031 (134)
VT J201243.07]3.93(15.26(26.2*3{10.2*1-3 This work

VT J203043.093.88/15.36 66.65%&% 15*1% This work

TDE optical lightcurves are typically modelled as evolving blackbodies. We aim
to constrain four basic parameters of our lightcurves: the peak luminosity Lyy,
the blackbody temperature at the time of the peak luminosity Typ, the rise time
from half-max-luminosity to max-luminosity 71 yise, and the decay time from max-
luminosity to half-max luminosity 1,5 gecay- These parameters have already been
constrained for JO813, J1008, and J1752 by (/34) and we refer the reader to that
work for details.

In the case of J1356 (described in detail in Appendix [4.10), we only have one

band in the optical, so we do not have enough information to simultaneously fit the
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Figure 4.5: The optical lightcurves for our TDE candidates. Each band is shown in
a different color.
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Figure 4.6: The transient optical-IR SED for VT J1356 near optical peak. The
observations are shown as black scatter points. The black line and band shows the
best-fit blackbody and +10. The best-fit parameters are shown in the figure.

blackbody temperature and luminosity from that data alone. Fortuitously, J1356
was observed near the optical peak in the IR, and the resulting IR and optical SED is
shown in Figure[d.6] We fit this SED to a blackbody and found a best-fit temperature
of logT /K = 3.73t8:%11. Errors are statistical. We then fit the optical lightcurve to a
Gaussian rise and exponential decay model, which is commonly adopted for TDEs.

We used the dynesty dynamic nested sampling software.

In the case of J2012, the sparse optical observations preclude any detailed constraints
on the optical evolution. We fit the optical lightcurve at r < 1 year to a Gaussian

rise and exponential decay model with a fixed temperature, but urge caution in
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Figure4.7: Left panel: The peak blackbody luminosity vs the blackbody temperature
at peak luminosity for the radio-selected TDEs and the optically-selected TDEs, in
the same format as other figures. Right panel: The rise versus decay times for the
optically- and radio-selected events, in the same format as the left panel. No obvious
trends are present.

interpreting the results.

For J2030, there are no optical observations during the rise or peak of the source, so
we can only set a limit on the blackbody temperature and luminosity, and we have
no constraints on the rise time. We fit the decay to a exponential model with a fixed
blackbody temperature and set a lower limit on the peak luminosity based on the

luminosity during the first detection of the source.

The adopted optical lightcurve parameters for each source are summarized in Ta-

ble 4.4l

Results

In the rest of this section, we compare the optical lightcurve parameters for our
radio-selected, optically-detected TDEs to those for the optically-selected TDE
sample from (/34).

In Figure 4.7] we show the distribution of blackbody temperature and luminosity
in the left panel and #1/2rise VS 71/2,decay in the right panel. We see no obvious
correlations in the rise/decay times of the lightcurves. Radio-selected TDEs seem to
lie towards lower temperature and luminosities than the optically-selected sample,
although the bulk of those events at extreme temperatures/luminosities are those
without well-sampled data, suggesting this correlation may be an artifact of our
analysis methods or data quality. Ignoring those sources (J1356, J2012, J2030), two
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Figure 4.8: Representative radio SEDs for each VLASS TDE candidate. The
observations are shown as scatter points, and the best-fit synchrotron +10- models
shown as transparent colored bands. The color of the scatter points and fit bands
correspond to the time since optical peak of each radio observation. Note that VT
J1752 is an example of a source that is very poorly fit by a simple synchrotron
model; we adopt this model despite the inconsistent fit for uniformity.

out of three of the remaining events do lie at low temperatures and luminosities.
With such low number statistics, it is impossible to determine if this trend is real, but
future work on radio-selected TDEs with deeper surveys (e.g., the Deep Synoptic
Array 2000) and radio follow-up of optically-selected TDEs will test any correlations

between optical and radio properties.

4.7 Radio emission properties and mechanism

Next, we consider the radio emission mechanisms for our sample and compare to
published radio follow-up of optically-selected TDEs. A small but growing sample
of TDEs have radio detections; the brightest four of which comprise the on-axis,
jetted TDE population (/1, 1219, 220, 245, 246, 373, 394-397)). Most TDEs with
radio detections have non-relativistic, wide-angle outflows. The non-relativistic
TDEs were largely selected in the optical and followed up in the radio, with a few
exceptions. In the following sections, we first consider the radio lightcurves of our
events in the context of published TDE radio lightcurves. Then, we constrain the
physical parameters of the emitting region and compare these to those of optically-
selected, radio-detected TDEs.
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Figure 4.9: GHz radio lightcurves for a representative sample of radio-detected
TDEs. The solid, blue lines show example jetted TDEs and the dashed, cyan lines
show the non-relativistic TDE sample. The thick lines correspond to objects that
were found in untargeted radio searches, whereas the thin lines correspond to objects
that were selected in other bands (see|/ /|, and references therein).

The radio lightcurves of TDEs

First, we show the radio lightcurves for our TDEs and representative sub-sample of
all radio-detected TDEs in Figure 4.9] The jetted and non-jetted TDEs are denoted
with different line styles and colors. The radio-selected TDEs all have thicker lines
than those selected in other bands. The TDEs presented in this paper are demarcated

with unique colors and markers.

There are a number of key takeaways from this plot. From the non-radio-selected
TDEs alone, there was an apparent bifurcation of the events into those with lumi-
nosities 2 10°! erg s™! Hz™! and those with luminosities < 10*° erg s~! Hz~!. This
split approximately mapped onto the type of outflow: relativistic, collimated jet, or
non-relativistic, wide-angle outflow. The radio-selected TDEs, as well as increased
follow-up efforts of the optically-selected TDEs (e.g.|/53), we have begun spanning
the gap between these two outflow classes. For example, we see evidence for jetted
sources at luminosities < 1030 erg sl Hz™!, like J1533 from (279) and J2030 from
this work. The radio-selected TDEs alone span a luminosity range 10°873! erg s~!

Hz™!, with no clear division into separate classes.

We also see a wide range of lightcurve shapes. Until recently, TDE radio lightcurves
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were expected to follow gamma-ray burst models, with a power law rise and decay.
This paradigm shifted with the discovery of > 5-year-old radio-selected TDEs (e.g.
11,1219) and the discovery of radio rebrightening and other late-time radio emission
from optically-selected TDEs (e.g.|/5/). We see a wide range of light curve shapes,
including multiple examples that show late-time rise or rebrightenings. Some of
the rises and rebrightenings occur remarkably long after the initial TDE. VT J2030
declines and then brightens ~3 years post-optical flare, while VT J1752 is still rising
at that time. VT J1356 is still rising after ~8 years, making this one of the oldest
known radio-emitting TDEs, and the first known in a non-active galaxy. We also
see examples like VT J1008 and VT J2012, which show similar multiwavelength
properties and are at similar epochs post-TDE, but the 3 GHz luminosities are rising

at significantly different rates.

Of course, these single frequency lightcurves cannot provide a complete view of
the physical properties of the radio-emitting outflows. Instead, we require multi-
frequency radio SEDs (i.e., near-simultaneous observations at multiple frequencies,
spanning a few GHz range) spanning multiple epochs, which we can fit to radio
outflow models. Hence, for the rest of this section, we analyze the radio SEDs
of our events and briefly compare them to published results for optically-selected,
radio-detected TDE:s.

Analysis of the TDE radio spectral energy distributions

We modelled the SED of each of the TDEs presented in this work uniformly. A de-
tailed model description is provided in Appendix [4.10] which we briefly summarize
here. We assume all TDE radio emission is produced by the synchrotron mecha-
nism. We model each radio SED as a spherical outflow of radius R expanding into a
medium with uniform density and magnetic field B. We assume a single power-law
electron population with density Ny, minimum Lorentz factor y = yn, and spectral
index p:

N(y) < ¥, ¥min < ¥. 4.3)

With these definitions, the synchrotron flux density can be calculated as a function
of frequency, with free parameters R, B, n, Ny, and ynin. We assume equipartition
with €, = 0.1 and eg = 0.1, as is standard in TDE modelling. This assumption allows
us to eliminate one parameter from our fit. We fit the synchrotron flux density to
each radio SED independently (i.e., assuming no model for time evolution) using

the dynesty dynamic nested sampler.
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In the case of J1752, the radio emission model required with two components. Our
methodology was otherwise identical to that used when modelling the rest of the

sample.

The best-fit synchrotron parameters for each source at each epoch are summarized in
Table 4.5] We additionally include the total energy in the outflow E, the equivalent
ejecta mass Me; = 2E /c?, and the average S factor of the ejecta (8 = v/c, for
velocity v) assuming the first optical detection is the launch date of the outflow. For
illustration, we show a representative sample of the radio SEDs for the six TDEs

published in this paper in Figure 4.8] with the fits overlaid.

Comparison to optically-selected, radio-detected TDEs

In the rest of this section, we discuss the radio emission observed from both our
sample and place it in the context of the general radio-detected TDE population.
As a comparison, we primarily rely on (/49), who presented radio follow-up of 23
optically-selected TDEs, although without a well-defined selection function. Radio
emission was detected from 15 of the sources, although the transient nature of
the emission could only be confirmed for 9 sources. Thus at least 40% of the

optically-selected TDEs that were considered were radio emitting.

(/49) obtained multi-frequency SEDs for their sample and constrained the radii,
magnetic field, and energies using methods similar to ours although using a broken
power-law fit to measure the peak flux/frequency of the radio SEDs; we refer the
reader to that work for details. In the rest of this section we will compare these
physical parameters between our sample and that in (/49), while keeping in mind
that the differences is SED fitting methods may result in small offsets in the measured

outflow physical parameters.

In Figure[4.10] we show the radius, energy, and magnetic field evolution as a function
of time. For consistency with our methods, we recompute these parameters using
the Newtonian presciption from (202) The clearest discrepancy between our sources
and the sources from (/49) is that the latter are detected in the radio at later times
than our sources. Our sources also tend to reside at the upper end of the energy
and radius range observed by (/49), and the lower end of the magnetic field range.
Given the longer timescales of the (/49) events, for a fixed velocity outflows one

would expect that their events should have larger radii.

These differences between our sample and the (/49) sample show that radio and

optical searches for TDEs are currently finding different events, even when only
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Figure 4.10: The evolution of the equipartition energies (fop), radii (middle), and
magnetic fields (bottom) for the TDEs in our sample (colored markers) compared to
those in the (/49) sample (blue circles and limits). The objects from the (/49) with
unconstrained peak flux densities/frequencies are shown as limits. Our events tend
to occupy a higher energy, lower magnetic field, large radius state than the objects
in the (/49) sample.

considering those TDEs that emit in both bands. Our selection criteria, combined
with the flux-limited nature of VLASS and the timeline between the start of ZTF
and VLASS E1/2 will tend to produce events that brighten within ~3 years post-
optical flare and that are intrinsically luminous. The (/49), which is based on
optically-discovered TDEs and will be biased towards objects with brighter optical
flares given the magnitude limited nature of optical TDE searches (whereas we use
forced photometry, which is slightly more sensitive), but is sensitive to fainter and
older (>3 years) radio emission, since the radio observations used are deeper and
later-time than those from VLASS.

4.8 Discussion

In the following sections, we briefly comment on physical explanations for the
tentative trends observed in this work and we constrain the rate of radio-emitting,
optically-bright TDEs. First, we recapitulate the results of the following sections.
We include a few of the hypothesized differences between the radio- and optically-
selected TDEs, although with the strong caveat that there were no trends that were
significant. Overall, the radio and optical transient and host galaxy properties of
radio-selected and optically-selected TDEs are consistent, within the limiations of
our statistics, which may suggest that optical and radio TDE searches are subject to

similar selection biases.
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* The radio-selected TDEs show a tentative preference for lower stellar mass and
velocity dispersion galaxies, suggesting that radio-selected TDEs may prefer

low SMBH masses, although we lack the statistics to confirm this result.

» Radio-selected TDEs occur slightly more frequently in galaxies with nebular
emission lines than optically-selected TDEs. The radio-selected TDE hosts
with nebular emission lines are predominantly Seyferts, whereas the optically-
selected TDE hosts with nebular emission lines are predominantly composite

galaxies, although this result is subject to low number statistics.

* Radio-selected TDE hosts occupy E+A galaxies and green valley galaxies at
a consistent rate to that of optically-selected TDE hosts.

* We find a slight overabundance of radio-selected TDEs that peak at lower
blackbody temperatures and luminosities than those of the optically-selected
TDEs, although this difference could be caused by the difference in available
optical datasets for these sources.

* TDEs show a wide-range of radio emission. In our sample, alone, we have
TDEs that, at ~3-years post-first-detection, are both rising and fading at 3
GHz. We have TDEs with strongly non-monotonic evolution, and some
with brightening 3 GHz emission almost a decade post-event. The radio
luminosities of the radio-selected TDEs alone span the range 10?831 erg s~!

Hz~!, with no obvious division into subclasses.

* Qur radio-selected TDEs tend to have emitting regions with larger energies
and radii and smaller magnetic fields than optically-selected/radio-detected
TDEs, despite the fact that the radio-selected TDE radio emission turns on at

earlier times.

Physical explanations for the observed differences between radio- and optically-
selected TDEs

With these observations in mind, we briefly hypothesize physical explanations for
the observed trends. A comprehensive review of possible models is beyond the

scope of this paper.

If we adopt the model for TDE evolution where radio emission from TDEs may be
produced when a wind or jet is launched from near an accretion disk, it is possible

to unify the observed trends. First, we consider the low SMBH masses. TDEs with
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lower black hole masses spend more time in a near- to super-Eddington state (398).
Super-Eddington accretion disks have a pufty structure, with significant unbound
material, that may be conducive to launching winds and/or aiding in collimating jets
(399). Hence, one might expect that radio emitting TDEs tend to occur when the

SMBH mass is lower because of the puffier accretion disk structure.

Of course, the wind and/or jet cannot necessarily be detected unless it shocks
against the circumnuclear material (CNM). Then, events with more material in the
vicinity of the SMBH will be more likely to produce detectable radio emission. The
densities implied by the best-fit synchrotron models to the radio-selected TDEs are
comparable to those of the (/49) sample, despite the fact that the radio-selected
TDE outflows are probing a larger radius and density is expected to decrease as a
power law with radius. It is well established that AGN tend to have a significant
CNM relative to completely quiescent galaxies (/44)), so a TDE in a galaxy with a
weak or retired AGN may be more likely to produce synchrotron-emitting shocks.
This would then explain the prevalence of galaxies with strong nebular emission in

our sample.

The faint and cool optical flares may also be explained by the enhanced circumnu-
clear material, combined with the low black hole masses. Lower black hole masses
produce fainter optical flares (400). Moreover, the presence of enhanced circum-
nuclear material will tend to obscure emission from the nucleus. Then, before
correcting for this obscuration, any detected optical flare will appear fainter and
cooler. If we had higher quality optical observations, it is plausible that we could
constrain the amount of extinction caused by the CNM, although this is not possible
with the current data. Another possible method of constraining increased CNM in
radio-selected TDE hosts is through MIR studies: we would have direct evidence for
the presence of enhanced circumnuclear dust if radio-selected TDEs are more likely
than optically-selected events to have a MIR flare, which in TDE:s is associated with
thermally-emitting dust in the vicinity of the SMBH (401)).

Thus, by invoking super-Eddington accretion around low mass SMBHs and en-
hanced circumnuclear material, we can reconcile most of our observations. Of
course, there are significant uncertainties given our small sample size, so other
models will be consistent with our results. For example, the collision induced out-
flow model for TDEs (/ /3] predicts the launch of a wide-angle, non-relativistic wind
that emits on ~year timescales, as observed from some of our events (e.g., VT J356,

J1008, J2012). It is less likely that this model can reproduce the observed emission



129

from, e.g., VT J1752, which shows a more complex outflow configuration. Also
note that (//3) expect that super-Eddington winds would likely produce brighter
emission than the wind launched as a result of the collision induced outflow. Un-
bound stellar debris can also produce radio emission in TDEs when it collides with
the CNM (264), but cannot explain some of the more complex, multi-component
emission observed. Future samples of radio-selected TDEs with larger statistics

and improved multiwavelength coverage will be able to probe these possibilities.

The rate of radio-emitting, optically-bright TDEs

One of the key benefits of performing a untargeted search for optically- and radio-
detected TDEs is that we can set limits on the rate of such events. Hence, we
conclude our discussion by considering the rate of GHz-emitting, optically-bright

TDEs on ~3 year timescales.

Because the GHz lightcurve evolution of TDEs is poorly understood, we cannot
robustly estimate the incompleteness of VLASS to radio-emitting, optically-detected
TDE:s. Instead, we simply set an lower limit, which acknowledges that fact that there
may be some optically-detected, radio-bright TDEs that did not make it into our
sample because of, e.g., the cadence or sensitivity of VLASS. Of the 33 ZTF TDEs
presented in (/34)), three are in our sample. Hence, with 90% confidence, > 3%
of optically-selected TDEs are radio-emitting. The integrated volumetric TDE rate
from (/34) is 2.9f?'g x 1077 Mpc~3 yr~!, leading to a volumetric radio-emitting,
optically-bright TDE rate of > 10 Gpc™ yr!.

We defer discussion of the luminosity function of radio-selected TDEs, as well
as predictions for future surveys, to future work on the full VLASS-selected TDE

sample.

4.9 Conclusions

We have presented the first sample of radio-selected TDEs. We selected six radio
transients in the VLASS with multiwavelength emission consistent with TDEs; in
particular, we require the detection of an optical counterpart. We have compared
the properties of these events to optically-selected TDE samples. We tentatively
suggest that radio-selected, optically-bright TDEs occur at a higher rate in galaxies
with low stellar/black hole masses. They also tend to have cooler and fainter optical
emission that optically-selected TDEs. We compare to the results of radio follow-up
campaigns of optical TDE samples and find slightly larger energies and radii in

our sample, as well as earlier outflow launch times relative to the initial TDE. We
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Figure 4.11: Summary of the properties of VT J1356. The bottom left panel shows
a PANSTARRS image of the host galaxy before the flare. The top left panel shows
a Legacy survey (7) image of the host galaxy and transient during the flare. The
transient is visible as a blue nucleus in the galaxy. The right panels summarize the
transient emission associated with the event. The top right panel shows the 3 GHz
and 887.5 MHz radio lightcurves. Example power law fits to the 3 GHz lightcurve
are overlaid in black. The middle right panel shows the ASASSN lightcurve of this

source. The bottom right panel shows the WISE infrared lightcurve of this source
(12).

constrain the rate of radio-emitting, optically-bright TDEs to be > 3% of the optical
TDE rate, or > 10 Gpc™3 yr~!.

In future work, we will use VLASS to extend this sample to include those events
without multiwavelength counterparts. VLASS, of course, is limited by the obser-
vation cadence: it will only be able to identify TDEs with radio emission that lasts
for ~3 years. By combining VLASS with past radio surveys like FIRST or NVSS,
we can probe long timescales. Current and planned radio surveys and instruments,
including ASKAP (402), the ngVLA (405) and the DSA 2000 (404)), will probe
different timescales. The combined radio TDE samples from these surveys will

revolutionize our understanding of the landscape of TDE radio emission.
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4.10 Appendix
The multi-wavelength properties of VT J1356
In this appendix, we discuss the multiwavelength properties of VT J1356 in detail

because this source is not discussed in either of the companion papers.

Discovery and host galaxy

We first identified VT J1356 as a radio flare with an unusual MIR counterpart in data
from the WISE survey, shown in the right panel of Figure[d.11] The IR flare showed a
double peaked structure, with an initial, blue peak, and then a secondary, long-lived,
red flare. We obtained optical lightcurves from public, high cadence optical surveys,
including ZTF, ASASSN, and ATLAS, and found an optical transient detected in
ASASSN data ~8 years before the VLASS detection. This transient coincided with
the first IR transient peak.

The host galaxy of this transient is shown in the left panel of Figure .11} Note that
this image was taken during the transient, so the bright nucleus is the optical emission
associated with the TDE. We obtained an optical spectrum of the host galaxy, which
is described in Section 4.3] The spectrum is that of a star-forming galaxy. There
are no obvious transient spectral features. There is no optical spectrum available at

times closer to the optical peak.

Optical and IR analysis

We analyzed the optical flare as described in Section #.6] We fit the combined
optical-IR SED at the peak of the IR flare to a blackbody and found a temperature
~10* K (Figure , consistent with an optically-flaring TDE. The shape of the

optical flare is also consistent with TDE observations (see Section {.6)).

The secondary IR peak is reminiscent of the “dust echoes” occasionally seen from
TDEs (401). Dust echoes are produced by thermally emitting dust in the vicinity of
the SMBH, which is heated by UV emission from the TDE. The temperature of the
emission is generally ~1000 K, i.e., close to but below the sublimation temperature
of the dust. To test this hypothesis and constrain the physical properties of the
transient, we perform a detailed analysis of this secondary IR flare. We began by
fitting blackbody models to each epoch of the secondary flare with > 30 detections
in both the W1 and W2 bands.
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If this flare is a dust echo, the luminosity and timescale of the IR flare is set by the
UV lightcurve and the geometry of the dust. Applying simple assumptions, we can
set constraints on the dust structure. The secondary IR flare from VT J1356 rose to
a peak ~1200 days post-optical peak. Assuming the UV flare traces the optical flare
and that the dust is in a spherical or torus-like geometry with radius Rgyg, this then
constrains Rg,g: the rise time 7[R rise 1S given by #Ir rise ~ 2Raust/c. Then, we have

Raust ~ 0.5 pc, which is comparable to values found for similar sources (e.g.|/63).

Radio and X-ray observations and analysis

We searched for archival X-ray flares using the ESA high energy lightcurve tool. We
obtained X-ray follow-up of this source ~3000 days post-peak using the Swift/XRT
telescope. We reduced the observations using the online Swift/XRT data analysis

tool. No emission was detected (Ly < 6 x 10*! erg s71).

In addition to the VLASS observations of this source, we crossmatched against the
Rapid ASKAP Continuum Survey (RACS) catalog (405). The source was detected
on MJD 58600 with a 887.5 MHz flux density of 3.5 + 0.9 mJy. We also obtained a
follow-up radio SED, as described in Section@ We fit it to a synchrotron emission
model as described in Appendix .10

We begin by discussing the radio lightcurve. We combined the VLASS, RACS, and
follow-up data to construct 887.5 MHz and 3 GHz radio lightcurves, as shown in
the top left panel of Figure d.11]

The origin of VT J1356

In this section, we constrain the origin of VT J1356: is it in fact a TDE? We
consider three plausible origins to explain these observations: (1) an AGN flare, (2)
a supernova (SN), or (3) a TDE. While exotic models may be able to replicate the

data, constraining them is beyond the scope of this work.

We immediately exclude the possibility that we are observing an AGN flare. HG
J1356 shows no evidence for AGN activity, either in the form of AGN-like infrared
colors nor strong forbidden line emission. If we are observing an AGN flare, it is

from an extraordinarily weak AGN, so we consider this scenario unlikely.

Next, we consider a supernova origin. HG J1356 is an actively star forming galaxy,
so this possibility is more feasible. Our main evidence against a SN origin comes
from the MIR emission. (326) analyzed NEOWISE lightcurves (406) for 2812



133

SNe from the Open Catalogue of Supernovae (348) and found that (1) the MIR
variability typically occured on a ~6 month timescale and (2) SNe MIR lightcurves
tend to show a bluer-when-brighter behavior. Our source is variable on many year
timescales, and the MIR color becomes redder when the flare is more luminous. As
in the AGN flare case, if this event is an SN, it is a very unusual example of such, so

we do not prefer this possibility.

We are left with a TDE origin for VT J1356. The optical flare, IR flare, and

energetics are consistent with a TDE.

Optical spectrum fitting methods

We fit the stellar continua of the spectra using the ppxf code (362, 365) with the
MILES templates (364) following the method detailed in Appendix B of (/63). The
best fit stellar continua are overlaid on Figure 4.1l We then subtracted the stellar
continuum from each spectrum and fit the individual emission lines to measure
the fluxes. We jointly model lines that are closer together than a few times the
instrument resolution to ensure reliable fits, such as the [N II]+Ha complex. We
assumed each line could be modelled by a Gaussian. We allowed the amplitude,
width, and centroid of each line to float, although when simultaneously modelling
multiple lines, we assumed the widths were the same for every line. We included
a linear component to account for any residual continuum. For each line or line
complex, we ran emcee for 2000 steps with 200 walkers and discarded the first 1000

steps as burn-in.

Synchrotron analysis methodology

We model our synchrotron spectra using non-standard methodology, although note
that the results are identical to, e.g., analyses using (202)) and (203)). There has
been some confusion in the literature among how to use the standard broken power-
law parameterizations of synchrotron emission. This particularly arises in cases
where the break frequencies are close to each other or in non-standard orders,
and various parameterizations have been used to connect the different regimes of
synchrotron spectra (e.g., (203)), or if the spectrum is not well modelled as a
homogeneous, simple synchrotron emitting region. As part of an effort to improve
and clarify synchrotron modelling techniques, we present here a formalism which
allows spectra to be fit with a synchrotron model without adopting a broken power-
law parameterization, but instead fitting directly for the physical parameters of the

system. While our methodology sufferes from limitations (e.g., we have not fully
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included relativistic effects or consistent cooling), we hope to expand it in future
work and present a code that can be used to easily and consistently model synchrotron

emission.

We consider an electron in a homogeneous region at redshift z and luminosity
distance d;. The rest-frame frequency v is related to the observed frequency as
v = (1 + 2)vops. We will perform most calculations using rest-frame frequency, and
transform to observer frequency before comparing to observations. The magnetic
field is given by B. Consider a single electron with Lorentz factor (LF) y. The pitch
angle, or the angle between the electron’s velocity and the magnetic field, is 6. The

rest-frame synchrotron frequency is

B 2
v = 2 (4.4)
2nmec

The synchrotron power for a single electron at rest-frame frequency v is given by

3e*Bsin6 3
Ps(v | B,vy,0) = \/_e—sz(v/vc), Ve = =—VgSing. 4.5)
me.c 2

e

The function F(v/v.) encapsulates the frequency dependence of the spectrum. It is
defined as

Fo)=x [ Ksp(dy. 46)
X
Ks,3(y) is the modified Bessel function of order 5/3.

At low and high frequencies, F'(x) is well approximated by

4 X 1/3
F(x) — F{(x) = —— =] .,x—=0; 4.7
() 1) «/§r(1/3)(2) * 7
F(x) > F(x) = \/gxl/ze_x,x — co. (4.8)

Here, I' is the Gamma function, rather than bulk Lorentz factor. For all equations
hereafter, an expression of the form I'(x) refers to the Gamma function, an expression
of the form I'(s, x) refers to the upper incomplete Gamma function, and the character
I" with no argument refers to the bulk Lorentz factor. For x < 107> and x > 103,
these formulae give relative errors < 0.1%. For the regime 107 < x < 10, F(x) is
well approximated (relative error < 0.8%) as

—aliX 14 —pix

14
=01 O Noje
F(x)~ FY(x) =F (x)Zl_O+ +F(x)|1 - 1_0142[

i=0 M1 =0 11i

4.9)
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Note that the factor Zl.lfonl ; in the denominator of the final term is not a typo.
Because we use the sum over ny; in the denominator, F(!)(x) does not approach
F(x) exactly as x goes to infinity. However, as we will show, the difference does not

affect our results: for all upcoming calculations, this error will prove insignificant.

The single electron synchrotron spectrum, Equation is only valid when the
emitting energy during a single orbit is smaller than the energy of the particle, in

which regime quantum effects are negligible. The condition corresponds to

e/or 7.22 % 104

B < — —
y?% sin” 6 yZsin” @

G, (4.10)

where o1 is the Thomson cross section.

To compute the synchrotron spectrum for a population of electrons, we must assume
an electron energy distribution. We adopt the standard assumption that the electron

lorentz factors are drawn from a cut-off power-law with index —p

N(y)dy = Noy "dy (¥min < ¥ < ¥Ymax) (4.11)
1- _
= NtotTpl_py Pdy (¥Ymin <V < Ymax) (4.12)
Ymax ~ Ymin
E 2-p _
" 22 - 2—p7 pd'y (Ymin <Y < Ymax)- (4.13)
max ~ /min

Ymin (max) 18 the minimum (maximum) electron Lorentz factor. A common assump-
tion is Ymax = 0. Throughout the rest of this work, we assume yax = 10°, which is
roughly equivalent to ypax = o0, although all derivations are generalized to arbitrary
Ymax- No 1s the normalization of the electron distribution, and is related to both the
total number of electrons Ny, = L 1‘:" N(y)dy and the total energy stored in the
electrons E, = L::x ymec*N(y)dy.

Using this energy distribution, the synchrotron emissivity (cgs units erg s~' cm™

sterad™!) is given by

1 Ymax
e =1 [ " ammPe | By.0) (4.14)
47[ Ymin
1-p
3 3]\] B 1 9 2 Xmin
_ V3 NoBsing (v / x P2 E(x) . (4.15)
8 mec? 0 .
Here, we have defined the variable vy = 228000 oo that v, = yzvo. We have also

T drmec(1+z)°
defined xpin, = v/ (voyfnin) and Xmax = v/ (Voy2): Dote that, despite the subscripts,
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Xmin > Xmax- In the limit xp;, — oo and xpax — 0, we find the expected frequency

dependence €(v) o (v/vo)I7P)/2,

The approximation for F'(x) described above allows this integral to be analytically
evaluated. We find

1-p B
(2)( ) V3 e3NyBsin 6 ( % )Tl 25/3 1 lejo I’lliaflizl (F(zl, @1iXmin) — (21, a’lixmax)) .
€ V= ——— | —
81 mec? V0 V3I'(1/3) lljo i
14 _
il Dico M2i(a@2i + 1)72(I'(22, (@2 + DXmin) — ['(z2, (@2i + 1)Xmax)
J;[(F(ZZ’ xmin) - F(Zz,xmax)) _ 0 ( = - .mn ma ) ’
i=0 "*1i
(4.16)
_ 3p -1 _ B

The relative error of this expression is < 0.1% across the full parameter range.

With these expressions for the emissivity, we can readily calculate the synchrotron
spectrum for any optically thin emission region. In many cases, however, we must
consider absorption processes. First, we consider synchrotron self-absorption. The
synchrotron self-absorption coeflicient is given by
Ymax Ymax
@ = 87rr:lgv2 / dyPS(V)yzaa_)/ [N)EZ)] - 87rn116v2 /y‘mm dy%% [)/ZPS(V’ 9)]’
(4.17)

Ymin

where the second expression uses the fact that N(ymin) = N(¥Ymax) = 0, and is
particularly relevant in cases where the derivative of N(y) is not well-defined.

Using our power-law expression for N(y), we find

P
+2)V3e3NgBsing (v 72 [rm
, - {2+ DB Nobsin (1) [aerirw. @
16mvem;c 10 Xmin

In the limit x,;, — oo and xpax — 0, we find @, « vy (P2 4g expected.

As before, we can analytically evaluate this expression using our approximations.
Evaluating for F(! (x), we find

(1) (p + 2)\/§€3N()B SinG( v )_g F Zi]jO nlia’l_iZI (F(Zl’ a’lixmirl) - F(Zl, a’lixmax)) +
a,’ = -

Y 16mv2m?2c? 0 ! S

M0 maias + 172 (T (22, (@i + DiXmin) = (22, (a0 + DoXinar)
) (F(Zz,xmin) - F(Zz,xmax)) _ 0 ( 214 - 'mln max ) :
i=0 "l
(4.19)
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The relative error in this expression is < 0.1% across the full parameter space.

We are now in a position to solve the radiative transfer equation to calculate the
observed spectrum for an arbitrary source. For reference, we restate the radiative

transfer equation here:
dl,

ds
Here, I, is the specific intensity [erg cm ™2 s™! Hz™! sterad~'] and s is the path length.

=a,l, +¢;. (4.20)

a, and €, are still, respectively, the absorption coefficient [cm~'] and emissivity [erg
cm™3 s7! sterad™!]. For a sphere with radius R (A = 7R?, s = 2R), the flux density

is given by

M €s(v)
d ay(v)

v,sphere =

l] - %(1 - (1 +Tv)e_Tv)]; Ta(V) = s, (v). (4.21)
Ty

We adopt this approximation for the synchrotron SED for all the analysis in this work.
As is commonly done, we remove degeneracies between parameters by assuming
equipartition. We assume that the fraction of energy stored in electrons is €, = 0.1
and that in the magnetic field is eg = 0.1. We assume that the emitting region
occupies a volume of fywR3, where fy = 4/3 corresponds to a spherical region.
We choose fy = 0.36, which is appropriate for an emitting shell of width 0.1R. We
adopt these parameters to be consistent with the (/49) analysis of radio-emitting
TDEs.
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Table 4.5: Radio emitting region parameters for radio-selected, optically-detected

TDEs
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Abstract

The multiwavelength properties of radio-emitting tidal disruption events (TDEs)
are poorly understood. In a previous paper, we presented the first sample of radio-
selected, optically-detected TDEs, which included two events (VT J1008 and VT
J2012) associated with late-time (~2 years post-optical flare) intermediate with
emission lines that are largely unprecedented from TDEs. In this paper, we inves-
tigate these two events in detail. The multiwavelength properties of these events
are otherwise consistent with optically-selected TDEs. They are hosted by green
valley, E+A/Balmer dominated galaxies with low star formation rates and black
holes masses Mgy ~ 10°® M. The optical flare shapes are fully consistent with
those of optically-selected TDEs, although they are slightly faint and cool at peak.
The radio emission from both events is consistent with wide-angle, non-relativistic
outflows with Lg(GHz) ~ 108 erg s™'. Balmer and Helium emission lines are
detected from both events with full-width-half-maxima ~700 km s~ and asymmet-
ric line profiles. VT J1008 additionally shows coronal line emission with a similar
width. The lines from VT J2012 are redshifted by ~700 km s~! relative to the host
galaxy. We show that these events share many characteristics in common with the
ambiguous class of extreme coronal line emitters. We argue that the lines are likely

associated with a radiative shock or dense, photoionized clumps of outflowing gas
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in the circumnuclear medium.

5.1 Introduction

Tidal disruption events occur when a star ventures within the tidal radius of a
supermassive black hole (SMBH; (243)). In the last decades, our observational and
theoretical understanding of TDEs has dramatically improved, largely thanks to the
advent of wide field, time-resolved surveys in the optical and X-ray (/3} /23, 134,
314,1407)). Now, ~100 optically-selected TDEs have been discovered, as well as 10s
of TDEs identified at other wavelengths.

The large sample of optically-select events have enabled studies of black hole de-
mographics (/34) and accretion physics (e.g. [254). Of key relevance to this work,
they have also constrained jet/outflow launching (/50) and the circumnuclear media
(CNM) of non-active galaxies (/49, 150). 230% of optically-selected TDEs pro-
duce radio flares consistent with wide-angle outflows or weak jets (the mechanism
is still debated) colliding with the host galaxy’s CNM (/49, I151). The outflows
are, in some cases, consistent with unbound stellar debris (264)). In most cases, the
outflow evolution is more consistent with an accretion disk wind or weak/off-axis jet
(408)). In particular, many outflows turn on >3 years post-disruption, and some flare
rise-times are too fast to be consistent with a single gamma-ray burst-like outflow
(149,|153,408). ~1% of TDEs launch energetic, collimated jets (245, |394)). These
are typically discovered by their non-thermal emission, rather than by the thermal
optical emission by which most TDEs are identified. How these jets are launched,
and why so few TDEs are able to launch jets, remains an open question (/50). Con-
straints on the rates, dynamics, energetics, and structures of TDE-launched outflows

will narrow down the launching mechanisms.

Even without knowledge of the precise jet/outflow launching physics, the radio
evolution diagnoses the structure of the gas and dust in the vicinity of the black
hole (/50). These constraints are largely on the CNM, rather than outflowing stellar
debris (although see|264)). The CNM density profile has been measured for a handful
of events this way (/49, |/50). It is generally decreasing with radius, analogous to
that of the Milky Way, for events without evidence for recent active galactic nuclei.
Events in hosts that were recently active galactic nuclei show a shallow, dense inner
region, followed by a steeper drop-off in density relative to the non-active host

galaxies.
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In addition to these radio constraints, infrared (IR) continuum emission and optical
spectroscopic emission are sensitive to the CNM structure. Some TDEs produce
IR flares on months-years timescales following the disruption (/32, /44, 514)). The
flares are thought to be thermal emission from dust in the CNM that is heated by
ultraviolet (UV) photons from the TDE (//5). The flare luminosity and evolution
depend on the lightcurve of the UV flare and the dust geometry and composition
Most optically-selected TDEs have faint, short-lived IR flares, if any IR emission is
detected, which has been used to infer dust covering fractions <1% (/44). These low
covering fractions may be in part a selection effect: events with large dust covering
fractions can be impossible to detect in the optical due to extinction of the optical
flare. Efforts to identify TDEs in the IR show that TDE-like events with larger dust

covering fractions may exist (/31,132).

Transient optical line emission is sensitive to the gas structure near the black hole, and
in particular the stellar debris. At early times, optically-selected TDEs often produce
~10%kms™! Hydrogen, Helium, and Bowen Fluorescence lines (/3). Which lines
are produced, as well as their relative strengths, has been argued to be the result
of the composition of the stellar debris and/or the shape of the ionizing continuum
(/46)). The lines last for <1 year and show complex line profiles (/3, 409). The line
profile, which tends to be blueshifted with a red wing, is thought to result from strong
electron scattering rather than complex gas kinematics (/46). In some cases, the
line emission is double-peaked. In these cases, the line profiles are well-modelled

as originating from an elliptical, rotating region, i.e., an accretion disk/wind (4/0).

The late times (~years) transient line from TDEs emission is unclear, largely due to a
lack of systematic, late-time, deep spectroscopic follow-up campaigns. It is thought
that the class of extreme coronal line emitters (ECLEs), which were originally
discovered in the Sloan Digital Sky Survey, are late-time TDEs (/4. |271). ECLEs
show strong emission from coronal lines, which have ionization potentials > 100 eV
(e.g., [Fe X]16375). While active galactic nuclei (AGN) also show such emission,
ECLEs are defined such that the coronal lines are significantly stronger relative to
[OIIT]A5007 than is typical in AGN, which have [Fe X]/[O1Il] < 1 (/4). ECLEs
show line evolution on >year timescales (4//). TDEs produce luminous EUV-
soft X-ray continua and are transient, and thus are strong candidates to explain the
evolving, luminous coronal line emission from ECLEs (/4, 411). There is growing
evidence that ECLEs are TDEs from similarities between host galaxies to the direct

detection of strong coronal line emission from optically-selected TDEs (/48, 412).



142

Like the early-time emission, the coronal line emission luminosities and line profiles
are sensitive to the structure of gas in the vicinity of the black hole, as well as the
shape of the ionizing continuum. In particular, the optical coronal lines have been
used to argue for the presence of dense, cool gas (possible sublimated dust) and

strong soft X-ray emission (e.g. /63).

In this paper, we discuss two TDEs with ~1000 km s~!, late-time Balmer and coronal
emission lines. These TDEs are part of the first sample of radio-selected TDEs,
which is subject to different selection biases from the optically-selected TDEs,
and in particular will include TDEs with more gas and dust in the circumnuclear
medium. This sample included all TDE-like radio transient in VLASS with optical
counterparts and we presented it in (4/3) (hereafter Paper I). One of the most
intriguing discoveries from our sample was the detection of intermediate width
Balmer emission from the only two events in our sample in quiescent galaxies. Such
emission has not been reported for uniformly selected, bona-fide TDEs before (see
(/34)) for an event discovered simultaneous with our work): the only previous reports

of similar emission are from SDSS-selected ECLEs.

In Paper I, we presented our full sample. In this paper, we delve into the multiwave-
length properties and the interpretation of the two events with intermediate width

Balmer emission lines. We adopt the (4/4) cosmology throughout.

5.2 Sample Selection
Table 5.1: Properties of our TDEs

VT J1008 VT J2012
R.A. 10P08™53.44520"12™29.90°
Dec. +42°43700.22"-17°05"56.32"
Ad "] 0.18 0.2
z 0.045 0.053
dy, [Mpc] 205 244
log Mn /Mo 481704 6.17+0.31
SFR [Mg yr~'] < 1.47 <1
L,(VLASS) [10®8 ergs™' Hz"'] 9.6+0.3 9.9+0.9

Our sample selection is described in detail in Paper I; we discuss it briefly here. We
identified the two objects described in this work as members of a broader sample
of radio-selected TDEs. We compiled this TDE sample from the Very Large Array
Sky Survey (VLASS; (/33)). VLASS is observing the sky with § > —40° at 3 GHz

for three epochs with a cadence of ~2 years, a per-epoch sensitivity of ~0.13 mJy
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and a spatial resolution of ~2.5”. The first two epochs were completed in 2017/2018
and 2020/2021. The third epoch is ongoing at the time of writing.

We identified TDE candidates using the transient catalog of Dong et al., in prep., who
identified all sources that were detected at > 70 in E2 but not significantly detected
(< 30)in El; i.e., this catalog contains all transients that are rising between E1 and
E2. Details about the transient detection algorithm are described in (/63)) and Dong
et al., in prep. We select TDE candidates from this catalog as sources coincident
with PanSTARRS-detected galaxies. The galaxies must show no evidence for
strong AGN activity in any public archival data. Among the criteria used to identify
AGN, we consider: the position of the source on the WISE W1-W2 and W2-W3
color diagram; any evidence for past optical, X-ray, or radio variability/detections
that could indicate AGN activity (based on a cone search of catalogues in the
Vizier database at the location of each source). The host galaxy must also have a
photometric redshift zpho < 0.25, at which redshifts multiwavelength counterparts
and host galaxies are more readily detected with reasonable exposure times. The

resulting sample has ~100 objects.

In Paper I, we focus on the subset of this sample with associated optical flares in data
from the Zwicky Transient Facility (ZTF; gri bands) and the Asteroid Terrestrial-
impact Last Alert System (ATLAS; co bands). The resulting sample has six objects,
three of which are hosted by weak Seyferts, one by a starforming galaxy, and two
by quiescent galaxies. The two objects in quiescent galaxies were also detected to
have unusual, intermediate width Balmer lines, and thus are the focus of this work.

Details of the rest of the sample are presented in Paper I.

The two sources are named using our VLASS transient naming convention: VT
J100853.44+424300.22 (VT J1008) and VT J201229.90-170556.32 (VT J2012).
We refer to the host galaxies of these objects using the coordinates prefixed with
HG (host galaxy; e.g., HG J1008). In plots, we often label the individual transients
or host galaxies without the prefixes (e.g., J1008), except when the prefixes are

necessary for clarity.

5.3 Summary of transient properties

In this section, we present observations of VT J1008 and J2012 and briefly sum-
marize the multiwavelength properties of each source. We defer discussion of the
optical spectral features, which are the main focus of this paper, to the following

section.
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Figure 5.1: Summary plot for VT J1008. Panel a shows an image of the host galaxy.
Panel b shows an example optical spectrum. The observed spectrum is shown on
top in black, and the best-fit stellar emission model is shown in red. The observed
spectrum with the stellar continuum subtracted is shown on the bottom in black,
with the transient emission lines clearly visible. Panel ¢ shows multiwavelength
light curves for VT J1008. Panel c1 shows the radio light curve in blue and the
X-ray light curve in black. Upper limits are shown as triangles. Panel c2 shows
the ATLAS co and ZTF gr optical lightcurve. Panel ¢3 shows the WISE MIR
lightcurve, with no obvious flare detected. Panel d shows the radio observations of
this source. The radio SED is consistent with a wide-angle, non-relativistic outflow.

VT J1008
We begin our discussion with VT J1008, the multiwavelength properties of which

are summarize in Figure @ In the following subsections, we break down each
panel of Figure[5.1]

Host galaxy properties

A PanSTARRS optical image of the host galaxy of VT J1008, HG J1008, is shown
in the panel a of Figure It is at a redshift z = 0.045, or a luminosity distance
d; = 205 Mpc. The host galaxy spectrum is shown in panel b. Note that this
spectrum is contaminated by transient features. Based on the Ho,4 absorption
(Ho4 = 4.5 £0.1) and an upper limit on the He EW (EWp, < 14.4) we cannot

constrain the Hoe EW exactly because of the transient emission), this galaxy is
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consistent with being an E+A; i.e., it underwent a starburst in the last ~Gyr. There
is no strong indication of an AGN, although the faint [Ne III] and [O III] emission
lines could be produced by a weak AGN. These lines could also be produced by star

formation, however.

We performed an SED fit for HG J1008 in Paper I using public survey data spanning
the ultraviolet to mid-infrared. We briefly review the results here, but refer the
reader to Paper I for a detailed description of our methodology. The host galaxy has
a stellar mass log M./ My = 9.04f8:21%, and the 30 upper limit on the star formation
rate is log SFR /(Mg yr~!) < 1.47. This photometry of the host places it within the

green valley defined by (/0) (see Figure 4 of Paper ).

These SED fit parameters also set constraints on the SMBH masses. From the stellar
mass, we can infer a SMBH mass using the (/34) relation constrained using optical
TDE host galaxies:

Mgal
3x 1010 My’

Mgy

1 -
°270° M,

= (=175 +0.13) + (1.73 £ 0.23) log

which as an intrinsic scatter of 0.17. We find Mgy (M.) == 4.8 lt%'gg. Alternatively,
(/34)) measured a stellar velocity dispersion for this source o, = 44 + 3. Using the
Mgy — o, relation from (47), we find Mgy (o) = 5.59 + 0.29, which is consistent
with the value measured from the stellar mass within 1.50~.. The SMBH mass
determined from the velocity dispersion is small relative to the SMBH masses
measured from TDEs by (/34): VT J1008 has a smaller SMBH mass than 27/32
((84 + 8)%) of their TDEs. The SMBH mass from the stellar mass is even lower

than that from the velocity dispersion.

Optical and IR broadband transient emission

In panel c2 of Figure [5.1] we show the optical lightcurve for VT J1008. This
lightcurve was created using the ATLASII and ZTFEI forced photometry retrieved
using recommended procedures. Both surveys detected an optical flare from this
source starting on MJD~59100. The flare rise was missed, but the decay was well-
sampled. (/34) fit this lightcurve as an evolving blackbody with the temperature
fixed to that at peak luminosity. They found a peak blackbody luminosity of
log Lyy/(ergs™') = 42.98 and peak temperature log Ty, /K = 4.15. The radius

Thttps://fallingstar-data.com/forcedphot/
2https ://irsa.ipac.caltech.edu/data/ZTF/docs/ztf_forced_photometry.pdf
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at peak luminosity was log Ry, /cm = 14.76. The time to rise from half-max-
luminosity to max-luminosity was frje 1/2 = 11.81'% days, and the time to decay
from max to half-max was Zgecay,1/2 = 23. 1t11‘§ days. This peak temperature is cool
for a typical optically-selected TDE: it is cooler than 25/32 ((78 +9) %) of the optical
TDEs in (/34). The peak luminosity is lower than every TDE in the (/34)) sample.
The rise and decay times are typical of optically-selected TDEs.

During the writing of this work, VT J1008 rebrightened in the optical on MJD 60073
and has been identified as a repeating partial TDE (4/5). Although it is plausible
that the repeating nature of this source has affected the emission, we do not consider

the rebrightening here and refer the reader to (375) for details.

In panel c3, we show the IR lightcurve for this source from the NEOWISE survey,
processed using the methods described in (/7). We do not see any significant IR

variability.

X-ray emission

We checked public X-ray survey data, including the XMM Newton Slew Survey,
etc, for archival detections of VT J1008. No detections were reported. The pre-
optical-flare X-ray upper limit was 10*>° erg s™!. The tightest post-optical flare
limit is from our Swift/XRT ToO. We obtained X-ray observations of VT J1008 on
MID 59638 using a 3.5 ks exposure with the Swift/XRT telescope (PI Somalwar).

041.8

The source was not detected, with a 30~ luminosity upper limit of 1 erg s~L.

This upper limit is shown in panel c1 of Figure[5.1]

Radio emission

The radio lightcurve for VT J1008 is shown in panel cl. VT J1008 was first
observed by VLASS on MJD 58628; this nondetection was ~460 days before the
optical peak. It was observed again on MJD 59496 (524 days post-optical peak) and
was detected as a 1.13 + 0.15 mJy source, corresponding to a 3 GHz luminosity of
L, = (5.6+£0.7) x 10?2 erg s! Hz"!. We observed the source with the VLA on
MIJD 59612 (525 days post-peak) in the CLSX bands. The 3 GHz radio luminosity
from this SED had risen since to VLASS observation to (9.6 + 0.3) x 10?8 erg s™!
Hz~!'. If we assume that the radio-emitting outflow was launched at optical peak,
this rise corresponds to a L, oc 121255 power-law evolution, which is consistent with

expectations for a constant velocity outflow.
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Figure 5.2: Summary plot for VT J2012, in the same format as Figure[5.1]

The VLA radio SED is shown in panel d. We modelled the SED as a synchrotron
outflow following the methodology described in Appendix E of Paper I, where we
assume a spherically symmetric outflow with magnetic field B, electron density Ny,
and radius R. We assume the electrons have a power-law energy distribution with
index y. We assume equipartition with ez = 11/17 and e = 6/17, corresponding
to the minimum energy solution. The total energy in the outflow is given by E.
We find a radius log R/cm = 17.06*9-0! "a magnetic field log B/G = —0.73+09

-0.01° —0.04°
an electron density log No/cm™ = 3.5*92, and an energy log E ferg = 49.4*)-1.

Assuming the outflow was launched at the optical peak with velocity v, the best-fit

radius gives log 8 =logv/c = —1.37"01, orv ~ 1.3 x 10> km s,

The radio SED is thus consistent with a non-relativistic, wide-angle outflow launched

near optical peak.

VT J2012
Host galaxy properties

An optical image from the DECam Legacy Survey of HG J2012 is shown in the panel
(a) of Figure It is at a redshift z = 0.053, or a luminosity distance d; = 244
Mpc. The host galaxy spectrum (contaminated by transient features) is shown in

panel (b). From the Hé 4 absorption (Hé4 = 2.7 +0.2) and an upper limit on the Ha
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EW (EWh, < 5), this galaxy is a balmer strong galaxy, which have slightly older
stellar population than E+A galaxies. There is no indication of an AGN, although

faint [Ne III] emission may be present.

From an SED fit performed in Paper I, the host galaxy has a stellar mass log M./ Mg =
9.908:8%. The 30 upper limit on the star-formation rate is log SFR/ (Mg yr™!) < 1.
This photometry of the host places it within the green valley defined by (/0) (see

Figure 4 of Paper I).

From the stellar mass, we can infer a SMBH mass using the (/34) relation for
optical TDE hosts: Mgg(M,) = 6.55J:%'%‘;. In paper I, we measured a stellar
velocity dispersion for this source o, = 59 + 2. Using the Mgy — o relation from
(47), we find Mgy (o) = 6.17 = 0.31, which is consistent with the value measured
from the stellar mass. This SMBH mass is near the median of the SMBH masses

from (/34))

Optical and IR broadband transient emission

The optical lightcurve for VT J2012 is shown in panel c2 of Figure This source
was only detected by the ATLAS survey, and the lightcurve was created using
recommended procedures. The flare was first detected on MJD~58800. Paper I fit
this lightcurve to the same model as used for VT J1008, and found a peak blackbody
luminosity of log Lyp/(ergs™!) = 43.07 and peak temperature log T;, /K = 3.93.
The radius at peak luminosity was log Ry, /cm = 15.26. The time to rise from
5

half-max-luminosity to max-luminosity was fyis 1/2 = 10.2f11'1

decay from max to half-max was Zgecay,1/2 = 15i11‘(‘) days. Like VT J1008, this source

days, and the time to

shows a remarkably cool, faint flare relative to the (/34) sample.

In panel c3, we show the IR lightcurve for this source from the NEOWISE survey,
processed using the methods described in (/7). Like for VT J1008, we do not see

any significant IR variability.

X-ray emission

We checked public X-ray survey data, including the XMM Newton Slew Survey,
etc, for archival detections of VT J1008. No detections were reported. The pre-
optical-flare X-ray upper limit was 10*! erg s™!. The tightest post-optical flare
limit is from our Swift/XRT ToO. We obtained X-ray observations of VT J2012 on

MID 59536 using a 1.6 ks exposure with the Swift/XRT telescope (PI Somalwar).
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The source was not detected, with a 30~ luminosity upper limit of 10%>! erg s~!.

This upper limit is shown in panel c1 of Figure [5.1]

Radio emission

The radio lightcurve for VT J2012 is shown in panel cl. VT J2012 was first
observed by VLASS on MJD 58166 (~624 days pre-peak) and the luminosity upper
limit was L, = 4.7 x 10?® erg s=! Hz"!. It was observed again on MJD 59147
(357 days post-optical peak) and was detected as a (9.9 + 0.9) x 10?8 erg s~! Hz™!
source (1.48 = 0.13). We observed the source with the VLA on MJD 59258 (467
days post-peak) in the CLSX bands, and the 3 GHz radio luminosity had risen to
(14.9 +0.2) x 10?8 erg s™! Hz"!. This corresponds to a L, o 2142035 power-law,

which is consistent with a constant velocity.

The VLA radio SED is shown in panel d. We modelled the SED as a synchrotron
outflow following the same methodology used for VT J1008. We find a radius

log R/cm = 17.225t%%%2, a magnetic field log B/G = —0.83f%.%%, an electron den-

sity log No/em™ = 3.27*0:%8 ‘and an energy log E /erg = 49.69*0-93.

outflow was launched at the optical peak with velocity v, the best-fit radius gives

logB =logv/c =—1.1787000¢ orv ~ 2 x 10* km s~

Assuming the

Like that of VT J1008, this radio SED is consistent with a non-relativistic, wide-
angle outflow launched near optical peak.

Summary

We conclude with a brief summary of the results from this section:

* VT J1008 and VT J2012 are hosted by quiescent galaxies with no evidence for
strong AGN activity. The galaxies are both E+A or Balmer-strong galaxies in

the green valley. Both galaxies have SMBH masses Mgy ~ 10°76 My,.

* VT J1008 and VT J2012 have optical counterparts with peak blackbody

0" erg s~! and temperature at peak Ty, ~ 10* K, which

luminosities Lpp = 1
are cooler and fainter than those of typical optically-selected TDEs. The rise

and decay times of the optical flares are typical of optically-selected TDE:s.
e Neither VT J1008 or VT J2012 have IR or X-ray counterparts.

e VT J1008 and VT J1008 both are associated with radio transients that turned
on ~1 — 2 years post-optical peak. They both have 3 GHz luminosities ~10%°
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erg s”! Hz™!, which is a typical luminosity for optically-selected, radio-
detected TDEs (see Figure 9 of Paper I). The radio SEDs of both sources
are consistent with low velocity ~10~!c, wide angle outflows with energies
~10%° erg.

5.4 The transient optical spectral features

Table 5.2: Summary of optical spectra

Source | MJD 1 — tpe. Telescope/InstrumentSlit widthExposure Time Wavelength Range Resolution
[days] [s] [

VT J100859616.4 529 Keck I/LRIS 1” 600 3200-10250 700
59676.4 589 Keck I/LRIS 1” 1200 3200-10250 700
59908.5 821 Keck II/ESI 0.3” 1350 4000 — 11000 13000
60029.3 941 Keck II/ESI 0.5” 2700 4000 — 11000 10000

VT J201259464.4 674 Keck I/LRIS 1” 600 3200-10250 700
59676.4 886 Keck I/LRIS 1” 1800 3200-10250 700
59876.2 1086 Keck II/ESI 0.5” 1200 4000 — 11000 10000

While keeping the broader picture of the multiwavelength properties of our two
radio TDEs in mind, we now delve into the intermediate width transient lines, which
are the focus of this work. The optical spectra that we analyze are summarized
in Table [5.2] Zoom-ins on these transient features are shown in Figure [5.3] (VT
J1008) and Figure (VT J2012). In this section, we present our methodology for
constraining the emission line properties and present the results. We then briefly
compare the observed lines to other transient observations, but defer a detailed

discussion of the origins of the lines to Section[5.5]

Methodology
We first constrain the properties of the transient spectral lines. We use two sets of

observations, which we process separately.

First, we considered low resolution but flux calibrated observations with the Low
Resolution Imaging Spectrometer (LRIS) on the Keck I telescope. We observed VT
J1008 on MJD 59676 for 20 min. using the 1” slit with the standard star Feige 34
and on MJD 59616 for 10 min. using the standard star G191-B2B. We centered all
observations on the galactic nuclei using a parallactic angle. We used the 400/3400
grism, the 400/8500 grating with central wavelength 7830, and the 560 dichroic.
The resulting wavelength range was ~3200—10250 and the resolution R~700. We
observed VT J2012 on MJD 59464 for 10 min using the 1.0” slit with the standard
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Figure 5.3: Zoom-ins on select optical lines from the low resolution LRIS observa-
tions of VT J1008. Each row shows a different observation epoch. The observations
are shown in black, and the best-fit models are shown as colored lines. The colored
bands denote 1o uncertainties. The blue fits correspond to the first observation
epochs, and the orange fits correspond to the second epochs. The features blueward
of Ha are caused by telluric features
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Figure 5.4: Zoom-ins on select optical lines from the low resolution LRIS observa-
tions of VT J2012. Each row shows a different observation epoch. The observations
are shown in black, and the best-fit models are shown as colored lines. The colored
bands denote 1o~ uncertainties. The blue fits correspond to the first observation
epochs, and the orange fits correspond to the second epochs.
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stars BD+28 and G191-B2B for the blue/red sides, respectively, and on MJD 59678
using the standard star Feige 34. We reduced all spectra using the 1pipe code with
standard settings. These spectra are summarized in Table[5.2]

To constrain the properties of the transient spectral lines, we first must remove the
host galaxy stellar emission from all the spectra. We fit each spectrum with the ppxf
full spectrum fitting tool using the MILES templates (364) following the method
detailed in Appendix B of (/63). The resulting best-fit stellar component is shown,
for each source, in red in the panel b’s of Figure[5.1]and Figure[5.2] We then create
a nebular spectrum by subtracting the stellar component from the galaxy spectrum,
and the result is shown at the bottom of the panel b’s of Figure and Figure

With these low resolution emission line spectra in hand, we now can fit the line pro-
files. We consider the following lines, for reasons that will become clear later in this
work: Hea, HB, [O1I1]A5007, [O111]14959, [O 11]A43727,3729, and He 1114686.
We first fit each line to a Gaussian with free centroid, width, and flux. We require the
centroid be within 2000 km s~! of the expected wavelength given the host redshift.
We set the lower bound of the width to be such that the line FWHM is greater than
6, corresponding to a rough lower limit on the LRIS resolution. The width upper
bound is 2000 km s~!, which does not affect the fits. We adopt broad, uninformative
priors for the flux: f € [0, 10713 erg cm~2 s, For the [OI1]113727, 3729 com-
plex, we fit a single Gaussian rather than two because we do not expect the doublet
to be resolvable given the large LRIS FWHM.

For some of the Balmer lines, this single Gaussian fit produces a statistically incon-
sistent 2. In those cases, we run a fit with two Gaussian components, each with
independent widths, amplitudes, and centroids. For J2012, we fix the centroid of
one component at the host redshift. The resulting fit better captures the structure of

the emission lines

From both events, the [O II] doublet is not significantly detected, and the [O III] line
is detected with a narrow width ~100 km s™!'. Given the narrow widths of the [O I1I]
emission, we do not believe it is coming from the same location as the Balmer and
Helium emission. Instead, it is consistent with being stable host galaxy emission.
To constrain the presence of intermediate width, transient emission at the location of
these oxygen lines, we repeat the Gaussian fit but fix the width to FWHM= 700 km
s~!. In the case of [OIIT] 15007, we do not subtract out the narrow line component
before this fit, so the broad fit absorbs the flux from this narrow line. We choose to

do this because it produces the most conservative upper limit on the broad line flux
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for this emission line, even though the resulting fit has a high y2. Subtracting out
the narrow component would not affect our conclusions; it would simply tighten the

bound on the presence of transient [O III] 45007 emission.

The resulting best-fit parameters of the lines from the low resolution spectra are
listed in Table [5.3] and the fits are shown in Figure[5.3]|for VT J1008 and Figure[5.4|
for VT J2012.

In addition to these low resolution spectra, we use high resolution spectra that are
not flux calibrated. The high resolution spectra are taken at later times than the
low resolution spectra, so they provide constraints on the line profiles over a longer
timescale. Moreover, while we cannot set luminosity constraints using the high
resolution spectra, we can study the line profiles in detail; in particular, we can
distinguish between multiple, blended lines or a single line with a broad profile.
We obtained spectra of these obejcts with the Echellette Spectrograph and Imager
(ESI) on the Keck II telescope. We used the Echelle mode for all observations. We
observed VT J1008 on MJD 59908 for 22.5 min using the 0.3” slit and the standard
BD+28, and on MJD 60029 for 45 min using the 0.5” slit and the standard BD+33.
We observed VT J2012 on MJD 59876 for 20 min using the 0.5” arcsec slit and the
standard BD+28. We reduced the observations using the makee code with standard
settings, and removed telluric lines using recommended procedures. These spectra
are not flux calibrated because the intrument response function varies with telescope
position and we do not have a standard star at a close telescope position. For both
objects, the Ha lines fall in a region with strong telluric absorption and bright sky
lines. Fortunately, the spectra are of sufficiently high resolution that we can still
study the smooth line profiles, but all spikes and other unusual features in the data

are due to this contamination.

Zoom-ins on the resulting He line profiles are shown in Figure [5.5] While other
lines are detected (VT J1008: [OII1]A5007, He 1114686), no other line is detected

at a sufficiently high signal-to-noise to allow detailed constraints on its profile.

Because the line profiles observed cannot be well-modelled as Gaussians, we con-
strain the line profiles using a different methodology from that used for the LRIS
data. We aim to constrain the velocity offset of the line peak, the upper FWHM,
and the lower FWHM. Here, we define the upper FWHM as twice the width of
the line above peak and the lower FWHM as the twice the width of the line below
peak. This definition quantifies the lines asymmetry. We first estimate the peak

wavelength as the wavelength of the pixel with the maximum flux. We then fit a
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Figure 5.5: Ha spectral profiles from the medium resolution ESI observations. The
observations of VT J1008 are in the left panel, and those of VT J2012 are in the
right panel. The blue line shows the first epoch of observations and the orange
line shows the second epoch. The flux for each epoch is normalized to the local
continuum, which is not expected to be the same in both observations. In the right
panel, regions particularly impacted by strong sky lines are shown in red.

small region (£5 ) around this estimate of the peak with a second degree polynomial
and measure the peak wavelength of that polynomial. We repeat this process 1000
times, where each time we randomize the spectrum based on the observed errors.
We show example polynomial fits in Figure [5.5] The reported peak is the median
peak of the polynomial and the error is the standard deviation of the polynomial
peaks. This method of finding the line centroid is approximate: the centroid is not
well defined for the unusual profiles observed here. We then measure the upper and
lower FWHM as the distance to the pixels on either side of the peak at which the
flux levels drop below half of the peak flux. The results are reported in Table [5.3]

Results

In this section, we briefly summarize the results from our emission line analysis.
We also perform some basic analysis to constrain the parameters of the emitting
region, which uses simple approximations for the emission line parameters. While
we do not expect the results of this analysis to be exact, we use them to gain a rough
understanding of the physical conditions in the emitting region. We adopt critical

densities and other atomic data from (304)).

We first consider the recombination lines: the Balmer and Helium emission. Both
Ha and HB are detected from VT J1008 and VT J2012 in all observations. The Ha

lines from both objects have luminosities of ~10*° erg s~ and they are brightening
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with time. The H lines are fainter, at ~10% erg s=! and are (insignificantly) fading
for VT J2012 and brightening for VT J1008. We will discuss the line profiles in
more detail later in this section, but note here that the Balmer lines from both objects
have widths ~1000 km s~!,

He [114685, and He 115875 lines are strongly detected from VT J1008, and all have
luminosities ~10%° erg s~! and FWHM~700 km s~!. The lines are brightening with
time. The He Il line is faintly detected from VT J2012 at a similar width and with a
redshift consistent with that of the Balmer emission, although such a component is

not detected in the second observation epoch. Hel lines are not detected from VT
J2012.

Let us assume that these luminosities are entirely produced by recombination in
a spherical region, with a density sufficiently low that case B recombination is
valid. We will use the analysis, along with a consideration of the Balmer decrement
later in this section, to argue that we are in a high density regime where case B
recombination cannot be considered. We will also discuss a wider range of models
in Section[5.5] With the case B assumption, we can approximately estimate the mass
and volume of the recombining material, following the methodology described in

Chapter 13 of (4/6). The ionized mass My, is given by

L4LHamp

ion

= ) 5.1
LlSnPQHahVHa ( )

where we have assumed a pure Hydrogen and Helium gas where the Helium den-
sity is a tenth of the Hydrogen density and the Helium is equally divided be-
tween its two ionization states. The proton density is denoted 7n, and is related
to the electron density as n, = 1.15n, and the proton mass is m,. Assum-

0% erg s~! and the recombination coefficient

ing the Ha luminosity is Ly, = 1
ane ~ 1071 ecm? s7!, appropriate for case B recombination, we find an ionized
gas mass Mo, ~ 3000 Mo (10* cm_3/np) ~ 0.3 My(10° cm_3/np). These mass
constraints corresponds to radii R = (4”?"%)1/3 ~ 108 cm(10* cm_3/nl,)2/3 ~
105 em(10° cm™3 /n p)z/ 3, assuming a filling factor ~1. Based on the observed vari-
ation in the line luminosities and profiles on timescales < 60 days, we expect that
the emitting region has a size < 60 daysx ¢ ~ 10'7 cm, implying 2 10° cm™. As
we will discuss in detail later, if this gas is stellar debris from a TDE with a ~1 Mg,

star, we require a high density n,, > 10” cm™>

in order that the ionized gas mass be
smaller than the stellar mass. Even with that requirement, a large fraction of the stel-

lar debris must be contained in this dense emitting region. A density n,, 2 10°cm™3
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corresponds to an emitting radius < 10'> c¢m, as derived in our radius calculation
above. We see that, if the gas mass is to be a fraction of a solar mass, the densities
must be high (and, in fact, so high that case B recombination is no longer valid). If
the gas is not stellar debris, it could be from the galaxy circumnuclear medium, in

which case lower densities are possible.

We can further constrain the physical parameters of the Balmer emitting region
using the Balmer decrement. These observed luminosities imply that the Balmer
decrements from both transients are remarkably high and are increasing: that of VT
J1008 is ~9 during the both epochs and that of VT J2012 is 14.5 in the first epoch
and 25 in the second epoch. Typical Balmer decrements from unextincted, low
density, photoionized gas are ~3. If we assume the Balmer emission is produced
by recombination in a low density gas (e.g., n ~ 10>~ cm™3), the high Balmer
decrement implies strong extinction. Assuming photoionized gas with T = 10* K
and a low density n ~ 102 cm—3, the color excess is related to the Balmer decrement

as

2.86 62

For VT J1008 (VT J2012), this implies E(B — V) =~ 1(1.5) mag.

E(B-V)=197log [H“/Hﬁ].

Adopting high extinction with a densities <10° cm™3

would lead to a larger ionized
gas mass than computed above (23000 My). While we cannot rule out a very large
amount of diffuse, ionized gas surrounding the black holes of both sources, if we
instead assume a high density, we can reduce the ionized gas mass (as described
above) and increase the Balmer decrement without requiring large extinction. High
densities and radiative transfer effects can increase the Balmer decrement, although
considering the latter is beyond the scope of this work. In AGN broad line regions,
which have densities > 10° cm™ the decrement is often observed to reach values

~6.

In the case of VT J1008, the detection of coronal lines provides additional evidence of
dense gas. Coronal lines are emission lines with extremely high ionization potentials
> 100 €V, and they are most often observed from AGN. However, coronal lines from
AGN always have [Fe X]16375 to [O III]A5007 ratios < 1 (/4)). We observe a ratio
> 2, which is unprecedented for AGN. This high ratio placess VT J1008 in the class
of extreme coronal line emitters, which we will discuss in the next section. Here,
we use the detection of [Fe X] to constrain the physical parameters of the emitting
region. Because the width of the [Fe X] line is similar to the Balmer widths, within

a factor of a few, we expect that they are coming from ~the same distance from the
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central SMBH, so it is plausible that the conditions of the coronal line emitting gas
are similar to those of the Balmer emitting gas. We can constrain the density of
the coronal line emitting gas using the lack of an [Fe VII] detection. Generally, the
[Fe X] coronal line is accompanied by the detection of [Fe VII] transitions, which
have a lower ionization potential, and so would be expected to be stronger. One
way to suppress [Fe VII] is to invoke high density gas: the [Fe VII] critical density
is ~107 cm™3, whereas the [Fe X] critical density is ~10'0 cm™3. Alternatively, the
[Fe VII] could be suppressed if the ionizing SED is peaked above 250 eV, although
we disfavor this possibility given the detection of low ionization potential lines like
Ha and He II with similar FWHM. Thus, the detection of [Fe X] without [Fe VII]
suggests that there is high density gas in the intermediate-line emitting region. Since
we now are confident that there is > 107 cm™ gas in the vicinity of the Balmer line
emitting region, given the similar line widths of the Balmer and coronal lines, it is

plausible that the Balmer emitting region is similarly dense.

A high density would also explain the lack of intermediate width Oxygen lines. We
detect neither intermediate width [O II] nor [O III] lines from VT J1008. Given that
the ionizing source is such that we observe both Balmer and [Fe X] lines, we would
expect Oxygen lines to be detectable, given the intermediate ionization potentials
of these transitions. The [OIII] line has a critical density ~107 em™3; thus, high
densities would explain the lack of a detection.

Coronal lines are not detected from VT J2012, which could be caused by a lack
of high density gas or a lack of ionizing photons. We favor the latter, although
deep, soft X-ray observations would be required to confirm it. The similarity of
observed lines to broad line regions in AGN supports the hypothesis of a high
density emitting region. AGN broad line regions show Balmer emission but no
[OTII] emission due to the critical density ~107 cm™3. AGN narrow line regions,
on the other hand, have strong [O III] emission due to lower densities, with typical
[OIII]-Hp ratios ~1. We do not detect intermediate width [O III], however, which
favors a density 2107 cm™3. It is possible that the lack of detection could also be
explained by an ionizing continuum that lacks [O III] ionizing photons, but TDEs
ubiquitously produce strong UV-continua, so we disfavor this possibility. If another
VT J2012-like source is discovered (i.e., a TDE with intermediate width Balmer but
lacking coronal lines), deep soft X-ray constraints would be definitively determine

if insufficient X-ray luminosity is causing the lack of coronal lines.

Based on the previous arguments, we consider it very likely that the intermediate
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line emitting regions from both sources have densities > 107 cm™3,

We can further constrain the conditions of the line emitting region using the line
profiles. We primarily consider the Balmer line profiles, because these lines are
among the brightest. The Balmer line profiles from both objects are asymmetric.
The Balmer emission from VT J1008 shows a slightly redshifted peak a long blue
tail. VT J2012 shows similarly asymmetric Hao emission. The observed Hf emission
is narrower and more symmetric, although Hf is quite faint from VT J2012, so it
is possible that the signal-to-noise is affecting our result. In contrast to the Balmer
lines from VT J1008, those from VT J2012 are redshifted by ~700 km s~! with no

significant evolution in line centroid between epochs.

From the later-time, high resolution spectra, we see that the line profile for VT
J1008 shows a broad, flat top, with a long blue tail. In the ~120 days between ESI
observations, the line profile became slightly more peaked towards the red side. Note
that the apparent brightening may not be real — the flux is continuum-normalized,
but the continuum level is expected to be different in the two observations because
the slit orientations were different. In contrast to that of VT J1008, the line profile
for VT J2012 is peaked and symmetric.

Based on these line profiles, the emitting region must be aspherical and, in the case

of VT J2012, flowing away from the observer.

In summary, VT J1008 and VT J2012 show transient, intermediate width (~700 —
1000 km s~!') Balmer emission. VT J1008 additionally shows He I, He I, and [Fe X]
emission. VT J2012 has weak Hell and Hel emission. Based on the observed
luminosities and line profiles, we consider it likely that the emission is arising from

a dense (2107 cm™?), compact (<10'6 cm), aspherical, outflowing emitting region.

Comparison to published TDE observations

In the rest of this section, we compare the observed emission lines to observations
of published transients. We first compare these objects to TDEs. In the next section,
we discuss coronal-line emitting transients, some of which are TDEs and some of
which are of ambiguous origin. Then, we compare to non-TDE transients. In this
section, because we aim to compare to previous TDEs, we will focus on those lines
that have been studied in published TDEs; namely, we focus on the Hydrogen and

Helium lines.

We begin by discussing the Hydrogen and Helium lines. Optically-detected TDEs
are well-established to produce these transient spectral features (/3,409,417). These
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Figure 5.6: Comparison of the He emission line from VT J1008 and VT J2012
to optically-selected TDEs ((3, |/5), E. Hammerstein, private communication) and
ECLEs (/4). In the left panel, we show Ha luminosity lightcurves for VT J1008 (red
crosses), VT J2012 (magenta X’s), ECLEs (blue stars), and optically-selected TDEs
(black circles). The Ha luminosities of VT J1008 and VT J2012 are much brighter
at late times than those of optically-selected TDEs. They are more comparable to
the ECLEs. In the right panel, we show the distance of the emitting region from
the central SMBH, r, implied from the Ha width. The radio-selected TDEs are at
larger radii than almost every TDE and ECLE.

TDESs can be divided into four classes based on their early time (< 6 month post-
optical flare): (1) Hydrogen rich TDEs, which should broad ~10* km s~! Balmer
features; (2) Hydrogen and Helium TDEs, which show ~10* km s~! Balmer features
and a complex of emission lines near He 1114686, typically including N 11114640 and
NIT 24100; (3) Helium TDEs, which show only a broad (~10* km s™') He 1114686
line; and (4) featureless TDEs, which show no transient spectral features and have
brighter optical flares and, typically, higher redshift host galaxies relative to those
of the former three TDE classes (/3 |/28).

Our events would appear to most closely resemble the Hydrogen and Helium TDEs
based on the detection of both Balmer and He Il lines. However, there are many
differences between our observed lines and those observed from Hydrogen and
Helium TDEs. First, we do not observe NIII lines. The NIII lines are expected
to be produced by the Bowen flourescence mechanism, which only operates under
specific physical conditions (/47). It is feasible that, at late times, it is not able to

operate.

Our observed lines also differ from typical TDEs because of their high luminosities
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and narrow widths. These are highlighted in Figure[5.6] The left panel of this figure
shows the evolution of Ha width and luminosity for a sample of optically-selected
TDEs (3, |73). The luminosities of our lines are both > 10%* erg s!, and are
brightening with time ~2 years post-TDE. Very few other optically-detected TDEs
have detectable Ha at such late times: most of the available 30~ upper limits are at
or below the luminosity detected from our events. The TDEs ASASSN 14li and
ASASSN 14ae both have Ha detections 500 days post-TDE (3)), but the observed
luminosities are at least a factor of a few fainter than those from our TDEs, and they

both show declining Ha luminosities whereas our events are brightening.

The right panel of Figure[5.6|shows the gravitational radius in units of Schwarzschild
radii r, of the He emitting region for our TDEs, ASASSN-141i, and the typical early-
time optically-selected TDE. We calculate this radius from the FWHM of the lines
vasr/re =2(v/ ¢)?. For the typical early-time optically-selected TDE, we assume
v ~ 10* km s™'. The Ha lines from our TDE are much broader than those from
ASASSN 1411 and those from early-time observations of optically-selected TDEs.
Our TDEs have logr/r, ~ 5.5, and the radius is decreasing. The typical optically-
selected TDE has logr/r, ~ 3. ASASSN 14li has logr/r, ~ 5 at ~500 days
post-TDE, although the radius is increasing and it is possible it evolved to match our

events after the last observations.

In summary, the lines from our TDEs most closely match those from the Hydro-
gen+Helium TDE class. However, they are significantly brighter and narrower than

any previously observed TDE.

Comparison to coronal-line emitting transients

There have been a few bona-fide TDEs and a growing sample of ambiguous transients
with strong coronal line emission, like that observed from VT J1008. These objects
are typically referred to as the extreme coronal line emitters (ECLEs). The first
known ECLE, SDSS J0952+2143, was discovered by (//4, |271) in a search for
galaxies in SDSS with evolving spectral features. This source was associated with
X-ray, optical, IR, and UV flares. There is no radio detection reported, although
extensive radio follow-up was not performed. The source showed many transient
emission lines, including bright coronal, He II and Balmer features. The coronal
lines and Hell lines are broad, with FWHM~800 km s~!. The Balmer lines
were decomposed into multiple components: a narrow component consistent with

the host galaxy dispersion and redshift, a redshifted broad component, and two
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unresolved horns on either side of the rest-frame component. The redshifted, broad
Hacomponent had a velocity offset of ~560 km sl a FWHM~1930 km s~ !,
and a luminosity ~10* erg s~!. The redshifted, broad HScomponent had similar
parameters, but with a luminosity implying a Balmer decrement ~9. Both Balmer
lines were first detected ~1 year after the associated optical flare and remained bright

~3-post optical flare, although they faded in that time.

The cause of this transient emission is unknown. The event could be a TDE, but
it also consistent with a supernova with extreme coronal line emission. AGN-like
emission lines are detected from the host galaxy, so the emission could also be
associated with a flaring AGN. If the source is caused by a TDE, (//4)) argues that
the broad lines are likely produced by photoionized stellar debris that has become
unbound and forms eccentric streams surrounding the SMBH. They argue that the
unresolved, narrow horns are produced by shocks in a neutral medium, but (4/8)

shows that such a mechanism would require an unreasonable Hydrogen density.

The emission lines from SDSS J0952+2143 are remarkably similar to those observed
from VT J1008 and VT J2012 (although VT J2012 does not show the coronal lines),
although we do not detect narrow emission at the location of the Balmer lines and
the Oxygen lines detected from our sources are much fainter than those from SDSS
J0952+2143. We also do not detect multiwavelength flares analogous to those from
SDSS J0952+2143. However, it is plausible that some of the differences between
our sources and SDSS J0952+2143 could be reconciled by invoking a TDE in a

galaxy with pre-existing accretion disk and/or a different line-of-sight.

After the discovery of SDSS J0952+2143, (/4) performed a search for transient
coronal-line emitting galaxies in SDSS. They identified a sample of seven non-
active galaxies with strong coronal line emission. The host galaxies all had narrow
line emission, with six qualifying as BPT HII galaxies and one bordering the
LINER and H Il regions. Four of the objects showed > 3¢ variations in their optical
continua in the ~months—years before the spectroscopic observations, measured by
comparing their SDSS spectral and fiber magnitudes. In five of the seven sources,
intermediate width emission lines are detected with FWHM ~880—2600 km s~!.
The lines were fading in all objects. Broad He 1114686 is detected in three objects.

We overlay the luminosities and widths of the He from these ECLEs on the panels
in Figure [5.6] Note that the time since optical flare is very uncertain for these
events. We adopted the time between the SDSS spectroscopic and photometric

observations for those objects with detected optical flares, and 400 days for those
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objects without detected optical flares. The broad emission from these events
much more closely resembles that from VT J1008 and VT J2012. The primary
differences between these ECLEs and our events come from their host galaxies:
the (/4) ECLEs and SDSS J0852+2143 show strong nebular emission, whereas are
events are in quiescent galaxies. Recent work, however, has suggested that, when
considering the full ECLE population, they do tend to have TDE-like host galaxies;
1.e., host galaxies that more closely resemble those of VT J1008 and VT J2012.

There is growing evidence that ECLEs are definitive TDEs, primarily based on
arguments about the required ionizing flux, the optical light curve shapes for those
few events with well-sampled light curves, and the similarities of TDE and ECLE
host galaxies (4/2). However, most of the known ECLEs are in galaxies with
nebular emission lines from the host galaxies, rendering this conclusion uncertain:
it is impossible to exclude an AGN origin for these events. We still lack a large
sample of bona-fide TDEs with coronal line detections. It is, then, intriguing how
closely the multiwavelength, transient properties of ECLEs resemble VT J1008 and
VTJ2012, both of which have quiescent hosts, well-sampled optical light curves,
and other multiwavelength data that allow us to argue that they are in fact bona-fide
TDE:s (see Section[5.5)).

Comparison to ambiguous and non-TDE transients

In addition to TDEs and ECLEs, other transients can produce lines similar to those
observed here. In particular, our objects resemble some supernovae. In particular,
type IIn supernovae have been detected with similar line profiles. For example,
SN2012ab is an optically-flaring Type IIn supernovae hosted near the nucleus a spiral
galaxy that was discovered by (4/9). SN2012ab is associated with an intermediate
width Ha' component of width ~4500 km s~! that is redshifted by ~800 km s~!.
The intermediate width component was first detected ~7 days after the optical flare,
alongside a broad Ha component with FWHM ~20000 km s~!. The intermediate
width component is still detected ~1200 days post-event. The late-time spectrum
is not of sufficiently high signal-to-noise to constrain the presence of a late-time
broad component. (4/9) argues that SN2012ab is a type IIn supernova based on
the observed spectral features and the optical light curve. The unusual Ha emission
is caused by interaction with an aspherical circumstellar material. They note that
they cannot rule out a TDE origin; however, if the event is a TDE, it would be
highly unusual because of the asymmetric material needed to produce the observed

emission lines.
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Based on the emission lines produced by VT J1008 and VT J2012, we see similar
evidence for asphericities as observed for SN 2012ab. In contrast to SN 2012ab,
VT J1008 and VT J2012 are hosted by quiescent galaxies. Moreover, no broad Ha
component is detected from our events, although our spectra were taken > 500 days
post-optical flare, and it is possible that a broad component was present at early

times.

Summary

VT J1008 and VT J2012 are associated with Balmer, Helium, and (for VT J1008)
coronal line emission. The line widths are ~1000 km s~!, which is much narrower
than typical lines detected from optically-selected TDEs. ]Jedit1Based on the line
parameters, we suggested that the emission comes from a dense 2107 cm™ region.
The mass of the ionized, recombination line-emitting gas is likely > 0.03 — 0.3 Mg;
i.e., the mass is a large fraction of a solar mass. These emission lines do not
resemble those detected from the optically-selected TDE sample. Instead, the
observed emission lines most closely resemble those observed from the ambiguous

class of ECLEs, which have been proposed, though not confirmed, to be TDEs.

5.5 Discussion

Summary

* VT J1008 and VT J2012 are radio-selected transients in the nuclei quiescent,
green valley host galaxies. The host galaxies have SMBHs with masses
Mgy ~ 10°-6 M.

* VT J1008 and VT J2012 have optical counterparts, with lightcurves typical
of optically-selected TDEs except that they are slightly fainter and cooler at
peak. They do not have detectable X-ray or IR counterparts.

+ VTJ1008 and VT J2012 have radio counterparts with GHz luminosities ~1038
erg s~ that have SEDs consistent with wide-angle, low velocity 8 < 0.1

outflows at radii ~0.1 pc.

e VT J1008 and VT J2012 both have transient, intermediate-width Balmer and

He IT emission detected ~2 years post-TDE. Their Ha luminosities are ~10*°
erg s~ and are likely increasing. All the lines have FWHM ~700 — 1000 km
s~!, and may be broadening slightly with time. VT J1008 also has strong He I

and [Fe X] emission with similar line widths.
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* The observed transient lines detected from these radio-selected events are
reminiscent of Hydrogen+Helium TDEs. However, the lines are much more
luminous at late-times than other optically-detected TDEs, and they are nar-

rower than is typically observed from optically-selected TDEs.

* Instead, the observed spectral features more closely resemble the emission
lines associated with some extreme coronal line emitters. A subset of these
objects are known to have intermediate width lines, in some cases with cen-
troids that are redshifted relative to the host (e.g., J0952+2143).

Are VT J1008 and VT J2012 tidal disruption events?

Before delving into the origin of the transient emission lines, we briefly consider and
rule out the possibility that VT J1008 and VT J2012 are not tidal disruption events.
The three most likely origins for these events are: stellar explosions, active galactic
nuclei flares, or TDEs. In the following, we consider each of these possibilities. We
assume both events are caused by the same type of event, which is justified given

the strong similarities in their multiwavelength properties and host galaxies.
Stellar explosions.

We first consider the possibility that these events are stellar explosions. Supernovae
can produce radio-loud events with optical flares and transient optical spectral lines.
However, the only type of supernovae that has been observed to produce radio
outflows with velocities ~0.1c¢, as observed for our events, are SN Ic-BL, so we
only consider this type of event to be possible. There are a number of factors that
make VT J1008 and VT J2012 unusual for SNe Ic-BLs. First, these events are in
the nuclei of their host galaxies: their offsets in units of the host half-light radii are
consistent with zero. SNe Ic-BLs tend to lie in the outskirts of their host galaxies,
with a median offset relative to host half-light radius of 0.7 + 0.2 (420). Second,
our events are hosted by non-star forming galaxies, whereas SNe Ic-BL hosts tend

to be star-forming (0.3% of core-collapse supernovae hosts are quiescent).

The observed optical light curve is very unusual for SN Ic-BL: these SN often,
though not always, show rapid post-peak cooling, which is not present for our events
(421)). While the late time spectra of SN Ic-BL are not well constrained, intermediate

width features such as we see are unprecedented (S. Anand, private communication).

While we cannot definitively rule out a SN Ic-BL origin, there are many factors that

would make our events extremely unusual. Hence, we do not believe our events are
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associated with stellar explosions.
Active galactic nuclei flares.

We next consider active galactic nuclei flares. AGN can produce variability and
flaring across the electromagnetic timescale and over a wide range of timescales.
The main evidence against an AGN origin for VT J1008 and VT J2012 is the lack
of any evidence that there was active accretion prior to the optical flare. The optical
spectra do not show any evidence for strong AGN emission. It is possible that the
weak [OIII] detections are caused with an AGN, but it would imply a very weak
AGN. Moreover, that line could also be caused by weak star formation. The IR
colors of the host galaxy also show no evidence for AGN activity; likewise, the lack
of an X-ray detection and the lack of optical variability support the hypothesis that

these are quiescent galaxies.

From the above evidence, we disfavor an AGN origin. Of course, none of these
arguments completely rule out the possibility of a very weak, flaring AGN. In this
case, some trigger has caused a large amount of mass to be dumped on the central
SMBH. Such events are extremely poorly understood: it is not clear whether such
events could even happen without a discrete object like a star venturing near the
SMBH. However, given the broad consistency of our events with TDEs and the large
complications associated with interpreting low luminosity AGN flares, we do not

consider this possibility further.
Tidal disruption event.

Afterruling out AGN flares and stellar explosions, we are left with TDEs. As we have
discussed in this work and in Paper I, the host galaxy, optical lightcurves, and radio
emission of VT J1008 and VT J2012 are broadly consistent with optically-selected

TDEs. Henceforth, we consider these events to be definitive TDEs.

The origin of the transient spectral features

In the rest of this paper, we discuss the origin of the transient spectral features. We
make the strong but necessary assumptions that (1) the ionization source producing
the Balmer emission is the same that produces the higher ionization lines and (2)
the same emission mechanism is active in both VT J1008 and VT J2012.
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Figure 5.7: An example cartoon geometry that could produce either redshifted
emission without a blueshifted counterpart, or non-shifted emission. We invoke
a dusty torus that is misaligned from the TDE-produced accretion disk. The blue
clouds represent accretion disk winds, the black clouds represent dense gas in the
torus, and the grey clouds represent less dense gas at larger distances. When the
disk winds slam into the dense torus, radiative shocks are produced. The radio
emission, which is not shown here, could also be produced by a subset of these disk
winds that travel fast and shock against the more extended material at ~0.1pc. The
resulting free-free emission photoionizes gas in the vicinity, including outflow gas
launched from the disk, producing the observed emission lines. In the left panel,
the blueshifted component is obscured from the observer by the dusty torus. In the
right panel, no redshifted or blueshifted components are produced.

Are the lines associated with a shock?

Inboth VT J1008 and VT J2012, we know that fast outflows exist given the observed
radio emission. It is not a far stretch to imagine that the transient emission lines
are also associated with a shocking outflow. Shocks can produce emission lines
in multiple ways, depending on the shock velocity and medium density. If the
shocked gas can cool efficiently, it will produce strong free-free emission that can
photoionize the surrounding medium. Otherwise, the shock is “nonradiative” and

primarily emits through collisional ionization.

We can determine if a shock is radiative by comparing the age to the cooling time.
To compute the cooling time, we need to know the density n and the shock velocity

vs. From the shock velocity, we first must compute the shock temperature 75:

20y -1 2
=20 =DM 0 ook [—2 (5.3)
(y+1)? kg 103 kms™!
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where 7 is the adiabatic index and we adopt y = 5/3. We consider shock velocities
in the range ~500 — 10* km s~!, which approximately match the observed line

widths. Slow shocks v; < 100 km s~! do not produce ~1000 km s~! emission lines.

Then, we must compute the cooling rate A(7), which, following (306), we approx-

imate as
AT [23x1072% (B o> 107K s
erecm3s-! 22 (_T, \—07 5 73 (5.4)
g 1.1x10 (1061() , 10K <T, <10’°K.

At high densities, such as those we will consider, the cooling rate can be suppressed
because collisional de-excitation reduces cooling through heavy elements. However,
at the high temperatures we are consider > 10’ K, cooling through heavy elements
in subdominant and this suppression is minimal (422)), so we do not consider it
further.

With these definitions, the cooling time is given by

3k,
cool — nA(T)
-1 -1
T, n A(T)
=13 . 5.5
YT (107K)(106 cm‘3) (10‘22 ergcm? s‘l) ©-3)

If the shock has 7,e. ~ 1 year, then the shock is non-radiative if the density n < 107
cm™ and vy, ~ 10° km s7!, or if the shock is near-relativistic and has 107 <

n/cm‘3 < 108,

With these constraints on the parameter space, we now explore possible emission
mechanisms for both radiative and non-radiative shocks. First, we consider a non-
radiative shock. In this case, we know that the density is relatively low (n < 107
cm~3) if the shock is non-relativistic. One possible emission mechanism comes
from an analogy to type IIn supernova, which produce similar velocity shocks but
in such low density material (n ~ 0.1 — 10 cm™). In these events, Balmer emission
resembling that which we observe is produce from Balmer dominated shocks, which
occur when the pre-shock material is partly neutral. In this case, we can approximate

the mass of Ha emitting atoms as

My, = LyuotHomu
EHa/EHa
L t
= 438 M, — 22 Ha (5.6)

10%0ergs! 1 year’
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Here, Ly, is the average Ha luminosity and fy, is the duration of the Ha emission.
We adopted fiducial values Ly, ~ 10%° erg s7! and tyy, ~ 1 year, which are likely
correct to within an order of magnitude. my is the mass of a neutral Hydrogen atom,
Ene ~ 2 €V is the energy of an He photon, and ey, ~ 0.2 is the fraction of excited
Hydrogen atom that undergo the He transition. If the density of the emitting region
is <108 cm™3, then the size of the emitting region must be 3 0.03 pc. Assuming
a source age of ~3 years, the outflow that produced the Balmer dominated shocks
must have a velocity v 2 10° kms~!. This value is inconsistent with the width of the
observed lines, which is expected to correspond to roughly the velocity of the shock
for Balmer dominated shocks. Because of this inconsistency, we do not consider a
Balmer dominated shock a feasible cause of the observed emission. However, most
modelling of Balmer dominated shocks, on which we base our discussion, assumes
low densities applicable to supernova remnants. It is possible that similar shocks in
high density environments could have different properties, in which case something
similar to a Balmer dominated shock could produce the observed emission. Further

exploration of this is beyond the scope of this work.

We now move to the possibility of a radiative shock. In this case, the shock has
caused surrounding gas to heat up to ~10” K as described earlier, which is cooling
quickly via free-free emission. This emission ionizes the surrounding gas, which
is likely at a similar density to the shocked, cooling gas (n = 10% cm™3). From
Equation the cooling rate for gas at a temperature 22 X 10’ Kis I'(T) 2 10723
erg cm® s~'. Assuming 7, 2 107 cm™ in a region of radius r ~ 0.01 pc, we have
a total luminosity of > 10*! erg s~'. Most of these photons will be Hydrogen- and

Helium-ionizing given the high temperature of the free-free emitting region.

In typical models of the emission lines produced by radiative shocks, Oxygen lines
(e.g., (425)) are produced. In this case, we would not expect to see Oxygen lines
given the high density of the material and the low critical densities of the typical
lines. Instead, we would only expect to see recombination lines, such as the observed
Balmer and Helium emission, and lines with very high critical densities, such as
[Fe X]. The detailed modelling required to constrain this possibility quantitatively
is beyond the scope of this paper, but from this qualitative discussion we believe it

feasible that the observed emission could be produced by a radiative shock.

Now that we have established that the observed lines could be produced by a radiative
shock, we must consider the centroid offsets from the host redshifts. Discussion

of the line profiles is beyond the scope of this work. The intermediate width lines
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from VT J2012 are redshifted relative to the host galaxy, whereas the lines from
VT J1008 are near the host redshift. There are two possible explanations for the
line offsets: (1) the SMBH that produces VT J2012 is moving or (2) the emitting
gas is outflowing. We are pursuing follow-up to constrain (1) and will consider it in
a future paper; here, we consider (2). While it is possible that we do not detect a
blueshifted event by chance, with a shock model it is feasible to produce a geometry

where only redshifted velocities are possible.

In Figure 5.7, we show a cartoon of one model that can produce the observed
lines (not to scale). First, we suppose that the TDE has produced an accretion
disk that is producing disk winds (see |//, for possible disk wind launch models).
These winds are outflowing, and collide with the CNM of the galaxy to produce
the radiative shocks. A fast component of these winds colliding with material at
~0.1pc could explain the radio observations. While the structure of the CNM is
poorly constrained, it is feasible that it is in a torus (or some extended, axisymmetric)
structure, as is known to exist in AGN host galaxies. There is no a prior reason that
this axisymmetric dust structure need be aligned with the TDE accretion disk: if
the torus orientation is set by the SMBH spin direction, while the disk orientation is
related to the orbit of the disrupted star, it will be independent of the torus orientation
(424)). Lense-Thirring precession can bring the TDE disk orientation into alignment
with the black hole spin, but this process is very slow for moderate to low spins
(424)). In Figure we show two possible orientations. In the left panel, the torus
is inclined relative to the disk, and in the right panel, the disk and torus orientation
are perpendicular to each other. In the left panel, the disk wind clouds will tend to
collide with the edge of the dusty structure. The clouds that are outflowing away
from the observer (redshifted) will be visible, but those flowing towards the observer
(blueshifted) are seen through a large column of dust. In the right panel, all of the
clouds are visible, but no blueshift or redshift is expected. A prediction of this
model is that disk emission should be detectable, at least at late-times when any
reprocessing wind is gone. Such emission is expected in the ultraviolet and X-ray
(400) While this is a cartoon model, and it is unclear whether this dust structure is

expected, it could reproduce the observed geometry.

One potential issue with invoking a gas-rich environment is the lack of a mid-
infrared flare, which have been detected for many previous coronal line emitters
(411,412). The early-time, ultraviolet emission is expected to be luminous enough

to heat surrounding dust and produce thermal emission. Our preferred explanation



170

is that the WISE limits are too weak. The upper limit for both events is near
Lir < 5x10*ergs™! (computed as approximately vL, from the W1 upper limit).
Dividing by the peak blackbody luminosity measured from the optical, we find a
ratio <5%: this is still much higher than typical covering fractions of optically-
selected TDEs, which are < 1% (/44)). We then predict that deeper mid-infrared
observations of events like VT J2012 and VT J1008 should discover dust echoes,

and we encourage such future follow-up of new events.

In summary, a radiative shock model invoking an axisymmetric dusty structure mis-
aligned with the TDE accretion disk could reproduce the observed lines, including
their widths and offset from host redshift.

Are the lines photoionized by a central source?

If the lines are not associated with the shock, they are likely photoionized by a
central source associated with the accretion induced by the TDE, as is observed
at early times. The observed lines would thus be the evolved version of the early
time lines observed from optically-selected TDEs. This leads to two questions: (1)
can the models that produce the early time TDE emission also explain the late-time
emission, and (2) why do we detect these lines in these radio-detected, optically-
selected TDEs, when they do not seem to be present in most optically-selected
TDEs?

The evolution of early-time TDE transient lines is not well explored, but available
observations suggest that they tend to fade within ~1 year. Before this work, none
had been detected above 10%° erg s~! at times > 1 year post-optical peak. The only
strong detection was from the extensively studied radio-emitting TDE ASASSN 14li,
which had an Ha detection ~1.5 years post-optical peak at a luminosity 7 x 10°8 erg

s~

The origin of these early-time lines is still debated. (/46) presented a model
where the lines originate from an extended, optically thick envelope surrounding the
SMBH. The envelope reprocesses soft X-ray photons emitted during the accretion
of the stellar debris. A percentage of the reprocessed emission produces an optical
continuum, corresponding to the observed optical flares. Hydrogen and helium in
the envelope become ionized and produce the observed emission lines, but because
the envelope is optically thick, the Balmer lines are suppressed relative to the
Helium emission. The resulting line profiles were analyzed by (/46), who how that

an optically-thick envelope will produce ~10* km s~! emission lines due to electron
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scattering, without requiring high velocity dispersion gas. If the optically-thick
envelope is outflowing, the line profile will not be Gaussian but instead will have
a blueshifted peak with an extended red wing. With time, the emission lines will
narrow as the density decreases and electron scattering reduces. The time evolution
of the line luminosities relative to the optical continuum level has not been explored

in depth.

Narrower lines may be expected at late times, if the (/46) model is correct. The
line profiles that we observe, however, do not match those predicted by (/46). In
the case of stationary gas a symmetric line profile is expected whereas outflowing
gas would produce a blueshifted peak with a redshifted tail. In the observations of
both VT J1008 and VT J2012, we see a redshifted peak with a blueshifted tail. It
is possible that altering the geometry of the envelope could produce the observed

emission, but the required modelling is beyond the scope of this work.

Another challenging aspect of a model where the lines are produced by photoioniza-
tion from a central source is the association with radio emission. There is no reason,
a-priori, that we would expect the intermediate width lines to preferentially occur
in radio-emitting systems if they are produced by photoionization. One possible
explanation is that both these lines and radio-emitting shocks are produced by TDEs
with slow accretion rate decays, in which case the photoionizing continuum can
remain sufficiently strong at late times to produce the observed emission lines. This
explanation is subject to significant theoretical uncertainties; in particular, there is
no expectation that events with slower accretion rate decays will tend to cause radio-
emission. We also have no direct observational evidence that long-lived TDEs tend
to produce radio emission. In Paper I, we saw no significant correlation between
the decay of the optical light curve and the presence of radio emission. We do not

detect any remarkable X-ray emission from these sources.

Alternatively, we can invoke a gas-rich environment to explain both the radio emis-
sion and the spectral features. Such an environment has been invoked for coronal
line emitters in the past (336). Then, the radio detections are caused by shocks in
the gas. While this is plausible, it is unclear why this would produce the unusual
line profiles that are observed, nor why the emission would be entirely redshifted
in the case of VT J2012. Unlike in the case of shock ionization, there is no clear
geometry that could produce the observed redshift, unless the SMBH is recoiling
or in a binary, which we will constrain in a future paper. This tension becomes

stronger if we include events like J0952+2143, which also shows redshifted inter-
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mediate width emission. It seems improbable, though not impossible, both of these
are TDEs by recoiling or binary SMBHs. Instead, we require dense, rapidly outflow-
ing, asymmetrically-distributed photoionized gas. The gas could be the outflowing
stellar debris, but, as we discussed in Section [5.4] the mass of the ionized gas is a
large fraction of a solar mass. Unless these events were caused by the discussion
of high mass (>a few solar mass) stars, we require that most of the unbound debris

remains in a compact region. This is not expected based on current TDE theory.

In summary, while photoionization from a central source is a feasible model, we
prefer a shock ionized model. It is possible that detailed models of the evolution
of the transient emission lines from TDEs and the dust geometry and kinematics in
the circumnuclear medium could reproduce the observed emission, but we do not

currently have strong evidence to favor this model.

5.6 Conclusions

We have presented the multiwavelength properties of two radio-selected TDEs. The
TDESs were selected from our sample of six radio-selected, optically-detected TDEs
from the VLA Sky Survey. They were the only two TDESs in quiescent galaxies,
and they showed unusual, intermediate-width Balmer and Helium emission. These
events were otherwise fully consistent with optically-selected TDEs. We discussed
the origin of the intermediate width emission lines in detail, and argued that they
likely originate from a radiative shock. Alternatively, the lines could originate from
outflowing, asymmetric, dense gas in the circumnuclear medium that is photoionized

by the TDE, but we marginally disfavor this model.

One of the most intriguing findings in this work is that the transient spectral features
observed from these two radio-selected TDEs share many characteristics with those
from the ambiguous class of coronal line emitting transients, the ECLEs: both VT
J1008 and VT J2012 show intermediate width Balmer lines, which have previously
only been reported for members of the ECLE class, and VT J1008 shows extreme
coronal line emission. This connection provides yet more evidence that ECLEs
are caused by TDEs. Moreover, just as early time transient spectral features from
TDEs allow the events to be subdivided into classes with different properties, these
late-time spectral features may allow for a new TDE classification system: feature-
less late-time spectra, the extreme coronal line emitters with intermediate width
recombination lines, and the extreme coronal line emitters without intermediate

width recombination lines. These different classes likely correspond to physically
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different events; e.g., events with an abundance of optical coronal line-ionizing soft
X-ray photons and those without. Mid-infrared spectroscopy to constrain the rela-
tive strength of coronal lines that are ionized by extreme UV photons can help probe
the shape of the ionizing spectral energy distribution. In future work, we hope to
obtain late-time spectra for a large sample of TDEs, with the aim of further devel-
oping classification system and pinning down the physical causes of the late-time

emission.
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Name MJD Line Name Av FWHM, upper FWHM, lower fline Liine
km s™! km s™! kms™!' 107" ergem 257110 ergs!
[OI1]A13726,3728 99.9 +42.3 86.4+329 - 0.18 +0.07 0.09 +0.03
Hell14685 —-18.6 +21.7 379.3+18.3 - 3.6+0.2 1.7+0.1
Hp 205 + 36 583+ 119 1041 + 184 3.1+0.9 1.5+04
59676/ [OIII]15006 302+19.5 126.6+17.7 — 0.84 +0.09 0.40 +0.05
HelA5875 —725+454 3524+453 — 1.8+0.2 0.8+0.1
[FeX]16374 16.2+25.1 342.9+27.0 - 2.6+0.2 1.2+0.1
Ha 140+ 6 732 + 18 1135 £22 27.7+0.5 13.2+0.2
VT J1008 [OI1]A13726,3728 2429 +£34.6 99.1 +25.1 - 0.31 £0.08 0.15+0.04
Hell14685 52.0+34.5 406.0+32.1 — 3.0+£0.2 1.4+0.1
Hp 115+3 779 =4 779 £ 4 25+0.0 1.19 £ 0.01
59616, [OIII]A5006 1283+17.6 114.8+18.2 - 0.8+0.1 04+0.1
HelA5875 130.5+59.0 277.3+45.6 - 1.1+0.2 0.5+0.1
[FeX]16374 -29.6 £29.4 239.8 +28.3 - 1.6+0.2 0.8+0.1
Ha 146 + 8 732 + 26 1030 + 34 22.5+0.7 10.7+04
59909 Ha 1466.23 + 0.00 7.09 +0.00 4.47 +0.00 - —
60029 Ha 25.69 £ 0.00 372.28 £0.00 535.05 +0.00 - -
[OII]A43726,3728-786.9 = 516.9 821.8 +486.9 — 05+0.3 04+0.2
Hell14685 531.3+92.6 464.8 +106.6 - 1.2+0.2 0.8+0.1
Hp 694 + 39 605 + 120 607 + 120 0.8+0.2 0.6+0.1
59464 [OIII]15006 43.9+29.3 106.3+20.9 — 0.41 +0.08 0.28 +£0.05
HelA5875 6949+ 69.1 121.7+63.3 — 05+0.2 04+0.1
[FeX]16374 —120.0 +£370.1 472.1 +219.7 — 03+0.2 0.2+0.1
VT 12012 Ha 718 £ 12 729 + 33 1083 +79 11.6 0.4 7.8+0.3
[OII]A43726,3728 —871.1 £62.5 133.1+51.0 - 04+0.2 0.3+0.1
Hell14685 196.1 +72.2 241.3+40.3 - 09+0.2 0.6+0.1
Hp 804 + 169 370 + 1067 370 £ 252 0.6+0.1 04+0.1
59677 [OIII]45006 35.4+63.7 92.2 +50.8 — 04+0.1 0.3+0.1
HelA5875 707.2 +84.8 557.7+83.2 — 22+0.3 1.5+0.2
[FeX]16374 —-337.0+105.2 907.3 +72.1 - 32+0.3 2.1+0.2
Ha 687 +9 958 + 28 1075 = 32 15.0+0.7 10.1 £0.5
59909 Ha 814.88 +7.82 187.75 £25.62218.94 + 56.37 - -

Notes. Line parameters are defined in Section For the Balmer lines, which are asymmetric, we
have defined an upper and lower FWHM, which are defined as twice the width of the line
above/below the peak. For all other lines, we report the standard FWHM but put this value in the
“FWHM, upper” column.
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Abstract

Tidal disruption events (TDEs) occur when a star enters the tidal radius of a super-
massive black hole (SMBH). If the star only grazes the tidal radius, a fraction of the
stellar mass will be accreted in a partial TDE (pTDE). The remainder can continue
orbiting and may re-disrupted at pericenter, causing a repeating pTDE. pTDEs may
be as or more common than full TDEs (fTDEs), yet few are known. In this work,
we present the discovery of the first repeating pTDE from a systematically-selected
sample, AT 2020vdq. AT 2020vdq was originally identified as an optically- and
radio-flaring TDE. Around 947 days after its discovery, it rebrightened dramatically
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in the optical. The optical flare was remarkably fast and luminous given its black hole
mass compared to previous TDEs. It was accompanied by extremely broad (~0.1c¢)
optical/UV spectral features and faint X-ray emission (Lx ~ 3 x 10*' ergs™!), but
no new radio-emitting component. Based on the transient optical/UV spectral fea-
tures and the broadband light curve, we show that AT 2020vdq is a repeating pTDE.
We then use it to constrain TDE models; in particular, we favor a star originally
in a very tight binary system that is tidally broken apart by the Hills mechanism.
We also constrain the repeating pTDE rate to be 107® to 107 yr~! galaxy~!, with
uncertainties dominated by the unknown distribution of pTDE repeat timescales. In
the Hills framework, this means the binary fraction in the galactic nucleus is of the

order few percent.

6.1 Introduction

Much about supermassive black holes (SMBHs) remains enigmatic, including their
formation pathways, typical growth histories, and effects on their hosts (e.g. 47).
Much of the reason for our lack of knowledge about SMBHs is their inherent
faintness: if the SMBH is not actively accreting as an active galactic nucleus
(AGN), it can only be detected if it is in a very nearby galaxy. Even if it is accreting,
the accretion process is poorly understood, so inferring physical properties of the
SMBH and its environment from the observed emission is nontrivial (see |33, for a

review).

In the last few decades, tidal disruption events (TDEs) have become key probes of
SMBH physics (see |//2, for a review). TDEs occur when a star ventures within
the tidal radius of an SMBH: Ry ~ R.(Mgu/M.)'/? , where Ry is the tidal radius,
Mgy is the SMBH mass, R, is the stellar radius, and M. is the stellar mass (//0,
111,|371). Tidal forces shred the star and, eventually, the stellar debris is accreted,
producing a bright multiwavelength flare. The development of high cadence, wide
field optical, radio, and X-ray surveys has enabled the discovery of > 100 candidate
events (e.g. /30, |134).

To produce a TDE, a star must enter into a plunging orbit with a pericenter that
is within the tidal radius of the SMBH but outside the Schwarzschild radius. This
occurs only once every ~10%> years in galaxies with Mgy < 108 My (134, 1425,
426)). In contrast, if the star is on a grazing orbit, but still reaches the vicinity of
the tidal radius, it can be partially disrupted, and only a fraction of the stellar mass
will be deposited on the SMBH (427, 428). Theoretical work has suggested that



177

the pTDE rate could be orders of magnitude higher than the full TDE (fTDE) rate
and may contribute significantly to the growth of SMBHs (429). They also provide
a unique avenue to test/improve our TDE theory. The structure of the star (as it
is tidally perturbed during each partial disruption), the amount of mass joining the
accretion flow, and the circumnuclear medium (CNM; if the previous disruptions
launched outflows) may change between disruptions. The black hole mass and spin,
however, should remain roughly constant, allowing us to assess the relative effects of
the black hole parameters and the changing system parameters in the flare emission.
An accretion disk may also form after the first disruptions, so subsequent disruptions

can be used to assess the role that the disk plays in the TDE behavior.

Few candidate pTDEs are confidently identified, despite the high rate estimates.
Given our insufficient understanding of TDE physics, one of the best ways to confirm
a candidate pTDE is if it repeats; i.e. if the star is on a bound orbit. If the orbital
period is P =~ 107 yr (a/pc)3/>(M /10°My)~'/? (a being the orbital semi-major axis
and M being the SMBH mass), as expected for isolated stars in a nuclear star cluster
slowly migrating onto grazing orbits due to orbital relaxation, we will not detect a
repeat. It is possible that some or most of the known TDEs are this type of pTDE,
but we require a better understanding of pTDE and fTDE physics to be able to

accurately classify such sources.

Indeed, the pTDE candidates that are known were discovered because they repeated
within <10 years (ASASSN 14ko (/41, 430, 431); eRASSt J045650.3-203750
(431); AT 2018fyk (/41, 432); RX J133157.6-324319.7 (433, 434); AT 2022dbl
(435, 436); Swift J0230 (437, 438); AT 2021aeuk (439, 440)). Such tightly bound
stars are difficult to reproduce with orbital relaxation alone (44/). The most likely
mechanism for such objects invokes Hills break-up of a tight binary, resulting in one
bound object and one ejected object. If the binary is tight enough (inner semi-major
axis $0.01 AU, with dependence on the SMBH mass), dynamical arguments predict
that the bound star will have a period from O(10?) days to a few years (442). The
binary fraction in galactic nuclei is not well known, but could be sufficiently high to

explain the rate of these events.

These pTDE candidates are an inhomogeneous group, however, with some selected
in the X-ray, some in the optical, and none as part of a uniform search. Hence,
the pTDE rate and the differences in their multiwavelength properties relative to
fTDEs are still unconstrained. Fortunately, over the last few years, the Zwicky

Transient Facility (ZTF; (/24-127)) has enabled systematic searches for optically-
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Figure 6.1: The full optical lightcurve showing the first and second flares from
AT 2020vdqg. Observations are shown as scattered points.

flaring TDEs. It has produced the first uniformly-selected samples of TDEs (/3,/28,
134). In May 2023, one of the ZTF TDEs, AT 2020vdq, rebrightened (4/5)) (see
optical lightcurve in Figure[6.1). We commenced follow-up efforts and classified it

as a repeating pTDE.

In this work, we will present observations and analysis of AT 2020vdq. Until Sec-
tion[6.5] we will assume that this source is a pTDE and later justify this assumption.
We describe the detection and properties of the first flare from AT 2020vdq in Sec-
tion [6.2]and we detail the second flare in Section[6.3] We constrain past flares from
this source in Section [6.4] In Section [6.5] we summarize key results, show that
AT 2020vdq 1s consistent with being a pTDE, compare it to published observations
of pTDEs, and use our observations to constrain both TDE and pTDE models. In
particular, we constrain key aspects of TDE radio, optical, and spectral line emis-
sion, and we constrain the pTDE rate and typical number of repetitions. We also
discuss possible contributions of pTDEs to solving the missing energy problem.

Finally, we conclude in Section [6.6]

6.2 Observation of the initial flare

We begin by describing the multiwavelength properties of the first flare from
AT 2020vdq. These properties are described in detail by (9, /54, 413).
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Table 6.1: Basic properties of the host galaxy of AT 2020vdq.

Parameter

AT 2020vdq

R.A.
Dec.
Redshift
d; [Mpc]

10P08™53.50°
+42443m00.40°
0.045
206

Notes. Basic properties of the host galaxy of AT 2020vdq.
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Figure 6.2: The optical and UV lightcurves for the first (. fop) and second (. bottom)
flares from AT 2020vdq. Observations are shown as scattered points. The best-fit
parametric, evolving black body models, as described in Section [0.3] are shown as

solid lines.

AT 2020vdq was first detected as an optical transient by the Zwicky Transient
Facility (ZTF) on Oct. 4 2020 (MJD 59126) using the selection described in (/34)
implemented using the AMPEL filter (443). It was located at the nucleus of a
dwarf galaxy at z = 0.045 with logM,./Mgy = 9.16 + 0.2. The stellar velocity

dispersion of the nucleus host galaxy was measured to be o, = 44 + 3 km s™! from
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a high resolution spectrum obtained with ESI on the Keck II telescope (/34). This
dispersion corresponds to a black hole mass of log Mgy -, /Mo = 5.59 £ 0.29 using
the Mgy — o relation from (47)). We refer the reader to (9, [/34, 413) for more

details of the host observations and analysis.

The first optical flare from AT2020vdq is shown in the top panel of Figure The
optical flare was first detected at 18.8 mag in the r-band near Sept. 23 2020 (MJD
59115). The rise was not strongly detected, although (/34) provide a constraint on
the rise time from the slight increase in luminosity over the first few days of evolution,
which may have shown a slight rise. We fiducially assume that the resulting rise time
and peak luminosity are correct. However, it is possible there was a true peak before
the first detection that was brighter, but the source was not observed at this time.
Comparison between the lightcurve of AT 2020vdq in Fig. 9 of (/34)) and the other
TDEs in this sample shows that this behavior would be unusual, but not completely
unheard of. We will nominally assume that the peak and rise time constrained by
(/34)) is the true peak, but, where relevant, include a discussion of the implications
if this assumption is wrong. This peak was fit to a blackbody by (/34)), who found
that the peak is consistent with a blackbody with temperature log Ty, /K = 4.16
and luminosity log Lyy/(ergs™!) = 42.99. Note that this measurement is based on
observations in only the g and r bands, so unknown systematic errors render the
results uncertain. Stronger constraints are not possible because no UV observations
were obtained at peak. This luminosity makes AT 2020vdq the lowest luminosity
TDE in the (/34)) sample, even relative to events with lower black hole masses,
although note that, if the assumed peak is not the true peak, the luminosity may be

higher. The flare temperature is also in the coolest 20% quantile of the sample.

AT 2020vdq was detected as a radio source in 3 GHz observations from the VLA
Sky Survey (VLASS; (/33)) on Oct. 9 2021 (MJD 59496), or 383 days after the
first optical peak. It had a flux of f, 3gn, = 1.48 £0.14mJy or vL, = (2.3 +0.2) X
1038 ergs™!. The transient location had been previously observed by VLASS on
May 25, 2019 (MJD 58628), or 485 days before the optical peak. No emission
was detected, with a 30~ upper limit f, 36, < 0.7mly or vL, < 10¥ergs™!.
We obtained follow-up radio observations with the VLA on Feb. 2, 2022 (MJD
59612), or 499 days after the optical peak. The radio SED, shown in Figure[6.3| was
consistent with a non-relativistic, spherical synchrotron source with equipartition
radius log Req/cm = 17.07+20! and magnetic field log Beq/G = —0.59709 (note

-0.01 -0.04
the one discrepant point at low frequencies in the Az; = +500 days observations is
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Figure 6.3: The radio evolution of AT 2020vdq. The black scatter points show
a VLA observation from 500 days after the initial flare, or equivalently 470 days
before the second flare. The red scatter points show a VLA observations from eight
days after the rebrightening. The green upper limit shows a NOEMA observation
from two weeks after the rebrightening. Both SEDs can be fit with spherical, non-
relativistic synchrotron models. No young emitting component is required in the
SED from shortly after the rebrightening. VLASS epoch 3 observations from ~400
days after the rebrightening (light blue square) are consistent with our second epoch
within 1.50- and show no evidence for a young outflow.

severely contaminated by radio frequency interference and can safely be ignored.
We attempted to manually re-reduce this data point and found a flux 0.8 + 0.2
mly, which is consistent with the fit at a ~20 level, but we show the pipeline
reduction in Figure [6.3] for consistency with the rest of the SED.). Assuming the
radio-emitting outflow was launched near optical peak, this radius corresponds to an
average velocity v ~ 2.7x 10*kms™!, or 8 = v/c = 0.09. The energy in the outflow
is log Eeq/erg = 49.7t%.%11. The power-law index of the electron energy distribution
was consistent with p = 3.4f%.11. We refer the reader to (9, 413) for more details of

the radio modeling and observations.

AT 2020vdq was not detected as an X-ray transient in observations with the Swift/XRT
telescope on Feb. 28, 2022; the 30 upper limit on the 0.2 — 10 keV flux was
Ly < 3 x10* erg s™!. No significant transient UV emission was detected by
Swift/UVOT on the same date.

We obtained optical spectra of AT 2020vdq on Feb. 6 and Apr. 7, 2022 (MJDs
59616, 59676), or 503/563 days post-optical peak using the LRIS spectrograph
on the Keck I telescope (for reference, the source repeated after 947 days). The

observation and reduction details are described in (9, 4/3). The spectra are shown
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and discussed in detail in (9). Multiple transient spectral features are visible, as
described in detail in (9): intermediate width Balmer, He 1114685, He 115875, and
[Fe X]16374 features. The Balmer features have asymmetric profiles with a slightly
redshifted peak and a blue tail with average FWHM~900kms~!. The Balmer
emission is consistent with being produced by dense n, > 10° cm™, compact
R < 10'7 cm gas using standard recombination theory. The Balmer decrement of
these lines is high: Ha/HB = 9, suggesting that the emission is heavily extincted or
produced by a non-standard ionization mechanism. The Balmer features brightened
between the two spectra. The other transient features have narrower, symmetric
profiles with FWHM~300 km s~!.

6.3 Observations of the rebrightening

Broadband transient optical/UV emission

Table 6.2: Best-fit evolving blackbody parameters for the optical flares from
AT 2020vdq, including results from both the parametric and non-parametric fits
to flare II. We report the energy from the non-parametric fit as a lower limit. We
define the equivalent mass as My, = 10E/ c2, where we have assumed an accretion
efficiency of 10%.

Ipeak log er{;% log Agqq.  log % dr t)2ise t1j2.decay 10
Flare I 59115+1 42.73+0.08—-0.89 +0.14.00+0.05 87 20 12+13 71+4 78
Flare II (par.) 60083.5 +0.343.99 +0.03 0.3 +0.3 4.30+0.01-212+334.9+0.1 5.8 +491 + 4.
Flare II (nonpar.) - 442 +0.06 0.3+0.3 4.45+0.03 - - — -

Notes. Best-fit evolving blackbody parameters for the optical flares from AT 2020vdq, including
results from both the parametric and non-parametric fits to flare II. We report the energy from the
non-parametric fit as a lower limit. We define the equivalent mass as My, = 10E/ ¢?, where we have
assumed an accretion efficiency of 10%.

The rebrightening of AT 2020vdq was first detected by optical surveys: ZTF detected
the rebrightening on May 9, 2023 (MJD 60073), 947 days after the first optical peak.
The mean position of the rebrightening photometry was fully consistent with the
original position with an separation of (0.14 + 0.07)”. This optical flare (from
ZTF forced PSF photometry on difference images) is shown in the bottom panel of
Figure [6.2l UV observations with Swift/UVOT were triggered shortly after (PIs:
Lin, Leloudas, Guolo). We processed this data using the same methods as (/3}/25);
1.e., we reduced the Swift/UVOT data using recommended procedures, measured
the source flux using aperture photometry, and subtracted the host contribution in
a matched aperture using the results from spectral energy distribution fits to the
host galaxy from (413). The UV lightcurve is overlaid on Figure [6.2] Optical



183

(ugri) observations with the Liverpool telescope observations were also triggered
(PI: Nicholl). The observations were reduced using standard methods and the
host component was subtracted using SDSS photometry. PSF photometry was
performed on the difference images. The resulting difference photometry is overlaid
on Figure The evolution of this optical/UV rebrightening is notably different
from that of the first flare. The emission peaks at a g-band luminosity a factor ~5
higher than that of the original flare, assuming that the assumed first peak is the true
luminosity peak. The decay time of the rebrightening is significantly faster than
that of the original flare. The rebrightening also cools significantly within ~10 days
post-peak. Similar cooling is not obviously visible at ~ > 10 days post-peak during

the first flare, during which period we have color constraints.

We quantify these differences by modelling the optical/UV emission with two meth-
ods. First, we fit the UV/optical lightcurves with a parametric model, following
(/34). We assume the lightcurve can be modeled as an evolving blackbody. The
blackbody luminosity rises as a Gaussian and decays as a power law and the tem-

perature is constant pre-peak and evolves linearly post-peak:

1 (t_’peak )2
2\ Orise

I < Ipeak

e
Ly = Lpeak (6.1)
(Eeki0) P otherwise
to ’ :
Top, =Ty + 0 r< tpeak (62)
% X (t = tpeak), Otherwise.

The time of luminosity peak is given by #peak, fo and p control the luminosity decay
shape, oyise controls the rate of the rise, and % controls the rate at which the

temperature evolves.

We fit both the initial and second flares using this model so that we can com-
pare the temperature evolution. We perform a least-squares fit with bounds 7peax €
[-100, 100], t9 € [0.1, 10°], Lypeax € [38,50], oyise € [0.1, 1e2], p € [-1000, 0], % €
[-1000, 1000], Ty € [3, 6]. The resulting best-fit parameters are shown in Table[6.2]
We also report the rise time from half-peak to peak luminosity, 71/ sise, and the corre-
sponding value for the decay (¢} /2, decay)- The best-fit models are shown in Figure@;
note that the parametric model is significantly discrepant from, in particular, the data
near peak. To remain consistent with other work, we will use the model regardless,

but discuss results from a non-parametric model that gives a better fit later. Note
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Figure 6.4: A comparison of the parametric, evolving, blackbody fit parameters for
AT 2020vdq (black) to those of the TDEs from (/34)) (blue). The initial flare from
AT 2020vdq is denoted with open markers while the rebrightening is denoted with
filled markers. The pTDE candidate has a lightcurve that is generally consistent
with the broader TDE population, although the rebrightening is luminous and fast
evolving.

that the combination of the large best-fit 7y and high p place this source in a linear

rather than power-law regime, unlike many other TDEs.

The peak luminosity of the rebrightening is 1.2 dex brighter than that of the initial
flare, assuming that there is no luminosity peak that was missed before the first
detection of AT2020vdq. The optical/UV Eddington ratio 4 = Lpeak/LEdd 1S
correspondingly higher, such that the rebrightening corresponds to super-Eddington
emission. The blackbody temperature of the rebrightening is 0.3 dex higher than
that of the first flare, although we caution that the lack of UV observations of the
first flare render this measurement uncertain. The rebrightening shows significant
cooling, whereas the first flare shows little temperature evolution. The fade time of

the rebrightening is also significantly faster than those of the first flare.

We compare these best-fit parameters to the ZTF-selected TDEs from (/34) in
Figure 6.4] In the top left panel, we show the evolution of the pTDE candidate in
blackbody luminosity/temperature space. The initial flare is remarkably faint and
cool, whereas the rebrightening is relatively typical. In the top middle panel, we
show the evolution of the rise/decay times. Both the initial and second flares have

short rise times relative to the ZTF TDE sample, although the uncertainties on the



185

o ZTF TDEs
A~ ASASSN-14ae
AT2020wey
A~ AT2019qiz
Fe— AT2018fyk
iPTF16fnl

A~ iPTF15af
ASASSN-150i
E ASASSN-14ko

. 1 |-@aT2020vdq

10°E

10 3

[ 1 | ! ! !
0 0 510 15 20

! ! :
0 5 10 15 20 2 30 3
t — tpeax [days] t — tpear [days]

Figure 6.5: Non-parametric temperature, radius, and luminosity evolution for those
TDESs and pTDEs that have available multi-epoch UV and optical data. Data from
the rebrightening of AT 2020vdq is shown as black circles. The required multi-epoch
UV data is not available for the initial flare, so only the rebrightening is shown. The
candidate pTDEs AT 2018fyk and ASASSN-14ko are shown as colored stars, while
normal TDEs are shown as open black circles. The data is retrieved from (329, 430,
444-448). AT 2020vdq shows a significant initial cooling and a rapid luminosity
evolution. Otherwise, this pTDE candidate is generally consistent with the normal
TDE:s.

rise time of the initial flare are large. The second flare, in contrast, is the fastest
rising TDE observed by ZTF and it has one of the fastest decay times. In the top right
panel, we show the evolution of the flare Eddington ratio. The peak Eddington ratio
of the first flare is significantly lower than that of the ZTF TDEs at similar black hole
masses, assuming that the assumed peak is the true luminosity peak. The second
flare, on the other hand, is at the upper end of the Eddington ratio distribution:
there are only four ZTF TDEs with more super-Eddington emission, placing it in
the upper 90% percentile of TDEs.. In the bottom left panel, we show the rise time
versus peak luminosity. In this parameter space, it is clear that AT 2020vdq is both
fast-rising and the rebrightening is very luminous for this fast rise. Likewise, the

bottom right panel shows that the TDE is fast-decaying and luminous.

We can improve upon the parametric model fits, which do not provide a good fit



186

+ ¢ MJD 60081

MJD 60085
¢ MJD 60090
Best-fit +10 []

2 x 103 3x 103 4 x10° 6 x 103
Wavelength [A]

Figure 6.6: Example non-parametric SED fits to three epochs of observations of AT
2020vdgq, highlighting the observed cooling.

near the peak of the rebrightening, by fitting independent blackbodies to the obser-
vations at multiple epochs. This is possible because we have multiple epochs of
UV observations for the rebrightening, so we can tightly constrain the blackbody
parameters for those epochs without relying on a parametric model. We first in-
terpolate the optical lightcurves to the UV observation epochs using a Gaussian
process model with a Matern kernel, as implemented in the sklearn package. We
then fit the UV+optical for each epoch with a blackbody curve. The resulting tem-
perature, radius, and luminosity evolution is shown in Figure [6.5] Example SED
first are shown in Figure [6.6] As expected given the poor fit near peak from the
parametric model, the peak luminosity and temperature from these single-epochs
fits are significantly altered. The peak luminosity is log Lyy/(ergs™!) = 44.2+0.06,
corresponding to an Eddington ratio log 4 = 0.3 + 0.3. The temperature at peak is
log Tyy /K = 4.45 + 0.03. The temperature cools dramatically at ~ — 2300 K/day in
the first few days of the flare, and then stabilizes to ~ — 200 K/day.

We integrate this non-parametric bolometric luminosity post-flare to calculate the
total energy released during the event. This energy is a lower limit as the non-
parametric luminosity of the second flare from AT 2020vdq was only able to be
estimated to ~20 days. We estimate an upper limit by integrating the parametric
light curve fit to 100 days, although note that this parametric fit did not model the
data well and was extrapolated well past the edge of the data. We include it to
show that it is not hugely different from our non-parametric energy and does not
significantly affect our conclusions. We integrate the reported best-fit parametric
models from the (/34) lightcurves to 100 days to compile a comparison bolometric
energy sample. We do the same for the first flare from AT 2020vdq. For the first
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Figure 6.7: The total emitted optical/UV energy inferred from the pTDE candidate
optical/UV flares, in the same format as Figure[6.4] The left axis shows the emitted
energy while the right axis shows the equivalent stellar mass, assuming an accretion
efficiency of 10%.

flare, this energy is a lower limit if observations missed the true luminosity peak.
The resulting bolometric energies emitted during the first and second flares are
shown in Figure and the first flare energy and the second flare non-parametric
energy limit are tabulated in Table[6.2] We also compute the equivalent stellar mass
assuming an accretion efficiency of 10%. We computed that bolometric energies for
the (/34) following the same procedures. The energy released during both flares of
AT 2020vdq is comparable to that from the (/34). The second flare releases a factor

of a few more energy than the first (pending constraints on the late-time evolution).

We searched the literature for other TDEs with published non-parametric fits and
overlay the results from these similar analyses of other fTDEs and pTDEs in Fig-
ure[6.5] Candidate pTDEs are distinguished by star markers, while fTDE:s are circle
markers. Because this comparison sample of TDEs with non-parametric fits is
highly heterogeneous as few events have such data published, for illustration we also
show the best-fit values at peak for all ZTF TDEs, although we note that these values
are measured using parametric fits that do not all include UV observations and so
may not be directly comparable. The initial temperature evolution of AT 2020vdq
is significantly faster than that of all other TDEs, although this trend is entirely
governed by a single data point. Many other TDEs do, however, show some ini-
tial cooling within the first ~20 days post-peak. The typical cooling rate in these
~20 days is comparable to that of AT 2020vdq if we ignore the first observation.
In particular, the temperature evolution from days ~5 — 15 resembles that of AT
2020wey. The temperature is significantly hotter than that observed from the par-
tial TDE ASASSN-14ko. The radius evolution is generally similar to other TDEs.



188

LyaNV
T

Sky contaminated/ |4
Reduction issues | |
—t— Aty = +2 days
—— Aty = +26 days

“HO Hell
! NIIL yg
o

Hel g
i ‘
| i

A [erg cm 2 s‘l]

j0ef

2 x 10° 3 x 10° 4% 10° 6 x 10

Rest Wavelength [A]

Figure 6.8: Summary of post-rebrightening UV/optical spectra of AT 2020vdq. Red
regions are contaminated by sky background or telluric lines. In all spectra, a variety
of strong broad, intermediate width, and narrow features are visible on top of a blue
continuum.

The luminosity evolution, however, is remarkably rapid. This luminosity fades on
a timescale comparable to the “fast and faint” TDEs AT2020wey and iPTF16fnl
despite being an order of magnitude brighter than these events.

We conclude by briefly considering the flux level between the two flares. We calcu-
lated the average flux between ~300 days after the first flare to ~100 days before the
second flare. We found a quiescent g-band luminosity L, ~ 4 X 1037 ergs™! (14.50
significance) and an r-band luminosity L, ~ 2 x 1037 ergs™! (70 significance).

Transient spectral optical emission

We obtained optical spectra of AT 2020vdq with the LRIS/Keck I telescope using
the same settings as (9). These spectra were observed 3 and 27 days post-optical
peak (May 21 and Jun. 14 2023; MJDs 60085, 60109). These LRIS spectra are
shown in Figure [6.§] along with a UV spectrum that will be discussed in the next

section. All spectra were reduced following standard procedures.

In both LRIS spectra, the host galaxy features, a blue continuum, and transient spec-
tral features are significantly detected. In particular, we see clear evidence for a broad
He 1114686/Hp blend, broad He 115876, and both broad and intermediate-width He.
Unfortunately, measuring the broad line fluxes in the spectra is complicated by strong
degeneracies between the broad lines and the continuum. We attempt to model the
spectra as the sum of broad Gaussian components near the expected wavelengths of
He 1114686, HB, He 115876, and He in addition to a fifth degree Legendre polyno-
mial continuum component. We also require an intermediate width Ha component,

although we postpone detailed discussion of that line to later in this section, and a
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Gaussian absorption line near the HS wavelength.

Table 6.3: Broad line fit parameters, with uncertainties as reported by our least
squares fit. We caution against directly interpreting the reported luminosities as our
fit makes many simplified assumptions and does not fully account for the strong
degeneracies between the line fluxes and the continuum level/shape.

Param. MJD 60085  MJD 60109
FWHM, kms™" | 25260110 19949 = 111

VM 0.0843 = 0.00040.0665 + 0.0004
Av kms™! -148+51  -1122+51

Lu. 10Yergs™!| 922+0.08  5.71 +0.08
Lyg 10%ergs™| 4.41+0.06  2.38+0.06
Luemucss 100 ergs™| 3.02+0.06  6.99 +0.06
Lie1ss76 10 ergs™!|  7.68 + 0.05 1.33+0.05

Notes. Broad line fit parameters, with uncertainties as reported by our least squares fit. We caution
against directly interpreting the reported luminosities as our fit makes many simplified assumptions
and does not fully account for the strong degeneracies between the line fluxes and the continuum
level/shape.

In Figure we show the spectra with the best-fit model and continuum model
overlaid. In Figure[6.10] we subtract the continuum and overlay the individual best-
fit line models. The best-fit optical broad line parameters are shown in Table [6.3]
Unfortunately, the continuum level, which is the sum of galactic emission and
the TDE continuum emission, is highly degenerate with the line fluxes (and, to a
lesser extent, the line widths) and rendered uncertain by imperfections in the flux
calibration due to unknown slit losses, which are different for the host galaxy and
transient emission. Moreover, we have fixed the FWHM and velocity offsets of all the
broad lines to a single value to remove degeneracies between the broad He Il and HS
emission; however, these assumptions are not physically motivated and likely cause
erroneous flux measurements. Hence, we caution against detailed interpretation of
the line luminosities. The FWHM measurement is likely more reliable, although it
is still subject to significant degeneracies. Given the aforementioned uncertainties,
we will not discuss and interpret the line fluxes in detail, other than to note that the
Balmer decrement may be tantalizingly flat (Ha/HB =~ 2), as has been observed for
previous TDEs (449).

The line FWHM are nearly ~0.1¢ with small blueshifts. The line width narrows
slightly with time, while the blueshift increases. The Ha, HS, and He I lines evolve
similarly: they begin bright and broad, but fade by the second observation. The

He Il line, in contrast, appears to brighten between the two observations, suggesting
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Figure 6.9: Best-fit models of the broad emission lines from the post-rebrightening,
AT 2020vdq optical spectra. The observed spectra are shown in black. The best-fit
models are shown in blue and the best-fit continuum is shown in orange. Regions
highlighted in gray are excluded from the fit due to strong sky/telluric line features
that render the reduction uncertain.
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Figure 6.10: Best-fit models of the broad emission lines from the post-rebrightening,
AT 2020vdq optical spectra, in the same format as Figure [6.9] For visualization,
we have subtracted out the normalization in this figure and show the best-fit model
subcomponents are shown in red. Broad Balmer, intermediate width Balmer, and
Helium lines are detected. The Balmer lines fade slightly between the two spectra
while the He Il line brightens and the He I line fades dramatically, suggesting that
these lines all originate from different locations in the source.

an alternate origin of the line. Similar behavior has been reported from the TDE
candidate AT 2018hyz (449).

If the electron scattering optical depth is large, line broadening in TDEs may instead
be dominated by electron scattering (/46). For a moderate optical depth, a narrow
line is produced by the unscattered photons and a broad base is visible due to
the scatter photons. While we do observe both broad and narrow line emission
in our spectra, it seems unlikely that the narrow line emission is the unscattered
component of the emission: He I and He are at similar wavelength and have similar
broad line fluxes in the early spectrum, yet Hao shows a strong narrow line and
no detectable narrow Hel line is present. Unless the He I emission region has a

substantially higher optical depth than the Ha emitting region, the narrow lines
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Figure 6.11: The evolution of the intermediate Balmer lines observed from
AT 2020vdq, with the best fit host stellar population subtracted. HS is shown in the
left panel while Ha is shown in the right. Data is shown as lines with errorbars
while Gaussian model fits are shown as lines. The Balmer lines were brightening
by ~2 years after the first flare, but faded and became slightly blueshiftedby the
rebrightening. A few weeks post-rebrightening, the Balmer lines began brightening
while remaining blueshifted.

cannot be produced by the same mechanism as the broad lines. Hence, we assume
that no significant unscattered component is detectable, so the emitting regions all
have large electron scattering optical depths. It is beyond the scope of this work
to calculate the exact optical depth required to produce the line widths observed,
although we note that none of the line profiles presented by (/46) are as broad as
the lines observed here. We urge attempts to reproduce the spectrum observed with
this source with electron scattering models to determine if it is possible to match
our observations. Based on Figure 3 of (/46)), symmetric broad lines similar if not
as broad as those produced by AT 2020vdq are emitted by static or near-static gas
with 7.s > 8. Adopting R ~ 10'*3 cm as before, this corresponds to a gas density
p 2 4x 107" g cm™ or a number density n > 10° cm™>. The total mass in this
outflowing gas is thus 0.002 M.

In addition to these broad lines, we observe strong intermediate-width Balmer
emission, similar to that observed following the first flare. These lines are treated in
detail in (9), so we only briefly discuss the properties and interpretation here. The
evolution of these intermediate width lines from before to after the rebrightening is
shown in Figure [6.11] We have removed the stellar continuum using a fit with the
ppxf software. While this subtraction may affect the core of the intermediate width

lines, from higher resolution observations of the early time lines in (9), we do not
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Table 6.4: Intermediate Balmer line properties and evolution

Parameter Unit |Ar; = —466 daysAt;; = —406 daysAr;; = +2 daysAti; = +26 days
Lo 10Mergs™| 1.231+0.013 1.452+0.011 0.874+0.022 1.69 + 0.05
FWHM, kms™! 855 + 18 892 + 12 1077 = 18 1152 £ 10
Av, kms™! 128+6 128 £5 -94+6 —26+2
Lg  10%ergs™! 0.128 £0.009 0.171 +£0.008 0.025 + 0.005 0.323 + 0.004
FWHM; kms™! 807 + 57 932 + 47 464 + 99 1145 + 14
Avg kms™! —104 £ 22 -70 £ 19 630 + 42 42 +6
Lo /Lg 9.6+0.7 8.5+04 35+8 5.22+0.17

Notes. Best-fit Gaussian model parameters to the intermediate width Balmer lines, as described in

Section

see strong evidence for a dominant host component. Since the host has not changed
between observations and the intermediate width lines have brightened at the host
redshift, this will remain true. Following (9), we found that the Ha lines could
be well modeled as the sum of two Gaussians. The HS lines are well-modeled as
single Gaussians. Those fits are overlaid in Figure [6.11] and the best-fit parameters
are summarized in Table

Before the rebrightening, the emission lines were peaked near the host redshift and
were brightening. They began fading at some point in the ~400 days before the
source rebrightened. In the earliest spectrum post-rebrightening, the lines were
slightly blueshifted relative to the host. The lines had brightened by the next
spectrum, ~24 later or 27 days post-peak, suggesting that the emitting material is
located <7 x 10'% cm from the SMBH. In all spectra, the Balmer decrement was >3,
suggesting extreme extinction or non-standard ionization, as photoionization of low
density gas predicts a Balmer decrement ~3 (see |9, for a detailed discussion). This
is different from the very broad Balmer lines, which have a flat Balmer decrement,
and suggests distinct emitting regions (the very different line widths also support
this hypothesis). Following (9), we assume that the intermediate width emission is
produced via recombination and use the distance limit from the variability timescale
as an upper limit on the size of the emitting region. We find that the gas density is
> 10° cm™3. Such a high density suggests that we are seeing emission from very

compact clumps of outflowing gas.

We note that, after the first flare, we also detected emission from the coronal line
[Fe X] 16375, signifying the presence of a strong soft X-ray continuum. That
line is faintly present in the post-flare spectrum and shows fading from (1.6 +
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Figure 6.12: Fit to the Ly region and a continuum region of the . HST spectrum,
in the same format as Figure[6.10] Note that we are not showing the full spectrum,
which can be seen in Figure [6.8] but just the fit regions. The spectrum is well-
modelled as two broad lines (Lya and an ambiguous line near Si1VA1394), one
intermediate line (Lya), two narrow emission lines (Lya and N V), and one narrow
absorption line (Lya). The broad Ly« line is redshifted by ~7600 km s~! relative to
the host rest-frame, which is in strong contrast to the optical spectral features.

0.2) x 10"%ergem™2 57! pre-rebrightening to (0.47 + 0.08) x 10~ "% ergcm=2s7".
This suggests that either the coronal line emitting gas is too distant for the bright
continuum to have reached it yet, or the soft X-rays are not present. Given that the
previous detection of [Fe X] was narrower than that of Ha, which suggests it may
lie at larger distances and thus may turn on at late times, further late-time follow-up

will be required to constrain this.

UV spectrum

We obtained a UV spectrum on June 14, 2023 (MJD 60109) using the Space
Telescope Imaging Spectrograph (STIS) on the . Hubble Space Telescope (. HST).
We observed AT 2020vdq with the G140L grating and the FUV-MAMA detector
for 3560 seconds and with the G230L grating and the NUV-MAMA detector for
1082 seconds, for a total of two orbits. All observations used the 52 x 0.2” aperture.

The resulting UV spectrum is shown in Figure [6.8]

We begin with a qualitative description of the spectrum. Strong, hot blackbody
emission (consistent with the transient photometry) is detected in the continuum

of the UV spectrum. On top of this continuum, a number of emission lines are
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detected. First, an extremely broad Lya and/or N V41239 emission line is present.
Superposed on the broad line(s) is an intermediate width Lya emission line with a
narrow absorption component. There are other broad features near the wavelengths
of SiIVA1394, N1V]11486, and CIVA11548, 1551. Near but blueshifted relative
to the wavelength of CIV, two narrow absorption lines are present. A number of
narrow emission lines are also detected at a > 30 significance (assuming Gaussian
models) and with widths consistent with the instrumental resolution: N1V]11486,
Mg 111442796, 2803, He 1111640, and N II]12143. These lines are often detected in
galaxies, so we assume they are associated with the host. We do not have sufficient
signal-to-noise to perform a detailed analysis of the line emitting regions, so we do

not discuss these lines further.

In the rest of this section, we attempt to quantitatively analyze and interpret these
features. We focus on the broad Lya+ N V41239 complex. While the other broad
emission lines may be present, our spectrum is not of sufficiently high signal-to-noise

to characterize them.

Table 6.5: UV spectral features

Name Lum. FWHM Av
10 ergs™!  kms™! km s~!
Lya; + NVA1239] 95+5 18747 + 646 7556 + 344
Lyap 16 +3 7290 + 650 —2883 + 252
SilV 3+1 7830 +2086-1401 + 758

We fit this region by modelling the range from 1200—1400 as the sum of Gaussians
and a blackbody. We also include the continuum-dominated region from 1800-2100
in the fit to help constrain the blackbody parameters. While redder regions of
the spectra also are continuum-dominated, we exclude them because the galaxy
contribution is expected to be larger and potentially dominant. Seven Gaussians
are required for a statistically consistent fit: (1) a broad component near Ly and
N V41239, (2) an intermediate-width Lya component, (3) a broad component near
1400 (possible Si1VA1394) (4) a narrow Lya absorption line, and (5-6) two narrow
Lya and N V41239 emission components. We generally adopt broad bounds for the
parameters in this fit, including for the blackbody temperature and radius. The best
fit with subcomponents is shown in Figure [6.12] and the best-fit broad/intermediate

line parameters are tabulated in Table[6.5]

The first broad component may not be entirely Lya may be a blend of Lya and
N VA1239. We tested adding a separate Gaussian for each separate these lines but
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found that the fit did not improve, so we are unable to separate the contributions of
these lines. Fitting a single component, we find that this blend is well-modelled as a
Gaussian redshifted by ~7600 km s~! and with a FWHM ~19000kms~! = 0.06¢.
This FWHM is consistent with those of the optical broad lines; however, the optical
lines are slightly blueshifted whereas this line is redshifted relative to the expected
Lya wavelength. A strong NV component could play a role in this, but it would
have to dominate over the Lya emission. It is possible that a Gaussian is not the
correct parameterization for these lines, which could also affect the velocity offset.
If this line is, e.g., flat-topped or has multiple components (both of which can be
produced by accretion disks and have been observed from past TDEs; (449)), the
redshift and relative contribution from NV may be lessened. The total luminosity
of this component is a factor ~10 higher than that of the broad Halpha line, which
is comparable to the expected ratio of 8.7 from case B recombination, although it is
unclear whether case B recombination will apply in this extreme emitting material.

The origin of this luminous, broad emission remains a mystery.

We require a second, intermediate component in our Lya model that has a FWHM
~ 7000kms~! and a blueshift of Av ~ 3000 km s~!. This line is broader than
the intermediate width components observed in the optical. If the broad Ly«
component discussed above is not well-modelled by a Gaussian but is instead, e.g.,
flat-topped, we expect that the parameters of the intermediate component could vary
substantially. Without a physically motivated model, we cannot constraint this. We
note that we might expect an analogue to the intermediate width optical lines, which

could be contributing here.

A few past TDEs (both fTDEs and pTDEs) have UV spectroscopy; a good summary
of observations is provided by Figure 11 of (450). Broad Lya lines, like that
observed here, are detected in most near-peak TDE UV spectra (450-454), although
the emission from AT 2020vdq appears significantly broader than typically observed
(note that few authors provide fits to the broad emission, so a quantitative comparison
is not possible). iPTF 15af shows a similarly broad line, although with strong
absorption features superimposed that we do not see here (448). The broad SilV
and CIV are also frequently observed (e.g. 450). Intermediate width emission
from Lya has not been reported before, to our knowledge. Thus, other than the
intermediate width components and the extreme width of the broad emission, the
UV spectrum of AT 2020vdq resembles those of past TDEs.
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Radio emission

We obtained radio follow-up shortly after the rebrightening of AT 2020vdq using the
VLA telescope (~1 — 20 GHz; Proposal AS1800, PI Somalwar) and the NOEMA
telescope (mm; proposal E22AH, PI Somalwar). All observations used standard
configurations. We observed AT 2020vdq with the VLA in the S, C, X, K, and Ku
bands on May 26, 2023 (MJD 60090), or 7 days after the peak of the optical/UV re-
brightening. The VLA observations were reduced using the most recent CASA VLA
pipeline (2022.2.0.64). The source was detected in all bands and was sufficiently
brightin S, C, and X to image individual spectral windows. The signal-to-noise was

lower in the K and Ku bands, so we imaged all spectral windows together.

We observed AT 2020vdq at 95.7 GHz with the NOEMA telescope on June 1, 2023
(MJD 60096), or 14 days after the rebrightening peak. The observations were
reduced using recommended pipeline procedures. The source was not detected,
with a 5o flux limit of < 0.06 mJy.

The resulting fluxes and upper limits are shown in Figure [6.3] The fluxes can be
well-modeled as a single power-law, consistent with expansion of the early-time
component. A new outflow component would appear as a second broken power-law

component.

After the initial writing of this paper, VLASS re-observed AT 2020vdq as part of
their epoch 3. We show the detection in blue in Figure [6.3] It is consistent within

1.50 with our second VLA epoch.

Table 6.6: Swift/XRT 5o upper limits

MJD AT 2020vdq
[10% erg s!]
59638.2 <34.6
60081.2 <6.2
60084.8 <114
60087.3 <96.5
60090.5 <90.8
60093.8 <90.8
60099.8 <4.4
60102.2 <147.6
60105.5 <170.3
60108.1 <4.0
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Figure 6.13: . XMM-Newton spectrum of AT 2020vdq, observed +2 days post the
peak of the rebrightening. The data is shown as black points while the best-fit
TBabsxzashiftx (simpl®diskbb) model is shown as as a blue line.

X-ray emission

We (among other groups) obtained X-ray follow-up of AT 2020vdq during the
rebrightening using Swift/XRT (PIs: Lin, Leloudas, Guolo) and XMM-Newton (PI
Somalwar). The Swift/XRT observations were performed in photon counting mode
and reduced using standard heasoft procedures. We used the sosta function to
perform forced photometry at the location of the source using default parameters.
The source was not detected in any single Swift/XRT epoch; upper limits on shown
in Table

AT 2020vdq was observed and detected by XMM-Newton in ~10 ks on MJD 60085
(+2 days post peak; May 21, 2023). The observation data files (ODFs) were reduced
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using the XMM-Newton Standard Analysis Software (SAS; 455), and the detailed

reduction processes as described in Guolo, Gezari, Yao, van Velzen, Hammerstein,
Cenko, and Tokayer (/42) were followed. The source spectrum, shown in Fig-
ure[6.13] is detected above the background up to ~ 3.0 keV. The following spectral
fitting procedures were done using the python version of xspec (456), pyxspe
For all spectral models described below, we included the Galactic absorption using
the TBabs model (327), with the hydrogen-equivalent neutral column density Ny
fixed at the galactic value Ny = 1.38 x 10?° cm™2. We shifted the TDE emission
using the convolution model zashift. We start by trying to model the spectrum
with a phenomenological powerlaw (TBabsxzashiftxpowerflaw), as expected
(/42)), the powerlaw model is an inadequate model for TDE X-ray emission, the
resulting y?/degrees of freedom (do f) = 20/12. Alternatively, we also employ a
purely thermal model (TBabsxzashiftxdiskbb)), which also results in a poor fit
x?/dof =30/12, from a strong residual at energies higher than 1.0 keV.

Finally, based on Guolo, Gezari, Yao, van Velzen, Hammerstein, Cenko, and Tokayer
(/42), we combined the thermal model with a convolution model (simpl, (457))
that emulates the comptonization process to create a powerlaw. With two free
parameters: fy, the fraction of comptonized photons, and I', the resulting powerlaw
photon index. Our final model TBabsxzashiftx(simpl®diskbb), results in
a great fit y?/dof = 10.3/10, the best-fitted parameters are shown Table
The unabsorbed 0.3—10keV flux was log fx/(ergcm™2s™') = —12.95 + 0.05, or
log Lx/(ergs™') =41.4+0.05 (Lx = 0.005Lcqq.)

This X-ray emission is consistent with both observations of X-ray faint TDEs shortly
post-peak (/42), /43)) and late-time X-ray observations of TDEs (/42, 254), so it
could be associated with the new flare or it could be relic emission from the accretion
disk created during the first flare. The temperature of the thermal component is
consistent with other optically selected TDEs (/42), and the faint powerlaw emission
(fse = 0.03’:%.%11), could originate both from the reprocessing layer that produces the
bright UV/optical, or a nascent corona (/42, 458)), late time observations may be

able to distinguish them.

6.4 Constraints on previous flares from AT 2020vdq
In this section, we search for past flares from AT 2020vdq. We retrieve photometry
of this source from the ZTF, the Catalina Real Time Transient Survey (CRTS; (/74)),

Thttps://heasarc.gsfc.nasa.gov/xanadu/xspec/python
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Table 6.7: Best-fitted parameters for XMM-Newton spectrum.

Model Component Value
TBabs Ny 1.38 x 10% cm™2 (fixed)
zashift Z 0.045 (fixed)
. fuc 0.03*0:01
simpl—p 1.35%031
T; 58+ eV
. 1 _6
diskbb norm 81 6f72(7)g
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Figure 6.14: Historical lightcurves for AT 2020vdq. The lightcurves for each
survey/band have been binned in 3 days bins. For clarity, we distinguish data
from different surveys with different colors, but do not show different colors for
each band (e.g., the ZTF lightcurve includes gri observations). We find no evidence
for earlier flares in any of the data. ATLAS data rule out similar-brightness flares in
the last ~10 years.

and Asteroid Terrestrial-impact Last Alert System (ATLAS; (/76)). As shown in
Figure [6.14] no significant flare is detected by any survey. In both cases, ATLAS
coverage is sufficient to rule out previous flares as bright or brighter than the detected
flares. We cannot, however, rule out previous flares that had peak magnitudes that

were fainter by ~1 mag.

6.5 Discussion
We have presented the ZTF-discovered partial TDE candidate AT 2020vdq. Key

properties of this event is summarized in Table [6.8]

In this section, we will first argue that AT 2020vdq is caused by a pTDE rather than
a different type of activity. Then, we will discuss AT 2020vdq in the context of other
pTDEs and we will use it to constrain both TDE and pTDE models.
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Table 6.8: Summary of observations of AT 2020vdq

Parameter Flare I Flare 11
Host galaxy post-starburst, green-valley; Mgy = 10°° My,
Optical/UV flare Ly,=10*8 erg s71=0.1Lcqq Lip = 10 ergs™'=2Lcqq
Tor = 10*K Top = 1043 K
rose over ~8 days rose over ~5 days
decayed over ~60 days decayed over ~6 days
(one of the fastest evolving TDE
flares)
Broad lines no early time spectra extremely broad (~0.1c¢), mildly

blueshifted Balmer, He I, He II,
and Lya lines (H+He TDE)
Narrow lines ~ ~1000kms~!, slightly redshifted~1000 kms~! lines detected that
(~100km s~ 1) Balmer (with largebrightened over the first few
Balmer decrement), Hel, He II,weeks, high but variable Balmer

and [Fe X] detected decrement. [Fe X] detected but
no brightening yet.
X-ray No early-time X-ray observations, Ly~ within 2 weeks post-peak
Ly <3 x 10" ergs™! ~1.4 years
post-flare
Radio Detected as a Lz ~ 103® erg s~! No new radio-emitting region was

radio transient ~1.4 years af-detected in the ~month post-
ter the initial flare. The radio-rebrightening

emitting region was consistent

with a non-relativistic (8 ~ 0.1),

wide-angle outflow.

The cause of AT 2020vdq

We first argue that AT 2020vdq is a pTDE. We consider four possible origins of
this event (1) a TDE followed by a supernova, (2) AGN variability, (3) a TDE by a
SMBH binary, (4) two independent TDEs, or (5) a repeating partial TDE.

The first scenario is disfavored by many pieces of evidence. First, the intermediate
width Balmer lines were initially caused by a TDE (Paper II). They began evolving
after the second flare, which would not be expected if the second flare is caused
by a SN rather than an event directly in the vicinity of the SMBH. In addition,
the broad optical spectral features are well-modelled as a TDE, but are less typical
for SN. In the case of a Type II SN, the lack of star-formation provides additional
evidence against a SN flare origin. Hence, we do not believe that the second flare
from AT 2020vdq could be caused by a SN.

Instead, it is possible that both flares from AT 2020vdq are related to a flaring AGN.
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As we argue in (9), the lack of any signatures of AGN activity from this source render
this hypothesis unlikely: the WISE W1-W2 color is 0.088 mag, which is outside of
the AGN regime (381, 459), and we do not see significant infrared variability pre-
flaring. We do not see evidence for strong narrow Balmer on top of the intermediate
width transient lines and only weak, narrow [OIII] is detected. There are also no
archival radio nor X-ray detections. AT 2020vdq could, at most, be an extremely

low luminosity AGN.

A TDE by a SMBH in a binary is expected to have an accretion rate that initially
follows standard predictions for TDE evolution. The accretion rate will then cut off
after a fraction of the period of the SMBH binary, but it eventually may increase
again (460, 461). In no model of such events, however, is the accretion rate expected
to be increase after the first flare. Hence, we would not expect a flare such as that

observed from AT 2020vdq, which is more energetic during the rebrightening.

We next consider the possibility that AT 2020vdq is two independent TDEs in a
single galaxy. The TDE rate has been measured to be ~3.2 x 107> yr~! galaxy~!
using 33 ZTF TDEs. After monitoring these TDEs for ~3 years post-discovery, we
would expect to detect a mean of ~3.2x 107> yr~! Galaxy™! x 33 Galaxiesx3 years=
0.003 additional TDEs. Thus, the probability of observing one or more additional,
independent TDE from these 33 TDE hosts is 0.3%. While this probability is not
negligible, it suggests that it is unlikely that we have observed two independent
TDEs. However, we urge careful consideration of this possibility in future repeating
pTDE analyses, as the probability of observing two independent events in a single

galaxy will only increase with time and as TDE samples grow.

Considering that post-starburst galaxies have elevated TDE rates (by a factor of
10 to 100) as compared to other types of galaxies, the time interval between two
independent TDEs may be as short as a few hundred years (/35H/37,|139). For the
case of an average rate of 3 x 1073 yr~! galaxy™!, the probability of detecting two
independent TDEs from 33 TDE hosts in 3 years is as large as 30%. This possibility
can be tested by future monitoring of AT 2020vdq; (not) detecting another flare from
AT 2020vdq in the near future will constrain this possibility.

We conclude that AT 2020vdq is most likely a pTDE.

AT 2020vdq in the context of published repeating pTDE candidates
There are a handful of published partial TDE candidates. We only consider those
that flared at least twice. There have been optical/UV pTDE candidates identified
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based on their low-luminosity and/or fast-evolving flares (e.g. 462); however, non-
repeating pTDEs are very difficult to confirm as it may be possible to generate
low-luminosity/fast flares through additional mechanisms (e.g., intermediate mass
black hole disruptions; (463)). The repeating pTDEs that we consider to be reliable
candidates are summarized as follows.

ASASSN-14ko (430, 450, 464): ASASSN-14ko is one of the most well-studied
pTDE candidates discovered to date. It is a nuclear transient in an AGN that was
discovered by the ASASSN survey. It flared seventeen times between 2014 and 2020
in the optical, with a period of 114.2 days. The optical flaring was accompanied by
UV flaring and the best-fit flare blackbody parameters and evolution are consistent
with typical TDEs (grey stars in Figure[6.5). At least a subset of the optical flares are
accompanied by X-ray variability. The optical spectra for this source show possible
evidence for broad Balmer features.

eRASSt J045650.3-203750 (431, 465): eRASSt J045650.3-203750 (J0456) was
first discovered as a repeating, nuclear, X-ray transient by eROSITA. The X-ray
lightcurve is characterized by a rise followed by a ~months-long plateau that rapidly
fades. This flare profile repeats every ~223 days and has repeated three times. The
host galaxy has no detectable optical broad or narrow spectral features, suggesting
that it is quiescent in all senses. UV follow-up detected moderate variability, but
no optical variability is detected. Radio emission was detected during the X-ray
plateau.

AT 2018fyk (141} 432): AT 2018fyk was first detected as a nuclear optical transient
by the ASASSN survey. Optical spectra taken post-flare detected broad He, He, and
Bowen lines, along with narrow Fe Il features. AT 2018fyk was detected as both
a UV and X-ray transient in follow-up (Lx ~ 10¥ ergs™!, Lyv peak = 10%ergs™)
and the UV/X-ray emission remained bright for ~600 days. After this period, the
UV and X-ray emission plummeted, although remained detectable (plausibly due to
a disk state change). ~1200 days after the first flare, the UV and X-ray rebrightened,
with Ly ~ 8 x 10*? erg s™! and Lyy ~ 10" ergs™!. The host galaxy is classified
as a retired galaxy based on its narrow optical emission lines. There is no evidence
for AGN activity from infrared observations. It has a massive blackhole, with
Mgy ~ 1077 Mo,

RX J133157.6-324319.7 (433} 434): RX J133157.6-324319.7 (RX J1331) was
detected as an ultra-soft X-ray transient with Ly ~ 10* ergs~! by ROSAT in 1993
(433). The transient evolved rapidly, with a factor of eight luminosity increase

within ~8 days. The host galaxy is non-active and non-star forming. It was not
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detected in sparse, survey observations until ~30 years later, when it flared back
to ~10¥ ergs™! during eROSITA observations. The X-ray spectrum during this
flare was ultra-soft, like the first flare. It was not detected in follow-up observations
~20-100 days post-peak.

AT 2022dbl (435} |436): AT 2022dbl is a repeating partial TDE detected in optical
surveys. It flared twice with a period of 720 + 4.7 days (436). The optical flares
had similar peak temperatures, but second flare was a factor ~2 slower than the
first and a factor ~2.6 less luminous (435). The optical spectra taken near peak
of both flares show very similar Balmer, Helium, and N III features (435). No X-
ray emission was detected during either flare, but faint emission with a luminosity
Ly =3 x 10* ergs~! was detected between flares. The host galaxy is classified as

passive and Balmer strong.

IRAS F01004-2237 (466): F01004-2237 flared in the optical twice, separated by
~10 years. The first flare was detected in 2010 and was argued to be associated with
a TDE based on a broad He Il line in an optical spectrum ~5 years post-event. The
second flare was detected in 2021 with a peak luminosity ~10* ergs~!, which is
brighter than the first flare at ~4 x 10** ergs~!. The flare evolution was slow (~50
day rise to peak) and produced soft X-ray flares with a photon index I' = 4.4.

We also briefly mention two proposed repeating partial TDE candidates that we do
not include because there are alternate mechanisms that could explain their emission,

rendering the partial TDE association uncertain:

Swift J0230 (437, 438|): Swift J0230 was detected as an X-ray transient by the
Swift telescope. It outbursted ten times with a peak luminosity ~4 x 10*ergs™!.
The outbursts were not perfectly periodic but showed a ~22 day period(437, 458).
No optical/UV flaring was detected, but transient radio emission was detected (437,
438). This event was proposed to be the repeated tidal disruption of a main-sequence
star by a lower mass massive black hole ~4 x 10° Mg (437)), but this explanation was
disfavored by (458) because the stellar orbit must be highly fine-tuned to reproduce
the observations and the lightcurve evolution does not match expectations from
fallback accretion. This work instead favors a model invoking an extreme mass ratio
inspiral. Because of the uncertainty in the origin of this event, we will not further

consider it in our analysis.

AT 2021aeuk (439| 440): AT 2021aeuk is a radio-loud, narrow-line Seyfert 1 galaxy
that flared three times in the optical over a period of five years. The flares showed

irregular spacing and luminosity, and the final two flares were both slower-evolving
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than typical TDE flares. Because this event had a host galaxy with strong indications
of AGN activity (red mid-infrared colors, radio emission) and the flare evolution
are reminiscent of the ambiguous nuclear transients (275,330, 356, 467)), which are

not necessarily caused by TDEs, we do not consider this source further.

Table 6.9: Summary of published repeating pTDEs

Name Band Period [years]log Mgy /MgN. flares
ASASSN-14ko!>? Optical/UV/X-ray 0.3 7.9 >20

eRASSt J045650.3-203750*°  X-ray/UV 0.61 7.0 5
AT 2022db1%7 Optical/UV 2.0 6.4 2

AT 2020vdq? Optical/UV 2.7 6.1 2

AT 2018fyk®10 UV/X-ray 3.3 7.7 2
F01004-2237'! Optical/UV 10.3 7.4 2

RX J133157.6-324319.7!%13 X-ray <30 6.5 2

Notes. Summary of published repeating pTDE candidates, sorted by flare period. The bands listed
are those in which the rebrightening was detected. (430), 2(464), 3(450), *(431), 3 (465), ®(435),
7(436), 8This work, °(432), 10(141), '1(466), 12(433), 13 (434)

In Table@], we tabulate the bands in which these TDEs were detected, their periods,
and their black hole masses. While it is difficult to draw conclusions about trends
among candidates due to the small sample size and inhomogeneous selection, there
are a number of key facts to note about this sample:

Flare periods: The flare period distribution ranges from ~20 days to ~2—10 years.
All but two of the observed flares have periods <3 years. As has been detailed in
other work (e.g.468), placing stars on such short period orbits requires Hills capture
of a binary. In this scenario, a binary is destroyed by the SMBH tidal forces, leading
to one object being captured into a tight orbit around the SMBH and the other ejected.
The typical binaries that will undergo this process will be on tight orbits themselves,
as is required for them to survive the high velocity dispersion environment near the
SMBH. These orbits are sufficiently tight as to require either two low mass stars
or one star and one compact object. We will discuss the consequences of this fact
further in Section

Multiwavelength properties: The multiwavelength properties of the known pTDEs
are very inhomogeneous. RX J1331 and J0456 are both primarily detected in
the X-rays, with possible UV variability in the case of J0456. AT 2020vdq and
AT 2022dbl, in contrast, show little X-ray emission. Even when only comparing the
optical/UV properties of ASASSN-14ko, AT 2020vdq, and AT 2018fyk, we see a
wide range of evolution and blackbody fit parameters, as is highlighted in Figure[6.5]
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Constraints on TDE models from AT 2020vdq

Partial TDEs provide a unique opportunity to constrain both pTDE, but also fTDE
models: the only aspects of the system we expect to change between disruptions are
the stellar structure and, possibly, the CNM. With this in mind, we use the changes
in the emission between flares from AT 2020vdq to constrain both pTDE and fTDE
models. There are four key takeaways from the observations of AT 2020vdq:

1. Launching a radio-emitting outflow may require a sub-Eddington state

AT 2020vdq launched a radio outflow in the ~2 years following its initial flare.
Launching such an outflow requires an accretion disk. AT 2020vdq thus likely
had a pre-existing accretion disk during its rebrightening, and that this disk was,
at one point, capable of launching radio-emitting outflows. Despite this, no new
radio component was detected in the weeks following the rebrightening, when
the event was in a relatively high accretion rate state. There are three possible
explanations for the lack of radio emission: (1) AT 2020vdq cannot launch radio-
emitting outflows except in a sub-Eddington state; (2) this TDE cleared out the
circumnuclear material in a region around the SMBH, so no material was present
during AT 2020vdq’s rebrightening against which the outflow could shock; (3) the
change in stellar structure affected the disk’s ability to launch an outflow. Cadenced
radio observations of radio-emitting partial TDEs will be valuable for constraining
the outflow-launch mechanisms in these events.

2. Bright and fast rebrightening

The rebrightening of AT 2020vdq was rapidly evolving relative to most TDEs. It
has the fastest rise time and one of the fastest decay times of all TDEs. When
controlling for rise time, it is also luminous pTDE models predict that these events
should evolve more rapidly than fTDEs: the fallback rate of stellar debris from fTDE
decays is expected to follow a ~t~>/3 power-law, whereas pTDE decays are expected

to follow a ~¢~9/4

power-law due to the gravitational pull of the surviving stellar
core. Intriguingly, however, the first flare from AT 2020vdq was less extreme: the
decay time was among the longest for the (/34) sample. It is possible that the fast
evolution of the rebrightening is tied to the change in the stellar structure, rather
than the pTDE nature of the event. However, (469) simulated the fallback rate for
stellar disruptions with a range of polytropic indices and did not predict any early
time fallback rates that were significantly steeper than the standard ~¢=>/3. Instead,
maybe the rapid evolution is due to a pre-existing accretion disk: the first pTDE
episode likely created a disk with a size ~R7, and the interaction between a disk and

stellar debris can cause rapid circularization and accretion (470).
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3. Initial cooling of the optical flare

The temperature evolution of AT 2020vdq, while not unusual, deserves note. TDEs
are often assumed to not cool. However, multiple TDEs show initial cooling near-
peak, followed by ~10s of days in a ~constant temperature state. This has been noted
by previous authors (e.g. 446, 463), although models do not exist to explain the evo-
lution to our knowledge. This evolution is particularly apparent from AT 2020vdq:
Near-peak, the temperature cools dramatically. It then hovers near a zero-cooling
state.

4. Otherwise, AT 2020vdq is a fairly normal event

The final point worth noting about AT 2020vdq is that, like some of the other
published PTDEs, it is a relatively normal TDE. While it shows some unusual
features (fast evolution, broad emission lines), it is not massively outside the typical
TDE parameter space in any case. Both flares from this source would pass the
“normal” TDE cuts used in (/34). This suggests that some of the known TDEs
could well be pTDE:s.

Partial TDE rates and the missing energy problem
We conclude by discussing the rate of partial TDEs. We then apply this discussion

to the enigmatic missing energy problem of TDEs.

We first consider the rate of pTDEs, where each pTDE, regardless of the number of
flares, is counted as a single event. Because AT 2020vdq was drawn from the (/34
sample, we begin with the TDE rate measured in that work and scale it to estimate
the pTDE rate. We first searched that sample for other pTDEs. One other transient,
AT 2021mhg, showed a rebrightening. However, as we show in Appendix this
source is a TDE followed by a Type Ia supernova, so we do not consider it further.

(134) measured a TDE rate of ~3.2x 107> yr~! galaxy™! using 33 ZTF TDEs. Note
that this rate is an average over the population, but the rate depends on luminosity and
increases for lower luminosities. Moreover, it is enhanced for certain galaxy types.
In particular, AT 2020vdq is hosted by E+A, which may have an enhanced TDE rate
(/35). Assuming that none of the other TDEs in this sample will rebrighten, the rate
of partial TDEs on ~3 year timescales is ~1/33x ~3.2x 107> yr~! Galaxy~! ~ 1076
yr~! galaxy~!. This is a lower limit on the rate, as more rebrightening TDEs and
accounting for the E+A nature of the AT 2020vdq host will increase the value,
as will accounting for the luminosity dependence of the ZTF TDE rate and the
ASASSN-14ko-like events that would not make it into the (/34) sample.
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Instead of assuming that no more TDEs are hidden pTDEs, we now constrain
the fraction of the (/354) that could be pTDEs. We assume that the pTDE flare
period distribution is a uniform distribution ranging from 0.3-2.7 years (i.e., all
flares periods are between that of ASASSN-14ko and AT 2022vdq). This flare
period distribution was chosen arbitrarily and could affect our results: further
theoretical studies are needed to motivate the correct form of this distribution. We
also assume that, if one flare from a PTDE was detectable, any other flare should be
detectable as long as it occurs while ZTF is online. Given that AT 2020vdq showed
large luminosity differences between flares, this could affect our results; once more
repeating PTDEs are found, the luminosity distribution can be constrained. Assume
the fraction of pTDEs in the (/34) sample is fyrpg. We assign each TDE in the
(/34)) sample to be a pTDE or fTDE according to this fraction. For those assigned
as pTDEs, we randomly generate a flare period and count the number of pTDEs
that would repeat before June 2023 (approximately when we last searched for ZTF
pTDEs). We repeat this process 10° times and calculate the fraction of trials where
one or fewer objects are observed to repeat, which we call P(Nyrpg < 1). We find
that P(NptpE < 1) < 1073 for fptpE20.3; i.e., we have constrained the fraction of
pTDE:s in the (/34) to be <30% at the 30~ level. Thus, we can once more constrain
the repeating pTDE rate for ~0.3 — 2.7 year timescales to be <46% of the TDE
rate, or <107 yr! galaxy™'. Combining this result with the lower limit on the
rate computed by assuming that AT 2020vdq is the only pTDE in the (/34)) sample,
we find that the repeating pTDE rate for ~0.3 — 2.7 year timescales is in the range
107679 yr~! galaxy~!.

Note that this result is strongly dependent on the assumed flare period distribution.
Decreasing the lower limit on this distribution or having it peak towards smaller
values tightens our constraints. However, if maximum allowed flare period is larger,
a larger pTDE fraction is allowed. For example, if we assume the flare periods are
drawn from a uniform distribution ranging from 0.3-5 years, we can only say that is
the pTDE fraction <40% at the 30~ level. One way to constrain the potential for longer
timescale pTDEs is to look at older TDE samples, although no uniformly selected
such sample exists. Regardless, we checked all the older optical/UV TDEs listed
in (/12) for rebrightenings in ZTF or ATLAS data and do not find any detections.
This suggests that TDEs do not frequently brighten on longer timescales, although
this sample is small and inhomogeneous, so we do not attempt to set any detailed
constraints on the longest allowed flare periods. We suggest, however, that at least
some of the known TDEs are true, full TDEs rather than pTDE:s.
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In the theoretical frame work of Hills mechanism (442)), the rate of repeating pTDEs
depends on the rate at which stars migrate into deeply penetrating orbits and the
binary fraction of stars in the galactic nucleus. From the above discussion, we can
conclude that the ratio of the number of Hills-captured, partially disrupted stars
to tidally disrupted single stars is <40%. This fraction is less than unity mainly
because few binaries can survive in galactic nuclei with semi-major axes that would
produce a ~year period pTDE. Simulations of this process assuming different binary
fractions and semi-major axis distributions would provide valuable information for

interpreting the observed rate.

This measured rate, which suggests that pTDEs may not dominate the TDE rate, as
well as the discussion in the previous parts of this work, have implications for the
long-standing “missing energy problem” of TDEs: the total energy observed to be
emitted during TDEs is always ~2 orders of magnitude lower than expected from
the accretion of a ~solar mass star. A number of possible explanations abound;
for example, the bolometric corrections adopted to convert the observed luminosity
into the total luminosity may be hugely overestimated (e.g. |[42, |[43, 471-473),
more energy may be input into winds and/or jets than is currently expected (e.g.
471, 474), or the energy may be trapped in a disk with high optical depth (475).
Alternatively, if all or most of the known TDEs are in fact pTDEs, the low detected
energies would be expected because only a small fraction of the star need be accreted
during each disruption. Our suggestion above that at least some of the known TDEs
are true full TDEs refutes this hypothesis. Of course, if longer period (~decade)
pTDEs are common, it is still possible that pTDEs can aid the missing energy
problems. Intriguingly, this pTDE hypothesis is supported by the fact that the
original flare from AT 2020vdq was originally identified as relatively typical TDEs,
with no extremely unusual features that could have hinted at the fact that they would
rebrighten, supports this possibility: the multiwavelength properties of the known
pTDEs are so similar to the known TDEs that we can not rule out that any given
event is instead a partial disruption. Future work on the long-term lightcurves of
known TDEs will thus be critical for constraining the contribution of pTDEs to the

missing energy problem.

6.6 Conclusions

In this work, we have presented observations and analysis of the partial tidal dis-
ruption event, AT 2020vdq. AT 2020vdq is the first pTDE identified from a well-

characterized TDE sample, allowing us to constrain the pTDE rate to ~10~(5~)
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Figure 6.15: The full optical lightcurve showing the first and second flares from
AT 2021mhg. Observations are shown as scattered points.

galaxy~! yr!, subject to uncertainties in the flare rate of pTDEs. We have used the
properties of AT 2020vdq to constrain TDE and pTDE models. Of note, the lack
of a launch of a radio-emitting outflow shortly after the second disruption despite
the launch of such an outflow after the first disruption may suggest that some TDEs

must be in a low accretion state to launch such outflows.

Intriguingly, and unlike previous pTDEs, the multiwavelength properties of AT 2020vdq
are generally characteristic of “typical” TDEs; for example, it has a low black hole
mass and its optical flares are not hugely divergent from those observed from other
TDEs (it was first identified as part of a standard TDE sample). This suggests that
some of the known TDEs may in fact be pTDEs in disguise, so we urge careful
monitoring of all events. However, we also urge caution when classifying repeating
nuclear transients. As in the case of AT 2021mhg (Appendix [6.7)), large TDE sam-
ples combined with many-year monitoring campaigns leads to a high probability of

chance detections of multiple, independent transients in a single host.

6.7 Appendix

The second repeating ZTF transient, AT 2021mhg: a TDE and SN Ia in the
same galaxy

After the discovery of AT 2020vdq, we performed forced photometry for all ZTF
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Figure 6.16: Spectral evolution of AT 2021mhg. The grey spectrum was observed
60 days after the first flare and the black spectrum was observed 36 days after
the second flare. The gap in the grey spectrum masks a region that is strongly
contaminated by poorly subtracted telluric features.

TDEs to search for any other rebrightenings on ~year timescales. Coincidentally,
AT 2021mhg had rebrightened in the r-band shortly before AT 2020vdq (476)) (see
lightcurve in Figure [6.15]). The time delay between flares is 705 days. The mean
position of the rebrightening photometry was fully consistent with the original
position with an separation of (0.2 + 0.1)”. Upon discovery, we and other groups

triggered multiwavelength follow-up.

AT 2021mhg is hosted by a Balmer-strong, blue galaxy with a black hole mass
log Mgy/Mg = 6.1 £ 0.37 (/34). No narrow emission lines are detected in the
host spectra, although no host galaxy spectra without any transient emission are
available. Strong host absorption lines are detected, in contrast. We tentatively

identify this galaxy as quiescent, both in terms of star formation and AGN activity.

In Figure [6.16] we show one spectrum of AT 2020vdq observed with P200/DBSP
(PI: Kulkarni; (/34)) ~70 days after the first flare (grey) and one spectrum observed
~35 days after the rebrightening with Keck I/LRIS (black). These spectra look
markedly different. Broad Balmer, He II, and N III are detected after the first flare.
The detection of these lines places AT 2021mhg in the H+He TDE class. The
presence of NIII places AT 2021mhg in the class of Bowen TDEs, which show
Bowen fluorescence lines. The detected lines do not show significant velocity
offsets and have widths ~8000 km s~! = 0.03¢c. These line widths are typical for
H+He TDEs that are observed ~50 days post-peak.

The post-rebrightening spectrum is extremely unusual for a TDE. We detect the
typical broad lines He 1114686, possible HS and He 115876, and Ha. However,

there are also broad features near 5000 and 5500 that, to our knowledge, have



211

not been seen from a TDE before and that we cannot identify. NII114100 is not

obviously present.

While the first flare from AT 2021mhg is a typical TDE, the second flare is highly
unusual because of the broad features in the spectrum. We use the Supernova
Identification (snid) tool to model the post-rebrightening optical spectrum from this
source. The spectrum is well-modeled (87% match) as a type la supernova observed
~30 days post-peak. The mysterious broad features near 5000 are perfectly modeled

in this scenario.

We conclude that AT 2021mhg is a galaxy where a TDE occured, followed by a
Type Ia SN after ~2 years. The probability of observing a scenario like this is
non-neglible, and must be considered in future searches for pTDEs. A Type Ia SN
in a ~Milky Way-like galaxy once every ~500 years. Assuming this rate is uniform
throughout the galaxy, the typical TDE host has a radius of ~3”and we define the
nucleus as the central ~1”, a Type Ia SN will occur in a galaxy nucleus every 2 x 10*

years.

We have searched a sample of 33 galaxies (i.e., the (/34) sample) for flares over
a period of ~3 years (i.e., the time since the first TDE flares in each). Thus, the
probability of detecting a Type Ia SN from one of these galaxies in this time period
is 33 x 3 years/2 x 10% years = 0.02. The probability of detecting one or more events
given that this expected probability is ~2%. In other words, the detection of AT

2021mhg source is only a ~2¢ fluctuation.

As we continue monitoring TDEs for rebrightenings, the probability of detecting
both a TDE and another transient in the same galaxy will continue increasing. We
strongly urge the careful consideration of this scenario when future pTDE candidates

are detected.
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Abstract
We are searching for hot, constant-color, offset optical flares in the Zwicky Transient

Facility (ZTF) data stream that are >10” from any galaxy in public imaging data
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from the PanSTARRS survey. Here, we present the first discovery from this search:
AT 2024puz, a luminous multiwavelength transient offset by 5 kpc from a ~108 M,
galaxy at z = 0.356 with a low-moderate star formation rate. It produced luminous

10#4.7940-04 erg s=1 optical/UV emission that evolved on a ~20 day timescale, as well

0*1240.03 org s~ X-ray emission with a photon-index I' = 1.7. No associated

as 1
radio or millimeter emission was detected. We show that the early-time optical emis-
sion is likely powered by reprocessing of high-energy, accretion-powered radiation,
with a possible contribution from a shock in a dense circum-transient medium.
If the shock is dominant at early-times, the circum-transient medium has a mass

~0.1 — 1 Mo, radius 10'> cm, and a density profile shallower than ~r~!.

A near-
infrared excess appears at late-times and is suggestive of reprocessing within a wind
or other circum-transient medium. The X-rays are most consistent with a central
engine. We suggest that AT 2024puz may be associated with an accretion event
onto a 50 — 10° M, BH, where the lower masses are preferred based on the large
projected offset from the host galaxy. AT2024puz exhibits properties similar to both
luminous fast blue optical transients (LFBOTs) and tidal disruption events (TDEs),
but is intermediate between them in its energetics and evolution timescale. This
highlights the need for broader exploration of the landscape of hot optical transients

to trace their origins.

7.1 Introduction

Many open questions surround the formation and demographics of black holes (BHs)
with masses 10>~ M. The mass function of stellar mass BHs informs models of
stellar evolution. The “upper mass gap” of stellar mass black holes, near ~50 M,
is thought to be the result of implosion of more massive stars in pulsational pair
instability supernovae (SNe), but gravitational wave searches have begun detecting
objects above this limit (41} 477)), possibly due to mergers of massive stellar BHs in

dense environments (42).

These massive stellar-mass BHs may be the local universe analogues of the seeds
of SMBHs (BH mass Mgy > 10% My). SMBH seeding and growth is one of the
biggest open problems in astrophysics (49, 50). If BHs with masses ~100 M,
formed from the stellar remnants of the first stars at high redshift, can grow rapidly
through super-Eddington accretion, they may be able to form SMBHs detected at
both high and low redshifts as proposed by the light seed models of SMBH growth
(50,57). Additionally, amplified growth of light seeds might be incubated in nuclear

star clusters that might operate throughout cosmic time leading to the formation of
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IMBHs even in the nearby universe (478). Heavy seed models invoke ~10* M, gas
clouds that directly collapse into BHs in the early universe (52, 53) or stellar mass
black holes that rapidly accrete through runaway mergers and/or rapid accretion
in dense environments (54-56). The resulting massive BHs may subsequently
grow through Eddington-limited accretion to SMBH masses over time. These
models produce distinct, observable predictions for the present-day demographics,
occupation fraction, and locations of intermediate mass BHs (IMBHs; Mpy ~
10775 M) (38).

To solve these challenging open problems, we must discover more massive stellar
and supermassive BHs. Transient emission is proving to be the most promising
method of doing so as they uncover both active and quiescent BHs. In particular,
transient optical flaring is enabling us to discover populations of time-domain vary-
ing events associated with compact objects and pushing to new regimes of their
physics. Accretion flares from low mass SMBHs and IMBHs form a clear example

of this, which we briefly outline here.

Tidal disruption events (TDEs) occur when a massive black hole (MBH, Mgy ~
1029 M) tidally shreds a nearby star (170, |11, 1371). TDEs produce luminous
electromagnetic flares and illuminate otherwise non-accreting and unobservable
MBHs. To date ~100 TDEs have been discovered, largely thanks to wide-field,
cadenced, optical surveys, like the Zwicky Transient Facility (ZTF; (/24-127)), All
Sky Automated Survey for SuperNovae (ASASSN; (383, 387))), Panoramic Survey
Telescope and Rapid Response System (Pan-STARRSI; PS1; (/75)), and Asteroid
Terrestrial-impact Last Alert System (ATLAS). These have contributed > 100 events
in the last decade (e.g. /5, |/ 16} |28, |34, 589, 479-482). TDEs produce blue, hot
(T ~ 10* K) optical flares that show minimal cooling and evolve over weeks-

months.

TDE discoveries are beginning to push down to the lowest mass SMBHs known
(~10° My; (e.g. 463, 483)), providing unique access and potential for discovering
the elusive population of bona-fide IMBHs. Selection effects, however, may be
preventing discoveries of a population of IMBH TDEs. In ZTF, TDEs are typically
identified as blue (g — r < 0.2 mag), constant color (d(g — r)/dt < 0.02 mag/day)
coincident with the location of a galactic nucleus, defined by pre-TDE images from
public survey data (typically Pan-STARRS; (116, 154,175)). The last host galaxy
cut is particularly significant for ZTF IMBH TDE sensitivity. First, many IMBHs are

expected to be hosted by dwarf galaxies, which are not detectable to large comoving
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volumes in typical survey data (e.g., a 108 M, galaxy can be detected to z ~ 0.1 in
Pan-STARRS). Requiring a detectable host galaxy typically rules out these sources.
Likewise, dwarf galaxies may not have well-defined nuclei, or gravitational potential
minima (58), but TDEs are required to reside in their hosts’ nuclei. Off-center TDEs
are expected to be more numerous in more massive galaxies from wandering IMBHs
in the hierarchical build up of structure in the standard A cold dark matter paradigm
via mergers of galaxies and the BHs hosted by them (59). These will likewise be

excluded from current searches (but see |484)).

Searches of optical transient surveys that focus on non-TDE phenomena do not
suffer from the same selection effects, and so may be more sensitive to IMBHs. One
candidate for an IMBH-triggered transient is the luminous fast blue optical transient
(LFBOT; (16, 455-488)). LFBOTSs have optical evolution similar to TDEs (blue,
constant color), but vary on much faster timescales < 1 week and always offset from
their host galaxy center (e.g.|/5, 487-497)). They are produced by a compact object
of an as yet unknown nature: stellar mass BHs, IMBHs, and neutron stars (NSs)
have all been proposed as potential sources (/6} 485, 495-500). Like TDE searches,
LFBOT searches may be limited by other selection effects: events are typically
required to rise and fade on a Sweek timescale (490), which is significantly faster
than almost all SMBH TDEs (/34), leaving a gap between these populations. If
LFBOTs are not TDEs, they are likely triggered by accretion onto a NS or stellar

mass BH, or spindown of a young magnetar (see /6, and references therein).

If we want to identify the nature of the compact object that triggers LFBOTs,
or find definitive accreting IMBHs, we must extend optical transient searches to
span the parameter space intermediate to TDEs and LFBOTs. In other words, we
need to map out the full range of these extreme, energetic, hot optical transients,
regardless of timescale or host galaxy. This will allow us to conclusively connect
these populations, or show that they are distinct and that LFBOTs are more likely
associated with stellar mass compact objects, as well as potentially identify new

types of transients.

This paper presents the first discovery of our ongoing effort to explore the full
landscape of energetic, hot optical transients with ZTF. Here, we present AT 2024puz
(hereafter 24puz), a luminous, multiwavelength transient in a dwarf galaxy that may
be associated with an extreme compact object accretion event. We favor models
with an accreting BH ranging in mass 50 — 10°> M. In Section we present the

parameters of the search in which we discovered 24puz. In Section [7.3] we detail
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our extensive multiwavelength follow-up effort and data reduction. In Section [7.4]
we analyze our observations to constrain the basic physical parameters of 24puz.
In Section we constrain the emission mechanisms and sizes of the emitting
regions. In Section|[7.6] we compare 24puz to similar transient classes, constrain the
rate of 24puz-like events, and comment on the most likely kind of compact object
powering the event. Finally, we present our conclusions and future prospects in
Section[7.71

We adopt the Planck2015 (414) cosmology with Hy = 67.7kms™! and Qy =
0.3075. We correct for Milky Way extinction using the (36/) extinction law with
Ay = 0.1 mag and Ry = 3.1 (501).

7.2 Discovery

AT 2024puz was the first discovery from an ongoing, real-time search for hostless
or highly offset, consistently blue, optical transients with ZTF ((/124-127)). ZTF
conducts several public and private surveys using the Palomar 48-inch Schmidt
telescope (287). The public survey covers the northern sky once every 2 days in
the g and r bands, while private surveys include i-band as well as high cadence
observations of smaller areas. We identify candidates in ZTF alert photometry from
the kowalski broker (503, 504)). Our cuts are identical to those for the TDE sample
in (/34) (see Section 2.2), except that we require a significant offset from the nearest
PanSTARRS source (>10"). The goal of this search is to identify TDE-like events
that are either at higher redshift or in low mass galaxies.

We manually scan through the resulting candidates on a ~weekly basis using the
fritz.science instance of the SkyPortal platform (503, 504)). We identify sources
that have lightcurves that are inconsistent with a Cataclysmic Variable, which form
our main background. We do this by rejecting sources that have no observations
during the flare rise and a perfectly linear decay (by eye) in magnitude space, with
no color evolution. We obtain rapid follow-up with the Spectral Energy Distribution
Machine (SEDM) on the Palomar 60-inch telescope (505, |506)) and/or the Low
Resolution Imaging Spectrometer (LRIS) on the Keck I telescope (/82), with some
dependence on our telescope allocations. We rule out any objects with spectra that
have features that are well-modelled as a supernova or that are at z ¥ 0. We continue

to follow-up any remaining sources.

24puz was first reported on the Transient Name Survey by (507) on 2024-07-20 or

MID 60511 and was the first source to pass all these cuts, a few months after we began
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Figure 7.1: Summary of emission from 24puz. The left panel shows the ZTF
lightcurve on the top panel, the radio/millimeter upper limits in the middle panel,
and the 0.3 — 10 keV Swift/XRT and XMM-Newton lightcurves in the botfom panel.
The X-ray fluxes are computed as the unabsorbed flux assuming a I' = 1.77 power-
law. The two Swift/XRT observations that are joined together by a line were
individually non-detections, so we show the flux measured by stacking the two
observations, which is significant. Dates of Keck I/LRIS spectroscopy are shown
as dashed lines. The fop right panels shows the optical spectral sequence, which
no significant features detected. The solid lines are smoothed by a Gaussian with
width of 5 pix. The faded lines show the unsmoothed spectra. Commonly detected
transient lines are shown as dashed red lines, none are detected. The apparent line
in the red, MJD 60520 spectrum near 4000 is a poorly subtracted sky line. The
bottom right panel shows a zoom-in on the detected absorption lines, with the lines
labeled in grey.

our search. The ZTF lightcurve for this source (described in detail below) is shown in
the top left panel of Figure[7.1] We initiated an expansive multiwavelength follow-up
for 24puz upon obtaining a Keck I/LRIS spectrum that showed a featureless spectrum
with galaxy ISM absorption features at z = 0.356. Figure compares the optical
properties of 24puz to other classes of featureless, blue transients (LFBOTs and
TDEs), we will discuss this figure in detail in Section [7.6] but include it here for
context.

The first ZTF forced-photometry detection (>307) of 24puz ocurred on MJD 60507,
or 2024-07-16. We adopt this MJD as the discovery date ¢, throughout this work.
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Figure 7.2: Comparison between the optical/UV emission from 24puz and LF-
BOTs/TDEs from (/34, 490,492, 502)). In all panels, LFBOTSs are shown in orange,
TDESs are shown in blue, and 24puz in red. The left panel shows the black body
luminosity evolution. LFBOTSs show rapid fading with a similar late-time power-law
decay as 24puz, but on overall slower timescales and typically with fainter lumi-
nosities. TDEs show a range of lightcurve shapes, which generally evolve slower
than that of 24puz. Some TDEs show a rapid fade like 24puz, but these are all at
least one order of magnitude fainter than 24puz. These trends are highlighted in the
right panel, which shows the peak g-band luminosity versus time above half-peak
luminosity. We also include fast blue optical transients (FBOTs) as faint diamonds.
TDEs are divided into featureless TDEs (F-TDEs, circles), which show featureless
spectra like 24puz, and those that have transient spectral features (diamonds). 24puz
is intermediate to LFBOTs and TDEs, and is notably more luminous than all events
at a similar timescale and is much faster evolving than F-TDEs.

7.3 Multiwavelength Observations and Data Reduction
In this section, we summarize archival and follow-up observations and our data

reduction procedures.

Zwicky Transient Facility

While we discovered 24puz in alert photometry from ZTF, we perform all analysis
using forced photometry from the IPAC ZTF forced photometry server (288) in the
gribands. This server performs point spread function photometry on ZTF difference
images. We processed the resulting lightcurve following recommended procedure{]

and it is shown in Figure

Palomar 60in. Rainbow Camera
We obtained optical ugri photometry of 24puz with the Spectral Energy Distribution
Machine rainbow imager on the Palomar 60in. telescope (PI: R. Stein; (505)). The

lhttps://irsa.ipac.caltech.edu/data/ZTF/docs/ztf_forced_photometry.pdf
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observations are summarized in Table[7.4 We reduce the data using the automated
pipelineﬂ

Palomar 200in. Wide Field Infrared Camera

We observed 24puz with the Wide Field Infrared Camera (WIRC) on the Palomar
200 inch (P200) telescope on MJDs 60526 (2024-08-04; PI S. Ocker) and 60546
(2024-08-24; PI V. Ravi). We used the J-band and exposure times of 1620 and 6525
sec, respectively. We reduced both epochs using the irImagePipe code (508) using
default settings, including flux calibration against sources from the Two Micron All
Sky Survey (2MASS) catalog (509). We measured the source flux in an aperture of
radius 7 pix. and subtracted the median background in an annulus of [10, 50] pix.
The source was detected at J-band flux densities of 14.2 £ 1.6 and 5.9 £ 1.2 uJy in

each epoch.

The Neil Gehrels Swift Observatory

We obtained observations of 24puz with the Neil Gehrels Swift Observatory (Swift;
(510)) through ToOs 20912 and 20962 (P1 Somalwar, object ID 16746). The
observations are summarize in Table and Table The X-Ray Telescope
(XRT) was used in photon counting mode and the Ultra-violet Optical Telescope

(UVOT) observations used the u, uvm2, uvwl, and uvw2 filters.

We first describe the UVOT data reduction and then the XRT. For UVOT, we used
the default data reduction provided by the observatory. We measured the source
flux in all bands using an aperture centered on the position of 24puz with radius 5”
and a background region offset from the source region with radius 20”. We used
the uvotsource tool in heasoft (v6.34) to perform the photometry. We used the
ssstype=high flag to reject observations where the transient was located in a low

sensitivity region. The measured fluxes for all good observations are detailed in
Table[7.7

We processed the XRT data using the online Swift/XRT data products too We
used the lightcurve tool to measure the count rate in each observation, adopting the
ZTF coordinates of 24puz and a 30~ detection threshold. We used default settings
and binned by observation ID. We converted counts to fluxes assuming a power-law

spectrum with photon-index I' = 1.7, motivated by our X-ray spectral modeling in
Section and Milky-Way absorption with ng = 2.88 x 10%° cm™2 (/85). The

2https ://sites.astro.caltech.edu/sedm/Pipeline.html
Shttps://www.swift.ac.uk/user_objects/
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resulting count rates and upper limits are shown in Table [7.8]

The XMM-Newton Telescope

We observed 24puz with the XMM-Newton telescope on the dates and with the
exposure times listed in Table We used the thin filters for all observations. We
retrieved the PPS data for each observation from the XMM-Newton archive. For
each epoch, we extracted a spectrum of 24puz following recommended procedures
E], including flagging bad time intervals using the tabtigen command with a rate
upper limit found by manual inspection of the lightcurve. We process the data
from all three EPIC cameras and perform all fitting to the data from the three
detectors together. We centered the source apertures on the ZTF position of 24puz
and used radii of 20” to avoid contamination from a nearby source. We used 30"
background regions close to the source but uncontaminated by any nearby sources.
Our first EPIC-PN exposure had the strongest contamination and so the effective
exposure time quoted in Table is lower than the on-source time as observed by

the telescope.

The Nuclear Spectroscopic Telescope Array

The Nuclear Spectroscopic Telescope Array (NuSTAR) is a hard X-ray telescope,
with two independent detectors known as Focal Plane Module (FPM) A and B,
observing between 3—79 keV (5//)). We obtained two observations approximately a
day apart, details in Table[7.10] We reduced the observations with the data reduction
software NUSTARDAS v2.1.2, with CALDB v20240520. For each observation, we
used the NUPIPELINE task to produce a cleaned event list from each detector. From
these event lists, we extract events from a 60” circular region around the expected
source location, and also from a 60 circular background region located close to the
source region on the detector. We report the observed count rates from each region
on each detector in Table[7.10} As none of the detectors showed a clear detection, we
use the method of (5/2) to estimate the 90% upper confidence limit for the number

of counts seen by each NuSTAR detector.

The Low Resolution Imaging Spectrometer

We obtained both optical spectra and photometry for 24puz with the Low Resolution
Imaging Spectrometer (LRIS) on the Keck I telescope (/82) (PI: V. Ravi). The
observations are summarized in Table

4https ://WWW.cosmos.esa.int/web/xmm-newton/sas-threads
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Figure 7.3: Position angle of the Keck I/LRIS longslit for each observation, overlaid
on the HST/WFC3 F105W observation. 24puz is towards the bottom right corner of
the image whereas the galaxy is in the center. The MJD 60590 observation longslit
was positioned to include the nearby galaxy and 24puz.

We centered all observations on the transient location as measured by ZTF. The slit
angle was set to parallactic for all observations except MJID 60590, for which we set
the angle to 337.18° to include the closest galaxy to 24puz that is detected in our
Hubble Space Telescope (HST) observations, described later in this section. The slit
positions are shown in Figure[7.3] We used the 400/3400 grism, the 400/8500 grating
with central wavelength 7830, and the 560 dichroic. We reduced the observations
using the 1pipe data reduction pipeline (29/) with default settings.

The resulting wavelength range from ~3100 — 10000 A and the resolution R ~ 700.
Our spectroscopic observations are summarized in Table The slit positions

are overlaid on a Hubble Space Telescope image of the transient in Figure

The Lowell Discovery Telescope

We obtained observations of 24puz with the Large Monolithic Imager (LMI)
mounted on the 4.3-m Lowell Discovery Telescope (LDT; PI E. Hammerstein)
on 2024-08-27. We reduced the LDT data using standard data reduction techniques,
including bias subtraction, flat-fielding, and cosmic ray rejection. We used the

Scamp code to align frames and the Swarp code to combine. We flux calibrate using
the PanSTARRS DR2 catalog. The data is summarized in Table
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The Liverpool Telescope

We obtained imaging of 24puzinthe u, g, r, and i bands with the Liverpool Telescope
(LT; PI C. Angus) between Aug. 5 2024 and Aug. 20 2024. All raw LT images
were reduced using standard reduction techniques, and aperture photometry was
performed using the ¢ Photometry Sans Frustration’ pipeline (PSF;/5/3), using a PSF
optimized aperture and archival images from the Sloan Digital Sky Survey (SDSS;
514) for template subtraction. The observations are summarized in Table

The Hubble Space Telescope

We observed 24puz for two orbits with four bands using the Wide Field Camera
3 on the Hubble Space Telescope on Sept. 30, 2024 (PID 17854, PI Somalwar).
The data is summarized in Table We retrieved the reduced data from the
mast archive. From some basic data quality checks, we concluded that all the
default data was sufficient for our analysis, except the IR/F160W image. This image
suffered from scattered light, so we followed recommended procedures to manually
flag the individual reads that were most affected and then redrizzled the data using

recommended parameters ﬂ

The transient was significantly detected (> 507) in all images, alongside many
other sources. We performed aperture photometry for both the transient and all
other sources in the image using the sep package (515, 516). We first background
subtract each image using background boxes of size 32 x 32 pix> and a smoothing
kernel of 3 x 3 pix>. We also measure the uncertainty in the images using these
parameters. We detect sources on the F6O6W image, because of its combination
of resolution and sensitivity. We verify by eye that we are not missing any IR or
UV-bright sources because of this choice. We extract sources within 200" of the
transient (1 Mpc at z = 0.356) using a 3 X 3 smoothing kernel and requiring at least
5 pixels above 1.50. We measure elliptical kron radii using sep. We then perform
aperture photometry using the photutils package. We use elliptical apertures
scaled to twice the kron radii, which should include ~90% of the enclosed flux
for typical galaxies. For the IR images, which have poorer spatial resolutions, we
increase the aperture radii by the quadrature difference of the IR and F606W PSFs.
We measure the background around each source and the local flux uncertainty using
the mean and root-mean-squared error in a circular aperture from 1.8” —3”, centered

on each source. We reject any source that is not detected at a 30 level in at least 3

Ssee https://github.com/spacetelescope/WFC3Library/tree/main/notebooks/

ir_scattered_light_calwf3_corrections for details
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bands.

For most of the sources in the images, our goal is to measure approximate stellar
masses (to be described in Section and half-light radii. We measure half-
light radii using the sep flux_radius function. For the transient, we modify
our photometry slightly. We adopt a circular aperture with radius twice the kron
radius. We then correct the photometry in each band for the encircled energy curves
provided by MAST.

The Very Large Array

We observed 24puz with the Jansky Very Large Array (VLA) on MJDs 60539 (2024-
08-17; PI Somalwar, Project 24B-456) and 60564 (2024-09-11; PI J. Somalwar,
Project 24B-456). The VLA was in B configuration and we observed in the Ku band.
We used J1740+5211 as a gain calibrator and 3C286 as a flux calibrator. We followed
recommended procedures for high frequency observations. We manually reduced
each epoch using the casa package (384) version 6.5.3.28 following recommended
procedures. No source was detected in a 5 box around the known transient location
in either observation. The root-mean-square (RMS) uncertainties were 5.5, 3.8 uJy,
respectively. We set 40~ upper limits of < 22, 15.2 uJy respectively, where we adopt

the rms measured in a 30 box.

The Northern Extended Millimetre Array

We observed 24puz with the Northern Extended Millimetre Array (NOEMA) on
MID 60551 (2024-08-29) at 100 GHz with proposal D24AB (PI: V. Ravi), using a
standard continuum setup. We used MWC349 as the flux calibrator, and 1739+522
as the gain calibrator. The observations were reduced using the standard NOEMA
pipeline. No source was detected in a 5 box around the known transient location in
either observation, with an RMS of 13 uJy. We set a 30~ upper limit of < 52, uJy,

where we adopt the rms measured in a 20” box.

7.4 Data Analysis

In this section, we describe the physical properties of 24puz and its environment that
can be inferred from our observations. We begin with constraints on the redshift and
host galaxy of 24puz. Then, we consider the transient emission. We first discuss the
ultraviolet-infrared lightcurve, followed by the limits on transient optical spectral
features, the X-ray lightcurve and spectral evolution, and finally the implications of

the radio limits.
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Figure 7.4: Fits to the absorption lines Fe II 112586, 2600, Mg I1 112796, 2803, and
Mg 112852. The spectra are fit as linear continuum components and Gaussian lines,
as described in Section The Gaussian widths and redshifts are fixed to the
same value for all lines. The best fit redshift is z = 0.35614 + 0.00009. The Mg II
absorption is consistent with a strong-absorber (EW379¢ = 0.753 £0. 104A > 0.3A),
suggesting that this absorption is more likely occurring within the nearest galaxy to
24puz (G1) or a nearby group/cluster.

Host galaxy and environment

In this section, we identify possible host galaxies of 24puz. We first constrain
the redshift of 24puz using the detected ISM absorption lines. Then we consider
whether 24puz is associated with a galaxy (or galaxy overdensity) that is detected
in imaging of the field. We finally constrain the possibility that 24puz is associated
with an undetected (i.e., faint and/or compact and obscured by the transient) host

galaxy.

Optical spectroscopy: ISM Absorption and redshift constraints

Table 7.1: Absorption line equivalent widths

Line Equivalent Width [A]
Fe Il 12586 0.502 +£0.148
Fe I1 12600 0.438 +0.14
Mgll 12796  0.753 +£0.104
Mgl 42803  0.599 + 0.099
Mgl 12852 0.286 + 0.098

Notes. The line redshifts were tied together in fitting. The line widths were tied together for
doublets, but were otherwise allowed to float freely. The best-fit redshift was
z=10.35614 + 0.00009.
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In this section, we measure the redshift and equivalent widths of the ISM absorption
lines detected in the spectra of 24puz, as shown in Figure We consider the
Fe I1 112586, 2600, Mg I1 112796, 2803, and the Mg I 12852 lines. We do not detect
any Ca absorption. We measure these lines using our spectrum from MJD 60527.3,
which is the deepest spectrum we obtained that includes bright transient emission
(as required to detect the absorption lines). We fit the spectrum in the regions
[2630 A, 2670 A] and [2760 A, 2880 A], which include sufficient continuum to
perform a local continuum fit around each line. We model the continuum in each
region separately as first degree polynomials. We chose these continuum models
as the lowest degree polynomials required such that the y?/dof was consistent in
each region with a p-value > 10%. We fit each absorption line as a Gaussian.
The Gaussian amplitudes were independent. The widths were tied for lines within
doublets but were otherwise free. We perform the fit using the scipy least-squares
function and report best-fit equivalent widths and 1o uncertainties in Table[7.1] The
fit is shown in Figure The best-fit redshift was z = 0.35614 + 0.00009. The
lines are largely unresolved. The y?/dof of the final fit was 140/167, for a fully

consistent p-value of 0.94.

The Mg IT 12796 equivalent width is EW279¢ = 0.753+0.104 A, placing the absorber
in the class of strong absorbers (W79 = 0.3 A; (51 7). This gas could originate
from the host galaxy of 24puz or from the extended circumgalactic medium of a
nearby galaxy/galaxy group. We will discuss these possibilities in the following

section.

HST imaging: nearby galaxies and probability of association

We next consider the galaxies detected in our deep HST imaging of the field of
24puz (zoom-in in Figure [7.5). We will show that 24puz is likely associated with a
detected galaxy, and in the following sections we will identify and characterize the
galaxy that is the most likely host. Henceforth, we will call the nearest galaxy to

24puz in projected distance “G1”.

In Appendix[7.8] we show that the probability of 24puz randomly lying at its location
relative the G1 is p; = 3x 1074, We also show that the probability that all the second
through tenth-nearest neighbors are closer than those observed for 24puz is small:
Pa-10 = 1.3x 1073, Itis thus > 30 unlikely both that 24puz lies close to the observed

galaxies by chance.

Given that the probability of 24puz randomly lying near both the nearest and the
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second-tenth nearest neighbors is low, 24puz is likely part of a galaxy group or
cluster. The closest cataloged galaxy group is centered at a 5.89" offset and at
spectroscopic redshift z = 0.354, corresponding to a 1.8 Mpc projected distance
(518, 519). This redshift is fully consistent (<1o0°) with the ISM/CGM absorption
lines in the spectrum of 24puz at z = 0.35614 + 0.00009. The reported mass and
radius of this structure are Msyy = 8.5 x 103 My and rspp = 0.612Mpc (519).
The projected offset between 24puz and this group is large: 1.8 Mpc corresponds
to 2.9r500. 24puz is well outside the virial radius of the group (note that rpgg =
(1.4 — 2)rsgo, so the offset is ~(1.5 — 2)rag9). 24puz may be associated with a
structure that is infalling into this group, or it may be unassociated and instead
part of a smaller, nearby group that is undetectable in X-ray or spectroscopic group

catalogs.

Even though 24puz may not be associated with this group, the Mg II absorber that is
detected in our optical spectroscopy could be associated with the group at 1.8 Mpc.
If the Mg II absorber is associated with the group, it is possible that we are simply
unlucky and 24puz is a background source at z > 0.356 that happens to lie along the
line-of-sight of this group. At a 1.8 Mpc= 2.9r500 projected offset from a low-mass
cluster, the covering fraction of Mg II absorbers is low: <1% (520). It is unlikely
that 24puz would happen to lie along such a line of sight, unless it is associated with
a structure (e.g., a galaxy) that hosts MgII absorbers. As we will discuss, 24puz
is coincident with a galaxy, so it is feasible that the absorber is within this galaxy
121).

Thus, regardless of the precise large-scale structure that 24puz is associated with, we
can come to some reasonable conclusions. First, 24puz is unlikely to be randomly
associated with the galaxies in the field. Second, the ISM/CGM absorption lines
at z = 0.35614 + 0.00009 are unlikely to be associated with an absorber in the
nearby group given the large projected offset, and instead are probably associated
with a galaxy or galaxy group closer to 24puz. We can then reasonably assume
that 24puz is located within a more nearby galaxy or group, and is thus also at
z =0.35614 + 0.00009. We adopt the assumption that 24puz is at this redshift for

the rest of this work.

Host Galaxy Candidates

From the previous section, we have concluded that 24puz is likely hosted by a large-

scale structure at z = 0.35614 + 0.00009. Now, we narrow down the association:



Figure 7.5: Morphology of the nearest galaxy to 24puz, which we name G1. We
show HST/WFC3 imaging of G1 in the F606W (left), F105W (middle), and F160W
(right) bands. These images were taken 56 rest-days post-discovery. We have
reprojected all images to the F6O6W pixel scale for ease of comparison, but this
means that the FIOSW and F160W have been resampled to a smaller pixel scale
than the original images. G1 and 24puz are labeled. The white lines show contours,
which highlight the morphology of G1. In all bands, there is an extended tidal tail or
other irregular component towards the top left of G1. The contour levels are shown
for visualization but are not intended to represent sigma levels.

24puz is either an object that (1) is gravitationally bound to a galaxy, like a star or
stationary BH; or, (2) ejected, like a recoiling BH or NS. In the former case, we
expect 24puz to be within, roughly, the virial radius of its host. In the latter, 24puz

may be offset from its host galaxy.

We first consider the case where 24puz is bound to a galaxy. We have named the
closest galaxy (in projected distance) to 24puz “G1”. 24puz is at a ~5 kpc offset
from G1, assuming z = 0.356. We model our HST/F606W image of G1 with a
Sersic profile, in addition to a Moffat profile to represent 24puz. 24puz is located at

~3 projected half-light radii from GI1.

In the previous section, we showed that the random association probability with G1
is low (p1 = 3 x 107%), assuming a uniform probability of 24puz occuring at any
point in the field. The galaxy with the second-lowest chance association probability
has p, = 0.02, a factor ~70x higher. If 24puz has a higher probability of occuring
within the virial radius of the other galaxies in the field, the probability of chance
association with G1 would decrease. Thus, even though there are many galaxies

within a virial radius of 24puz, G1 is the most likely host.

We next consider the case that 24puz is produced by an astrophysical object that

has received a kick velocity after a dynamical event (a merger, binary/triple inter-
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actions (e.g. 522, 523)). In this case, the offset distribution depends on the type
of astrophysical object and the process that caused the kick. If 24puz is kicked
but it still associated with G1, we require a low velocity kick <100km s71: the

observed offset is 5kpc, so for a mean kick velocity vi, we have a mean delay

time ~60 Myrx ; 001:; =T Note that G1 is a dwarf galaxy with low escape velocity
< 150km/s. If the kick velocities are v > 100kms~! or the delay times ~giga-
years, then 24puz cannot be associated with G1. While we cannot exclude this case,
the problem of the low probability of chance association with G1 remains. Thus,
we still prefer a physical association with G1, and thus small kick velocity and delay

time.

Based on these arguments, we will cautiously associate 24puz with G1 for the rest

of this work.

Host Galaxy Physical Properties

In this section, we analyze the photometric properties of G1. For completeness,
we also constrain the presence of a stellar overdensity (e.g., a stellar cluster) at
the location of 24puz, but the luminous emission from 24puz precludes any strong

photometric constraints on the overdensity.

We first consider the morphology of G1. In Figure we show zoom-ins of
G1 in the F606W, F105W, and F160W bands. The F606W image is smoothed
with a Gaussian kernel of width 0.9 pix for visualization. All images have been
reprojected onto the frame of the F6O6W image. Contours are overlaid on each
image to guide the eye. While the low signal-to-noise of the G1 detection combined
with the insufficient resolution in the redder bands preclude quantitative modelling
of the structure of G1, the images suggest a faint source detected near G1, which
may be connected to G1 via a low surface brightness tail. We cannot confirm this,
however, due to the low signal-to-noise of the image: we require deep, space-based
follow-up. GI1 may be in an interacting pair, have tidal tails, or simply be near a
background galaxy. We favor one of the former two scenarios, particularly given
the evidence that 24puz is in a galaxy group. The chance association probability of
a background galaxy with G1 is even lower than that of 24puz, given the proximity

of the candidate background galaxy.

Next, we consider the stellar mass and age of G1. We model the HST photometry of
G1, including an upper limit from the F336W band, as a simple stellar population.

The lack of wavelength coverage and high signal-to-noise observations prevents
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more detailed modeling. We use the prospector code (/90, 524, 525). We set
a normal redshift prior at z = 0.35614 + 0.00009. We do not include host galaxy
extinction, given the lack of photometric constraints on G1 and the low extinction
level implied by the UV/optical SED of 24puz, but we do include Milky Way
extinction with Ay = 0.1mag and E(B — V) = 0.03mag (50/). We allow the
redshift, galaxy age, galaxy metallicity, and galaxy mass to float. We require that
the galaxy age is smaller than the age of the universe at each redshift. We fit the data
using the dynesty code using the random walk sampling, 400 initial live points and
200 live points per batch (2061365, 526).

log Z/Z, log tage/yr

Figure 7.6: Constraints on the stellar population of G1. We assume a simple stellar
population, due to a lack of constraints on the galaxy emission. The corner plot
shows the distribution of possible stellar ages (f.0), metallicities Z, and stellar
masses M, with grey contours overlaid. The mass-metallicity relation from (527) is
shown in dark purple. We find that G1 is a dwarf galaxy with M, < 1087 M. If
it lies on the mass-metallicity relation, then the mass is 10”7 < M, /Mgy < 1082
and the age t0e/Myr ~ 100 Myr.

The results are shown in Figure [7.6] There are strong degeneracies between the
stellar mass, age, and metallicity, but we can draw some conclusions. First, G1 is a
dwarf galaxy, with a stellar mass M, < 10875 M. If G1 lies on the mass-metallicity
relation from (527), then the stellar mass is 107-7° < M,/Mg < 10%%. In this case,
the stellar population age is 10 < #,5¢/Myr < 100 Myr, although the upper end of

this range is preferred.

We briefly consider a stellar population that is hidden beneath the transient emission

from 24puz. Because 24puz was still luminous during our HST observations, our
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constraints are weak. As we will discuss in Section [7.4] however, 24puz shows an
evolving red excess. A component, however, could also be produced by a stellar
population. We model this by assuming that all the emission in the F105W and
F160W bands is produced by stars, with no transient component. This will give us
a rough estimate on the maximum mass expected. We use the F336W and F606 W
constraints on the transient emission as upper limits. We find a 99% mass upper
limit M, < 10%° M; i.e., a compact dwarf galaxy or stellar cluster could be present.
Deep, space-based follow-up once the transient emission has faded will be critical

for constraining the stellar population at the location of 24puz.

We conclude that G1 is a low mass dwarf galaxy with a moderately young stellar
population. Current constraints on any stars hidden underneath the transient emis-
sion allow for a compact dwarf galaxy or stellar cluster, with a mass upper limit
M, < 103 Mo,

Star formation rate constraints

Table 7.2: Emission line fluxes

Date At Ly, SFRHu, L[O 0] SFR[O 11

[days] [10% ergs™"][Mo yr '1[10% ergs™'][Mp yr™']
2024-07-29605204 < 3.04 < 0.09 <2.62 <0.17
2024-08-0560527.3 < 1.44 < 0.04 <1.0 < 0.07
2024-09-0760560.3 < 0.65 < 0.02 <0.19 < 0.01

0.05 0.003
2024-10-0760590.2 < 1.56 <0.05  0.157 2 0.0175 03

Notes. Line emission and star formation rate constraints. All luminosities are in units of
10%*0 erg s~! and star formation rates in units of Mg yr~!. At gives rest-frame days post-discovery.

We constrain the star formation rate at the location of 24puz by constraining the
Ha, HB, and [O1I] 1143726, 3729 luminosities from our LRIS spectra. Note that
the slits for each spectrum were positioned differently. All the spectra were centered
on 24puz and contained fractions of G1. The MJD 60590 (61.4 rest-days) spectrum
was positioned to fully cover both 24puz and G1. We will consider each spectrum

separately, given the different fractions of G1 included in the slit.

We fit each spectrum after continuum subtraction. We model the continuum by
convolving each spectrum with a Gaussian kernel of width 50 pixels and subtracting
this from the spectrum. We fit Ha and Hf simultaneously because they are expected
to have correlated luminosities: we fit for the Ha luminosity, denoted L, and fix
the HB luminosity Lg = L,/2.86, where we have adopted the theoretical Balmer
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Figure 7.7: Emission line fits to the optical spectrum of 24puz from MJD 60590.2,
or 61.4 rest-days post-discovery. Fits to H3, Ha and the [O II] 113726, 3729 doublet
are shown in the left, middle, and right panels respectively. The data is shown in
black. The amplitudes of the Balmer lines are tied to the expected ratio for star
formation and the ratio of the [OII] doublet amplitudes are likewise tied. The
apparent line at the location of Hp is a sky subtraction artifact — re-reducing the
spectrum with different sky subtraction algorithms removes this feature. The [O II]
line, on the other hand, is robust to sky subtraction. Blue lines show samples from
our Gaussian emcee fits.
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Figure 7.8: Left: Star-formation vs stellar mass of G1 relative to other galaxy
populations. Constraints from the optical spectroscopy of G1 are shown in red.
LFBOT hosts from (487, 489, 491, 1495, 528, 529) are shown in orange and TDE
hosts from (/34) in blue. The core-collapse supernova host galaxy sample from
(530) is shown in grey. Lines of constant specific star formation rate (sSFR) are
shown in grey dashed. 24puz lies below the star forming main sequence. Its
location is consistent with LFBOT host galaxies, but is at a low sSFR and stellar
mass relative to core-collapse supernova hosts and a low stellar mass relative to TDE
hosts. Right: Star-formation vs physical offset from host galaxy of 24puz relative to
other populations. The format is the same as in the left panel, except that we have
colored the points by their stellar mass but left the marker outline colors the same
as in the left panel. For TDEs, we assume a host galaxy offset < 0.6”. The LFBOT
AT 2020xnd does not have a reported offset so we assume that it is <17, based on a
by-eye approximation from images in (528). 24puz is at a larger offset than expected
from its host galaxy mass, if it is associated with a star-forming region.
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decrement commonly assumed for star-formation (computed assuming photoionized
gas at temperature 10* K; (476)). This Balmer decrement assumes no host galaxy
extinction. We separately fit a Gaussian at the locations of [O II] 413726, 3729 and
we tie the doublet ratio to be L3776/L3729 = 0.35 (416). We allow the widths of
the lines to vary between o, € [90,600] km s~!. We assume a redshift z = 0.356
but allow the line centroids to vary by A, € [-150, 150] kms~!. These velocities
are assumed to be the same for the Balmer lines but are allowed to be different for
[O1I] 213726,3729. We adopt a linear model to absorb any residual continuum.
We fit regions of each spectra corresponding to 10* km s~! around each relevant line.
We use the emcee sampler with default settings to perform the fit independently for
each spectrum (/95). We used 200 walkers and 7000 burn-in steps, followed by an
additional 5000 steps. We thinned the resulting chains by a factor of thirteen.

The fit results are summarized in Table The only 30 line detection was
[O1I] 143726,3729 in the MJD 60590 (61.4 rest-days) spectrum. Assuming
that the [OII] luminosity correlates with star formation rate as SFR= 6.58 X
10~*?L([O II])/(erg s_l) (198), we find that this detection corresponds to a star
formation rate SFR = O.OIJ:%%?% Mo yr~!, or a specific star formation rate sSFR ~
10710 yr~!. This detection is consistent with the Balmer upper limit and the upper
limits from every other spectrum. Extrapolating to low stellar masses from the star-
forming main sequence at z = 0.356 measured by (53/)), we find that this emission
is below the star forming main sequence (see the right panel of Fig[7.8)), although it

is within ~20 of the measured spread (extrapolated by eye from Fig. 3 of (531/)).

Note that the significance of the [O II] 443726, 3729 detection is somewhat sensitive
to the prior on the line width. We tested increasing the prior to a maximum of
3000kms~! (which is unphysically broad), the significant decreases to ~2.50, so
we consider this line a marginal detection. The conclusion that the star formation

late is below the star-forming main sequence is still robust.

We conclude that G1 is located below the star forming main sequence, and there is

no evidence for strong star formation at the location of 24puz.

Broadband UVOIR Lightcurve

We modeled the broadband transient emission from ultraviolet through infrared
(UVOIR) wavelengths as evolving blackbodies. We find a statistically consistent fit at
all epochs without including extinction within the host galaxy. We use the dynesty

nested sampler with default settings (206). We adopt uninformative Heaviside
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priors on the temperature 7y, and radius Rpp: log Ty, /K € [3, 5] and log Rpp/cm €
[12,17]. We report the best-fit parameters and computed luminosities Lp; and
absolute g-band magnitudes M, in Table

The final two epochs of observations showed an infrared excess above a single
blackbody fit, so we require a second component. We consider three models: (1)
a second blackbody (e.g., warm gas), (2) an absorbed, dusty blackbody, where the
absorption is assumed to be caused by graphite grains, and (3) a power-law, defined
as f, < v'I. As we will discuss, these choices are motivated by similar excesses
in observations of luminous fast blue optical transients and tidal disruption events
(16, 489, 532, |533). For the blackbody models, we report infrared luminosities
integrated across all wavelengths. For the power-law model, we integrate from
2000 — 107 A to compute the luminosity, to match previous work (532). We will
discuss the red excess and these models in more detail in Section
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Figure 7.9: The evolution of the best-fit blackbody parameters to the optical/UV
photometry of 24puz. The blackbody luminosity, radius, and temperature are shown
in the top, middle, and bottom panels, respectively. The luminosity rapidly rises
over a few days, then slowly rises/plateaus before rapidly decaying. The radius
expands at a velocity of 0.1¢ or a powerlaw ~t** and then decays as =3 after
a ~week. The temperature is largely constant and the weighted-mean value is
log Top /K = 4.32 £ 0.14.

All fits are shown in Figure and best-fit parameters in Table The luminos-
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ity, radius, and temperature evolution are shown in Figure[7.9] The luminosity rises
over a ~day timescale and then approximately plateaus or slowly rises, with a mean

= 10% 792004 org s~1 - After a ~12 days (rest-frame), the

value of log Lyeax, optuv
luminosity drops as =3, although note that this slope is sensitive to the best-fit lumi-
nosity from our HST observations, which showed a significant red excess for which
the appropriate model is uncertain, as we will discuss. The radius is consistent with
expanding at v = (0.082 £ 0.02)c to a peak of log Ropryv/cm = 15.33 £0.04 at 5.9
rest-days post-discovery. Alternatively, the radius expansion may be a power-law
log Ropruv/cm o 194, The temperature shows slight evolution, but is relatively
constant at log Topuv /K = 4.32 + 0.14. The error is driven by the standard devia-
tion of the measured temperatures around the mean rather than measured error bars,

implying that the temperature does evolve slightly.

Transient spectral features

Table 7.3: Intermediate width Balmer line constraints

Date MID Ly LHﬁ
[10* ergs~'1[10% ergs™!]
2024-07-2960520.4 < 4.28 < 4.53
2024-08-0560527.3 < 2.26 < 3.64
2024-09-0760560.3 <1.3 <0.12
2024-10-0760590.2 < 2.85 <2.34

0% ergs!.

Note. All luminosities are in units of 1
We constrain narrow (<3000 km s™!) transient features. We do not consider broad
spectral features other than to note that none are apparent by eye in any of our
optical spectral (top right panel of Figure [7.I). We focus on narrow, transient
Balmer Ha and Hp lines, as these are sometimes observed at late-times from optical
transients, as we will discuss later. These constraints are identical to those from
our star-formation constraints on these lines in Section [7.4] but we allow the line
widths to range from o, € [0,0.01c]. We also fit He and HB independently, as
transient spectral features need not be photoionized and so the Balmer decrement
can vary from the nominal value ~3. The resulting luminosity constraints are shown
in Table[7.3] No significant emission is detected.

X-ray lightcurve and spectrum
We constrained the X-ray evolution of 24puz using our Swift/XRT, XMM-Newton,
and NuSTAR observations. We adopt a Milky-Way Hydrogen density ng = 2.88 X
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Figure 7.10: Left: the MJD 60536 (21.4 rest-days) XMM-Newton spectrum of
24puz (blue scatter) with the best-fit power-law model overlaid. Right: corner plot
showing the best-fit power-law parameters. The host galaxy absorption is negligible

(ng < 3% 10*! cm™2). The power-law index is I' = 1.73*0: (0.

10%° cm~2 and report integrated fluxes in the energy band 0.3 — 10 keV everywhere

(/85). We first constrained the spectral shape using our first XMM-Newton/epic-

PN observation (MJD 60536, 21.4 rest-days). We modeled the spectrum using the

xspec tool with Wilm abundances (32/)), Vern cross sections (534)), and W statistics

(320). The spectrum was best modeled as a power-law (tbabs*zashift*tbabs*cflux*powerlaw,

total W statistic 67.87 for 88 degrees of freedom) rather than a blackbody (tbabs*zashift*cflux*bbody,
total W statistic 146.92 for 88 degrees of freedom), so we adopt the power-law model

for all epochs. We run a length 300000 Monte Carlo Markov Chain using xspec

and the Metropolis-Hastings algorithm with a temperature of 50 to fully sample

the parameter space. The best-fit power-law and a corner plot showing the best-fit

parameter range are shown in the top panels of Figure

The best-fit power-law index is I' = 1.73’:%})8. The spectral modeling prefers no
2

intrinsic absorption, with a 3o upper limit 7y < 2 X 10*! cm™2,
We also tested a Bremsstrahlung model and note that it is consistent with our
spectrum (tbabs*apec, cash statistic 77.63 for 88 degrees-of-freedom), but not
preferred over the power-law model. The best-fit temperature is 7.0 + 1.5 keV.
This temperature is low for typical interactions, which produce a forward shock at
~10° K, or 100 keV (535). This temperature may be consistent with emission from
the reverse shock, but the reverse shock is expected to be highly absorbed due to
rapid (sub-day) cooling in the post-shock region (see Table 1 of [535), and so will
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not dominate the emission. The best-fit normalization corresponds to a volume
emission measure / nendV = (3.29 £ 0.17) x 10 cm™3. Assuming a spherical
emitting region with radius ~10'> cm, this corresponds to a high average density
~10'""cm™3. This analysis will become relevant when we discuss possible shock

origins of the X-ray emission in Section

Our second epoch of XMM-Newton observations (At = 37.6 rest-days) are tenta-
tively softer than the first epoch. We model this epoch as an unabsorbed power-law
(tbabs*zashift*cflux*powerlaw, W statistic 28.31 for 26 degrees of freedom),
given the lack of evidence for absorption in the first epoch. The results are shown in
Appendix Figure and we find a 1% chance that the photon index is consistent
with the first epoch I' < 1.73. This tentatively suggests that the photon index soft-
ened with time. Following the same procedure, the final XMM-Newton observation
was best modeled with I' = 1.5 + 0.3, which is consistent with both the first and

second epochs.

Given that the evidence for evolution in the photon index is tentative, we construct a
lightcurve with better constrained fluxes by simultaneously fiting all epochs together
with a constant photon index, following the same procedure as above in xspec.
Likewise, we convert the NuSTAR and Swift/XRT observations into X-ray fluxes,
assuming that the underlying spectrum is an unabsorbed power-law with a photon
index of 1.7. The resulting lightcurve is shown in the bottom left panel of Figure[7.1]

We verify that our conclusions do not change if we separately fit the photon indices.

The soft X-ray emission is luminous and highly variable. The peak luminosity
detected was in the 21.4 rest-days post-discovery XMM-Newton observation, with
Ly = 10%12#0.034 610 =1 By stacking the Swift/XRT observations at 20.6 and 23.2
rest-days, we obtain a 30 upper limit of luminosity Ly < 108 ergs~!. Our most
luminous detection at 21.4 rest-days (i.e., in between the Swift data points) is 60
higher than the Swift upper limit. 24puz was variable at a factor of 3.8f51‘_55 assuming
normally distributed fluxes (30~ limit > 1.3) on ~3 day timescales in the soft X-ray.

The NuSTAR upper limits exclude any luminous hard emission component.

Radio-mm emission

24puz was not detected in any of our radio or millimeter observations. Motivated
by radio observations of similar transients, as we will discuss in the following
section, we constrain the circum-transient medium under the assumption that any

radio emission is produced by a non-relativistic, wide-angle outflow colliding with
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Figure 7.11: Constraints on the physical parameters of any synchrotron-emitting
region from our radio/millimeter observations. The left panel shows the ambient
medium density n at outflow radius R for a spherical, non-relativistic outflow. The
dashed lines mark the boundary between physical parameters excluded and allowed
by a model that includes free-free absorption where the absorbing medium density
is assumed to be the same as the emitting region. The grey region is allowed by all
models. Each line corresponds to a different observation and the color scales with
the time since discovery. The solid lines do not include free-free emission. Regions
to the left of these lines are allowed while regions to the right are excluded. The
LFBOT AT 2018cow is shown in stars for comparison (/5 [/6). The right panel
is in the same format as the left but is shows physical parameters appropriate for
a stellar-wind like circum-transient medium. The x-axis shows velocity v and the
y-axis the mass-loss rate M.

a dense medium. Radio emission in this scenario is generally produced by the
synchrotron mechanism, with possible contributions from bremsstrahlung. We

follow (536)) closely in this section.

We consider an electron with Lorentz factor y and pitch angle 6 in a region of
uniform density (n) and magnetic field (B). The synchrotron frequency of this
electron is v = %, where e is the electron charge, m, is the electron mass, and
c is the speed of light. The synchrotron power for this electron is given by

V3e3Bsin 6

Po(v | B.y.6) =~ = F(v/ve), (7.1)

e

where v, = 3/2vgsin 6, F(x) = x fxOo Ks/3(y)dy, and K5,3(y) is the modified Bessel

function of order 5/3.

For a population of electrons, the synchrotron spectrum is computed by summing
Equation over all electrons. We adopt the standard assumption of a popu-

lation of electrons with Lorentz factors drawn from a power law with index p:
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N(y)dy = NyyPdy. We adopt the approximation of F'(x) used in (4/3), which al-
lows Equation|/.1|to be analytically integrated for a power-law electron distribution
with small errors relative to numerically integrating Ks,3(y).

Let the system volume be given by V, where for a spherical region of radius R and

filling factor fy we have V = 4/37 fyR>. The total energy in the system is given by

E. Then, the total energy stored in the magnetic field is Ep = %. We adopt the

equipartition assumption, such that the total energy stored in the magnetic field Ep
is a fixed fraction of the total energy of the system: ez = E/E. Likewise, the total
energy stored in the electrons, E, = f\;)inf)i
€. = E./E. This assumption allows us to reduce the number of free parameters in

is a fixed fraction of the total energy

the system. We adopt the common assumption that ez = 0.01 and ez = 0.1 (/6).

Thus, given a magnetic field, radius, and electron energy distribution index p, we
can compute the expected synchrotron luminosity at each frequency. The post-shock
density, in the strong shock regime, is given by

B2

=) 7.2
e 6megm ,v? (7.2)

where we have defined the shock velocity v, which we assume is the average velocity
v = R/t given aradius R and a time since launch . Whenever we discuss density in

the rest of this section, we refer to this post-shock density.

In some cases, we must also include free-free absorption. The free-free optical
depth is given by (306l Eq. 10.13)

2r 4e®
T =
" 3mikgT, 3hev?

We have defined the electron temperature 7,, the number of electrons per ion

hy
><(1—e_m)Zizgff(V,Te,Zi)/ninedl. (7.3)

Z;, frequency v, the ion density n; and the electron density n,, and the Gaunt
factor g¢s(v,T,, Z;). We approximate the Gaunt factor following Section 10.2 of
(306). All other variables follow common notation for constants (e.g., electron
mass m,). The final integral is over the line-of-sight and is the emission measure
EM = f nin.dl. We adopt the common assumptions Z; = 1 and n; = n,. We adopt
a temperature of 7, = 10° K, which is higher than the standard photoionization

equilibrium temperature due to Compton heating by hard X-ray photons. This is
justified in Appendix
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2 such that the emission measure is EM =

We assume the density profile is ~r~
0 2 . . . . .

ﬁ{, nenidl = nZR/3. As we will discuss in Section our modeling of the

optical/UV emission as a shock prefers a shallower density profile ~~! in the inner

regions of the circum-transient medium (R < 10" cm). If the outer density profile

is similarly shallow, the emission measure will increase by a factor of ~3 (assuming

the outer radius is large enough that integrating to infinity causes minimal errors).

This does not change our conclusions.

In Figure[7.11] we show the post-shock density from the 24puz upper limits. We treat
each observation independently. In the left panel of this figure, we show, the upper
limit on radius (x-axis) for a range of assumed densities. The dashed lines include
free-free absorption, while the solid lines only include synchrotron self-absorption.
The shaded region is allowed by all observations. The right panel shows the same
results but in variables appropriate for stellar winds. We assume a wind-like density
profile p = M /(4nvr?). We convert radius to average velocity for each epoch. The

plot is otherwise formatted the same as the left panel.

The observations allow for a non-relativistic outflow colliding with a dense medium.

3

A faster outflow is allowed for low densities <10*cm™ or very high densities

>10° cm™3, although note that we are not consistently treating relativistic effects.

7.5 Results

As detailed in the previous section, our observations have shown:

* 24puz is most likely associated with G1, a dwarf galaxy (10774 < M,/Mg <
103-23) that is located slightly below (< 1 dex) the star forming main sequence.
24puz is Skpc offset from G1 and shows no evidence for star formation or
a massive stellar structure (<10° M) at its location, although space-based
follow-up once 24puz has faded is critical for tighter constraints. Both 24puz
and G1 are most likely at z = 0.35614 + 0.00009, based on the detection of
ISM or CGM absorption lines, and may be bound to or infalling into a galaxy
group. G1 shows tentative evidence for irregularities that could suggest a
merger or environmental stripping, but deep imaging is required to confirm

that the irregularities are not a background galaxy.

* 24puz produced a luminous UVOIR flare. The flare is well-modelled as a

single blackbody in observations from 1.5 — 27 rest-days post-discovery. The

— 10*.79+0.04

emission peaks at a luminosity Lopuv erg s~ after a short,
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day-timescale rise. The luminosity stays near this value for ~12 days and
then decreases rapidly, as ~¢~3. The emitting region radius initially expands
rapidly as a power-law or constant velocity (v = (0.082+0.02)¢) to a maximum

radius of ROthV = 1(15-33£0.04

cm. The temperature of the emitting region
is relatively constant at Topuy = 1043*0-1 K. At 31 rest-days, a near-infrared
excess is detected, which is more significantly detected at 56 rest-days. A
similar excess could have been present on earlier times, but the hot optical/UV

emission dominate.

* 24puz is a luminous, highly variable, soft X-ray source. The peak X-ray

044.1210.034

luminosity observed was Ly = 1 ergs™' at 21.4 rest-days. At

this time, the photon index was I' = 1.73f%: %)g with low intrinsic absorption
ng < 3 x 102 ecm™2. There is tentative evidence for a softer photon-index
in the 37.6 rest-days spectrum, with a p-value~ 1% that this spectrum has
the same photon-index as at peak. The X-ray emission is variable on ~3
day timescales by a factor of 3.8t51'§5 (30 limits >1.3). For the spectrum at
peak, a power-law model is preferred over a blackbody or Bremsstrahlung.
Bremsstrahlung emission can fit the observations, but the implied temperature

(7 £ 1.5keV) is too low for typical emission from a forward shock.

* 24puzis non-detected at 15 GHz and 100 GHz (observer frame). If an outflow
was launched, the circum-transient material must have a density either below
~10° cm™3 if the average velocity is >0.1¢ or a higher density but an average

velocity <0.1c.

In the rest of this section, we discuss the structure, physics, and energetics of the

emitting regions and compare to published classes of transients.

Energetics and emitting region scales

The optical/UV photosphere is observed at radii from (0.25 — 1.6) x 10" cm.
Numerically integrating the blackbody luminosity over time, we find a total emitted
energy from 0-55 rest-frame days post-discovery of 1.4707 x 10°! erg. In the case
where this is an accretion energy, which we will consider, the accreted mass is
7.7 x 1073 M, for a radiative efficiency of 10% (note that this efficiency is often
lower for super-Eddington accretion, as will become relevant later; (537-540)). This
energy does not include contributions from the red excess observed in later epochs,

but total energy emitting in this red excess is small relative to that emitting in the
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optical/UV. If we assume that the red excess luminosity traces the optical/UV (as
we have the best evolution constraints in this band), then the excess energy emitting

at redder wavelengths is ~10% of that at optical/UV wavelengths.

The variability of the X-ray emission sets a weak limit on the size of the emitting
region <3light days = 8 x 10" cm. It is plausible that the X-ray emitting region
is much more compact and associated with the central engine that is ionizing the
UV-infrared emitting regions, in which case the emitting region size must be smaller
than that of the optical emitting region. The total energy detected in the X-rays is
>4 x 10% erg. We computed this value by fitting a power-law in time to the first
and last X-ray detections and integrating. This is a lower limit because of the high
variability, which is not included in this estimate, and because we integrate over the
0.3 — 10keV range. From the variability alone, the real energy could be a factor
~4 higher. We estimate the energy in the X-rays to be ~4 — 16% of the optical/UV

energy.

The lack of transient optical spectra features implies that the optical-infrared emitting
region is fully ionized, or that the emitting region density profile rapidly steepens
above the photosphere so that the line-forming region is small. Given the luminous

UV emission and the sizes of the regions stated above, either is feasible.

The optical/UV emission

We first consider the origin of the optical/UV flare. We rule out a transient powered
by °Ni decay, following the same logic as (/6)) used for the LFBOT AT 2018cow.
The *°Ni mass can be constrained in two ways. First, from the optical/UV peak
luminosity and, second, from the rise time. From (54/), the rise time t,is. can be
approximated as the diffusion time #4if

Mejk 12

lrise ™ Idif ~ (4m »
¢j

10 days Mei ) (e ) (74)
SN, \oae) M
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Figure 7.12: Summary of results from the MOSFIT TDE modeling. Realizations
from the MCMC samples are overlaid on select observations in the left panel. We
only include observations in representative bands for clarity, but perform the fit with
all data. The constraints on black hole (Mpy) and disrupted star mass (M;) are
shown in the right panel.

where x = 0.1 cm? g™! is the effective opacity, Vej is the ejecta velocity, and M,; is

the ejecta mass. The peak bolometric luminosity is given by (542))

Lo =

MN' TC . S
— {(QNi(_O -1) - QCo)e N+ Qcoe ’CO}
TCo — TNi TNi

_ Mi

©

(6.45e‘m + 1.45e‘m)1043 ergs™!, (7.5)

where 7c, = 111.3 days is the half-life of Co and i = 8.8 days is the half-life of
6N, Oni = 1.75MeV and Qc, = 3.73MeV are emitted energies per decay, and ¢
is the time since the initial event. Mpy; is the Nickel mass. To reproduce the peak
optical/UV luminosity of 24puz, we thus require a large Y°Ni mass of ~30 M. This
contradicts constraints from the lightcurve rise time, which would correspond to the
diffusion time. The ejecta mass required for a <10 day rise with an ejecta velocity
of 0.1c, as implied by the optical/UV photosphere, is <4 M. The kinetic energy of

this ejecta mass is large at 4 x 1032 erg. We disfavor a *Ni-powered model.

We next consider an accretion-powered flare, where gas surrounding a central source

reprocesses high-energy emission to produce the optical/UV flare. Motivated by the
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similarity of this transient to TDEs that we present in Section[7.6] we first tested this
origin using the MOSFIT code to model the optical/UV emission from 24puz as a
TDE-like accretion flare (258, 1545). MOSFIT is based on a grid of hydrodynamical
simulations of simulated disruptions of a 1 M, star by a 10° M, SMBH, which are
then scaled to other stellar and blackhole parameters using analytic relations. The
luminosity is assumed to trace the fallback rate measured from these simulations,
but with delays from the time for the debris to circularize into an accretion disk, as
well as viscosity in that accretion disk. The accretion power is then reprocessed into
a blackbody by a reprocessing layer with power-law evolution in the photospheric

radius.

By default, MOSFIT requires sub-Eddington luminosities, but we turned off the Ed-
dington accretion limit as 24puz requires super-Eddington accretion for reasonable
BH masses, as we will discuss further. We otherwise ran with default settings. We
used the dynesty sampler and the default priors for the TDE model, except that we
set the black hole mass lower limit to 50 M. The results are shown in Figure|/.12
A full corner plot with the results is shown in Appendix Figure The best-fit
model invokes a black hole with log Mg/ Mg = 5.15*%13 that is fully disrupting a

-0.24

relatively low mass star M, = 0.64’:(0)'.21; M. As we discuss in Section , such a
high BH mass is unlikely for this system, although we cannot exclude it. We disfavor

this model.

Regardless of the exact mechanism powering the emission, the peak optical/UV
luminosity is likely highly super-Eddington. As we will show in Section we
favor a model with accretion onto a BH of mass Mpy/My < 10°, corresponding
to a radiation Eddington ratio 10> < Agqq. Simulations are increasingly suggestion
that super-Eddington radiation and accretion are feasible (537-540). The accretion
power may be in the form of mechanical energy carried by optically thick outflows
which then convert the kinetic energy into radiation. Observations of ultralumi-
nous X-ray sources (ULXs) find luminosities up to 10*? ergs~!, corresponding to
Eddington ratios 10773 (544).

If we are observing emission from gas that is photoionized by an accretion source,
then we must consider the lightcurve shape, which begins with a ~days rapid
rise. The lightcurve then shows a slow rise or a plateau for ~10 days before
rapidly decaying. The initial turn-on may correspond to accretion beginning. The
slow rise/plateau could be explained as a super-Eddington cap (or see 485, for an

accretion-powered model that could produce similar emission. We will discuss this
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model in more detail shortly.). If 24puz has reached the limit of super-Eddington
radiation, the observed radiation may appear as a plateau until the accretion rate has
dropped to sufficiently low values that the radiation begins to trace the accretion rate.
Extrapolating from the power-law decay to early times, this implies a remarkable

046

peak accretion rate of >10* ergs~!. Alternatively, the central source may have a

plateau in its accretion rate.

We conclude that an accretion powered model may be able to explain our observa-
tions, although with significant uncertainties. The standard modeling code MOSFIT
can reproduce our observations, but only with a black-hole mass that is slightly

higher than our preferred range, as we will discuss in Section

We next consider a shock breakout. This discussion closely follows (545). Let
us define Mcm = McimoMo as the mass of the circum-transient material, Reiy =
Rctm, 16 X 10" cm as the edge of the circum-transient material, M,; as the ejecta
mass, and vej = fejc as the ejecta velocity. Define 7 = Mcyn/Mej. The shock

velocity at Ry is related to the ejecta velocity as vy = Bsne = vejnp™ .

As discussed in detail in (545), there are four regimes that produce separate
lightcurve behavior, determined by (1) whether the shock breakout occurs within
or at the edge of the circum-transient medium and (2) whether 7 is large (> 1) or
small («1). The optical emission from the LFBOT AT 2018cow was reproduced
by a shock model for the case of edge shock breakout with a small circum-transient
medium (7 < 1). 24puz rises rapidly in the optical for a few days, and then the rise
rate slows for ~1 week. The luminosity then rapidly drops. Unlike AT 2018cow, the
behavior of 24puz is expected in a model where the shock breakout occurs inside the
circum-transient material, but still with a light circum-transient medium (n < 1).
In this case, the initial, rapid rise corresponds to the shock breakout. The slow rise
traces the shock kinetic luminosity and, as we will show, implies a shallow circum-
transient medium density profile. The rapid drop begins once the shock reaches
Rcm. At this point, we would expect to detect some cooling of the emission, which
is not the case for 24puz, so we would require a secondary component to heat the

ejecta at late-times. We will discuss this later in this section.

We assume a slope s = 1 fiducially. To reproduce the slope of the slow luminosity
rise, we require an ejecta profile pej = r™" with n = 12. A shallower slope s is also
allowed, in which case the ejecta profile will also be slightly shallower (e.g., for s = 0,
we have n = 10). We tested values of s = 0 and s = 1 and our general conclusions

do not change. We do not perform any quantitative fitting and instead attempt to
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Figure 7.13: Constraints on a shock breakout model for the optical/UV emission
from 24puz, assuming that the ejecta mass (M,;j) is much larger than the circum-
transient medium mass (M) and the circum-transient medium has a power-law
density profile with slope s = 1. The optical/UV blackbody luminosity is shown
as a function of time in black in both panels. The red points show the luminosity
obtained from early g-band-only detections of 24puz, for which we could not fully
constrain the luminosity. We assume the temperature is the average of the over the
first ~5 days. We show the case of small #p,, for illustration. The shock emergence is
assumed to occur on the same day in both panels, corresponding to the time at which
the luminosity begins to decrease. The blue solid line shows the expected power-law
evolution of the lightcurve within the shock breakout model, from equation[7.9] The
resulting inferred physical parameters (circum-transient medium radius Ry, and
mass My, ) are listed on the bottom, including a range of possible shock velocities
inferred from the assumption that Me; > My, and the ejecta mass is reasonably
small < 10? Mo,

roughly reproduce the lightcurve using analytic estimates from (545)); we encourage

work quantitatively fitting the lightcurve to light, interior shock interaction models.

The start date is not directly observable, so we constrain it (and thus 7y, and #) as
follows. This procedure is imperfect, and constraining the physical parameter using
a simulated model grid instead would be ideal. First, we use the analytic expression
in (545) to solve for the ejecta velocity vej = Bejc, the circum-transient medium
mass M., the outer radius of the circum-transient medium Ry, and the breakout

luminosity Ly, as a function of breakout time #y,, shock emergence time ¢, and 7.
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We find
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Lio = Lp(ﬁ) : (7.9)
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Here, we have defined a = % and the electron scattering absorption coefficient
k = 0.34 cm? g‘l. We pick combinations of #,, and 7 such that (1) #s corresponds
to 9.6 rest-days post-discovery, which is when the luminosity began to decay and
(2) the luminosity at time #y,/2 is approximately equal to 0.1Ly,. We consider two
extreme values of fy, and 7, corresponding to early and late start dates to highlight
the range of possible parameters. Earlier start times relative to the detection epoch
will bring the ratio of 7, and tp, close to one to satisfy condition (2), while later

start times would always overproduce the f,/2 luminosity.

The corresponding circum-transient medium parameters are Rei, ~ 10" cm, which
roughly matches the maximum measured blackbody radius, and My = 0.1 -1 M.
We cannot tightly constrain the ejecta mass without a direct observation of the wind
velocity. We have assumed 7 < 1, so we have M,; > 0.1 M. This corresponds
to a shock velocity B¢, > 0.06 at Ry, implying a fast shock. If we assume the
ejecta mass is not huge, which we will define as <100 M, we can set a lower limit
on the shock velocity B¢y > 0.03. The limits for the case of small #, are shown in
Figure [7.13] Note that these parameters are consistent with the radio upper limits:
the implied densities are sufficiently high (~10'°cm™2) that free-free absorption
will prevent detection of synchrotron emission, or the density may fall as a steeper

power-law outside Riy.

The shock breakout model explains the optical/UV lightcurve shape at early-times,
and such a model has been used for events with similar lightcurve evolution, al-
though generally on much longer timescales and with lower luminosities (e.g. 546).
We encounter two problems at later times: the lack of cooling and transient spectral
features. The lack of cooling may require an additional ionizing source that dom-
inates by ~20 days (/6, 547), but we may expect a contribution from reprocessing

of a central source given the luminous X-rays detected (e.g. /6, |/13, 485)). The
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lack of lines could also explained by an additional ionizing source, if it is sufficient
to keep the emitting region fully ionized, or if the circum-transient medium has a
rapid density drop-off at the photosphere so that the line-emitting region is small.
Full radiative transfer simulations of the shock model with similar physical param-
eters to those of 24puz would determine whether the lack of cooling and lines are

prohibitive.

In summary, the early time optical/UV lightcurve could be explained using both
accretion-powered and shock breakout models. At late times, the shock breakout
model does not naturally explain the lack of cooling and spectral features, but detailed
simulations are required to assess the significance of this problem. The late-time
emission likely requires additional accretion power, regardless of the origin of the

early-time emission.

The red excess

In addition to the optical/UV flare, 24puz showed a red excess above a single black-
body fit in the final two epochs of observations (31 — 56 rest-days post-discovery).
There are a few models that are typically considered for similar sources: thermally
emitting gas/dust, re-processing of high energy emission by gas, gamma-ray burst-
like nonthermal emission, and radioactive decay. We consider the agreement with
each of these models with our HST observations, which have the best coverage of

the red excess.

We begin with a thermally emitting region. We first modeled the UVOIR emission
as two blackbodies. The temperature of the cooler blackbody was log T, ~ 3600 K,
which is above the sublimation of all dust grains, but too cool to be consistent
with photoionized gas. If the red excess is produced by dust, the temperature
inconsistency can be improved by modeling the emission as a hot blackbody and
a modified blackbody that accounts for dust absorption (533, 548). We test both
the graphite and silicate models from (549) and report the results for the more
conservative graphite model in Table The temperature is still ~3500K, i.e.,
significantly above the sublimation temperature of graphite grains (~2000 K). This
discrepancy is highlighted in Figure where we show our HST observations in
black and an example spectral energy distribution for a hot blackbody with additional
graphite thermal emission in dashed blue. The model shown is not fit to the data,
but demonstrates that graphite emission causes a peak redward of the observed red

excess (near 2 um), whereas the observed red excess is present by 9000 A. We thus
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Figure 7.14: Constraints on the origin of the red excess from 24puz. The left panel
shows the HST spectral energy distribution of 24puz in black and, for comparison,
an epoch of observations of the red excess from AT 2018cow in red. A best-fit
hot blackbody is shown in brown. The dashed lines show the hot blackbody with
potential red excess emission added on. These are not fits but are meant to guide
the eye. In orange, a A~' power-law was added to represent reprocessing in a
shallow medium; in green, a A73/2 power-law is summed to represent reprocessing
in a wind-like medium. In blue, we add a dust blackbody to show that this model
peaks redward of the excess. The right panel shows our radio upper limits as black
triangles. The grey band shows an extrapolation of a power-law fit to the HST data
to radio frequencies. Considering that the HST data is taken at later-times than the
radio, so we would expect it to have faded with time, the power-law extrapolation
over-predicts the radio limits.

exclude dust as the main source of the red excess.

We next consider gamma-ray burst-like non-thermal emission. This model is im-
mediately disfavored by the long timescale of the emission, which is much slower
evolving than gamma-ray burst-like afterglows. Moreover, a power-law + hot black-
body fit provides a poor model of the HST data, as seen in the bottom right panel of
Figure In the right panel of Figure the best-fit power-law+blackbody to
the HST data predicts a radio luminosity that is comparable to our 40~ upper limits,
which are described in Section However, our HST data was obtained ~40—60
rest-days after the HST observations. If the emission is caused by an on-axis jet,
then the jet emission should be brighter at earlier times: this is ruled out by the lu-
minous radio emission predicted at late-times by the power-law extrapolation from
the HST data. If the emission is caused by an off-axis jet that is now wide-angle
and non-relativistic, allowing us to view its emission, it is feasible for the radio
emission to be brighter at ~80 days than at early times. The shallow observed slope

disfavors this scenario. As discussed, we have vF, ~ v, or F, ~ const. This slope
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is inconsistent with typical gamma-ray burst synchrotron frameworks. Because of
the poor fit, the lack of a radio detection, and the shallow observed slope, we rule

out this model.

We next consider high-energy emission that has been reprocessed by gas in the
circum-transient medium. We will leave detailed models of this reprocessing to
future work, but use simple estimates to assess agreement with our observations.
We follow (550) and (/13).

In this model, the red excess is caused by a change in the dominant opacity at longer
wavelengths, as detailed in (/ /3)). At near-infrared wavelengths, free-free absorption

dominates. This absorption coefficient is given by
krp=0.01872y2p%m * [em? g7, (7.10)

where 7 is the temperature of the emitting region, v is the frequency under consid-
eration, p is the density, and m,, is the proton mass. We have assumed that we are

in the Rayleigh-Jeans limit and neglected the Gaunt factor.

We assume a power-law density profile

)

’

p= ,00(—) : (7.11)
ro

In the near-infrared, free-free absorption dominates the opacity, so the thermalization

radius is given by the radius at which the effective optical depth, or the product of

the free-free optical depth (r7y ~ kyppr) and electron-scattering optical depth

(Tes = Kespr), is one. Quantitatively,
TffTes X KfpKesp Tiy, & 1. (7.12)

Here, ko5 = 0.34 cm? g~ ! is the electron scattering opacity. The luminosity is then

given by
4rvB, (T (rp,v))

Y Kesp(rth,v)rth,v(s - 1) .

vL, = dnr?, (7.13)

Combining these four equations, we find

vL, =

2 Ere 5
321ks  (0018kes ) ¥ 2 rn o ()7 (71
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For a wind-like density profile (s = 2), we have AL, ~ A73/2. As shown by the
dashed green line in Figure this slope is steeper than the observed red excess,
although note that our transition from the hot blackbody to a slope —3/2 power-law
is ad-hoc and not quantitatively accurate. For a shallow density profile p ~ r~!, we
have AL, ~ A~!, which is closer to the observed slope and is consistent with our
optical/UV shock interaction analysis. Many of the approximations quoted above,
however, break down for slopes that are much shallower than s = 2. We will thus
adopt an intermediate slope s = 1.5 for the following analysis to prevent divergences,

but urge simulations of the s = 1 case to test if our conclusions hold.

We can evaluate the required density by matching the red excess luminosity to that
predicted by Equation For a luminosity vL, ~ 10¥ergs™! at ~7000 and
s = 1.5, we find that the density is 10195 ¢m=3 at 10! c¢m and the total mass must be
~0.2 Mg (Rou /1051 cm). This is consistent with the circum-transient medium mass
that was inferred in our shock interaction analysis Mcum, < 1 Mg for Ry = 105 cm.
If this density profile extends farther out, our radio analysis may pose a problem as
we find p(R = 10'%cm) ~ 10° cm™3, which is on the border of our excluded region
in Figure unless the outflow velocity is <0.1c. Free-free absorption would
remove this limit. Alternatively, if the density profile drops rapidly at 10'> cm, then
the allowed outflow velocity is higher. Given that the implied mass if this profile
extends to 10' cm is ~20 M, which is very large, we believe this latter explanation

is likely.

The lack of any significant absorption in the X-ray spectrum poses a problem: the
implied column density is >10*cm™ for an outer radius Rem ~ 10!cm and
an inner radius corresponding to the smallest radius measured from our blackbody
fitting in Table[7.13| R, ~ 10'**cm. A smaller R;, corresponds to a larger column
density. We can alleviate this discrepancy if the emitting region is aspherical. If
we are viewing the system along a line-of-sight without significant gas/dust, then
the X-rays would appear unabsorbed, as is observed. Alternatively, if the emitting

region is fully ionized, it is effectively transparent to X-rays.

There are a number of key caveats to this analysis. First, we adopted common
approximations to the photon diffusion time and optical depth that break as the
density profile becomes shallower. Moreover, this analysis assumes a spherical,
homogeneous medium. If the material is anisotropic or clumpy, then the total mass
will be reduced by the volume filling factor (550). Finally, we have adopted an

outer radius based on our optical/UV shock analysis, but accretion-power likely
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contributes to this emission and this was not included in our modeling.

The X-ray emission

We next consider the origin of the X-ray emission. The X-ray spectrum, luminosity
evolution, and variability are both very similar to that of the soft component of
AT 2018cow. The X-rays from AT 2018cow are considered to be associated with a
shock or central engine (/6)).

We first consider a central engine model. In this case, the rapid variability is
expected given the small scales of an accretion disk. The implied X-rays are
highly super-Eddington. Note, however, that with the exception of the luminous
XMM-Newton observation, the typical X-ray luminosity is ~3 x 103 ergs~!, which
is <103 Eddington for the compact object masses we will favor in the following
section. As discussed earlier, this Eddington ratio is feasible (544). The luminous
optical/UV emission suggests that most of the X-rays, in a central engine model,
are reprocessed. A fraction escape either due to inhomogeneities in the surrounding

medium or because they have ionized the ejecta along our line-of-sight.

We next consider a shock origin of the X-rays. This model faces two problems.
First, as discussed in Section our Bremsstrahlung modeling suggests a best-
fit temperature of 7 + 1.5 keV, which is lower than typical X-ray emission from
shocks (535). It is also challenging for a shock to produce the ~day timescale
variability observed from 24puz: this would require significant density variations
in the circum-transient medium. Variability on a timescale of days for a shock
traveling at 0.1c implies spatial variability scales of ~10'* cm. Some circumstellar
media do show such variability, but it is not clear whether this is natural for a system
like 24puz (e.g., see similar discussion for the LFBOT AT 2018cow in (551)). We
encourage simultaneous modeling of the optical/UV and X-ray emission within a
shock framework to assess whether shocks can dominate the observed emission, but

we currently disfavor shocks as the dominant source of X-ray emission.

We conclude that a central engine model for 24puz can explain the observed X-
rays. A shock model may be feasible, but faces significant challenges (low best-fit

temperature and rapid variability).
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7.6 Discussion

Comparison with known transients

The persistently blue optical colors and featureless spectra place 24puz in the section
of optical transient parameter space occupied by two observational classes: LFBOTs
(485, 486) and TDEs (/11, 552, 553). Supernovae are excluded by the rapid
evolution and persistently featureless spectra, with a lack of interaction signatures
and the high radiated energy (>10!erg). The luminous, fast-cooling transients
presented by (5/3) occupy a similar location in luminosity-timescale space, but
show rapid cooling that is excluded for 24puz. They are also not X-ray and radio
bright.

TDESs occur when a star is disrupted by a massive black hole (MBH; (/10,571,554)).
Like LFBOTs, TDEs typically produce blue, constant color optical lightcurves, but
they evolve more slowly, rising over few-week timescales and fading over months
(116,|121,|128,136). Most TDEs produce broad (~ 10* km s~!) Balmer and Helium
spectroscopic features (/3 /28, |[34), but two, possibly connected subclasses of
TDEs produce featureless spectra: featureless TDEs (F-TDEs; (/3)) and jetted
TDEs (394). F-TDEs have spectra that are featureless for months post-TDE (/3
134)). Jetted TDESs are best known for launching collimated, relativistic jets (245,
373,1395-397), and there is some evidence that they also produce featureless spectra
and blue, constant color thermal emission (in addition to luminous, nonthermal
emission from the jet; (394)). By selection, TDEs are traditionally detected in the
nuclei of their host galaxies (typically within 17; (13,116} 128, 134)).

LFBOTs rise on few-day timescales and fade over ~1 week (487, 490492, 494,
528,529, 1555). LFBOTs produce hot (~10% K) optical flares without substantial
cooling and absolute magnitudes brighter than approximately —20.5 mag. They
evolve fast (Sweek timescale), with no detectable optical spectral lines at early
times. LFBOTSs never show nebular features, and instead have Hydrogen and Helium
features, unlike stellar explosions. They are luminous in the millimeter, suggestive
of outflows into dense media (~10° cm™3). LFBOTs have hard X-rays (VF, ~ y=0-3)
likely from the central engine that is also responsible for powering the transients,
which could be explained by invoking an asymmetric circum-transient medium and
a weak, decelerating jet. They often have a Compton hump feature detected in
the hard X-ray, which is common among accretors like X-ray binaries and AGN,
and is associated with cold, optically-thick gas (556). The X-ray spectra have been
detected to soften at late-times (497). LFBOTs are hosted in a range of environments,
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although most have been offset within galaxies near the star forming main sequence.
LFBOTSs have featureless blue optical spectra that, in some cases, develop broad
(~10*km s~!) hydrogen/helium emission after ~10s of days and intermediate width
(~10° kms~!) lines after ~1 month. Hubble Space Telescope observations of one
LFBOT, AT 2018cow, show a late-time (years) plateau in the UV and soft X-ray
(496, 497,557, 558). The most offset LFBOT detected thus far is at 1 kpc ~ 3.5r,
from its host galaxy, where r, is galaxy half-light radius (495).

The physical origin of LFBOTSs is unknown. The late-time UV and possible X-
ray plateau detected for AT 2018cow is reminiscent of late-time emission from the
compact accretion disks produced during TDEs (496, 497,1557,555), suggesting that
LFBOTs may be TDEs. The faintness of the plateau, combined with the off-nuclear
location of the transients, requires TDEs by IMBHs. LFBOTSs may alternatively
be extreme stellar explosions/mergers. Models are typically required to produce
an extended, dense, aspherical medium and a highly energetic and compact central
engine. (485)) proposes the delayed merger of a black hole and a Wolf-Rayet star.
(16) consider a failed explosion of a blue supergiant star, resulting in a stellar-mass
BH surrounded by the remains of the star, although (497)) revise this model to
prefer a super-Eddington accreting source. Both models require the presence of
massive stars (220 My). A millisecond magnetar formed after the electron capture
supernova of a ~8—10 My, star is consistent with observations, but still invokes a
relatively massive star. Attempts to model the LFBOT AT 2018cow as a magnetar
require neutron stars with near maximal masses and may not be able to explain the

multiwavelength emission (e.g., fast X-ray variability, late-time UV plateau) (498).

24puz has multiwavelength properties that are consistent with both TDEs and LF-
BOTs. In Figure we compare the optical/UV blackbody luminosity evolution
of 24puz, TDEs, and LFBOTs. The left panel shows the blackbody luminosity
as a function of time for these objects. 24puz has a lightcurve evolution that is
generally consistent with LFBOTs, with a rapid rise followed by a power-law decay.
24puz peaks at a later time relative to other LFBOTs and has a slower rise. This is
highlighted in the right panel, which shows the time above half peak luminosity on
the x-axis and the peak g-band luminosity on the y-axis. 24puz is slower than all
LFBOTs. Selection effects likely play arole in this trend: LFBOTs are selected to be
fast-evolving, with generally faster than ~1 week timescales (e.g. 490). 24puz may
be a slow evolving LFBOT, suggesting that LFBOT searches should be performed

with looser timescale cuts.
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The lightcurve shape of 24puz is also consistent with TDEs, although these events
show more variation in their blackbody luminosity evolution relative to LFBOTs.
The location of 24puz in luminosity-timescale space is unprecedented for TDEs,
which generally show a positive correlation between luminosity and timescale.
F-TDEs break this correlation, but have long timescales (30 days). There are no
obvious selection effects that would prevent events like 24puz from being discovered
in TDEs searches, if 24puz-like objects can occur in galactic nuclei, suggesting that

such events are rare.

The featureless optical spectra detected from 24puz are consistent with both early
time LFBOT observations and with F-TDEs and jetted TDEs. LFBOTs generally
produce some spectral features at late times (both broad and narrow interaction
lines). If 24puz is an LFBOT, the lack of lines could be consistent with the high
luminosity, as discussed above, but this would be unprecedented for this class.

F-TDEs remain featureless at all times, consistent with 24puz.

A red excess like that from 24puz has been detected for the LFBOT AT 2018cow
(489). The origin of this excess is also unknown, although similar models were
proposed as we have explored for 24puz. The optical-IR SED of AT 2018cow is
shown as red stars in Figure [7.14 The peak of the AT 2018cow excess is redder
than that of 24puz, and so a thermally-emitting dust origin is still consistent with the
observations (533). Reprocessing can also reproduce the red excess, but requires
>5 My of material (550). TDEs have been theorized to produce near-infrared
excesses due to reprocessing (//3), with one known example that showed a red
excess likely due to reprocessing by a disk-like structure (559). Thermally emitting
dust has been detected for multiple TDEs, but this emission peaks in the mid-infrared

and on year-long timescales and is inconsistent with the observations of 24puz.

The radio and millimeter limits from 24puz are consistent with both TDEs and
LFBOTs. >30% of optically-selected TDEs produce radio emission at >3 yrs post-
disruption. The fraction detected at early times is lower, suggesting that most
TDEs do not produce luminous radio emission at this point (<103 ergs™). This
is consistent with the 24puz limits. It is also important to note that most radio-
observed TDEs are not F-TDEs, which are generally at higher redshifts. A more
detailed study of the early-time radio properties of these events would be required

to compare to 24puz.

LFBOTs ubiquitously produce radio and millimeter emission. As shown by the stars

in Figure the parameter space occupied by the radio/mm luminous LFBOT
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Figure 7.15: X-ray lightcurve comparison, adapted from (529). 24puz is shown in
red and LFBOTSs in orange. For completeness, a population of gamma-ray bursts
(GRBs) is shown in light blue, as these are common comparison points for X-ray
transient emission. The jetted TDE SwJ1644 is shown in blue. 24puz is among
the most X-ray luminous LFBOTSs. It shows a variability and evolution timescale
comparable to both LFBOTs and the jetted TDE.

AT 2018cow is excluded for 24puz, but if 24puz has a moderately less dense ambient
medium relative to AT 2018cow, the lack of radio/mm is expected. The lack of

transient spectral features would also be expected in this case.

The X-ray lightcurve from 24puz is fully consistent with LFBOTSs, as shown in
Figure The high variability and rapid decline have been observed for multiple
LFBOTs. 24puz is among the most X-ray luminous LFBOTs. The hard spectral
index I = 1.7 is also consistent with observations of X-rays from LFBOTs. The
rapid evolution and hardness of LFBOT X-rays have been used to argue for the

presence of a compact central engine from these sources.

The X-ray properties of TDEs are much more heterogeneous than those of LFBOTs.
Most X-ray detected TDEs have soft spectra I' > 3, although exceptions do exist
(142,560,561). There are also X-ray detected TDEs that show rapid variability and
fading (/42), although this behaviour is not as ubiquitous as for LFBOTs. Jetted
TDEs, in particular, show hard, variable X-rays like 24puz (373, |394, 396). As
shown by the blue lightcurve in Figure the X-ray luminosities of these events
are much higher than that from 24puz due to beaming effects, but the lightcurve

evolution is otherwise similar. X-ray constraints on F-TDEs are weak.

The host galaxy of 24puz is also fully consistent with LFBOT hosts in terms of
stellar mass, star formation rate, and offset from the transient. LFBOT host galaxy

are shown relative to that of 24puz and the star forming main sequences in Figure[7.§]
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While the LFBOT hosts show a range of stellar masses, they tend to lie near the
star forming main sequence and, there are three events at comparable host galaxy
masses to that of 24puz. As shown in the right panel of Figure 24puz would
be among the most offset LFBOTs relative to its host, but the LFBOT AT 2023thn
is at a similarly large offset (492, |495). 24puz and AT 2023thn both have large
offsets given expectations based on their stellar mass, if they are associated with
star formation, as is seen when comparing to the core-collapse supernovae shown

in Figure (/.8

TDE host galaxies, in contrast, are inconsistent with the 24puz host. TDE hosts are
shown as blue scatter in Figure[7.8] These hosts are generally more massive than that
of 24puz and lie below the star forming main sequence (/34,|/35). Selection effects
likely play arole here. TDEs are required to be nuclear, whereas massive black holes
in dwarf galaxies are often wandering due to a poorly defined gravitational potential.
If TDEs from low mass galaxies tend to be oftf-nuclear, like 24puz, they will not be
included in current selections. F-TDE host galaxies are the most discrepant from
that of 24puz, as they tend to be the reddest and most massive (M, = 10'© M) of
the TDE hosts (/3

We conclude that 24puz closely resembles LFBOTSs, except that it is more luminous
in the X-ray through optical, slower evolving, and has no spectral features at late
times. 24puz is similar to TDEs in many ways, but that it is fast and luminous in
the optical/UV, off-nuclear from a low-mass galaxy, and has harder, faster-evolving

X-ray emission than most TDEs.

The rate of 24puz-like transients

Our search that produced 24puz was incomplete, and a sample size of one leads to
large statistical uncertainties in a rate estimate. However, we can set an upper limit on
the rate using the ZTF bright transient survey (BTS; (562,563)), which has produced
complete samples of transients above m < 18.5 mag. No sources have been reported
with blue, constant colors, extragalactic redshifts, and a timescale of ~10 days. We
thus use the lack of 24puz-like objects reported in the BTS sample to constrain
the rate of such events. Given the peak magnitude of 24puz (mg = 19.2 mag), the
magnitude limit of BTS, and the completeness reported by (562), we find a 30
upper limit on the rate of 24puz-like objects of < 4.6 f.! Gpc™> yr~!. Here f, is the

completeness fraction.

The optical TDE rate is 31070, Gpe™ yr~! (134), which is higher than the 24puz
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rate, but is consistent if 24puz-like objects are a subset of TDEs. The jetted TDE
rate is Zi‘{ (f»/1%) ™' Gpc yr~! for a beaming fraction f, = 1% (394), which
is consistent with the rate of 24puz-like objects. The rate of LFBOTs has been
estimated as 0.3-420yr~! Gpc ™3 (490), < 300 yr~! Gpc™ (487, extrapolated from
Palomar Transient Factory data), and 700— 1400 yr~! Gpc™3 (487, extrapolated from
Pan-STARRS1 Medium-Deep Survey data). These are generally consistent with
the rate of 24puz-like objects, although the LFBOT rate from the Pan-STARRS1
Medium-Deep Survey is higher.

Nature of the powering source

We next consider possible explanations to account for nature of the source powering
24puz. We require a system that can produce >10°! erg of radiated energy, largely
in a ~2 week span. In the shock model, this energy could be produced in a shorter,
~day time-span (~10° s), corresponding to the light-curve rise time. The source is
surrounded by a dense ~10'°cm™ medium extending to at least 10'> cm, with a
shallow density profile scaling as ~~!. The source produces hard (I" = 1.7) X-ray
emission that is variable on short, ~3 day timescales. We conclude that 24puz has a
compact central engine, as has been argued for LFBOTs and given the concordance

with the observed properties.

In the next portion of this discussion, we will speculate from the host galaxy
properties of 24puz. With a sample size of one, such a procedure is poorly justified.
Our goal is not to definitely exclude models or declare a specific model correct.
Even if we favor a model, we not that this will always be riddled with uncertainty

as we are extrapolating from a single observed source at this time.

The host galaxy of 24puz has a low star-formation rate and stellar mass. The
lack of strong star formation is in contrast to expectations from models invoking
massive stars or magnetars for the origin of a source like 24puz. The low mass is
unexpected for models that invoke neutron stars, which should be more abundant in
galaxies with higher stellar masses. Selection effects may of course play a role as we
required a faint host galaxy. Star-forming galaxies are detectable to higher redshifts
than quiescent galaxies, due to their higher luminosities. If this selection effect
is the reason that we have not detected star formation, then the lack of 24puz-like
transients identified thus far in, e.g., the BTS sample or supernovae searches is a
puzzle. These events should be orders of magnitude more common in star-forming

and massive galaxies. Alternatively, we may be simply fortunate to have detected
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24puz in a galaxy with very few massive stars. The only way to test this explanation
is to continue searching for such events and discovering a sample. Instead, for the
rest of this section, we will assume that 24puz is not produced by a massive star. A
similar argument holds if 24puz is associated with a globular cluster or a NS, which
should be more common in massive galaxies, so we do not consider these scenarios

either. Note that this does not rule out a nuclear stellar cluster as a putative host.

Instead, we consider accreting black holes. If 24puz is associated with a < 50 M
stellar mass black hole, such events should be orders of magnitude more abundant
in massive galaxies ~101 Mg (564, 565). If 24puz is associated with SMBHs >
10% My, TDE searches should have discovered analogous events, although they have
not been focused on off-center events. Moreover, the proximity of a putative dwarf
galaxy host and the empirically derived local scaling relations between central black
hole mass and stellar mass of galaxies suggests that the BH mass in 24puz is firmly in
the IMBH mass range (566). Hence, if 24puz is associated with a black hole, it must
be associated with a black hole of mass Mgy such that 50 < Mgy/Ms < 10° M.

We conclude that 24puz is most likely produced by a moderately massive black
hole. From the energy budget point of view, accretion events onto massive BHs can
readily produce the amount of energy observed, and accreting BHs are known to be
able to launch winds/jets, so our shock models are feasible. However, in the context
of this explanation, we must contend with two points. First, the transient is highly
offset. Second, the shock breakout analysis of the optical emission suggests a dense
(~10'% cm™3), extended (10" cm~ 10* AU) medium surrounding the transient. This
is much denser than typical environments around nuclear supermassive black holes
(see Fig. 2 of (/50)). Feasible scenarios to produce 24puz must produce this

medium, regardless of BH mass.

The high offset from the host galaxy is feasible if the black hole is recoiling and/or
has been ejected. At the lower end of this mass range, a recoil is fairly plausibly
expected: BHs formed from stellar deaths are expected to have a natal kick similar
to that of a neutron star (567). If the BH is formed at the time that most of the
stars in the galaxy formed (~100Myr ago, based on our host stellar population
modeling) and receives a kick of ~100kms~!, it will travel 10 kpc by the time of
our observation. Thus, the projected offset observed of 5 kpc is feasible.

At the higher end of this mass range, we are met with a challenge. IMBHs, if formed
via direct collapse of a gas cloud in-situ, should not necessarily have an associated

kick. They are however expected to wander throughout their host galaxy (59, 568),
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particularly if the host is a dwarf galaxy with a poorly defined gravitational potential
(58). This BH is very offset from any light from the host galaxy, which depending on
the simulation suite analyzed may or may not be expected frequently, the predictions
from the ROMULUS simulation (59) are different from those from the ASTRID
simulation wherein wanderer off-set distributions are shorter (58). Assuming the
dark matter traces the stellar matter, it is unlikely that the BH is close to even a
local minimum in the gravitational potential. This model is currently unsettled.
Instead, the IMBH could recoil if it has undergone a merger with another IMBH
(569), which is feasible if the disturbed morphology of G1 indicates a merger. Deep
follow-up imaging can confirm or exclude evidence of a merger, but note that the
galaxies of stellar mass 10% M, are not expected to undergo many mergers specially
at late times, with an expected rate of <0.01 Gyr~! (570). The ejection of an IMBH
that has formed and grown in a dense nuclear star cluster (478) that has been ejected
as a result of a merger is yet another possibility. In that case, we favor the tidal
disruption of a white dwarf (571) over the case of main-sequence disruption, because
the circularization (or disk formation) timescale for main-sequence TDEs may be
much longer for IMBHs due to weak apsidal precession (572). Another challenge
of the IMBH-TDE picture is the need of a dense circum-transient medium, which is

not generally available before the disruption.

The high circum-transient medium density and energetics of the event can be ac-
commodated by the model from (485)). This model nominally invokes a black hole
or neutron star in a binary with a massive, Wolf-Rayet star. The compact object
enters into a common envelope phase with the massive star and begins inspiraling
until it disrupts the stellar core. The lack of star formation from 24puz disfavors a
massive star companion, but an main-sequence or evolved stellar companion should
produce a similar signal. If the evolved star is a (sub)giant with a large radius, then
the timescale may be too long to produce the very short rise time of 24puz. A tidally
disrupted main-sequence star may better match the timescale (573). We encourage
efforts to simulate the emission from 24puz within this model, in particular, taking
into account the requirements of an evolved or main sequence stellar companion and

a low binary mass ratio.

We finally consider the case that our assumption that the source cannot be produced
by an NS or low-mass, stellar-mass BH due to the host galaxy stellar mass does not
hold up to continued searches for 24puz-like sources. Another possible scenario

is that the event comes from the explosion of a low-mass helium star with a main-
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sequence companion star and that the newly born neutron star happens to tidally
disrupt the companion star (499). The low-mass helium star undergoes extreme mass
loss before the SN explosion (57/4), creating the dense circum-transient medium.
Such an explosion may be produced after a delay up to 50 Myrs that is consistent

with the stellar population age in G1.

7.7 Conclusions

In this paper, we have presented AT 2024puz, a luminous, multiwavelength transient
associated with a dwarf galaxy. 24puz was discovered as a hostless, blue optical
flare by the ZTF survey. Deep imaging and spectroscopy showed that it is associated
with a dwarf galaxy of mass ~10% Mg at z = 0.35614 + 0.00009 that lies below
the star-formation main sequence. The spectra show no features associated with the

transient.

The optical transient was accompanied by luminous UV, IR, and X-ray emission.
The early-time optical/UV emission is consistent with either an accretion flare
that produces highly super-Eddington radiation, or with a shock that is breaking
out within the circum-transient medium. In the latter case, the circum-transient
medium mass is < 1 M, and it extends to a radius ~10'> cm with a shallow density
profile. The shock breakout model may not explain the lack of late-time cooling
and line emission, and so would require an additional ionizing source, such as
accretion, at ~20 days. A near-infrared excess is seen at late-times ~80 days that
may be consistent with a re-processing layer. The X-ray emission could be produced
by a shock or a compact central engine, but the rapid evolution and variability is

challenging to accommodate within a shock model.

Based on the lack of star formation and low stellar mass in the host galaxy, we favor a
model invoking an BH with mass >50 M, (i.e., high mass stellar mass BH or IMBH),
although we mildly prefer a BH formed in a stellar explosion to accommodate the
high observed offset from the host galaxy. A similar model has been proposed by
(485)), who postulate a stellar mass black hole consuming a massive star. Given the
low star formation rate of G1, we prefer a main sequence or evolved companion,
and we encourage more detailed consideration of this model. However, models
that involve ejected IMBHs also remain plausible, in which case we favor the tidal

disruption of a white dwarf to match the observed timescale of 24puz.

Pinning down the trigger of 24puz requires a sample of similar sources. The portion

of parameter space occupied by this transient has, to our knowledge, barely been
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explored, and opens up a new section of the landscape of hot, blue transients. These
objects are proving to offer a powerful probe of discovering massive stellar mass
BHs, IMBHs, and NSs. Instruments and telescopes such as the upcoming Rubin
Observatory, the Einstein Probe, and the Ultraviolet Explorer should be sensitive
to thousands of these hot blue transients. However, archival searches in ZTF show
great promise for identifying and characterizing such previously unexplored transient

classes.

In addition to identifying a sample of 24puz-like events, deep late-time follow-
up may be able to pin down the event trigger. In particular, deep, multi-band
imaging would enable detailed constraints on the star-formation history both of
Gl and at the location of 24puz, strengthening our arguments against massive
star and NS progenitors. Late-time radio constraints would exclude the late-time
emergence of any collimated jet, as is sometimes observed for TDEs and thus may
favor an IMBH progenitor (/49). Deep space-based spectroscopy can rule out any
late-time interaction features, which would provide an additional handle on the

circum-transient medium spectrum.

We conclude by briefly considering implications for LFBOT searches and models,
if 24puz is a member of this population and our analysis of the likely progenitor
is correct (accreting, 50 M, stellar mass BH in a binary). 24puz adds to the
increasing fraction of LFBOTs detected in low mass galaxies near the star-forming
main sequence, and is the second LFBOT with a very high offset. Models that
implicate massive stars in LFBOT models should be reassessed. 24puz suggests that
LFBOTs need not be as fast evolving as previously found, and they can be even more
luminous than thought. If this high luminosity is a function of the circum-transient
medium parameters, it might suggest that LFBOT luminosity will be correlated with
the properties of the companion star from which the BH is accreting. While the
radio/millimeter constraints from 24puz offer poor constraints at present, they do
suggest that, despite the high optical/UV and X-ray luminosities from this event,
the radio/millimeter luminosity was not correspondingly high. LFBOTs may not be
ubiquitously associated with luminous emission at these frequencies, as was once
thought.
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Details of observations
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In Tables and we provide the details of our

observations, as described in Section

Table 7.4: P60/SEDM Observation Summary

Date MIJD Filter Mag Mag ErrorLimiting Mag

2024-08-0160523.2 u 19.58  0.13 20.14
u 19.58 045 18.78

r20.066 0.0485 21.69

i 20391 0.0769 21.52

2024-08-0260524.2 u 19.51 0.16 19.87
u 1951 0.18 19.75

r 20.152 0.063 21.49

i 2028 0.11 21.03

2024-08-1460536.2 g 21.16 0.19 21.32
60543.2 g 21.52 0.20 21.61
2024-08-2260544.2 g 2178 0.22 21.75
i 2135 0.18 21.55

Note. Summary of P60/SEDM Observations.

Table 7.5: Lowell Discovery Telescope Observations

Filter Mag Mag Error

u

8
r
[
Z

22.101
22.220
22.417
22.425
21.935

0.068
0.054
0.062
0.117
0.314

Note. Summary of Lowell Discovery Telescope observations on 2024-08-27 (MJD 60549).

Chance association probability

In this section, we compute the probability that 24puz randomly lies at its loca-

tion with respect to nearby galaxies. If 24puz were associated with an unrelated

background source, it would have a uniform probability of lying at any location in

the field. We assess the probability that 24puz, if unassociated with any detected

galaxy, would be located at the observed position with respect to the detected galax-

ies. Because of the limited field-of-view of our HST observation, we perform this



Table 7.6: Liverpool Telescope Observations

Date MIJD Filter Mag Mag ErrorLimiting Mag

2024-08-0560527.97 u 19.85 0.15 19.27
g 2027 0.08 20.71
r 2053  0.08 21.15
i 209 0.10 21.26
2024-08-0660528.96 u 19.92 0.1 19.98
g 2033  0.05 21.30
r 2091 0.7 21.61
i 21.04 0.06 21.98
2024-08-0860530.96 u 2020 0.13 20.07
g 20.61 0.06 21.36
r 21.15  0.09 21.63
i 21.09 0.07 21.86
2024-08-1560537.89 u 20.84 0.31 19.59
g 21.83 0.29 20.86
r 2158  0.20 21.17
i 2132 0.3 21.50
2024-08-1660538.96 u 19.97 0.26 18.53
g 20.78 0.19 20.20
r 21.60 032 20.36
i 21.62 028 20.54
2024-08-1860540.87 g 2041 0.22 20.10
r 2145 107 20.40
i 2252 092 20.87
2024-08-1960541.87 u 2034 0.45 25.93
g 21.10 051 27.14
i 2133 054 27.84
2024-08-2060542.88 i 21.43 022 19.16

Note. Summary of Liverpool Telescope observations.
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experiment using observations of the Cosmological Evolution Survey (COSMOS;

(575)) field as part of the Cosmic Assembly Near-infrared Deep Extragalactic Legacy
Survey (CANDELS; (576, |577), which were performed with the HST ACS/WFC
instrument and include F606W measurements. While the filter throughputs and
pixel scales are slightly different for ACS/WFC F606W and WFC3/UVIS F606W

images, we estimate that they cause percent-level changes in the measured fluxes

and Kron radii, which are negligible for our purposes. We retrieved sextractor
catalogs for the CANDELS field from (578).
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Table 7.7: Swift/UVOT Observations

Date MID ObsID  BandExposure [sec]Flux [uly]
2024-08-0360525.80016746001 u 165.1 39.7+6.2
- - - u 165.2 46.1 +6.4

- - - m?2 495.8 20.5+3.7

- — - w2 601.5 169 £2.2
2024-08-1260535.00016746002 u 148.4 27.2+6.0
— — - m?2 444.7 13.0+5.0

- - - wl 296.0 19.3 +4.1

- - - w2 544.8 99+1.9
2024-08-1660538.50016746003 m2 323.6 56+3.6
- - - w2 403.0 39+1.8

Note. Summary of Swift/UVOT Observations.

Table 7.8: Swift/XRT Observations

Date MID  ObsID Exposure [sec] Counts sec T Flux [107 3 erg cm 2571

2024-08-0360525.816746001  3671.3  0.0019*0-00I 0.8+0-

2024-08-1260535.016746002 14768 o.omﬁg%qlgg <4l
2024-08-1660538.516746003  2783.2 0.0023%%}3 <338
2024-08-2060542.616746004 24822 0.0005*) <22
2024-10-3060613.016746005  2061.1  0.0009%0.012 <27
2024-11-0260616.216746006  2805.7 0.0006t§{§g§§ <19
2024-11-0560619.016746007 26579 0.03%% <16
2024-11-0860622.416746008  2710.4  0.0034*0-00% <55

Note. Summary of Swift/XRT Observations. Fluxes are computed assuming I"' = 1.7.
Upper limits are 30

We compute the random association probability as follows. First, we correct for
the increased depth of the CANDELS image. We randomly assign each COSMOS
source a per-pixel rms noise from the observed per-pixel noises in our observations
and define detectable sources as those with a total signal-to-noise (i.e., integrated
over the entire source rather than per-pixel) larger than three, which is our detection
threshold.

We treat the undetected sources as a random sample of background sources and
compute the distances from each to the nt nearest-neighbors, in units of Kron radii,
for n = 1 — 10. We only consider galaxies within 20” given the distance from

24puz to the edge of the observation field. We use these distances to compute
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Table 7.9: XMM-Newton Observations

Date MJD  ObsID Instrument Exposure [s]Count Rate [10"2cts™ ! log (L)

ergcm—2s~!

2024-08-14605360953011201 EPIC-PN 3873 4.04 +£0.35 —12.577 £ 0.024

— - — EPIC-MOS1 12370 1.19 £0.12 -

- - - EPIC-MOS2 13660 0.98 = 0.09 -
2024-09-05605580953011301 EPIC-PN 12940 0.34 £0.12 -13.92 £0.15

- - — EPIC-MOS1 23700 0.033 + 0.033 -

- - - EPIC-MOS2 27790 0.017 £ 0.042 -
2024-11-30606440953012101 EPIC-PN 27090 0.175 £ 0.052 -13.91 £0.07

- - - EPIC-MOS1 37470 0.045 £ 0.020 -

- - — EPIC-MOS2 39130 0.050 + 0.020 -

Note. Summary of XMM-Newton Observations. Exposure times are quoted after GTI
flagging. Fluxes are computed from 0.3—10 keV using a power-law model with a tied
photon index.

Table 7.10: NuSTAR Observations

Date MIJD  ObsID FPMExposure [s]Counts (src/bkg)Flux 90% UL [10~13 ergecm™2s71]

2024-09-0660559.291001632002 A 24879.3 205 /207 0.52
- - - B 24622.1 242 /251 0.57
2024-09-0760560.791001632004 A  37667.2 302 /294 0.70
- - - B 372845 376 /370 0.73

Note. Summary of NuSTAR Observations. 90% confidence limits assume an unabsorbed
power-law with I' = 1.77 in the 3-79 keV range.

Table 7.11: Keck I/LRIS observations
Date MIJD Exposure [sec] AirmassStandard (spec.)Slit Width (spec.)

2024-07-2960520.4 600 1.33 BD+28 1.0”
2024-08-0560527.3 1800 1.20 BD+28 1.0”
2024-09-0760560.3 4500 1.42 Feige 110 1.0”
2024-10-0760590.2 7200 1.82 G191-B2B 1.0”

Note. Summary of Keck I/LRIS observations.

two probabilities. First, we consider the nearest galaxy to 24puz, which we will
denote “G1” hereafter. We compute the probability of finding the nearest-neighbor
closer than the distance G1 for a randomly located sources. We find a probability
p1 = 3 x 107 of the nearest neighbor being closer than G1. Second, we compute

the probability that all the second through tenth-nearest neighbors are closer than
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Table 7.12: HST/WFC3 Observation summary

Date MIJD Detector Filter Exposure [sec]
2024-09-3060583 UVIS F606W 994
2024-09-3060583 UVIS F336W 1073
2024-09-3060583 UVIS F105W 1059
2024-09-3060583 UVIS F160W 1059

Note. Summary of HST/WFC3 observations.

those observed for 24puz: pp_19 = 1.3 X 1073, It is thus unlikely both that 24puz
lies close to the observed galaxies by chance (307) or that 24puz lies close to G1 by
chance (3.40).

Ultraviolet-infrared spectral energy distributions and best-fit parameters
In Figure[7.16] we show the multi-epoch, best-fit blackbody models. In Table[7.13]

we tabulate the best-fit parameters.
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Figure 7.16: Blackbody fits to each epoch of UV/optical imaging of 24puz, as
described in Section [Z4l The fits are shown as colored bands and the data as black
scatter points.

X-ray spectral modeling
The best-fit spectral parameters of our MJD 60558 XMM-Newton observations are
shown in Figure [7.17]
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Table 7.13: UVOIR blackbody modeling

Date MJD Model log% log% logeé’% M, [mag] logT‘TR logfﬁ IR logerg%
2024-07-1860509 BB 4.37°01% 15.067017 44.4470°  -20.56*01%0 - - - -
0.081 0.066 0.17 0.052
i B aTARITHESTIN e © D D
2004-07-2460515 BB 43007000 1533370088 44 7500 5y geitltss - - -
2024-07-2660517 BB 43777005 15 25770046 44 871500 5 551+089
07 105008 |5 (g0 0B 4y 030018 5y us 7008 _ _ _ _
i B CwABITARSIL I SE © D D
2024-08-0160523 BB 44367007 15.106%005 44817017 51 77003
el TTUP_0.055 T TR 0.063 T 0T —0.12 ST 0. 006 - B B B
2024-08-0260524 BB 4.423%%%215.102%:%% 44.7570-5 -21.006*005 - - - -
2024-08-0560527 BB 4.299*01415.164* 01044 377020 2075158 - - - -
2024-08-0660528 BB 4.3973%2215.04@@'@2% 4454019 _20.613+0010 - - ~
0.1 0.09 0.37 0.049
2024-08-0760529 BB 4.61;8_11% 14.84;8'1111 44.96+%04%6 _20'431;8-8%8 - - - -
ety by cedl Ml S e © D D
el 00310 T 7TE_0.046 7 0T 1-0.055 7 7N —0.084 - B B B
2024-08-1460536 BB 4.66%)> 14.66%-3; 44.83+08 —19.74*04 - - - -
0.028 .04 0.047 0.11
2024-08-1660538 BB 4.268;88527 14'987;88%8 43.903;000% o 19.708}810573 - - - -
2024-08-1760539 BB 4.253*0°_14.982*00% 43 83008 —19.62*013 - - - -
2024-08-1960541 BB 4.78*001 14.47*01C 44.91*000 —19.19701 - - - —
2024-08-2260544 BB 4.55t§~§§ 14.63*02%  44.3* 01 _j9.159014 - - - -
0.07 0.055 0.118 0.122 0.19 1.0 0.7
2024-08-2760549 BB+BB 4.33*01" 14.728*0-00°43.624*0. 18 —18.72f8.06% 3'41t8-%6 17.6715 427707
BB-+Dust 4.33t§-816 14.728%040°43.624%0: |18 —18.72i8'%)§% 3.42405, 16.0%00% - 42,8709
07 0.055 0.118 . ' ' 1.7 48
SRR Sl el el 7 ST s MRS
S oot gt Bt et e 1 Bt 1 Aot 1 R L
* 070,039 "7 0,054 "= 1P -0.057 ~ 1T 700,064 _ _ ST 017 T TPTo0.056

7.9 The Compton equilibrium temperature

Given the strong X-ray source associated with 24puz, the electron temperature may
be hotter than the standard photoionization equilibrium temperature ~10* K due to
Compton heating (/5). We compute the Compton equilibrium temperature 7¢ as

follows. The Compton heating rate per unit density is given by (/5, 579)

H(v) = m“zzfowhvaa( hy )dv, (7.15)

2
e mec

where f, is the incident flux density, v is frequency, and all constants are given with
hy

mecC

standard symbols. The function a( 2) accounts for Klein-Nishina corrections
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Figure 7.17: Spectral constraints from the MJD 60558 (37.6 rest-days) XMM-
Newton observations, in the same format as Figure[7.10] We assume no absorption in
this fit, based on the results from the higher signal-to-noise MJD 60536 observations.
The photon index from the first epoch is shown in blue. The photon index has
tentatively softened: the probability that the photon-index is consistent with the first
epoch is P(I' < 1.73) = 1%.

and, for kgTe < m,c?, is given by

a(x) = %(x -3)(x+1)In(2x + 1)

+—10x4 +51x3 +93x2+51+9
4x3(2x +1)3
21x

~ 1—?+O(x2). (7.16)

For many astropysical systems, including 24puz, the heating is dominated by photons
with hv > 10keV, i.e., hard X-rays.

The cooling rate is given by

C(v) = 4’;5T‘TT /wavb(ﬂ)dv. (7.17)

oC2 mec?

Here, T is the temperature of the irradiated region and b (h—vz) accounts for Klein-

mec
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Nishina corrections. The latter is given by

1(3(3x%2 — 4x — 13)
b(x) = -
=7 16x3

In(2x + 1)+

—-216x° + 476x° + 2066x*
8x2(2x + 1)5
.\ 2429x3 + 1353x2 + 363x + 39
8xZ(2x +1)3

47
~1- ?x +0(x). (7.18)
Once again, this expression is valid for kgTc < m.c?. Compton cooling is domi-
nated by photons with 4v < 10keV.

The temperature evolution is then given by (3/2)kpdT/dt = H(v) — C(v). The
temperature reaches an equilibrium 7¢ when the heating and cooling rates are equal,

or

Jav

1 /Ooo hvaa(m]?:‘z
C = .
s /0 fvb (m}?éz )dV

Extrapolating from the optical/UV and X-ray observations of 24puz described in

(7.19)

Sections [/.4/and to typical values during our radio observation, we assume that
f, is the sum of a blackbody with T ~ 10**K and log Lopuv/(ergs™) ~ 43.5
and a power-law with T" = 1.77 and Lx/(ergs™!) ~ 42.2, where we cut-off the
power-law at 0.3 keV. These values are most appropriate during our final epoch
of radio observations, but we verified that the equilibrium temperature does not
change significantly by adopting values appropriate for earlier observations. We
find Tc = 4 x 10° K, and this equilibrium temperature is reached in ~days. An
increased optical/UV luminosity will decrease the temperature, while an increased
X-ray component will increase the temperature. We tested a range of optical/UV
and X-ray luminosity and found T¢ > 10° K for most reasonable assumptions. As
can be seen from Equation (or Eq. 10.16 of 306), in the radio regime, where
hv < kT,, increasing the temperature tends to decrease 777, so we conservatively
adopt T, = 10° K.

7.10 MOSFIT
In Figure we show the full set of best-fit parameters found by MOSFIT. The

parameter definitions are detailed in (258).
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Figure 7.18: Corner plot showing the full MOSFIT parameter set.
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Chapter 8

CONCLUSIONS

8.1 Summary

My thesis has attempted to expand the selection wavelengths and methodology to
answer three key open questions about tidal disruption events, discussed in Chapter
1. T have reproduced these points below, with a discussion of the contribution of my

work to each.

1. What TDEs are we missing?

In Chapters 2-5, I identified eight radio-selected TDEs and compared their
properties to optically-selected events. These events generally had similar host
galaxies as the optically-selected TDEs. The events presented in Chapters 3
and 5 showed an increased amount of dust/gas relative to optically-selected
TDEs, but I saw no significant evidence that there are TDEs that are radio-
bright that substantially differ from the optically-selected events in terms of
host galaxies or optical flares. The radio emission from the radio-selected
events was more luminous than found from most optically-selected TDEs at
the time, but continued follow-up is closing this gap (/49). There was a hint
in Chapter 4 that radio-selected, optically-detected TDEs may have fainter,
cooler optical emission and lower BH masses, but a larger sample is required

to test this correlation.

In Chapter 6, I presented a candidate repeating partial TDE, which showed
substantial cooling during the second flare. This suggests that TDEs may
show early-time cooling, which is currently selected against in typical TDE
searches. Likewise, repeating events are excluded in most TDE searches, but

recent efforts beyond my own have begun to remedy this issue (e.g. 435, 436)).

2. Where are the IMBH TDEs?

In Chapter 4, I suggested that radio-selections may be more sensitive to IMBH
TDEs as the radio-selected TDEs had tentatively lower BH masses than their
optically-selected counterparts. This is theoretically justified because IMBH

TDEs are in a super-Eddington state for longer.
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In Chapter 7, I presented a candidate flaring IMBH or high mass stellar mass
BH that was identified in a search for hostless transients. This event occupied
a portion of luminosity-timescale space seemingly unexplored by previous
transient searches, and showed the power of new search methodology for

identifying unique events.

3. What produces the observed radio emission?

In Chapter 2, I presented a radio-selected, long-lived jetted TDE. This event
was still getting brighter after years, and there was evidence for continual
energy injection into the jet. The accretion state was extremely sub-Eddington,
providing evidence that TDEs, like X-ray binaries, may power jets when they
reach sub-Eddington accretion states. In Chapter 3, I presented a radio-
emitting TDE with evidence for inhomogeneities in the synchrotron-emitting
medium. Standard outflow modeling techniques fail for this source, so models
for outflows from TDEs must be re-assessed to account for such events. In
Chapter 4, I presented a sample of radio-selected TDEs with varying radio
emission evolution, tentatively suggesting a mix of jets and non-relativistic

outflows.

8.2 Future prospects

Transients, like those presented in my work, probe the most extreme regimes of BHs
and their accretion. In the final sections of my thesis, I would like to briefly discuss
ongoing and future efforts to understand these BHs and to answer the fundamental

questions stated in Section 1.1. I will address each question individually

Testing the accretion models for MBHs

There is still significant room to use TDEs as a test of MBH accretion models. In
particular, the late-time TDE emission provides a simple starting point. At late-
times, the complex details of circularization and re-processing layers do not matter.
Instead, (400) predicted that the late-time emission from TDEs should be consistent
with a compact, but slowly expanding, accretion disk. Detailed spectral energy
distribution modeling of this disk as a function of time can probe the timescale of
the expansion and search for any variability that develops. Simultaneous deep radio
monitoring will be critical to assess any connection between the disk structure and

jet/wind launching in a sub-Eddington state (255)).

Recent work has uncovered two classes of nuclear flares in AGN: the ambiguous
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nuclear transients (ANTS; (336))) and extreme nuclear transients (ENTs; (580). Both
are remarkably luminous and long-lived. ENTs are particularly energetic and are
suggested to be TDEs of intermediate mass stars in AGN (96}, [580). Whether all
ANTs and ENTs must be associated with some sort of stellar disruption, or if they

can be fit within a smooth accretion disk framework, remains to be seen.

Upcoming and recently launched instruments will also provide powerful new con-
straints on the accretion state of AGN. In particular, the X-ray Imaging and Spec-
troscopy Mission (XRISM; (581)) was recently launched, and is providing high
throughput and high resolution spectroscopy of AGN accretion disks. Early results
suggest that these spectra can resolve the dynamics on scales as small as the accretion
disk out to the dusty torus (582)

Understanding super-Eddington accretion onto MBHs

Efforts to further probe the limits of super-Eddington accretion are largely coming
from three angles. The James Webb Space Telescope is discovering candidate
highly-super Eddington sources at high-redshift: these are the analogues of SMBH
seeds (51,91, 583).

There is much left to learn about super-Eddington accretion from transient sources.
These sources are particularly powerful as they can exist in the local universe and
so can often be studied with ground-based telescopes. My discovery in Chapter 6
of a likely super-Eddington source in a little-explored section of optical transient
parameter space suggests that further searches for such sources should be fruitful:
there are still discoveries to be made in optical transients, without requiring more
sensitive surveys. Filling out the parameter space of hot, constant temperature
optical transients shows promise for identifying super-Eddington sources. Likewise,
continued efforts to searches for TDEs by IMBHs, which are expected to be super-
Eddington, will be key.

In the next few years, multiple surveys will turn on that will be invaluable for
searches for super-Eddington transients. In particular, as I have discussed, super-
Eddington accretion is associated with the launching of jets and winds. Radio
surveys, like the Deep Synoptic Array 2000 (DSA-2000; (404)), which will monitor
the sky to ulJy sensitivity levels with ~month cadence, will enable blind searches
for these outflows. The candidates that are discovered with DSA-2000 can be
combined with constraints from the deep, cadenced optical imaging that the Vera

Rubin Observatory’s Legacy Survey of Space and Time (LSST; (584))) and ultraviolet
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constraints from the Ultraviolet Explorer (UVEX; (5585)).

The demographics and environment of quiescent/low accretion rate BHs
Multimessenger studies may prove to be a key method to measure the demographics
of BHs, regardless of accretion rate (/05)). The recent detection by pulsar timing
arrays of the gravitational wave background from all merging SMBHs in the uni-
verse was used by me and other authors to suggest that the SMBH population was
established at early redshift (/04, 586-588). Soon, missions like the Laser Inter-
ferometer Space Antenna (LISA) will push these constraints to lower mass MBHs,
including IMBHs (589).

The DSA-2000 may allow modeling of the history of AGN activity in a currently
inactive galaxy, using the large scale radio emission to constrain the history of
outflows. LSST will enable variability-based searches for the faintest AGN (590).
Both instruments can be used to identify TDEs in lower mass and/or more distant

galaxies, to provide a more complete census of the BH populations.

TDEs will continue to be key for shining a flashlight on the interior of otherwise
quiescent nuclei. We will require systematic, deep optical and infrared spectroscopic
follow-up to constrain late-time transient spectral features as the UV emission from
the TDE propagates out to the gas in the circumnuclear medium. Infrared follow-up

can sensitively probe the dust in these systems (/32).

There are also many ongoing searches for nuclear transients beyond a single dis-
rupted star, which open a view into the dynamics and composition of galactic nuclei.
Searches for quasi-periodic eruptions in systems with young accretion disk, as well
as extreme mass ratio inspirals, and the consumption of objects other than the
main sequence stars that are the focus of TDE searches (e.g., massive stars, binary

systems) are providing a census of the contents of galactic nuclei (59/-594).

The demographics of IMBHs

In my view, IMBH searches are one of the most promising avenues in the next few
years. Variability and flaring is proving to be a powerful way to light up undetectable
BHs, and thus may be the ideal method to identify IMBHs (35). Archival work will
prove key for such searches, as searches for off-nuclear or hostless AGN or TDE-
like flaring are minimal. In the case of TDEs, archival multiwavelength searches
may prove fruitful, as these events can remain highly super-Eddington for years

and then should show signatures of winds and outflows, in addition to optical/UV
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radiation. Deep, infrared spectroscopy to search for coronal lines and X-ray imaging

can constrain the signatures of accretion.

Upcoming surveys will likely overwhelm us with candidates, which is why the
current datasets are a perfect place to start. Once we have a baseline picture of
the landscape of variable IMBHs, LSST and DSA-2000 will be powerful discovery
machines. XRISM and other X-ray facilities can be used to search for signatures of

accretion.

A dramatic change in our understanding of accretion and MBH demographics is
likely underway, and, particularly if archival and multiwavelength data is used and

combined effectively, transient/variable phenomena will play a central role.
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