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It is well-established that the majority of galaxies harbor a supermassive black hole (SMBH)
in their nucleus. While some of these SMBHs are easily studied either through signatures of per-
sistent gas-fueled accretion or direct observations of the SMBH’s influence on stars and gas in
its potential well, many more are elusive, providing no obvious evidence of their existence. One
way to detect these dormant SMBHs is through the tidal disruption of a star that wanders too
close and is torn apart under the tidal stress. These tidal disruption events (TDEs) illuminate
otherwise difficult-to-study dim or distant galaxy nuclei, acting as cosmic signposts announcing
the presence of the SMBH lurking there through luminous flares observed across the electromag-
netic spectrum. These flares can, in principle, be used to extract information about the SMBH

itself, and can therefore serve as important probes of SMBH growth and evolution. TDE host



galaxies can be used to study the connection between SMBHs and their environments, an impor-
tant goal in understanding the origin of SMBHs, galaxy formation, and SMBH co-evolution. My
dissertation addresses both of these important facets of TDEs, their light curves and their hosts,
to understand not only the events themselves but how they can be used to study SMBHs.

First, I studied a sample of 30 optically selected TDEs from the Zwicky Transient Facility
(ZTF), the largest sample of TDEs discovered from a single survey yet. After performing a care-
ful light curve analysis, I uncovered several correlations between light curve parameters which
indicate that the properties of the black hole are imprinted on the light curve. I also fit the light
curves using tools that yield black hole mass estimates and I found no correlation between these
estimates and the host galaxy stellar mass. I found no difference between the optical light curve
properties, apart from the peak luminosity, of the X-ray bright and X-ray faint TDEs in this sam-
ple. This provides clues as to the origin of the optical emission and may support a scenario where
the viewing angle is responsible for the observed emission. Lastly, I presented a new spectral
class of TDE, TDE-featureless, which in contrast to other events, show no broad lines in their
optical spectra. This new class may be connected to the rare class of jetted TDEs.

Next, I studied a subset of host galaxies in the ZTF sample of TDEs. I examined their opti-
cal colors, morphology, and star-formation histories. I found that TDE hosts can be classified as
“green”, in a phase between red, inactive galaxies and blue, star-forming galaxies. Morphologi-
cally, the TDE hosts are centrally concentrated, more so than galaxies of similar mass and color.
By looking at the optical spectra of the TDE hosts, which can be used to estimate the current star
formation and the star formation history, I found that TDE host populations are dominated by the
rare class of E+A, or post-starburst, galaxies. In tandem with the other peculiar photometric and

morphological properties, this points to mergers as the likely origin for TDE hosts.



I extended this study of TDE hosts by using integral field spectroscopy to infer black hole
masses via the Mgy » relation and investigate large-scale stellar kinematics. I found that
the black hole mass distribution for TDE hosts is consistent with the theoretical prediction that
they should be dominated by lower mass SBMHs. Interestingly, one TDE-featureless object was
found to have a black hole mass of log(Mgy=M ) = 8:01, which is likely above the Hills mass
for the disruption of a solar-type star and could necessitate a rapid spin for this particular black
hole. If high spin is required to launch relativistic jets, this may further support the connection
between featureless TDEs and jetted TDEs. The large-scale kinematics of a galaxy are strongly
tied to its merger and star formation history. I found that TDE hosts share similar kinematic
properties to E+A galaxies, which are thought to be post-merger.

Lastly, I presented further observations of the jetted TDE AT2022cmc. This event, dis-
covered in the optical, presented an opportunity to place this rare class of TDE in the context of
the larger TDE population. I performed a careful light curve analysis that accounts for both the
thermal and non-thermal components in the light curve. I showed that the thermal component of
AT2022cmc is similar to the TDE-featureless class of events and follows correlations presented

for TDE light curve properties found in this thesis.
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Preface

Chapter 2 has been published in the Astrophysical Journal as “The Final Season Reimag-
ined: 30 Tidal Disruptions Events from the ZTF Survey” (Hammerstein et al., 2023a). It is
reproduced here with only changes to formatting and layout. Chapter 3 has been published in the
Astrophysical Journal Letters as “Tidal Disruption Event Hosts Are Green and Centrally Con-
centrated: Signatures of a Post-merger System” (Hammerstein et al., 2021a). It is reproduced
here with only changes to formatting and layout. Chapter 4 has been published in the Astrophysi-
cal Journal as “Integral Field Spectroscopy of 13 Tidal Disruption Event Hosts from the Zwicky
Transient Facility Survey” (Hammerstein et al., 2023b). Additional figures not presented in the
published manuscript have been added to the Appendix of this thesis. Chapter 5 is intended as

part of a manuscript for submission to peer-reviewed journals this year.
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Chapter 1: Introduction

It is generally accepted that most, if not all, massive galaxies host a supermassive black
hole (SMBH) in their nucleus. These SMBHSs, anywhere from millions to billions of times more
massive than the Sun, likely play important roles in the formation and evolution of their hosts
(Fabian, 2012; @ltekin et al., 2009; Ho, 2008; Kormendy & Ho, 2013; Kormendy & Richstone,
1995; Magorrian & Tremaine, 1999; Veilleux et al., 2005, 2020). This is clearly evidenced by
scaling relations between SMBH masses and the properties of their host galaxies, such as the
bulge velocity dispersion (e.g., Ferrarese & Merritt, 2000; Gebhardt et al., 2000), bulge luminos-
ity (e.g., Dressler, 1989; Magorrian et al., 1998), or total stellar mass (e.g., Reines & Volonteri,
2015).

These objects can be readily studied in the nearby universe (within a few hundred Mpc),
where kinematics of stars and gas in the sphere of in uence provide dynamical measurements
of the SMBH mass (e.g., Kormendy & Ho, 2013; McConnell & Ma, 2013). These objects can
also make their presence known most prominently through sustained accretion of nuclear gas and
dust as active galactic nuclei (AGN), which can be seen out to redshizs>08B (e.g., Larson
etal., 2023; Maiolino et al., 2023) with current observatories such as JWST. However, many more
of these objects are dormant at the centers of their hosts, giving no indication of their presence

and being too distant to perform direct studies. Every so often, however, a star will wander too



close to a SMBH lying in wait and be torn apart under the tidal stress in what is called a tidal
disruption event (TDE), creating a luminous are visible from Earth and providing a unique way

to gain insights into the population of distant and quiescent SMBHSs.

1.1 The Tidal Disruption of a Star by a Supermassive Black Hole

The tidal disruption of a star by a SMBH was conceptualized in the late 1970s as a possible
power source of Seyfert galaxies and quasars (Hills, 1975; Lidskii & Ozernoi, 1979). A star will
be tidally disrupted by a SMBH if the star's orbital pericenter radiysis less than the tidal

radiusRt, de ned as the radius at which the tidal forces exceed the self-gravity of the star

GMR, M-
> G —; 1.1
This results in a tidal radius of
M 1=3
Rr = R, MB: ; (12)

which depends weakly on the structure of the star (Evans & Kochanek, 1989; Phinney, 1989).
Since the event horizon grows linearly with black hole massRpad Mg, above a critical

black hole mass the event horizon will eventually exceed the tidal radius. This critical mass is
often referred to as the “Hills mass”, and depends on the type and structure of the star that is
disrupted. For a solar-type star, this critical masMlis; & 10PM . In Figure 1.1, | show the

tidal radius versus the black hole radius for various black hole masses. Because both the event
horizon radius and the tidal radius depend on the spin of the black hole, with the dependence of

Reyw = (1 + P 1 aZ)G'\f':% for the event horizon radius of a black hole with spin paramater



Figure 1.1: Tidal radius (red circle) from Equation 1.2 versus the size of the black hole (black
circle) for various (non-spinning) black hole masses and the disruption of a solar-type star. Above
10PM , the Hills mass, the tidal radius will be within the black hole and will not produce an
observable tidal disruption are. Spin will increase the Hills mass up t&d 10°M for a

maximally spinning black hole (Kesden, 2012).

the Hills mass will increase with increasing spinupto7  10°M for a maximally spinning
black hole (Kesden, 2012). Estimates of black hole masses of TDEs have indeed shown that
there is a dearth of events abal@M , with most distributions centered arouhtPM (e.g.,
Hammerstein et al., 2023b; van Velzen, 2018; Wevers et al., 2017, 2019; Yao et al., 2023).

After disruption, the stellar debris has a spread of speci ¢ binding energy due to the change

in the potential across the stellar radius

GMagy GM, Mgy *°
R,,:

: 1.
RZ T R, M, ' (13)

which implies that half of the stellar debris will be bound to the black holeg 0) and become
available for accretion and half ( > 0) will be ejected into circumnuclear medium (Evans &

Kochanek, 1989; Lacy et al., 1982; Rees, 1988). This bound debris is expected to settle into



highly eccentric elliptical orbits with the orbital period of the most bound material de ned as the

fallback timescale:

2 GM gy R, ¥ Mgy 7 M, ‘!
tw = ——— =0:11 — ' : 14
®= 2 ) year g 10M M (14)
The debris will continue to return to pericenter at a mass fallback rate of
_ dmd _ dml 2=3; 5=3.
My, = s d_é(z GM gy)~t (1.5)

Because the fallback timescale and mass fallback rate scale with the black hole mass, the timing
of TDE light curves should in principle allow for the SMBH mass to be obtained if the luminosity
traces the fallback rate. Interestingly, the characterisfic¢ power-law and correlations between
the light curve timescales, such as the rise and decay rate, and the black hole mass (or host galaxy
stellar mass) have been observed in optically selected samples of TDEs (e.g., van Velzen et al.,
2021, and Chapter 2 of this thesis). This is not necessarily consistent with theory as a shallower
power-law decay might be expected in the optical due to the cooling of the accretion disk with
a decreasing accretion rate sintgy / M. Additionally, as described in Section 1.2, the
origin of this optical emission remains unclear and may not be related to the accretion ow at all.
While the light curves potentially allow for the investigation of the SMBH properties, TDEs
can also offer further insights into phases of SMBH accretion, jet launching, and out ows. Be-
cause the peak fallback ratd,yeax %':AT is dependent on black hole mass, the peak fallback
and accretion of tidal debris will cover a range of Eddington ratios for different events, and evolve

dramatically for a single event. The dependenchBHl:z) is such that TDEs around black holes



lessthan 3 10’M will have fallback rates in the super-Eddington regime and those above
that limit in the sub-Eddington regime (Lodato & Rossi, 2011; Metzger & Stone, 2016; Stone
et al., 2013; Strubbe & Quataert, 2009). Super-Eddington accretion is de ned as the accretion
rate at which the luminosity derived from accretion exceeds the luminosity at which radiation
pressure is balanced by gravity. This theoretical limit makes several assumptions about the ac-
cretion geometry and ef ciency but is an important reference point for accretion onto SMBHS.
Because super-Eddington accretion rates imply that the radiation force is greater than the gravita-
tional force, they may therefore be conducive to launching jets (e.g., Giannios & Metzger, 2011)
or radiation-pressure-driven out ows (e.g., Strubbe & Quataert, 2011) and the short timescales at
which the accretion rates evolve in TDEs provide insights not accessible by studying “normal”

AGN alone.

1.2 Observed Emission from TDEs

1.2.1 The UV/Optical and X-ray Emission

Initially, the emission produced from TDEs was thought to be powered primarily by ac-
cretion, resulting in a soft thermal X-ray are. Indeed, the rst TDE candidates were discovered
as soft X-ray outbursts by the ROSAT all-sky survey and were characterized by a soft X-ray
spectrum (Bade et al., 1996; Greiner et al., 2000; Grupe et al., 1999; Komossa & Bade, 1999;
Komossa & Greiner, 1999). However, with the advent of all-sky optical surveys, many more
TDE candidates have now been discovered at optical wavelengths (Figure 1.2) and often without
an accompanying X-ray are. These UV-optically bright TDEs are well-described by a thermal

blackbody with characteristic temperatures betwg2ehK . Tgz . 10 K. This is in stark



contrast to X-ray selected TDE candidates, which show signi cantly higher thermal blackbody
temperatures. The discovery of optically selected TDEs with a corresponding X-ray component
perhaps further complicates the problem, as the two components show distinct temperatures, im-
plying that the optical and the X-ray radiation arise from two physically distinct components (see
Gezari, 2021, for a review on candidates). There is also a range of different behaviors for the
X-ray component in optically selected TDEs, such as late-time brightening, rebrightening, and
rapid aring (e.g. Guolo et al., 2023; Hammerstein et al., 2023a; van Velzen et al., 2021). Fur-
thermore, the inferred blackbody radii for the optically selected TDEs are much larger than the
expected size for a circularized debris disk (e.g., Wevers et al., 2019). The blackbody radii are
more similar to the expected radius at which the tidal debris streams self-intersect. It is therefore
not clear where the UV/optical emission arises from, though several models have been proposed
to explain the peculiar nature of the emission and the occasional appearance of X-ray emission
in optically selected TDEs.

In one family of models, X-ray emission is reprocessed to the optical by a disk wind or
out ow launched after material begins to accrete onto the SMBH (Guillochon et al., 2014; Loeb
& Ulmer, 1997). This scenario has been further modi ed by Dai et al. (2018) to suggest that
viewing angle may play a large role in the observed emission, and TDEs viewed closer to the
pole are X-ray dominated, while TDEs viewed along the accretion disk direction are dominated
by UV/optical emission resulting from an out ow reprocessing the X-rays (Figure 1.3). Other
models rely on the shocks and subsequent out ows created by intersecting stellar debris streams
to explain observed TDE emission, in which case either shock-driven out ows reprocess X-rays
into optical emission or the shocks themselves power the optical emission (Jiang et al., 2016; Lu
& Bonnerot, 2020; Piran et al., 2015). Which of these models is at play and in what capacity
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Figure 1.2: Reported discoveries of TDEs by their discovery wavelength from 1996 until the
publication of the events presented in this thesis (January 2023), including those presented as
part of this thesis. Data from before 2020 is from Gezari (2021).

remains an outstanding question in the study of TDEs today.

1.2.2 Non-thermal Emission and Jetted TDEs

While the majority of TDESs discoveries are made through the observation of their charac-
teristic thermal emission, there are a few objects that have been discovered through non-thermal
emission from an on-axis, collimated, relativistic jet. Three of these “jetted” TDEs have been dis-
covered with the hard X-ray Burst Alert Telescope (BAT) abdawdftand include Sw J1644+57
(Bloom et al., 2011; Burrows et al., 2011; Levan et al., 2011; Zauderer et al., 2011), Sw J2058+05
(Cenko et al., 2012; Pasham et al., 2015), and Sw J1112-82 (Brown et al., 2015, 2017). These
objects are characterized by rapidly variable early-time X-ray emission and bright and long-lived
radio emission (for a review, see De Colle & Lu, 2020). Jetted TDEs, though rare (inferred

rates 0:03Gpc 3 yr 1; Andreoni et al., 2022), provide an important opportunity to study the



Figure 1.3: A schematic picture showing the unifying model for the observed emission from a
TDE. Viewing angles through the optically thick out ow produce only optical emission (repro-
cessed X-ray emission from the disk) while viewing angles through the optically thin funnel yield
X-ray and EUV radiation from the inner accretion disk. Figure is from Dai et al. (2018).

launching of relativistic jets by SMBHSs, the jet emission mechanism, and the jet composition.

Among the best-studied of these jetted TDEs is Sw J1644+57, which has extensive multi-
wavelength follow-up observations covering over a decade after the initial event. The millimeter
and radio evolution of Sw J1644+57 is consistent with synchrotron emission from an outgoing
forward shock as the jet interacts with the circumnuclear medium (CNM) (Berger et al., 2012;
Cendes et al., 2021, Eftekhari et al., 2018; Generozov et al., 2017; Mimica et al., 2015; Zauderer
et al., 2013, 2011). The bright X-ray emission seen in this and other jetted TDEs, however, is
not as well understood. The early X-ray light curve is characterized by repeated high-amplitude
ares. While the light curve began to decline after several days, it remained highly variable
on timescales as short as 100s. The origin and emission mechanics of this X-ray emission

have been a topic of debate, with some studies nding it consistent with synchrotron emission



from the jet (Burrows et al., 2011) and others suggesting it arises from synchrotron self-Compton
scattering or external inverse Compton scattering (Bloom et al., 2011; Crumley et al., 2016).
Recently, another jetted TDE candidate was reported: AT2022cmc (ZTF22aaajecp; An-
dreoni et al., 2022). Unlike the previous three jetted TDEs discovered more than a decade ago,
AT2022cmc was discovered in the optical. AT2022cmc shows remarkable similarity to the previ-
ous jetted TDE Sw J1644+57, with rapid X-ray variability and radio emission indicating a newly
formed relativistic jet. Unlike previous jetted TDEs, AT2022cmc is the rst to exhilbright
UV/optical counterpart, making it ideal for comparisons with populations of non-jetted TDES
discovered in the optical. In this thesis, | present further observations of AT2022cmc and draw

comparisons between its optical light curve and the light curves of non-jetted TDEs.

1.3 TDE Environments

1.3.1 Two-body Relaxation and the TDE Rate

The phase-space for whi€e < R 1 (i.e., orbits for which stars will be tidally disrupted)
is referred to as the “loss cone” (Frank & Rees, 1976), and is de ned in terms of speci ¢ angular

momentum such that stars with
p__
L<Ly= 2GMgHRT; (16)

will be disrupted. The loss cone is thought to be replenished primarily through two-body interac-
tions (Magorrian & Tremaine, 1999; Wang & Merritt, 2004). Therefore, the rate at which the loss

cone is re lled and the resulting TDE rate are dependent on the properties of the stellar popula-



tion, such as the stellar density pro le, in the vicinity of the black hole. In general, calculations
of the TDE rate from stars scattering into the loss cone as a result of two-body interactions are
in agreement for a rate of TDEs that corresponds t@0 * 10 ° year ! galaxy * (Magor-
rian & Tremaine, 1999; Stone & Metzger, 2016; Wang & Merritt, 2004). This rate changes with
the nuclear density pro le such that galaxies with steeper pro les, such as post-starburst galax-
ies, can reach rates as highls 3 year ! galaxy * and has been used to explain the apparent
overrepresentation of TDEs in such galaxies (e.g., Stone & van Velzen, 2016, see Section 1.3.2).
Comparisons between rates of TDEs from stellar dynamics and loss cone theory have re-
vealed a rate discrepancy, with fewer TDEs detected than are predicted from theory (Stone &
Metzger, 2016). While the rate in post-starburst galaxies is high (discussed more in the next
section), the rate in “normal” galaxies is low and there is a lack of clear mechanisms that can
decrease the dynamically predicted TDE rates to match the observed rates in normal galaxies
(Stone & Metzger, 2016). One solution to this problem includes a steep TDE luminosity func-
tion, which suggests that current surveys are only seeing a small fraction of the total number of
TDESs due to their ux-limited nature (van Velzen, 2018). The TDE luminosity function requires

further investigation which future time-domain surveys can help address.

1.3.2 The Host Galaxies of TDEs

The factors in a galaxy nucleus that directly affect the TDE rate, such as the nuclear stellar
density pro le, can be dif cult to measure, save for the few galaxies that are close enough to
resolve the inner regions of their nuclei. Large-scale galaxy properties, however, are much more

readily observed than the properties of stars and gas in the vicinity of the SMBH. Both the large-
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scale properties and nuclear properties will be affected by a galaxy's merger and star-formation
history. As such, studying the large-scale properties of TDE hosts can provide insights into the
connections that SMBHs have within their hosts and the processes that affect the TDE rate.

Arcavi et al. (2014) was the rst to examine a sample of UV/optical bright TDE host galax-
ies. They found that the majority of the hosts show strong Balmer absorption features indicative
of young A star populations superimposed on K star, or early-type galaxy stellar populations.
These galaxies are called E+A, K+A, or more loosely, post-starburst or quiescent Balmer-strong
(QBS) galaxies. E+A galaxies show no signs of active star formation: the A star populations
formed possibly during a merger-induced starburst (Zabludoff et al., 1996) indicate that any ac-
tivity subsided likely 1 Gyr ago (Dressler & Gunn, 1983). Spectroscopically, this manifests in
strong Balmer absorption lines characteristic of A stars and very weak or hpd@d H emis-
sion that would indicate ongoing star formation. Interestingly, E+A galaxies are rare, making up
only. 1%of the general galaxy populatién

French et al. (2016) further explored the unusual host preference of TDEs by quantifying
the post-starburst overrepresentation in TDE host populations compared to a general galaxy sam-
ple from SDSS. Post-starburst galaxies can be selected from a galaxy population by using the
Lick H absorption index (Worthey & Ottaviani, 1997) and ldmission equivalent width (EW)
(Figure 1.4). Stronger Habsorption, which is optimized for stellar absorption from A stars,
indicates a more “bursty” star formation history (SFH), or a greater stellar mass produced in a
shorter amount of time. The lack of Hemission is used as evidence for the lack of ongoing

star formation. Using cuts on these parameters, French et al. (2016) found that QBS galaxies are

1The exact fraction of post-starburst/E+A galaxies in the general galaxy population depends on the spectroscopic
classi cation cuts placed on the galaxy sample.
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Figure 1.4: The H equivalent width versus Habsorption index for TDE hosts and a sample

of SDSS galaxies. His sensitive to current star formation while the Lick Ebsorption index
traces past star formation. Post-starburst galaxies occupy the lower right corner of the plot. Figure
is from French et al. (2020b).

over-represented among the TDE hosts by a factor ofi®®. This overrepresentation has now
been further observed by several other studies, with the preference persisting in TDE samples
selected from optical to X-ray (Graur et al., 2018; Law-Smith et al., 2017; Sazonov et al., 2021).
Law-Smith et al. (2017) attempted to explain this preference by accounting for possible selec-
tion effects due to SMBH mass, redshift completeness, strong AGN presence, bulge colors, and
surface brightness. While they found that controlling for these factors (i.e., limiting the general
galaxy comparison sample to values of these properties similar to the TDE hosts) can reduce the
apparent post-starburst/E+A overrepresentation from100 190to 25 48 it cannot
fully explain the preference.

Photometrically, this post-starburst preference can manifest as “green” optical colors mea-

sured from the rest-frame r color (e.g., Law-Smith et al., 2017, and Chapter 3 of this thesis).
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In the color-galaxy mass parameter space, shown in Figure 1.5, the “green valley” of galaxies
resides between the “red sequence” of red, passive galaxies (typically elliptical/early-type galax-
ies) and the “blue cloud” of blue, star-forming galaxies (typically spiral/late-type galaxies). The
mechanisms that lead to the evolution from the blue cloud to the green valley are varied, al-
though mergers are one key pathway (e.g., Schawinski et al., 2010, 2014). Schawinski et al.
(2010) found that green valley galaxies consistent with this merger scenario showed signi cantly
more centrally concentrated galaxies with post-starburst stellar populations.

Interestingly, the post-starburst/green valley preference has not been observed in samples
of TDEs recently discovered in the infrared (Masterson et al., 2024). The IR-selected host sample
from Masterson et al. (2024) appears to be dominated by late-type galaxies, with several disturbed
or merging galaxies. The IR host sample also tends to have more massive galaxies, though
the authors suggest this is due to their relatively high limiting ux cut during sample selection.
Compared to both optically selected and X-ray selected samples, the IR TDE hosts seem to prefer
red galaxies, which may be due to either dust reddening or the age of the stellar population.
Further modeling will be required to disentangle these effects. While the optical colors and
star-formation histories of the IR TDE hosts may differ from other TDE host samples, other
factors that may be more important for boosting the TDE rate could be similar. The red color
of the IR TDE hosts suggests that they could be among the population of more bulge-dominated
spiral galaxies and thus be more centrally concentrated than their disk-dominated counterparts.
Additionally, many of the hosts in the IR sample appear to be barred spirals, a feature that has
been noted among optically selected TDEs in spiral galaxies (Hammerstein et al., 2021a, 2023a;
van Velzen et al., 2021). This may simply trace the fraction of barred spiral galaxies in the
general galaxy population or it may hint at dynamical mechanisms that might boost the TDE
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Figure 1.5: The reddening-corrected color-galaxy mass diagram from Schawinski et al. (2014).
The top left panel shows all galaxies in their sample, while the right panels show the sample split
by morphological type (early-type on top right, late-type on bottom right). The right panels illus-
trate that the red sequence is dominated by early-type galaxies while the blue cloud is dominated
by late-type galaxies. The green valley, marked by the solid green lines, is made up of both early-
and late-type galaxies.
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rate in barred spirals. The discovery of this sample of IR TDEs implies that X-ray and optical
surveys likely miss a signi cant fraction of TDEs in dusty galaxies. This is not surprising, given
previous work has shown that accounting for dust signi cantly impacts the number of observed
TDEs and the types of hosts they are observed in (Roth et al., 2021). Further work will be needed
to determine whether other global properties, such as the central concentration of the galaxy light
pro le, show similarities to TDE host populations from optical and X-ray samples.

The central concentration of a galaxy light pro le can quanti ed by thersg pro le
(Sersic, 1963), de ned by:

( )
I (R)= lcexp by RE 1 (1.7)

whereR; is the half-light radius or the radius that contains approximately half the total galaxy
light, ¢ is the intensity at that radius, is the $rsic index, andy, is a function of the 8rsic
index. A higher ®rsic index implies a steeper light pro le, or more centrally concentrated, while
alower Srsic index implies a shallower light pro le (Figure 1.6). Elliptical galaxies are typically
well-described by a&sic pro le withn = 4, otherwise known as the de Vaucouleurs pro le (de
Vaucouleurs, 1948), whereas disk galaxies can be described égsig $ro le withn = 1, an
exponential pro le.

The global properties of a galaxy are unlikelydioectly affect the TDE rate, as most TDES
are thought to be sourced from stars within the QL@ pc sphere of in uence (Stone & Metzger,
2016, calculated fot®® ®Mgy=M SMBHSs). Nonetheless, Graur et al. (2018) and Law-Smith
et al. (2017) have both found signi cant trends in global galaxy properties which suggests that

there must be a connection between these large-scale properties and nuclear properties that affect
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Figure 1.6: Example &sic pro les fromn = 1 ton = 10. Elliptical galaxies can be described
by a Srsic pro le withn = 4 (red line) while disk galaxies can be described byéasi pro le
withn =1 (blue line).

the TDE rate. Speci cally, Graur et al. (2018) found that TDE hosts have, on average, a higher
stellar mass surface density and marginally lower velocity dispersions than a control sample
of galaxies. Law-Smith et al. (2017) found that TDE hosts, regardless of E+A classi cation,
have higher 8rsic indices and higher bulge-to-total light ratios than galaxies of similar masses.
This trend in concentration extends to higher-resolution studies with HST that can investigate
properties on scales of 3A.00 pc for the nearest TDE hosts. French et al. (2020a) indeed found
that TDE hosts have higher central surface brightnesses and stellar mass surface densities on these
scales, regardless of host galaxy type. The question remains how these large-scale properties
connect to nuclear factors that boost the TDE rate in these galaxies.

Several studies have attempted to explain the connection between these large-scale proper-

ties, particularly the preference for post-starburst galaxies, and the TDE rate. E+A galaxies are
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known to have high &sic indices, large bulge-to-total light ratios, and high concentration indices
(Yang et al., 2008). These properties are also common among TDE host populations, regardless
of whether the host can be classi ed as E+A (e.g., French et al., 2020a; Graur et al., 2018; Law-
Smith et al., 2017). The proposed merger-induced starburst which creates these stellar popula-
tions and global morphological properties could very well affect the nuclear regions in such a way
as to boost the TDE rate in these galaxies. For example, the nuclear stellar overdensities created
by the merger may lead to a greater number of stars that are available for disruption (French et al.,
2020a; Stone & Metzger, 2016; Stone & van Velzen, 2016). This is seen in simulations where
the merger-induced stellar overdensity results in a higher TDE rate at early times in the merger
before the coalescence of the two SMBHSs (P ster et al., 2019). Additional merger-driven effects
indeed include the possibility of a black hole binary. Other possible drivers for an enhanced TDE
rate in post-starburst or post-merger systems include a circumnuclear gas disk, which has been
predicted to enhance the TDE rate by a factor of up to 10 (Kennedy et al., 2016). This could work
in tandem with other effects boosting the TDE rate, especially when merger-driven AGN activity

is taken into account (e.g., Treister et al., 2012). However, as discussed in Section 1.4, many TDE
searches exclude galaxies with pre-existing nuclear activity from consideration, likely creating a
bias against discovering TDEs in galaxies with pre-existing circumnuclear gas disks.

In this thesis, | investigate the properties of a sample of TDE hosts selected from a single
survey for the rst time, to better understand the host galaxy preferences and drivers behind
these preferences. | also perform the rst population study of TDE hosts using integral eld
spectroscopy (IFS) to investigate their kinematic and stellar population properties on varying

scales.
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1.4 On the Optical Discovery of TDEs with ZTF

While early theoretical work predicted that TDEs would emit primarily in the X-ray regime,
the advent of all-sky optical surveys has led to the discovery of dozens of optically bright TDEs,
with many of them having no corresponding X-ray counterpart. These surveys have become
so successful at discovering TDESs, that the majority of these events are now discovered in the
opticaf, as shown in Figure 1.2. Of the most successful of these surveys is the Zwicky Transient
Facility (ZTF, Figure 1.7).

The success of ZTF in discovering TDEs is largely due to the survey design and the ef cient
Itering and scanning methods applied to the ZTF transient alert stream, which allows TDE
candidates to be selected even before peak. The main TDE search in ZTF is limited to transients
within 0°% of a known galaxy nucleus but places no requirements on host galaxy type or color,
apart from Itering out known AGN using the Million Quasars Catalog (Flesch, 2015, v. 5.2)
and constructed neoWISE (Mainzer et al., 2011) light curves to reject any galaxy with signi cant
variability or a mean W1 W2 color consistent with the AGN threshold of Stern et al. (2012). The
advantage of ZTF is that it regularly surveys the night sky in two primary optical lgemndr.

The color information provided by these Iters ensures that TDE candidates can be differentiated
from TDE “imposters” like nuclear SNe and AGN more easily. The three-night cadence of ZTF
allows for the color change (or cooling) and rise and fade timescales of nuclear transients to be
investigated.

In general, TDEs can be differentiated from nuclear SNe and even AGN pre-peak by the

2|t should be noted that the large number of TDEs discovered in the optical compared to other wavelengths is a
bias resulting from the current prevalence of optical surveys and should not necessarily be interpreted as a natural
overabundance of TDEs in the optical.
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mean pre-peak r color and rise timescales (Figure 1.8). SNe typically rise at rates faster
than TDEs and span a much larger range in mean color, with TDEs having agnean 0:0.

AGN span a wide range of mean r colors, but generally rise much slower than TDEs or
SNe. TDE candidate selection becomes even clearer post-peak, where the rate of color change
and rise and fade timescales provide further information to differentiate TDEs from AGN and
SNe. While TDEs and AGN show similar rates of color change, SNe exhibit much faster rates of
color change, typically becoming much cooler post-peak (Figure 1.9). Figure 1.10 demonstrates
that the rise and fade timescales can differentiate TDEs from SNe and AGN, with SNe having
the shortest rise and fade timescales and AGN having the longest. As compared to SNe, TDEs
have slightly longer rise and fade timescales. These Itering methods narrow down the number
of TDE candidates to a more reasonable size for optical spectroscopic follow-up and con dent
classi cation.

Once interesting TDE candidates have been identi ed from the photometric Itering, follow-
up spectroscopy is required to con dently classify a transient as a TDE. In general, TDE classi-
cation is made upon the observation of a strong blue continuum with broad lines of hydrogen,
helium, and occasionally Bowen uorescence lines in the optical spectra. van Velzen et al. (2021)

put forth three spectral classes of TDEs:

i. TDE-H: broad H and H emission lines.

ii. TDE-H+He: broad H and H emission lines and a broad complex of emission lines
around Hell 4686. The majority of the sources in this class also shoit N4640 and
emission at 4100 (identi ed as Nlll 4100 instead of H), and in some cases alsolD

3760.
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Figure 1.7: Reported discoveries of TDEs by their discovery survey/telescope, from 1996 until
the publication of the events presented in this thesis (January 2023), including those presented as
part of this thesis. Data from before 2020 is from Gezari (2021).

iii. TDE-He: no broad Balmer emission lines, a broad emission line nedr H&860nly.

As part of this thesis, | present a fourth spectral class of TDE, described further in Chapter 2

(Hammerstein et al., 2023a):

iv. TDE-featurelessno discernible emission lines or spectroscopic features present in the

three classes above, although host galaxy absorption lines can be observed.

In Figure 1.11, | show example spectra of the three main classes. These targeted discovery and
classi cation methods have led to ZTF's discovery of over 38% of the optical TDEs from 2011
to 2022 (Figure 1.7), despite only having begun operations in 2018. 30 of the TDEs discovered

in the rst three years of ZTF are presented as part of this thesis.
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Figure 1.8: Rise timescale versus meganr color for ZTF nuclear transients, used for pre-peak
candidate selection. SNe generally rise to peak faster than TDEs and AGN and span a larger
range in mean color compared to TDEs, which are bluer with a gean. 0:0. Figure is from

van Velzen et al. (2021).

Figure 1.9: Rate of color change versus mganr color for ZTF nuclear transients, used for
post-peak candidate selection. SNe cool at much faster rates than TDEs or AGN and have a

broader range of mean colors. Figure is from van Velzen et al. (2021).
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Figure 1.10: Fade timescale versus rise timescale for ZTF nuclear transients, used for post-peak
candidate selection. SNe generally rise to peak and fade faster than TDEs and AGN. Figure is
from van Velzen et al. (2021).

1.5 Scope of the Dissertation

The research performed as part of this thesis aims to address three main, open questions

surrounding TDEs:

1. Where does the optical/UV emission in TDEs come from?
2. How are TDE host properties connected to the galaxy nucleus and TDE rate?

3. Can we use TDEs to measure the properties of SMBHs?

By answering these three guestions, we can begin to answer broader questions regarding the
nature of SMBH accretion and out ows, how SMBHs grow and evolve with their host galaxies,
and how we can use future time-domain surveys to study the properties and evolution of SMBHs
throughout cosmic history.

In Chapter 2, | present the discovery and characterization of 30 TDEs from the ZTF survey.
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Figure 1.11: Optical spectra of the three TDE spectral classes plus a composite QSO spectrum
and a SNla spectrum for comparison. Optical TDE spectra are typically characterized by broad
lines of hydrogen, helium, and occasionallyiiINand Olil .
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In Chapters 3 and 4, | present two studies on the nature of TDE host galaxies. | also present a
study of the SMBHSs at the centers of TDEs in Chapter 4. In Chapter 5, | present a study of the
light curve and spectroscopic properties of the optically discovered jetted TDE AT2022cmc and
place them in the context of other optically selected TDEs. | end with a summary of conclusions

and a discussion on future directions in Chapter 6.
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Chapter 2: The Final Season Reimagined: 30 Tidal Disruption Events from the

ZTF-| Survey

2.1 Introduction

A tidal disruption event (TDE) occurs when a star passes close enough to a massive black
hole (MBH), such that the tidal forces are stronger than the star's self-gravity and the star is ripped
apart, causing a luminous are of radiation fromhalf of the stellar debris that circularizes into
an accretion disk and is accreted (Evans & Kochanek, 1989; Rees, 1988; Ulmer, 1999). While
these events were rst predicted theoretically almost 50 years ago (e.g., Hills, 1975; Lidskii &
Ozernoi, 1979), the advent of all-sky surveys across the electromagnetic spectrum in the past
several decades has been a catalyst for the discovery of these transients.

TDEs have now been observed from the radio to the X-rays, with wide- eld optical surveys
at the forefront of these discoveries, including iPTF (Blagorodnova et al., 2017, 2019; Hung
etal., 2017), ASAS-SN (Hinkle et al., 2021; Holoien et al., 2014a, 2016a,b, 2019a; Wevers et al.,
2019), Pan-STARRS (Chornock et al., 2014; Gezari et al., 2012; Holoien et al., 2019b; Nicholl
et al., 2019), SDSS (van Velzen et al., 2011), and ZTF (van Velzen et al., 2019d, 2021), and
now X-ray surveys, such as SRG/eROSITA (Sazonov et al., 2021). The growing number of

TDEs discovered through these surveys is making their use as probes of MBH demographics,
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accretion, jet formation, and shock physics a reality. However, the origin of the strong optical
and UV emission seen in these transients is still under debate and a resolution is required before
these transients can be used to robustly study the properties of the MBHs behind these events
(i.e., Mockler et al., 2019).

While the soft X-ray emission seen in some optically selected TDEs can be explained by
thermal emission from the inner portions of the accretion disk (e.g., Saxton et al., 2021; Ulmer,
1999), the origin of the UV and optical emission is more puzzling. The blackbody radii measured
from the UV/optical light curves are much larger than expected for the newly formed accretion
disk (for a review, see Gezari, 2021), which has spurred several theories as to the nature of this
larger structure. Out ows and winds have been proposed as the origin of this emission (Dai et al.,
2018; Metzger & Stone, 2016), as well as shocks from the intersecting debris streams (Jiang
et al., 2016; Piran et al., 2015). To further complicate the picture of TDE emission, the lack
of an X-ray component in most optically selected TDEs is also not well understood. The most
common explanations for this lack of X-ray emission are the absorption of the X-ray photons
from the disk and subsequent reprocessing into optical/UV wavelengths (Auchettl et al., 2017,
Guillochon et al., 2014), and the delayed onset of accretion and therefore X-ray emission due
to the time it takes for the tidal debris to circularize and form an accretion disk (Gezari et al.,
2017; Krolik et al., 2016; Piran et al., 2015). The model of Dai et al. (2018) proposes instead
that viewing angle is responsible for the lack of X-rays in some optical TDEs and the detection
of X-rays in others. The characterization of both the optical/UV and X-ray light curves is thus
crucial to determining which of these models is at play.

The features observed in the optical spectra of TDEs are varied, with some having shown

only He Il emission (Gezari et al., 2012) and others showing evidence for Bowen uorescence
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lines (Blagorodnova et al., 2019; Leloudas et al., 2019). Building on the classi cation scheme of
Arcavi et al. (2014), van Velzen et al. (2021) presented a scheme for classifying the optical spectra
into three categories with varying strengths of hydrogen and helium emission lines. Explanations
for this observed diversity in spectroscopic features include the composition of the disrupted star
due to stellar evolution (Kochanek, 2016a), details in the physics of photoionization (Gaskell &
Rojas Lobos, 2014; Guillochon et al., 2014; Roth et al., 2016), and viewing angle effects (Holoien
etal., 2019b; Hung et al., 2020). Here, we investigate whether the spectroscopic classes of TDEs
show differences in their light curve and host galaxy properties.

In this paper, we present a sample of 30 spectroscopically classi ed TDEs from the ZTF
survey, the largest systematically selected sample of TDEs from a single survey yet. We present
our method for candidate selection and details on the sample in Section 2.2. We brie y discuss
the host galaxy properties in Section 2.3 and describe the follow-up observations for each TDE in
Section 2.4. We describe our methods for the analysis of the optical/UV light curves in Section
2.5 and we present our results in Section 2.6, an estimation of the MBH mass in Section 2.7,
and a discussion in Section 2.8. We conclude with a summary in Section 2.9. Throughout this
paper, we adopt a at cosmology with = 0:7 andHg = 70 km's * Mpc ®. All magnitudes

are reported in the AB system.

2.2 The Search for TDEs in ZTF-I

2.2.1 TDE Candidate Selection

The rst phase of the ZTF survey (hereafter ZTF-I; Bellm et al., 2019a; Graham et al.,

2019) completed operations in October 2020. Over the course of the 2.6 year survey (March
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2018 — October 2020), we conducted a systematic search for TDEs almost entirely within the
public MSIP data (Bellm et al., 2019b), which observed the entire visible Northern sky every 3
nights in bothg- andr-bands. The multi-band observations were key to the ef cient Itering of
the ZTF alert stream (Patterson et al., 2019), as they allowed us to narrow our search for TDEs to
a speci ¢ subset of photometric properties that aid in the discrimination between TDEs and other
nuclear transients, such as active galactic nuclei (AGN) and nuclear supernovae (SNe).

We will summarize the key aspects of our ZTF-I TDE search here, but we point the reader to
van Velzen et al. (2021), where our ltering of the ZTF-I alert stream is described in more detail.
Our Itering techniques included rejecting galaxies classi ed as broad-line AGN, but otherwise
was not restricted to host galaxy type. We Itered known AGN using the Million quasar catalog
(Flesch, 2015, v. 5.2) and constructed neoWISE (Mainzer et al., 2011) light curves to reject any
galaxy with signi cant variability or a mean W1W?2 color consistent with the AGN threshold
of Stern et al. (2012). We used the ZTF observations to Iter on photometric properties which
can discriminate TDEs from AGN and nuclear supernovae. These properties inguded
color and rate of color change, in addition to rise and fade timescales. Speci cally, our lters
included rejecting transients that are signi cantly offset from the known galaxy host (mean offset
> (%), have signicantg r color evolution @i(g r)=dt > 0:015day 1), or show only a
modest ux increase in the difference ux compared to the PSF ux in the ZTF reference image
(Mg Mt > 1:5mag). This ltering allowed for a more focused spectroscopic follow-up
effort, which allowed for further Itering of AGN and nuclear SNe based on features present
in follow-up spectra. To manage data for the candidates, including photometry and spectra, we
made use of the GROWTH Marshal (Kasliwal et al., 2019) and Fritz (Duev et al., 2019; van der

Walt et al., 2019).
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2.2.2 The ZTF-I TDE Sample

We present the entire sample of 30 TDEs classi ed during ZTF-I in Table 2.1, along with
the IAU name, ZTF name, our internal nickname, names given by other surveys, and reference
to the rst classi cation as a TDE. The bolded names credit the rst detection of the transient
reported to the Transient Name Server (TNS). ZTF was the rst to report 22/30 of the TDEs in
this sample, with ATLAS providing 4 discoveries, ASAS-SN providing 2 discoveries, and PS1
and Gaia each providing 1 discovery.

Sixteen of these TDEs were originally presented as part of a ZTF-I sample in van Velzen
et al. (2021). We note the exclusion of AT2019eve, which was included in van Velzen et al.
(2021), but is not included here as the properties and evolution of the light curve and spectra of
the source give rise to uncertainty in this classi catfonVe note that this issue is unlikely to

affect other objects in our sample, which have much better spectral coverage post-peak.

2.2.3 Spectroscopic Classi cations

We classify the TDEs into four spectroscopic classes, largely following the spectroscopic
classi cation scheme given in van Velzen et al. (2021), which divides TDEs into three spectro-

scopic classes:

i. TDE-H: broad H and H emission lines.

1AT2019eve was a sole outlier in light curve properties as compared to the rest of the sample in van Velzen
et al. (2021), which led to the reconsideration of its classi cation. In addition to a fast rise and some reddening in
the post-peak light curve, the source has only faint UV detections, all of which make the TDE classi cation less
favorable. The H emission in the spectra that was originally used to classify the transient as a TDE persists over
one year post peak, making association with the transient less likely. van Velzen et al. (2021) do not list a TDE
spectral classi cation for this object.
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ii. TDE-H+He: broad H and H emission lines and a broad complex of emission lines
around He Il 4686. The majority of the sources in this class also shot N4640 and
emission at 4100 (identi ed as NIl 4100 instead of H), and in some cases alsolD

3760.

iii. TDE-He: no broad Balmer emission lines, a broad emission line near H&8860nly.

In addition to these three classes, we present a fourth spectroscopic class for TDESs:

iv. TDE-featureless no discernible emission lines or spectroscopic features present in the

three classes above, although host galaxy absorption lines can be observed.

Despite the lack of observed features in the optical spectra of these transients, they are nonetheless
classi ed as TDEs due to their coincidence with galaxy nuclei, persistent blue optical colors, and
other light curve properties consistent with the TDEs of other spectroscopic classes. We discuss
the properties of this class of TDEs further in Section 2.8.

Our sample of TDEs contains 6 TDE-H, 3 TDE-He, 17 TDE-H+He, and 4 TDE-featureless,
which we show in Figure 2.1. We note that the spectra used to classify these events have not been
host galaxy subtracted, as host galaxy spectra are not yet available for all objects. We discuss the
individual spectroscopic classi cations and provide early- and late-time spectra for each object,
when available, in Appendix A. While the four spectroscopic classes illustrate a clean division
among spectroscopic features, there are still subtle differences among the spectra even within a
particular class. TDEs in the TDE-H class all show strong, broacahkld H emission and lack
He ll, N 11, and Olll emission lines, but some also show evidence foerhission. Furthermore,
there is evidence for He 15876 in several TDE-H TDEs, such as AT2018zr and AT2018hco.
The TDE-H+He shows similar variety in the lines that appear, with some showing hydrogen
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lines bluer than H, some showing QIl and NiI, and He | 5876. A more detailed analysis
of the spectral features, including temporal evolution, present in this sample of TDEs will be
presented in a forthcoming publication. For the purposes of this work we will only consider the

spectroscopic class assigned to each TDE according to Table 2.1.

IAU Name ZTF Name GoT Name Other/Discovery Name First TDE Classi cation| Spectroscopic ClassRedshift
AT2018zr | ZTF18aabtxvd Ned PS18kh ATel #11444 TDE-H 0.075
AT2018bsi | ZTF18aahqgkbt Jon ATel #12035 TDE-H+He 0.051
AT2018hco | ZTF18abxftgm Sansa ATLAS18way ATel #12263 TDE-H 0.088
AT2018iih | ZTF18acaqdaa Jorah ATLAS18yzs, Gaial8dpo van Velzen et al. (2021 TDE-He 0.212
AT2018hyz | ZTF18acpdvos Gendry ASASSN-18zj ATLAS18bafs ATel #12198 TDE-H+He 0.046
AT2018Ini | ZTF18actaqdw Arya van \elzen et al. (2021 TDE-H+He 0.138
AT2018Ina | ZTF19aabbnzo Cersei ATel #12509 TDE-H+He 0.091
AT2018jbv | ZTF18acnbpmd Samwell ATLAS19acl, PS19a0z This paper TDE-featureless | 0.340
AT2019cho | ZTF19aakiwze Petyr van \elzen et al. (2021 TDE-H+He 0.193
AT2019bhf | ZTF19aakswrb Varys van \elzen et al. (2021 TDE-H+He 0.121
AT2019azh| ZTFl7aaazdba Jaime ASASSN-19dj Gaial9bvo ATel #12568 TDE-H+He 0.022
AT2019dsg | ZTF19aapreis Bran ATLAS19KI ATel #12752 TDE-H+He 0.051
AT2019ehz| ZTF19aarioci Brienne Gaial9bpt ATel #12789 TDE-H 0.074
AT2019mha| ZTF19abhejal Bronn ATLAS19qqu van \elzen et al. (2021 TDE-H+He 0.148
AT2019meg| ZTF19abhhjcc Margaery Gaial9dhd AN-2019-88 TDE-H 0.152
AT2019Iwu | ZTF19abidbya Robb ATLAS19rnz, PS19ega van \elzen et al. (2021 TDE-H 0.117
AT2019qiz | ZTF19abzrhgq Melisandre | ATLAS19vfr, Gaial9eks, PS19gdd ATel #13131 TDE-H+He 0.015
AT2019teq | ZTF19accmaxo | Missandei TNSCR #7482 TDE-H+He 0.087
AT2020pj | ZTF20aabgihu Gilly ATLAS20cab TNSCR #7481 TDE-H+He 0.068
AT2019vcb | ZTF19acspeuw | Tormund Gaial9feb, ATLAS19bcyz TNSCR #7078 TDE-H+He 0.088
AT2020ddv | ZTF20aamgmfk Shae ATLAS20gee ATel #13655 TDE-He 0.160
AT20200cn | ZTF18aakelin Podrick ATel #13859 TDE-He 0.070
AT20200py | ZTF20abjwvae | High Sparrow PS20fxm ATel #13944 TDE-H+He 0.159
AT2020mot | ZTF20abfcszi Pycelle Gaia20ead ATel #13944 TDE-H+He 0.070
AT2020mbq| ZTF20abefeab Yara ATLAS20pfz, PS20grv This paper TDE-H 0.093
AT2020ghs | ZTF20abowque Loras ATLAS20upw, PS20krl This paper TDE-featureless | 0.345
AT2020riz | ZTF20abrnwfc Talisa PS20jop This paper TDE-featureless | 0.435
AT2020wey | ZTF20acitpfz Roose ATLAS20belb, Gaia20fck TNSCR #7769 TDE-H+He 0.027
AT2020zso | ZTF20acqoiyt Hodor ATLAS20bfok TNSCR #8025 TDE-H+He 0.057
AT2020ysg | ZTF20abnorit Osha ATLAS20bjgp, PS21cru This paper TDE-featureless | 0.277

Table 2.1: The names of each of the 30 TDEs detected in ZTF-I, with boldface indicating the
discovery name, i.e., the rst survey to report photometry of the transient detection to the TNS,
and the GoT name is the ZTF TDE Working Group nickname which references characters from
the popular television sho@ame of ThronesWe also include the rst TDE classi cation re-

port, with abbreviations ATel corresponding to the Astronomer's Telegr&N corresponding

to AstroNotes', and TNSCR corresponding to TNS classi cation reports. The last two columns
contain the TDE spectral class, as described in Section 2.2.3, and the redshift. Redshifts were
determined using host galaxy stellar absorption lines or narrow emission lines associated with
star formation, namely Ca Il H and K or narrow Hemission.

2See also Hinkle et al. (2021).
Shttps://astronomerstelegram.org/
https://www.wis-tns.org/astronotes
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Figure 2.1: Spectral classi cations for the ZTF-I TDE sample, which can also be found in Table
2.1, with black being TDE-featureless, red being TDE-H, green is TDE-H+He, and blue is TDE-
He. Spectra have not been host galaxy subtracted. Details regarding the spectral classi cations
and more spectra are in Appendix A.
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2.3 Host Galaxy Properties

In Figure 2.2 we show false-colgri cut-outs of the 30 TDE host galaxies from SDSS and
Pan-STARRS, in order of increasing redshift. The majority of the hosts appear to be dominated
by an elliptical component, with only the lowest redshift host galaxies showing a disk component
accompanying a compact core. This may be an artifact of distance; in Figure 2.3 however, we
show that very few of the TDE host galaxies fall in the blue cloud, a region where blue, disk-like
galaxies are expected to reside. Additionally, Hammerstein et al. (2021a) found that many of the
TDE hosts in this sample show morphological structure closer to that of red, elliptical galaxies
despite falling in the green valley. Galaxies within the green valley, where a large number of
TDE hosts fall, may still maintain a disk component, and better imaging is required to determine
whether a disk component is present in these galaxies.

Using the pipeline of van Velzen et al. (2021), we t SEDs of the TDE host galaxies con-
structed from pre- are photometry in order to estimate the total stellar masses. This includes
either SDSS model magnitudes or Pan-STARRS Kron magnitudes (if a source is outside the
SDSS footprint), as well as GALEX NUV and FUV photometry. We use the Prospector software
(Johnson et al., 2021) to run a Markov Chain Monte Carlo (MCMC) sampler (Foreman-Mackey
et al., 2013), with 100 walkers and 1000 steps, to obtain the posterior distributions of the Flexible
Stellar Population Synthesis models (Conroy et al., 2009). We discard the rst 500 steps to ensure
proper sampling of the posterior distribution. We follow the procedure of Mendel et al. (2014),
adopting the same parameter choices for the 5 free parameters: stellar mass, Calzetti et al. (2000)
dust model optical depth, stellar population age, metallicity, and the e-folding time of the star

formation history. The results of this tting are given in Table 2.2.
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Figure 2.3 shows the extinction corrected, rest-frame color vs. total stellar mass of the
TDE hosts estimated from the stellar population synthesis ts to the pre- are photometry. Both
panels in this gure show the same background sample of 30,000 SDSS galaxies taken from the
Mendel et al. (2014) catalog of total stellar mass estimates, constructed in the same manner as in
Hammerstein et al. (2021a), which corrects for the ux-limited nature of SDSS and produces a
sample representative of the galaxies our search for TDEs is sensitive to. The top panel of Figure
2.3 also shows the limits of the green valley, the transition region between blue, star-forming
galaxies and red, quiescent galaxies, originally de ned by Schawinski et al. (2014).

Previous studies of TDE host galaxies have found that a majority of TDE hosts are green
(Hammerstein et al., 2021a; Law-Smith et al., 2017). Most recently, Sazonov et al. (2021) found
that a sample of X-ray bright TDE hosts discovered within $fGeROSITA survey were pre-
dominantly green. Hammerstein et al. (2021a) found that of the rst 19 TDEs in this sample,
63% of them fell within the limits of the green valley. With an additional 11 TDE hosts, we nd
that 47% of the hosts fall within the green valley limits as de ned in Hammerstein et al. (2021a)
compared to only 13% of the background sample, with 9/30 TDE hosts in the red sequence and
7/30 in the blue cloud. However, 11/17 of the blue and red galaxies fall within 0.12 mag of the
green valley limit, which can be dif cult to de ne due to differences in sample selection and red-
shift cuts. We perform a binomial test to determine whether the number of TDE hosts within the
green valley differs signi cantly from what is expected given the background sample of SDSS
galaxies. We nd that we can reject the null hypothesis that the TDE hosts are drawn uniformly
from the sample of SDSS galaxies witlpaalue=6:5 10 6.

It is important to compare the properties of the TDE-featureless class to those of possible

impostor transients and look-alikes. One such class of impostor are superluminous supernovae
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(SLSN). The early-time light curves of TDEs and SLSN can be dif cult to differentiate, and
the optical spectra of SLSN can show features that can be mistaken for features characteristic
of the 4 TDE spectroscopic classes described in Section 2.2.2 (Gal-Yam, 2012; Zabludoff et al.,
2021). The early-time spectra of SLSN-II can even be featureless, making the classi cation of a
transient as TDE-featureless more complicated. Figure 2.3 also shows the extinction corrected,
rest-frameu r color vs. absolute-band magnitude of the TDE hosts, along with a selection

of SLSN host galaxies from TNS. SLSN hosts were chosen from those classi ed as SLSN-I and
SLSN-II and were required to have SDSS observations for ease of data access. The distribution
of SLSN hosts is not surprising, given previous studies of SLSN hosts (e.g. Hatsukade et al.,
2018; Leloudas et al., 2015; Lunnan et al., 2014; @rum et al., 2020; Perley et al., 2016; Schulze
etal., 2018, 2021; Taggart & Perley, 2021). The majority of SLSN hosts shown in Figure 2.3 are
blue, star-forming hosts, while all 4 TDE-featureless hosts are near or above the red edge of the
green valley. This type of host color distinction, which has previously been discussed in French
& Zabludoff (2018), will be important for distinguishing TDEs from impostors in the age of the
Rubin Observatory. A more careful examination of the 30 TDE hosts in this sample, including

spectroscopi gy black hole mass estimates, will be presented in a forthcoming publication.
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Figure 2.2: SDSS and Pan-STARRS8 images of the TDE host galaxies in order of increasing
redshift. Allimages ar@4°° 34°° The morphology of the TDE hosts appears to be dominated by
elliptical components, with only the lowest redshift TDEs showing discernible disk components.
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