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Abstract The existence of optical-ultraviolet Tidal Disruption Events (TDEs) could be con-
sidered surprising because their electromagnetic output was originally predicted to be dom-
inated by X-ray emission from an accretion disk. Yet over the last decade, the growth of
optical transient surveys has led to the identification of a new class of optical transients oc-
curring exclusively in galaxy centers, many of which are considered to be TDEs. Here we
review the observed properties of these events, identified based on a shared set of both pho-
tometric and spectroscopic properties. We present a homogeneous analysis of 33 sources
that we classify as robust TDEs, and which we divide into classes. The criteria used here
to classify TDEs will possibly get updated as new samples are collected and potential ad-
ditional diversity of TDEs is revealed. We also summarize current measurements of the
optical-ultraviolet TDE rate, as well as the mass function and luminosity function. Many
open questions exist regarding the current sample of events. We anticipate that the search
for answers will unlock new insights in a variety of fields, from accretion physics to galaxy
evolution.
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1 Introduction

The first predictions for TDE observables considered direct emission from an accretion disk.
Therefore, it was expected that TDEs be seen mainly in the X-rays. Indeed, the first TDEs
were detected during the ROSAT all sky survey as luminous, soft X-ray flares from the nuclei
of otherwise quiescent galaxies (Bade et al. 1996; Komossa and Greiner 1999; Grupe et al.
1999; Greiner et al. 2000). Subsequently, similar X-ray events were discovered through
dedicated searches or serendipitous discoveries with Chandra and XMM-Newton (Esquej
et al. 2007, 2008; Lin et al. 2011; Saxton et al. 2012). Swift has been extremely useful in
providing rapid follow-up observations for many of these events, and for discovering a new
class of higher energy gamma-ray events. A detailed description of TDE characteristics in
the X-rays and gamma-rays can be found in the X-ray Chapter and the Gamma-ray Chapter
in this book, respectively.

In the last decade, several transients discovered in optical and ultraviolet wavelengths
have been attributed to TDEs. The source of TDE emission at these wavelengths is currently
debated to be either reprocessing of the X-ray emission from the accretion disk by optically
thick material surrounding the disk (e.g. Guillochon and Ramirez-Ruiz 2013; Roth et al.
2016), or as emission from outer shocks between the debris streams as they collide (e.g.
Piran et al. 2015), or perhaps some combination of both (e.g. Jiang et al. 2016; Lu and
Bonnerot 2020). A detailed discussion of these emission mechanisms is presented in the
Emission Mechanisms Chapter in this book. Here we focus on the observational properties
of the main classes of optical and ultraviolet transients suggested in the literature to be
TDEs. Additional one-of-a-kind events, whose nature is less clear, are discussed in the One-
off Events and Imposters Chapter.

The main class of optical-ultraviolet TDEs contains approximately 30 events (Table 1)
and is identified mainly by broad (~ 10,000 kms~') H and/or He lines in their spectra (with
some events showing additional features), blue-continuum (~ few x 10* K) emission last-
ing for several months, and a ~month-long rise to a peak optical absolute magnitude of
approximately —20. A diversity within this class does exist, and a full unbiased view of the
population is not yet available. This class of events show a surprising and still unexplained
strong preference for rare post-starburst (or E+A) host galaxies (see Host Galaxies Chapter),
while almost none have been found in active galactic nuclei (AGN).! There are obvious ob-
servational difficulties in finding TDE flares embedded in AGN light, and also in discerning
TDEs from rare AGN flares (e.g. Trakhtenbrot et al. 2019a,b). Chan et al. (2019) recently
suggested that TDEs in AGN will look different than those in non-active galaxies due to the
interaction of the stellar debris with the pre-existing accretion disk. Distinguishing TDEs
from AGN is discussed in more detail in the One-off Events and Imposters Chapter.

Here we present a current picture of the main class of established events. However,
it’s important to keep in mind that with new events being discovered regularly, the map
of optical-ultraviolet TDE:s is still being drawn. While we refer to all of the events discussed
here as TDEs, some might still be considered “TDE candidates” until a better picture of the
population of real events and their imposters emerges.

! A notable candidate exception is PS16dtm (Blanchard et al. 2017) which is discussed in the One-off Events
and Imposters Chapter.
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In the next section, we begin with a brief review of the history of optical-ultraviolet
TDE discoveries in order to provide a picture of the different biases affecting the current
sample of events. We then focus on the photometric (Sect. 3) and spectroscopic (Sect. 4)
properties of this sample and discuss how a robust sample of optical-ultraviolet TDEs can
be constructed (Sect. 5). We then discuss rate measurements and the luminosity function of
optical-ultraviolet TDEs (Sect. 6), and end with some concluding remarks (Sect. 7).

2 A Brief History of TDE Detections in Optical and Ultraviolet Surveys

The first optical-ultraviolet TDE candidate to be discovered was GALEX-D3-13 (Gezari
et al. 2006); two more events (D1-9 and D23-H1) were reported in Gezari et al. (2008,
2009). These three events were all found using multi-epoch ultraviolet images from the
Galaxy Evolution Explorer (GALEX; Martin et al. 2005) which were selected to have a rich
set of archival data (e.g., the Groth field). Using this archival data, recurring AGN flares
could be removed.

Simultaneous optical imaging is available for two of the GALEX flares, allowing for
an accurate estimate of the blackbody temperature. All three TDEs found in GALEX data
have relatively high blackbody temperatures (T ~ 5 x 10* K). Since GALEX imaging is
relatively deep (limiting magnitude 23 in the near-ultraviolet band), the GALEX search for
TDE:s has the greatest depth of all imaging searches to date (see Table 3 in van Velzen 2018).
However this search was not done in real-time, hence spectroscopy of the flares was never
obtained.

The GALEX transient search (Gezari et al. 2013) remains the only ulraviolet-based TDE
search to date. Below we provide an overview of the optical surveys that have led to the dis-
covery of TDEs that can be classified based on their spectral properties (as listed in Table 1).

2.1 SDSS

The Sloan Digital Sky Survey (SDSS; York et al. 2000) provided two types of TDE candi-
dates. First, the SDSS catalog of galaxy spectra (Strauss et al. 2002) enabled the discovery of
coronal-line TDEs (e.g. Komossa et al. 2008; Wang et al. 2011, 2012; Yang et al. 2013). For
these sources, the TDE is not observed directly, but rather transient narrow high-ionization
emission lines® are seen, and are interpreted as an “echo” of a soft X-ray flare (required
to produce the coronal lines) originating in a TDE. These events, as well as echoes show-
ing broad emission lines (e.g. Komossa et al. 2008), are discussed in more detail the Echo
Chapter of this book. Here we note that due to the lack of multi-epoch imaging observations
that cover the flare itself, our knowledge of the photometric properties of these events (e.g.,
timescales, location in the host galaxy, and blackbody temperature) is limited.

Second, SDSS provided the first TDEs selected directly using optical imaging observa-
tions (van Velzen et al. 2011). These were discovered in Stripe 82 (Frieman et al. 2008),
a region of ~ 300 deg? that was observed with a cadence of ~ few days for three months
form 2005 to 2007 (lower cadence observation date back to 2000). A systematic search
for nuclear flares from all galaxies in Stripe 82 yielded two events (dubbed SDSS-TDE1
and SDSS-TDE2) from otherwise quiescent galaxies. The key property distinguishing these

2Such as a strong Fe X 16376 to O III 25007 ratio, and strong Fe X 16376, Fe XI 17894, Fe XIV 15304, Ar
XIV 14414, and S XII A7612 lines.
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flares from normal supernovae and AGN is a high blackbody temperature (as measured us-
ing SDSS ugri photometry) that remained constant for at least three months (this property
later became a basis for the photometric selection of TDEs). Both events also show transient
ultraviolet emission, detected in GALEX more than one year after peak. For one of the two
flares, SDSS-TDE2, an optical spectrum was obtained near peak. The spectrum displays
broad emission features around He, and HB and He 11 14686.

2.2 Pan-STARRS

Two TDEs (from non-AGN galaxies) were discovered by the Pan-STARRS medium-deep
survey (Chambers 2007): PS1-10jh (Gezari et al. 2012) and PS1-11af (Chornock et al.
2014). Both were identified via spectroscopic follow-up of photometric transients in the
medium-deep fields (Chambers et al. 2016), a set of fields that were targeted with a three-
day cadence to a typical single-epoch depth of m = 23 (though the effective flux limit of the
TDE search is likely to be shallower due to the requirement for spectroscopic classification).

Both PS1-10jh and PS1-11af show transient ultraviolet emission (detected by GALEX)
and long-term high blackbody temperatures, but display different spectral properties. PS1-
10jh displays a broad He II A4686 emission feature in its optical spectrum, while PS1-11af
shows two transient absorption features in the rest-frame ultraviolet, possibly attributed to
Mg II. PS1-10jh is the first TDE with multiple pre-peak detections and multiple spectro-
scopic observations, making it the archetype for the main optical-ultraviolet class of TDEs.

While the medium-deep survey has concluded, the Pan-STARRS telescope contin-
ued to search for transients (Huber et al. 2015) and later discovered the TDEs PS17dhz
(AT 2017egx; Nicholl et al. 2019) and PS18kh (AT 2018zr; Holoien et al. 2019a). Another
TDE candidate from the Pan-STARRS survey was discovered in a narrow-line Seyfert 1
galaxy (PS16dtm; Blanchard et al. 2017). This event, and others like it, for which an asso-
ciation with a TDE or enhanced AGN activity is not decisive, are discussed in the One-off
Events and Imposters Chapter.

2.3 PTF

Three TDEs were discovered in Palomar Transient Factory (PTF: Law et al. 2009) data by
searching for spectroscopically-observed nuclear flares with an R-band absolute magnitude
in the range —21 < M < —19 (Arcavi et al. 2014). The three events discovered (PTF09ge,
PTF09djl, and PTF09axc) all display relatively high blackbody temperatures, and have simi-
lar spectroscopic signatures as PS1-10jh and SDSS-TDE2, namely broad He and/or H emis-
sion lines. The discovery of the events established the spectroscopic sequence of TDEs (see
Sect. 4), and also identified the peculiar nature of the host galaxies of such events (see Host
Galaxies Chapter). For the PTF TDEs, no ultraviolet observations were obtained near peak,
but two sources were detected in HST far-ultraviolet imaging observations, five years after
peak (van Velzen et al. 2019a).

2.4 iPTF

The iPTF search for TDEs (Hung et al. 2018) used the properties of previous TDEs to
identify new candidates in real time, hence more follow-up data (in particular with HST
and Swift) of promising TDEs could be obtained in real time. The typical single-epoch
magnitude limit of iPTF data is & 20.5. No selection on the absolute magnitude was made,
but instead a blue color for the flare (g — R < —0.1) was required to reduce the background
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of supernovae. Follow-up spectroscopy and Swift-UVOT observations were used to confirm
the TDE nature. Three TDEs were found: iPTF15af (Blagorodnova et al. 2019), iPTF16fnl
(Blagorodnova et al. 2017), and iPTF16axa (Hung et al. 2017). iPTF16fnl is an outlier in
terms of its low luminosity and rapid decline rate. It raises the question of how many more
such TDEs might have been missed due to an observational bias against finding rapidly
evolving events.

2.5 ASAS-SN

To date, the All Sky Automated Survey for supernovae (ASAS-SN; Shappee et al. 2014)
discovered eight TDEs: ASASSN-14ae (Holoien et al. 2014), ASASSN-14li (Holoien et al.
2016b), ASASSN-150i (Holoien et al. 2016a), ASASSN-18pg (AT 2018dyb; Leloudas et al.
2019; Holoien et al. 2020), ASASSN-18ul (AT 2018fyk), ASASSN-18zj (AT 2018hyz;
Short et al. 2020; Gomez et al. 2020; Hung et al. 2020), ASASSN-19bt (AT 2019ahk;
Holoien et al. 2019b), and ASASSN-19dj (AT 2019azh). The ASAS-SN discoveries come
from an all-sky search using single-band observations (either V- or g-band) with a typical
limiting magnitude of 17. The TDE identification is established via spectroscopic follow-
up. This shallow and wide nature of ASAS-SN means that the survey is sensitive to the
lowest-redshift TDEs (z ~ 0.03), making them ideal for intensive followup observations.
Ultraviolet detections from Swift have been obtained for all ASAS-SN TDEs.

ASASSN-14li is the first optical TDE with a well-sampled X-ray light curve (Holoien
et al. 2016b; Miller et al. 2015), and (at the time of writing) the only published optical TDE
detected in the radio (see the Radio Chapter; van Velzen et al. 2016; Alexander et al. 2016).

The nature of an additional ASAS-SN event, ASASSN-151h, is controversial. It has been
interpreted as either an extreme superluminous supernova (Dong et al. 2016; Godoy-Rivera
et al. 2017) or an extreme TDE (Leloudas et al. 2016; Margutti et al. 2017; Kriihler et al.
2018).

2.6 ATLAS

The Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry et al. 2018) is a sur-
vey primarily designed for discovering potentially hazardous asteroids. However, it regu-
larly discovers transients from its two-day cadence search down to a limiting magnitude of
19-20. ATLAS has discovered three TDEs so far (van Velzen et al. 2020): ATLAS18way
(AT 2018hco), ATLAS18yzs (AT 2018iih) and ATLAS19qqu (AT 2019mha).

2.7 OGLE

The Optical Gravitational Lensing Experiment (OGLE; Udalski et al. 2015) also runs a
transient search (Wyrzykowski et al. 2014). The survey is focused on an area of the sky
around the Magellanic Clouds, but this includes many background galaxies. Each field is
observed roughly every four days with a limiting magnitude of ~ 20 in the /-band. OGLE
has discovered one TDE (OGLE16aaa, Wyrzykowski et al. 2017; Kajava et al. 2020).

2.8 ZTF

The Zwicky Transient Facility (ZTF; Bellm et al. 2019) started in early 2018 and is still
running. The single-epoch depth and filters are similar to iPTF, but the field of view is eight
times larger. The source PS18kh was detected during the ZTF commissioning phase (van
Velzen et al. 2019b), and sixteen more TDEs have been detected in ZTF data since (van
Velzen et al. 2020), signaling a large increase of the TDE discovery rate.

@ Springer



124 Page 6 of 33 S. van Velzen et al.

44.5

ASASSN-14ac

ASASSN-141i

ASASSN-150i

ASASSN-19bt

AT2017eqx

" —-= AT2018dyb
—e— AT2018zr

—— AT2019qiz

DI-9

: ----- D3_l3

— — PSI-10jh

PS1-11af

PTF09ge

TDEI

. . —— TDE2

] r-4.5 iPTF16axa

1.0 iPTF16fnl

0 100 200

Rest frame days since discovery/peak

+

log,, Luminosity (erg s ')

Fig. 1 A compilation of TDE light curves. The integrated optical-ultraviolet luminosity is shown as inferred
from spectral energy distribution fitting. The x-axis shows the time elapsed since peak for PTF09ge, PS1-10jh,
iPTF16fnl, AT 2017eqx, AT 2018dyb, AT 2018zr, and ASASSN-19bt and the time elapsed since discovery for
ASASSN-14ae, ASASSN-141i, ASASSN-150i, and iPTF16axa. The two crosses in purple are derived from
pre-peak g-band data of iPTF16fnl assuming a blackbody temperature of 2 x 10* K. The mass accretion rate
on the right hand side is normalized to an efficiency ¢ of 0.1. Figure adapted from Hung et al. (2017), data
from van Velzen et al. (2011), Gezari et al. (2012), Chornock et al. (2014), Arcavi et al. (2014), Holoien et al.
(2014, 2016a,b), Blagorodnova et al. (2017), Hung et al. (2017), van Velzen et al. (2019b), Nicholl et al.
(2019), Leloudas et al. (2019), Holoien et al. (2019b), Nicholl et al. (2020)

3 Light Curves

Optical-ultraviolet TDEs typically rise to a peak blackbody luminosity of Ly, ~
10%35445 erg s~! on timescales of weeks-months with a decay broadly consistent with ¢ =/3,
This is the expected decline rate of the post-disruption mass return flow (Rees 1988, Phinney
1989), though the density profile of the disrupted star may influence this rate (Lodato et al.
2009; Gezari et al. 2012), as will relativistic effects (Kesden 2012a). It is also important to
keep in mind that fitting a power law to TDE light curves introduces a large uncertainty on
the inferred power-law index, due to the freedom in setting the time of disruption.

Peak luminosities and time scales vary between events (Fig. 1). What does not seem to
vary between events is the lack of cooling of the post-peak blackbody temperature (Fig. 2),
though some of this homogeneity may be artificially enhanced by the use of the non-evolving
temperature as a selection criterion to discriminate TDEs from supernovae.

Perhaps the first notable outlier in its photometric properties (being still “normal” spec-
troscopically) is iPTF16fnl, displaying a fainter and faster light-curve evolution than the rest
of the class (Fig. 1; Blagorodnova et al. 2017; Onori et al. 2019). This raised the question as
to whether many more such events exist but are missed due to observational biases. Indeed,
recently, more rapidly-decaying events have been found in the ZTF survey (see Table 2 and
the analysis of AT 2019qiz by Nicholl et al. 2020).

Another photometric outlier is ASASSN-151h (Leloudas et al. 2016), which displayed a
double peak in the bluer bands of its light curve. This event is an outlier also spectroscop-
ically, and its identification as a TDE is contended (Dong et al. 2016; Godoy-Rivera et al.
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Fig. 2 A compilation of blackbody radii and temperatures obtained from optical-ultraviolet photometric
observations of seventeen TDEs from van Velzen et al. (2020). All sources show a decrease of the blackbody
radius after maximum light. The majority of the sources show a near-constant blackbody temperature. While
some TDEs show modest temperature variability near peak or a significant temperature increase at late-time,
none of the known TDEs show a monotonic decrease of the blackbody temperature. Since most of the sources
in the ZTF sample were identified as TDEs within a few weeks of maximum light and the temperature is
inferred from ultraviolet follow-up observations, this lack of cooling cannot be solely explained as a selection
effect

2017). For this reason we do not include it in Table 1. ASASSN-15Ih is discussed in more
detail in the One-off Events and Imposters Chapter.

Recently, van Velzen et al. (2020) doubled the sample of known TDE light curves,
and found a correlation between photometric properties and the spectroscopic types (this
spectroscopic classification is introduced in the next section). Namely, that TDEs show-
ing Bowen features have smaller blackbody radii compared to the rest of the population,
while events showing only He in their spectra have the longest rise times. For the overall
population, the rise timescale and fade timescale show no clear correlation, while a strong
correlation would be expected if rise and fade timescales were both determined by the fall-
back rate. van Velzen et al. (2020) conclude that this might be an indication that the rise time
of TDE light curves is not related to the fallback time but rather to a diffusion time through
some extended material (which may be the source of the spectral differences as well).

Several authors have reported a (potential) correlation between the decay rate of the light
curve and black-hole mass (Blagorodnova et al. 2017; Wevers et al. 2017) or total host
galaxy mass (van Velzen et al. 2020). In Fig. 3 we reproduce this result using our homoge-
neous lightcurve analysis (see Sect. 5). Here we estimate the black-hole mass from the M-o
relation (Giiltekin et al. 2009), using the velocity dispersion measurement of Wevers et al.
(2017, 2019c¢) or SDSS (Thomas et al. 2013). The fallback timescale is estimated by fitting a
power-law decay to the observed optical-ultraviolet blackbody emission, with the power-law
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Fig. 3 Black-hole mass versus fallback time. The black-hole mass is estimated from the M-o relation and
the fallback time follows from fitting a L 1573 power-law decay to the optical-ultraviolet blackbody
lightcurve. The dashed line indicates the predicted fallback rate for a star of one solar mass (Stone et al.
2013)

index fixed to —5/3. We find a statistically significant correlation between the black-hole
mass and decay rate (p = 0.005 for a Kendall’s Tau test). This correlation could indicate
that the early-time decay rate of the optical-ultraviolet emission is indeed determined by the
fallback rate.

X-ray detections are rare in the case of optically-discovered TDEs, and there are only
a few cases showing both optical-ultraviolet and X-ray emission: ASASSN-14li (Miller
et al. 2015; Holoien et al. 2016b; van Velzen et al. 2016, Fig. 4), AT 2018fyk (Wevers et al.
2019a) AT 2018zr, (van Velzen et al. 2019b), and most recently, AT 2019azh, AT 2019dsg,
and AT 2019¢ehz (van Velzen et al. 2020).

The existence of an observational dichotomy between optical-ultraviolet and X-ray TDEs
has been a topic of study. Loeb and Ulmer (1997), Strubbe and Quataert (2009), Guillochon
et al. (2014), Roth et al. (2016) and Auchettl et al. (2017) invoke material surrounding
the accretion disk as responsible for reprocessing of the X-ray photons from the disk into
optical and ultraviolet photons. Dai et al. (2018) expand on this picture by proposing that
the reprocessing material is concentrated in the equatorial direction, concluding that the
observed dichotomy is a viewing angle effect: the optical and ultraviolet emission are seen
from the equatorial direction, while a polar viewing angle will not cross the reprocessing
material and provide a line of sight directly into the X-ray emitting accretion disk. These
models are further discussed in the Emission Mechanisms Chapter of this book.

Many optical-ultraviolet TDEs with observations more than 100 days post-peak show a
flattening of the light curve to almost constant luminosity. A clear example is ASASSN-
141i (Brown et al. 2017). Using both HST and Swift/UVOT observations, van Velzen et al.
(2019a) find a flattening of the ultraviolet light curve for 10 out of 12 TDEs with late-
time observations. They show that this plateau phase can be explained by emission from an
accretion disk that forms after the disruption (Cannizzo et al. 1990). Mummery and Balbus
(2020) show that both the late-time ultraviolet plateau emission and the early-time X-ray
emission of ASASSN-14li can be explained using an evolving accretion disk.
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Fig. 4 Swift X-ray and broadband optical-ultraviolet observations of ASASSN-14li. A double-blackbody fit
with temperatures of 7 = 7.7 x 105 K and T = 3.5 x 10* K is shown in blue. The pre-flare X-ray limit for
the blackbody spectrum is show in grey. The SED of the host galaxy (grey squares) together with a best fit
synthetic galaxy spectrum (green) are shown for comparison. Figure from van Velzen et al. (2016)

4 Spectra

Spectra are crucial for distinguishing TDEs from other nuclear activity due to AGN variabil-
ity, or other transients such as supernovae. They can also provide insights into the sources
of TDE emission and dynamics. The increasing sample of TDEs monitored by dense spec-
troscopic follow-up campaigns has revealed a set of spectroscopic classes differing in their
line species, profiles and evolution.

4.1 Optical

Spectra of the first optical-ultraviolet TDEs identified were dominated by a strong and con-
sistent blue continuum with broad (FWHM ~ 10* kms~') emission lines superimposed on
it. The most common and prominent spectral feature is a broad and intense He II 14686
line (e.g. Gezari et al. 2012, 2015), which is not seen at these widths, intensities and dura-
tions in spectra of other known transients. In some cases, broad He and Hf lines are also
identified (e.g. Arcavi et al. 2014). This led to an initial map of TDE spectral diversity as
a continuum of H-rich to He-rich events (Fig. 5). van Velzen et al. (2020) divided the cur-
rent TDE population into three spectroscopic types and showed that TDEs in these classes
have significantly different photometric properties. Following their approach, in Table 1 we
label events showing only He II lines as “TDE He”, those showing only hydrogen lines as
“TDE H” and those showing both He II and H lines as “TDE H+He”.

The lack of any hydrogen signatures in the spectra of PS1-10jh was initially interpreted
as evidence for the disruption of a rare helium star (Gezari et al. 2012). However, with the
discovery of additional events with hydrogen-free spectra, this hypothesis became harder to
justify. Guillochon et al. (2014), using hydrodynamical simulations, was able to explain the
PS1-10jh spectra as produced by the disruption of a main sequence star. In this scenario,
an optically thick reprocessing envelope determines the location of the line-forming region,
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Fig. 5 Continuum-subtracted optical spectra of optically-discovered TDEs. Events in blue are dominated by
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Events in red are H-dominated (we denote these “TDE H”). Additional N III features (perhaps blended with
H§) are seen for some events in the “H+He” class. Figure adapted from Arcavi et al. (2014), data from Wang
etal. (2011), van Velzen et al. (2011), Gezari et al. (2012), Arcavi et al. (2014), Holoien et al. (2014, 2016a),
Hung et al. (2017), Onori et al. (2019)

and the lack of hydrogen lines is attributed to the conditions for forming the lines in the
envelope, rather than the presence or absence of hydrogen. Roth et al. (2016) showed that
varying the radius of the reprocessing layer (given some composition and ionizing flux)
can suppress the hydrogen lines while keeping the He II lines strong, thus reproducing the
observed spectral sequence displayed in Fig. 5.

In some events, the relative hydrogen to helium line intensity is seen to change with
time. For instance, the early optical spectra of ASASSN-14ae (Holoien et al. 2014) are
characterized by an intense and broad Hoe emission line and a weak signature of a broad
component in the He I 14686 line, which developed only later. An even more extreme He
II to H line-ratio evolution is seen in AT 2017eqgx (Fig. 6) and interpreted, following Roth
et al. (2016), as evidence for contraction of the reprocessing layer (Nicholl et al. 2019).

In Fig. 6 we show the time evolution of the He II/Ho luminosity ratio for a number of
optical-ultraviolet TDEs with well-sampled spectroscopic sequences. The time evolution of

@ Springer



Optical-Ultraviolet Tidal Disruption Events Page 11 0of 33 124

Fig. 6 He II 14686 to Hu line 7
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this line ratio varies from event to event. Yet, in most, the He II/He luminosity ratio is above
the expected value for a nebular environment with solar abundance (Hung et al. 2017, dotted
line in Fig. 6). This helium enhancement has been explained as the result of the suppression
of the Balmer lines (which are optically thick) by high gas densities (> 10!° cm~?) in the
emitting region. This scenario was first proposed by Bogdanovié et al. (2004) and further
investigated using CLOUDY calculations by Gaskell and Rojas Lobos (2014) and Strubbe
and Murray (2015), as well as with radiative transfer calculations by Roth et al. (2016).

The broad features observed in TDE:s are, in general, pure emission line profiles, with no
signs of absorption or P-cygni features. We present the line-profile evolution of Ho and He
II for several TDEs in Figs. 7 and 8 respectively. Some events display evolving asymmetric
profiles. For example, ASASSN-14ae (Holoien et al. 2014) shows a broad and asymmetric
Hea line, with a prominent red wing and a blue-shifted centroid at early times. Later, the
Ho line becomes symmetric and centered around the host rest-frame wavelength. Similar
evolution is seen in the He II line of ASASSN-150i (Holoien et al. 2016a).

Optically-thick outflows have been proposed to explain such line profiles and their evo-
lution, especially in the case of He (Roth and Kasen 2018). However, in some cases, the
blue-shifted component in the He II 14686 line has been attributed to a blend with possible
N III/C III lines (Gezari et al. 2015; Brown et al. 2018). Leloudas et al. (2019) found a rich
set of line species in the spectra of the TDE AT 2018dyb (Fig. 9). In addition to the Balmer
series and He II, they identify also He I, O III A3760, and, indeed, N III A14100, 4640 (the
latter blended with He II). This event demonstrates the richness of optical-ultraviolet TDE
spectral diversity beyond the hydrogen to helium sequence seen initially (see also Holoien
et al. 2020). Leloudas et al. (2019) identify possible N III lines also in the TDEs ASASSN-
141i and iPTF16axa. Together with iPTF15af (Blagorodnova et al. 2019) and iPTF16fnl
(Onori et al. 2019), they form a N-rich class of TDEs.

In addition to N III, Blagorodnova et al. (2019) identify several Bowen fluorescence lines
in the optical and ultraviolet spectra of iPTF15af (Fig. 10). Bowen fluorescence (Bowen
1928; Weymann and Williams 1969) is a process by which extreme-ultraviolet and X-ray
photons ionize He II, which later recombines, emitting Ly-o photons. These then excite
certain O IIT and N III transitions with similar wavelengths, launching a cascade of transi-
tions observed in the optical and ultraviolet regimes. In particular, strong O III 23133, N
IIT A4640, and He II 14686 have been observed in some planetary nebulae and X-ray bi-
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Fig. 7 Continuum-subtracted line profiles of Ho (rest-frame zero velocity marked by black dashed line) for
eight optical-ultraviolet TDEs. Colors correspond to rest-frame days from peak or discovery as indicated.
ASASSN-14ae can be seen to have an asymmetric profile at early times which later becomes symmetric.
Data from Holoien et al. (2014, 2016a,b), Brown et al. (2016, 2017), Hung et al. (2017), Blagorodnova et al.
(2017), Holoien et al. (2019a,b, 2020)
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Fig. 8 Continuum-subtracted line profiles of He II (rest-frame zero velocity marked by black dashed line),
N III (magenta dashed line), and HB (red dashed line) for eight optical-ultraviolet TDEs. Colors correspond
to rest-frame days from peak or discovery as indicated. ASASSN-150i can be seen to have an asymmetric He
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Fig. 9 Spectra of the Bowen (N-rich) TDE AT 2018dyb after normalising to the continuum. The differ-
ent colors indicate different phases in rest-frame days relative to peak luminosity. A larger richness in line
species compared to the initial hydrogen to helium mapping of TDE spectra (Fig. 5) can be seen. Figure from
Leloudas et al. (2019)
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Fig. 10 Spectrum of the Bowen TDE iPTF15af. Bowen fluorescence lines can be seen ([N III] lines
are marked in red and [O III] lines in green — the centroids of these forbidden lines appear shifted by
—3000 kms™!). This event identifies yet an additional possible layer of optical-ultraviolet TDE spectral
diversity. Figure from Blagorodnova et al. (2019)

naries (Schachter et al. 1989; Kastner and Bhatia 1996). Such emission was predicted to
occur around active supermassive black holes decades ago (Netzer et al. 1985), but was only
recently observed for the first time in an extreme outburst of an AGN (Trakhtenbrot et al.
2019b). Its detection also in TDEs (Blagorodnova et al. 2019) may indicate the presence
of similar conditions involving extreme-ultraviolet photons hitting high-density and high-
optical-depth material, in both TDEs and some AGN outbursts. In Table 1 we denote both
the N-rich TDEs and those with Bowen lines with a “Bowen” label (it is not yet clear whether
these two spectral classes are distinct). We adopt the criterion of Leloudas et al. (2019) that
use the presence of either N III 14640 or 24100, or O III A3760 to identify an event as
“Bowen”. As first pointed out by Leloudas et al. (2019), evidence for these Bowen lines is
(so far) detected only in spectra of TDEs that show both He and Balmer emission lines (i.e.
TDE H+He’s). In fact, almost all TDEs typed as “H+He” show one or more emission lines
that might be associated with the Bowen mechanism (van Velzen et al. 2020).

Wevers et al. (2019b) identified the Fe II 37,38 multiplet in narrow emission lines in
the late-time spectra of AT 2018fyk (we add a “Fe” label to this event in Table 1) and sug-
gest similar lines might be present in SDSS J0748, PTF09ge, and ASASSN-150i. These
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Fig. 11 A sequence of
host-subtracted spectra of
iPTF16fnl. The evolution of the
Ha line profile is characterized ‘2
by the narrowing of the broad 2.5 b

component together with the
development of a narrow core at
late times. This may be an
indication of decreasing optical
depth, rather than of bulk
velocities of the line-emitting
material (Roth and Kasen 2018).
The main emission lines are
indicated with vertical dashed red
lines, while the gray areas
indicate the wavelength ranges
affected by telluric lines. Days 1.0 K

relative to peak luminosity are +85
shown on the right. Figure

adapted from Onori et al. (2019)
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low-ionization lines are also found in narrow-line Seyfert 1 AGN, in some coronal-line
emitters, and in flares or TDEs in active galaxies such as PS16dtm (Blanchard et al. 2017),
AT 2018bcb (Neustadt et al. 2020), and AT 2018dyk (Frederick et al. 2019).

The combination of the TDE spectral features (species, line profiles and intensity) dis-
cussed so far are distinct from those of all known transients, including all types of super-
novae.

In many TDEs, the widths of the lines evolve with time, starting at ~ 10* kms~! at
early times and becoming narrower on time scales of months. The narrowing of the lines
with time, as the luminosity of the event declines, is the opposite behaviour observed in the
case of reverberation mapping in AGN (e.g. as noted by Holoien et al. 2016b). While the
width of broad spectral lines is usually associated with the kinematics of the emitting gas,
in some cases, it can be strongly affected by electron scattering instead. This can lead to
an overestimation of the emitting region bulk velocity, and a mistaken interpretation of its
evolution.

Roth and Kasen (2018) investigate spectral line formation due to electron scattering in an
outflowing optically-thick gas. Using radiative transfer calculations they show that, indeed,
non-coherent scattering of hot electrons can play a primary role in the broadening of the
lines in a high-density emitting region. In this case, the line profiles are characterized by
the presence of a narrow line core superimposed on a broad component at the base of the
line. The broad line ‘wings’ are produced by photons scattered off of high-velocity electrons
in the gas. The contribution of the wing to the line profiles becomes more prominent with
increasing optical depth. In some cases, the broad wings may dominate the line profile com-
pletely, with the narrow core becoming visible only later as the optical depth decreases. This
is seen very clearly in the case of the Ho line of iPTF16fnl (Fig. 11; Onori et al. 2019). In
this scenario, the observed line profile evolution, in which a broad component becomes nar-
rower and a central, narrow core emerges, reflects a decline in the emitting region’s density,
rather than a drop in its bulk velocity.

Among the current sample of optical-ultraviolet TDEs, four events exhibit broad emis-
sion lines with boxy or double-peaked profiles, which have been associated with a line-
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emitting disk: PTF09ge (Arcavi et al. 2014), ASASSN-14li (Liu et al. 2017), AT 2018zr
(Holoien et al. 2019a), and AT 2018hyz (Short et al. 2020; Hung et al. 2020). In particular,
for AT 2018zr and AT 2018hyz, the double-peaked line profile was seen to develop gradually
with time, and has been interpreted as the revealing of an accretion disk through the thin-
ning reprocessing material. Hung et al. (2020) deduce a disk-formation time scale of about
a month for AT 2018hyz, implying rapid circularization of the stellar debris after disruption.
Hung et al. (2020) further model the He emission line in AT 2018hyz as a combination of
a double-peaked disk profile and a Gaussian component, which is likely produced in the
outflowing gas. The Gaussian component becomes stronger over time and dominates the
Ho line shape at late times. This competition with a non-disk component, and the require-
ment of a high inclination angle (close to edge-on) to see a disk profile may explain why
double-peaked line profiles are rare in TDEs.

4.2 Ultraviolet

To date, ultraviolet spectroscopy has been obtained for five TDEs — ASASSN-141i (Cenko
et al. 2016), iPTF16fnl (Brown et al. 2018), PS16dtm (Blanchard et al. 2017), iPTF15af
(Yang et al. 2017; Blagorodnova et al. 2019), and AT 2018zr (Hung et al. 2019), all of
which have near-ultraviolet coverage (Fig. 12). Far-ultraviolet spectra have been obtained
for all but PS16dtm. While a single blackbody spectrum extrapolated from optical and near-
ultraviolet photometric observations captures the overall shape of the ultraviolet spectra,
the continuum often appears to be more luminous than what the blackbody predicts at the
far-ultraviolet range.

Ultraviolet spectra have revealed the presence of collisionally excited broad emission
lines, such as Ly, CIV, N V and Si IV (Cenko et al. 2016; Brown et al. 2018; Blagorodnova
et al. 2019), similar to those seen in QSOs. On the other hand, the nitrogen-to-carbon ratios
in these TDEs are anomalously high compared to typical QSOs, thus connections of TDEs
with nitrogen-rich QSOs have been suggested (Cenko et al. 2016; Kochanek 2016).

All of these TDEs, except PS16dtm, also lack the Mg I1 112796, 2803 emission that is
commonly seen in QSOs. Mg IT has an ionization potential of 15 eV. The Mg 11 A12796, 2803
emission arises from low ionization regions where the gas is at least partially neutral. If a
hard continuum is present, the majority of the Mg atoms may be photoionized to Mg III
or higher states and thus lead to the weakening or absence of Mgl features. The same
hard spectrum may also be responsible for the production of Bowen fluorescence emission.
However, as noted by Leloudas et al. (2019), this hard ionizing source cannot be accounted
for entirely by the near ultraviolet and optical blackbody with a temperature on the order of
10* K, as it provides too few photons at high energies.

Unlike in the optical spectra, absorption features have been identified in ultraviolet spec-
tra. These are seen as broad (~ 10°-10* kms~') features in iPTF16fnl, iPTF15af, PS16dtm,
and AT 2018zr and as narrow (few x 100 kms™') ones in ASASSN-14li. The broad ab-
sorption features are seen in the high-ionization lines C IV, N V, and Si IV, similar to
what is seen in Broad Absorption Line Quasars (BALQSOs), and tend to be blueshifted
by ~ 10°-10* kms~'. The absorption troughs can either be attached (e.g. iPTF16fnl and
iPTF15af) or detached (e.g. AT 2018zr) from their emission peaks, which might be due to a
viewing angle difference. The broad blueshifted absorption lines are interpreted as evidence
for fast outflows of material accelerated by radiation. Although the driving mechanism for
these outflows in the broad absorption-line TDE:s is still unclear, it has been suggested that
super-Eddington accretion (e.g. Strubbe and Quataert 2009, 2011), which might be common
in TDEs around supermassive black holes with mass < 10”7 M, could be capable of driving
outflows to such high velocities (~ 10* kms™").
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Fig. 12 Ultraviolet spectra of optical-ultraviolet TDEs (Hung et al. 2019). Grey dashed lines mark the black-
body spectra with temperatures measured from ultraviolet and optical photometry. Rest-frame days from peak
luminosity are marked. TDE data from Cenko et al. (2016), Brown et al. (2018), Blagorodnova et al. (2019),
Hung et al. (2019). A composite spectrum of low-ionization broad absorption line QSO (LoBALQSO; from
Brotherton et al. 2001) is shown for comparison

A sequence of ultraviolet spectra was obtained for two TDEs, iPTF16fnl and AT 2018zr,
revealing evolution in the absorption features. In iPTF16fnl, the ultraviolet emission features
are found to be redshifted relative to the systematic velocity from the earlier spectra. This
apparent redshift has been interpreted as a result of fast outflows (Brown et al. 2018), where
blueshifted broad absorption troughs eclipsed the bluer portion of the emission line pro-
files. In AT 2018zr, Hung et al. (2019) found that the high-ionization broad absorption lines
only appeared ~ 2 months after maximum light (Fig. 12). Expanding the sample of TDEs
with multi-epoch ultraviolet spectroscopy will test whether this timescale is linked to the
timescale of super-Eddington outflows, and whether outflows are ubiquitous among TDEs.

In AT 2018zr, absorption features are also seen in the Balmer series and the metastable
helium lines He1*A3889 and Hel*A5876 at optical wavelengths, with a FWHM of
~ 3000 kms~! and displaced by the same velocity (0.05¢) as the ultraviolet absorption
features (Hung et al. 2019). Such optical absorption features are rarely detected even in
BALQSOs. Photoionization models indicate both high density (log(ny/cm™) 2 7) and
high column density (log(Ny/cm™2) > 23) requirements must be met in order to produce
the observed hydrogen and helium absorption lines (Hamann et al. 2019). Recent work on
radiative transfer modelling of TDE outflows suggests that the column densities in TDE
winds are as high as > 10* cm~2, depending on the inclination angle of the disk (Parkin-
son et al. 2020). This result is in agreement with the lower limit derived from the observed
ultraviolet absorption lines.
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5 TDE Selection: Building a Sample of Events

We now distill the discussion of the previous sections on the photometric and spectroscopic
properties into a set of selection criteria to define a sample of “secure” optical-ultraviolet
TDEs (Table 1). Due to the lack of a consistent theory that explains all optical-ultraviolet
TDE emission properties, our selection criteria are primarily motivated by observations.
We realize that there is a somewhat circular logic here, identifying new events as optical-
ultraviolet TDEs based on those previously claimed to be such. There are likely additional
TDE:s that do not match these criteria, and therefore, in order to truly map the population
of events, we must keep an open mind regarding newly discovered types of flares (yet, we
must also be cautious of calling every new type of transient a TDE). Once a large enough
sample is available we can revisit the criteria. That being said, after almost one decade of
collecting optical-ultraviolet data of transients found in galaxy centers, some clear patterns
have emerged. Below we summarize four key properties that we use to compile the events in
Table 1, which we consider to be a robust sample of optical-ultraviolet TDEs. These criteria
have been applied to events claimed to be TDE:s in the literature.

— Nuclear. That is, a small offset (d) between the host centroid and the flare. This criterion is
motivated by the assumptions that SMBHs in quiescent galaxies reside at the gravitational
center of their host galaxy. For the purpose of populating Table 1 we use a cut of d < 0.3”,
which is sufficient to establish a nuclear detection for the surveys summarised in Sect. 2.

— Spectroscopic. As discussed in Sect. 4, nuclear flares that have blue colors, all have sim-
ilar spectroscopic properties: broad helium and/or hydrogen on an otherwise predomi-
nantly featureless spectrum. In Table 1 we include also PS1-11af even though it showed
no obvious features in its optical spectrum.

— Photometric. As discussed in Sect. 3, events that satisfy the above criteria share two
key photometric properties: a high blackbody temperature and no signs of cooling after
peak luminosity. For the purpose of populating Table 1 we require 7 > 1.2 x 10* K near
peak. We note that for almost all TDEs in Table 1, the temperature measurements include
ultraviolet photometry (from Swift or GALEX) and in most cases multiple ultraviolet
observations allow a measurement of temperature evolution (see Table 2). The three TDEs
from PTF are an exception, their blackbody temperatures are measured from the optical
spectrum obtained near the peak of the flare (see Arcavi et al. 2014).

— Quiescent galaxy/not AGN. This requirement is the most controversial because TDEs
can also happen in AGN. Perhaps the TDE rate is even enhanced in AGN (Stone et al.
2018), and they might manifest themselves with distinct observational characteristics
(Chan et al. 2019; Trakhtenbrot et al. 2019a). Unfortunately, the origin of large ampli-
tude AGN variability is poorly understood and such flares can masquerade as TDEs (see
the One-off Events and Imposters Chapter). For the purpose of populating Table 1 we
define an event to be in an AGN if one of the following three properties is observed:
(i) there is statistically-significant variability before the main flare, (ii) the signature of a
dusty torus is detected using WISE colors (Stern et al. 2012), or (iii) the host is classified
as a Seyfert galaxy using the BPT diagram (Baldwin et al. 1981). These criteria select a
relatively pure AGN sample. We do not reject events based on observational signs that in-
dicate recent (but not on-going) activity of the supermassive black hole, such as a LINER
spectrum (Heckman 1980) or relic radio lobes.

The above selection criteria yield 33 sources presented in Table 1.
A few key photometric properties of our optical-ultraviolet TDE sample are presented in
Table 2. For all sources, these features have been measured using the method presented in
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van Velzen et al. (2019b, 2020). Central to this approach is the use of a model that includes
both the blackbody light curve shape and temperature evolution. As such, the free parameters
in this model can be measured simultaneously using all available photometric observations.
The blackbody temperature can be kept constant in the model in order to obtain the mean
temperature ((7)). Alternatively, a linear temperature change with time (d7'/dt) can also
be extracted. For the majority of the TDEs in our sample this approach is sufficient because
the measured values of d7T/dt are consistent with zero (Table 1). However to allow for
more flexibility (e.g., a relatively rapid temperature increase as observed for AT 2018zr),
the light curve properties reported in Table 2 are obtained using a linear interpolation of
the temperature on a grid with a spacing of 30 days (see van Velzen et al. 2020 for details
and Fig. 2 for examples of the resulting temperature curves). In Table 1 we report both the
exponential decay rate measured for the first 100 days of post-peak observations (Lp,
e™"/7) and the timescale measured from a power-law decay as applied to the first year of
post-peak observations (L, o (¢/1y)?). For the power-law decay, we report both the results
for a fixed power-law index (at the canonical value p = —5/3), as well as the results obtained
when this index is left as a free parameter.

6 Rate and Luminosity Function

Measurements of the TDE rate have the potential to reveal how stars are fed to the loss cone
(see the Rates Chapter in this book), which in turn can teach us about stellar dynamics in
galaxy centers. This measurement, however, is not trivial, because it requires both a clear set
of criteria for identifying TDEs and an understanding of the selection efficiency and biases
of each search.

The first comprehensive estimate of disruption rates was based on the TDE search in
SDSS imaging data (van Velzen et al. 2011) and is presented by van Velzen and Farrar
(2014). Since the SDSS search was based solely on photometry, the selection function was
relatively straightforward. The SDSS-selected TDEs were not detected pre-peak. However,
by using a light curve model based on the well-sampled TDE PS1-10jh (Gezari et al. 2012)
this limitation can be addressed. The remaining systematic uncertainty due to the uncertainty
of the TDE light curve was found to be a factor ~ 2.

The approach of van Velzen and Farrar (2014) is to compute the detection efficiency of
the two TDEs separately, and report the mean rate N based on the mean efficiency (€):

N 2 M
(5) N, el T
Here Ng, is the number of galaxies that were observed in the survey duration 7. This ap-
proach yields a rate of (1.5 — 2)1%; x 107> galaxy ' year~! (the sub/super scripts denote
the statistical uncertainty while the range in parentheses approximates the systematic uncer-
tainty due to the assumption of a light curve model).

Based on two TDEs detected by the ASAS-SN survey (ASASSN-14ae and ASASSN-
141i), Holoien et al. (2016b) reported a rate of (2.2-17.0) x 1075 galaxy ' year—' (here the
range in parentheses denotes the 90% confidence level statistical uncertainty). The authors
used a similar approach to Eq. (1) and computed the efficiency under the assumption that
the TDE absolute V-band peak magnitudes are uniformly distributed between —19 and
—20. This assumption might be why Holoien et al. (2016b) obtained a slightly higher rate
compared to van Velzen and Farrar (2014), who included SDSS-TDE2, an event that is
brighter at peak (M, = —20.8; Table 1) than the range assumed by Holoien et al. (2016b),
although we note that the two estimates are consistent within their Poisson uncertainty.

@ Springer



Optical-Ultraviolet Tidal Disruption Events Page 23 0of 33 124

10*6-__-..+_ _______ —$— -

107 4 —4— _+*\\‘“\

1078 4 ~d
10—9 4
10—10 4
==+ BH mass function
10-11{ # Observed TDEs (N=16) ‘
55 6.0 6.5 7.0 7.5 8.0 8.5 9.0

Opitcal-UV TDE rate (Mpc~3 yr~! dex™1)

Black hole mass (log10Me)

Fig. 13 The TDE black-hole mass function (updated version of Fig. 3 from van Velzen 2018). The
dashed lines show the black-hole mass function (Shankar et al. 2004) multiplied by a constant factor of
6 x 107 yrfl. The event in the highest mass bin is ASASSN-151h (the origin of this transient, TDE or
supernova, is controversial). Below the mass scale where stars can be swallowed by the black hole prior to
disruption (Hills 1975; Kesden 2012b), the optical-ultraviolet TDE mass function appears to trace the black—
hole mass function

Samples based on luminous events produce a lower inferred rate according to Eq. (1),
since more luminous events have a higher efficiency € (they can be detected to larger dis-
tance). Even when combining more luminous and less luminous events, the more luminous
ones dominate the mean efficiency (€), thus Eq. (1), in general, always yields a rate that
is weighted more strongly toward more luminous events. To solve this issue we have to
consider the TDE luminosity function.

The fact that the small flux-limited samples of TDEs span a wide range of luminosi-
ties (for e.g. the two TDEs found in the SDSS search had a luminosity difference of al-
most an order of magnitude), informs us that the luminosity function can not be flat: faint
events must be more common than luminous ones. This effect is quantified in van Velzen
(2018), who combine events from different surveys under the assumption that each sur-
vey samples the same TDE population. This approach yields a measure of the shape of
the luminosity function: dN /dlog L, L;1‘3i0'3 (with L, the rest-frame g-band peak lu-
minosity). Since the faint events dominate, van Velzen (2018) find that extrapolating the
observed absolute rate from SDSS to the faintest observed TDEs increases the inferred
mean rate to about 1 x 10~ galaxy ! year—!. Hung et al. (2018) find a similar result of
1.7J_rg x 10~ galaxy ! year~! by applying the van Velzen (2018) luminosity function to
compute the rate from the three TDEs discovered by the iPTF survey.

Since the g-band approaches the Rayleigh-Jeans tail of the SED, the steep L, luminosity
function does not translate directly into a steep bolometric luminosity function. For example,
van Velzen et al. (2020) find that the TDE H+He and TDE H have a similar peak bolometric
luminosity and occur at a similar rate in flux-limited samples, but since TDE H+He have a
higher mean temperature, their optical luminosity is lower and their intrinsic rate is higher.
Therefore, the temperature or radius of the optical-ultraviolet photosphere plays an impor-
tant role for determining the shape of the optical luminosity function.

The work by van Velzen (2018) also enables the first measurement of the TDE black-hole
mass function. Figure 13 show the TDE rate as a function of black-hole mass, as estimated
based on the M-o relation with velocity dispersion measurement from Wevers et al. (2017,
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2019b). The lack of TDEs from high mass black holes is consistent with the suppression of
the TDE rate by the “direct capture” of stars due to the black-hole event horizon (Hills 1975).

7 Concluding Remarks

While the set of known optical-ultraviolet TDEs is rapidly growing, many questions remain
open regarding their nature, emission properties, and true diversity. Most prominent is the
question of their emission source — is the emission coming entirely from outer shocks, en-
tirely from reprocessed accretion emission, or some combination of both? Answering this
question could help explain the observed emission properties and perhaps their expected
diversity, thus helping to identify more events correctly.

Observationally, the origin in the diversity of TDE spectral features, such as the species
seen, the line profiles measured and their evolution, and the differences between the optical
and ultraviolet spectra, will likely continue to be topics of study. In addition, the scale of
the photometric diversity is tied to the question of how many rapidly declining events are
being missed, affecting our ability to accurately estimate TDE rates and learn about stellar
dynamics in galaxy centers.

As more events are found, we will be able to continue to explore the classes of transients
occurring in galaxy centers — increasing our sensitivity to new types of TDEs, mapping the
diversity of the known types, and learning to distinguish between them and galaxy-central
events that are not related to TDEs. Hopefully, this will help inform theoretical models on
which disruption, accretion and emission mechanisms are realized in nature. In turn, such
models could help find more events, and focus observational resources on the most critical
phases and wavelengths.

One of the main motivations for studying TDEs has been to reveal the population of
otherwise quiescent SMBHs. Some of the questions above are still hindering the realization
of the full potential of TDEs on that front. However, in the mean time, optical-ultraviolet
TDEs are teaching us a lot about accretion physics, emission mechanisms, galaxy dynamics,
and more. Given the increasing detection rate of (optical) transients, combined with added
attention and followup resources invested in transients found in galaxy centers, we will
learn more about all of these topics and likely make new and unexpected discoveries along
the way.
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