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Abstract

We conduct a systematic tidal disruption event (TDE) demographics analysis using the largest sample of optically
selected TDEs. A flux-limited, spectroscopically complete sample of 33 TDEs is constructed using the Zwicky
Transient Facility over 3 yr (from 2018 October to 2021 September). We infer the black hole (BH) mass (Mgy)
with host galaxy scaling relations, showing that the sample Mgy ranges from 10°! M., to 10%2 M. We developed
a survey efficiency corrected maximum volume method to infer the rates. The rest-frame g-band 1um1n051ty
function can be well described by a broken power law of ¢(Ly) o [(Lg/Liy)™® + (Lg/Lix)*°17!, with
Ly = 10% lergs In the BH mass regime of 10> < (Mpu/Mo) < 1073, the TDE mass function follows
¢(Mpp) MBOZS, Wthh favors a flat local BH mass function (dngy/d log Mgy = constant). We confirm the
significant rate suppression at the high-mass end (Mg > 107> M), which is consistent with theoretical predictions
con51der1n% direct capture of hydrogen- burnlng stars by the event horlzon. At a host galaxy mass of

Mgy ~ 10" M, the average optlcal TDE rate is ~3.2 x 10 galaxy ' yr~'. We constrain the optical TDE rate to
be [3.7, 7.4, and 1.6] x 107> galaxy ' yr~! in galaxies with red, green, and blue colors.

Unified Astronomy Thesaurus concepts: Tidal disruption (1696); Time domain astronomy (2109); Black holes
(162); Galaxy nuclei (609); Supermassive black holes (1663); Luminosity function (942)

Supporting material: machine-readable tables

1. Introduction which comes back to get accreted (Rees 1988). This produces

In the local universe, a small fraction (~10%) of galaxies an electromagnetic flare if the tidal radius Rt (where the self

host active massive black holes (BHs) in their nuclei (Kewley gravity of the star balances the tidal forces) is greater than the

et al. 2006; Aird et al. 2012). The remaining massive BHs are  Siz¢ of the BH event horizon. Since Ry oc M;’ and the size of

quiescent, but can be temporarily awakened when a star comes the event horizon ocMgy, there exists a'maX1mum BH mass for

too close to it and becomes disrupted by tidal forces. The stellar an observable T]%E—the .so-called Hills mass. For Sun-like
debris evolves into an elongated stream, approximately half of stars, Myins ~ 10 ° M., (Hills 1975).

The first tidal disruption event (TDE) was identified with the
ROSAT all-sky X-ray survey, where the soft X-rays are

Original content from this work may be used under the terms . .
of the Creative Commons Attribution 4.0 licence. Any further thought to Come. from a neWIy f?rmed accretion _ disk
distribution of this work must maintain attribution to the author(s) and the title (Bade et al. 1996; Gmpe et al. 1999; Saxton et al. 2020).
of the work, journal citation and DOI. Recently, the eROSITA telescope (Predehl et al. 2021) on
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board the Spektrum-Roentgen-Gamma (SRG) X-ray mission
(Sunyaev et al. 2021) reported 13 TDEs selected from the
second eROSITA all-sky survey (Sazonov et al. 2021). Low-
temperature (few X 10* K) thermal emission from TDEs has
been discovered with UV and optical sky surveys (Gezari et al.
2006; van Velzen et al. 2011; Gezari et al. 2012; Arcavi et al.
2014; Holoien et al. 2014; Hung et al. 2017), which has been
postulated to arise from either energy dissipation within a
stream—stream collision shock (Piran et al. 2015; Jiang et al.
2016) or reprocessing of high-energy photons (Metzger &
Stone 2016; Roth et al. 2016). In the latter scenario, the
physical origin of the “reprocessing layer” may be the optically
thick gas from the self-collision shock (Lu & Bonnerot 2020), a
radiation-driven outflow formed under super-Eddington accre-
tion (Miller 2015; Dai et al. 2018; Thomsen et al. 2022), or a
quasi-static weakly bound envelope (Loeb & Ulmer 1997;
Coughlin & Begelman 2014; Metzger 2022).

Theoretically, the TDE rate is determined by processes that
govern stellar diffusion into the “loss cone,” which defines a
phase-space volume of orbits with angular momentum
J < Jic = 2GMgy Ry (Alexander 2017; Stone et al. 2020).
Observational constraints on TDE demography can help address
various open questions in astrophysics. First, the TDE luminosity
function (LF) provides clues to how the emission mechanism is
tied to the loss-cone filling (Kochanek 2016; Stone & Metzger
2016; Stone et al. 2020) and provides an essential input to predict
TDE rates in future sky surveys.

Moreover, measuring the volumetric rate of TDEs as a
function of Mgy offers a unique approach to trace the local BH
population. At the low-mass end (Mpy < 10° M), the TDE
mass function depends on the unknown bottom end of the
massive black hole mass function (BHMF). The space density
of such intermediate-mass black holes (IMBHs) encodes
formation mechanisms of primordial BHs in the early Universe
at redshifts of z > 10 (Ricarte & Natarajan 2018a; Woods et al.
2019; Greene et al. 2020; Chadayammuri et al. 2023). The
mergers of IMBHs and extreme mass-ratio inspirals are prime
targets for the upcoming space-based gravitational-wave
detector Laser Interferometer Space Antenna (Amaro-Seoane
et al. 2017; Jani et al. 2020; Amaro Seoane 2022).

At the high-mass end, the location of the TDE mass
function’s cutoff is set by the size of the event horizon, which
probes the spin distribution of BHs in the mass range of
10"° M., < Mgy < 10%° M, (Kesden 2012; Stone et al. 2019;
Du et al. 2022; Huang & Lu 2022). The spin of such quiescent
BHs cannot be measured via the traditional method of X-ray
reflection spectroscopy (Reynolds 2021) developed for X-ray
binaries and active galactic nulei (AGN).

van Velzen (2018) made the first attempt to construct the
TDE LF and mass function. Using a sample of 13 objects
selected from five different UV and optical sky surveys, the
authors inferred a rest-frame g-band LF of dN / dL, < Ly 5/2
for L, € (1 0**3,10*®) erg s ! and a nearly constant TDE mass
function for Mgy € (10>%, 1073 )M.,. While these early results
have demonstrated the important role that TDEs play in
understanding BH demographics, they are susceptible to small
number statistics and the heterogeneous nature of the sample.

Over the past few years, time domain sky surveys have led to
a surge of TDE discoveries. The Zwicky Transient Facility
(ZTF; Bellm et al. 2019a; Graham et al. 2019) is one of the
most prolific optical discovery engines. Previous ZTF TDE
sample studies have made significant progress on
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characterizing the photometric and spectroscopic properties of
TDEs (van Velzen et al. 2021; Hammerstein et al. 2023).
However, since the classification completeness of photometric
candidates was not assessed, recent studies that attempt to
constrain the TDE optical LF using previously published ZTF
TDE samples (e.g., Lin et al. 2022; Charalampopoulos et al.
2023) had to rely on false assumptions regarding the spectro-
scopic completeness. In this work, we aim to put new
observational constraints on TDE demography. To this end,
we constructed a flux-limited, spectroscopically complete
sample of 33 TDEs selected from 3 yr of the ZTF operation.

This paper is organized as follows. The procedures of the TDE
sample selection, observation, and classification are outlined in
Section 2. UV and optical light-curve fitting is described in
Section 3. Host galaxy observation and analysis (including
measurements of the Mgy) are presented in Section 4. The survey
efficiency is assessed in Section 5. We compute and discuss the
volumetric rate of optical TDEs as a function of Mgy, L,, as well
as other host galaxy and transient properties in Section 6. We
summarize our conclusions in Section 7.

UT time is used throughout the paper. We assume a basic
cosmology of Q,=0.3, Q,=0.7, and h=0.7. Optical
magnitudes are reported in the AB system. Assuming
Ry=3.1, we correct the observed photometry for Galactic
extinction using the Cardelli et al. (1989) extinction law and the
Schlafly & Finkbeiner (2011) extinction map. The coordinates
are given in J2000. We use ¢ to denote rest-frame time relative
to the maximum-light epoch.

2. Sample Construction
2.1. The ZTF TDE Experiment

ZTF is an optical time domain sky survey operated by the
Palomar Observatory. It uses the Palomar Oschin Schmidt 48 inch
telescope (P48) equipped with a 47 deg® camera (Dekany et al.
2020) to scan the entire northern visible sky at decl. > — 35°2.
The three ZTF filters (g, r, and i) were designed to maximize
throughput by avoiding major Palomar sky lines. The typical
survey depth is ~20.5 mag (Graham et al. 2019).

Image processing and reference subtraction are performed by
the ZTF Science Data System (Masci et al. 2019). Every 5o
point-source detection is saved as an “alert” in the Avro format
and distributed to community brokers via the ZTF Alert
Distribution System (Patterson et al. 2019). The alerts are
enhanced with additional contextual information such as the
machine-learning real-bogus score (Duev et al. 2019; Mahabal
et al. 2019), the proximity to the nearest object in archival
catalogs (Soumagnac & Ofek 2018), and the star—galaxy
classifier (Tachibana & Miller 2018).

ZTF phase I (hereafter ZTF-I) ran from 2018 March to 2020
September, during which 40% of the total time was dedicated
to two public sky surveys, including a Northern sky survey (1g
+ 1r every 3 days) and a Galactic Plane survey (Bellm et al.
2019b). On 2020 October 1, ZTF increased the MSIP/NSF-
funded public program to 50% of the total time, and the
Northern sky survey cadence was shortened from 3 to 2 days.
Therefore, in this paper, we use 2020 October 1 as the start of
ZTF phase II (hereafter ZTF-II).**

2 Note that some other publications from the ZTF collaboration (such as
Hammerstein et al. 2023) consider 2020 December as the start of ZTF-II, as the
Phase II Partnership surveys did not begin until that time.
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Table 1
Steps for Selecting TDE Candidates

Step Criteria # TDE Candidates
1 Initial cuts to select nuclear transients 890,266
2 More detailed cuts to select nuclear transients 143,731
3 Cuts on peak magnitude, transient duration, and number of detections 9426
4 Cuts on the peak color, PS1 machine-learning classification, and IR variability; remove known quasars 1390
5 Alert photometry: cuts on color, cooling rate, and rise and decline timescales 174
6 Forced photometry: cuts on color, cooling rate, and rise and decline timescales 90
7 Cuts on peak magnitude (of forced photometry) 55
8 Spectroscopic classification for 50 objects; photometric and contextual classification for 5 objects 33
The ZTF team selects nuclear transients in real-time by (distpsnrl==-999). We removed alerts in negative

filtering public alerts with the AMPEL broker (Nordin et al.
2019). Details of our filtering techniques are described in van
Velzen et al. (2019, 2021). AT2018zr is the first TDE selected
by the ZTF nuclear transient filter (van Velzen et al. 2019).
Afterwards, van Velzen et al. (2021) presented 17 TDEs
selected within the first 1.5yr of ZTF-I operation, and
introduced three distinct spectroscopic subclasses of optically
selected TDEs (TDE-H, TDE-H+He, and TDE-He) based on
the existence of a combination of broad emission lines around
Ha, HB, and He IT A4686. Recently, Hammerstein et al. (2023)
presented a sample of 30 spectroscopically classified TDEs
from the entirety of ZTF-I, and reported a new spectroscopic
subclass called “TDE-featureless,” which is characterized by a
lack of broad emission lines in optical spectra.

Entering into ZTF-II, the TDE experiment was carried out
with more spectroscopic follow-up resources allocated from the
Keck and Palomar Observatories, which allowed us to classify
a larger number of fainter TDE candidates.

The follow-up campaign in ZTF was conducted on a best
effort basis. We tried to classify as many TDE candidates as
possible, with higher priorities of spectroscopic observations
given to objects with brighter peak magnitudes. Unlike
previous ZTF work, we here seek to construct a flux-limited
sample of TDEs, enabling a systematic study of optical TDE
demographics. Therefore, we performed a retrospective search
of nuclear transients using historical ZTF alerts, and applied a
set of well-defined criteria to select TDE candidates (see
Section 2.2). We then find the peak magnitude limits (in ZTF-I
and ZTF-II separately) below which our spectroscopic
classification is almost (=90%) complete (see step (7) in
Section 2.2). And for the few candidates with no (or
ambiguous) spectroscopic classification, we determine the
transient type using the photometric properties and other
information (see details in Section 2.4).

2.2. Retrospective Candidate Filtering

Table 1 presents a summary of the candidate filtering steps.

1. We applied basic cuts to select nuclear transients. We
kept alerts with a real-bogus score rb>0.5 (Mahabal
et al. 2019) or a deep learning score drb>0.65 (Duev
etal. 2019),** a position within 0”6 to the location of the
nearest object in the Panoramic Survey Telescope and
Rapid Response System Data Release 1 (PS1; Chambers
et al. 2016) catalog (distpsnrl<0.6) or hostless

4 The deep learning score was not included in the alert packets until 2019
June 19. Therefore, we used rb and drb for alerts released before and after
that date, respectively.

subtractions. We kept alerts in coincidence with objects
with galaxy-like morphologies, selected using a cut on
the star—galaxy score (Tachibana & Miller 2018) of
sgscorel<0. 8. This step left 890,266 unique sources.

2. We kept objects first detected between 2018 October 1 and
2021 September 30, i.e., the last 2 yr of ZTF-I*> and the
first year of ZTF-1I. We require that, in either g or r band,
the transient is within 0”6 to the location of the nearest
object in the ZTF reference image (distnr<0.6). If
the nearest reference object is brighter than 15 mag
(magnr<=15), we require sgscorel<0.2; similarly,
we require sgscorel<=0.5 for 15<magnr<=18
and sgscorel<0.8 for magnr>18. This left 143,731
sources.

3. We define n, (n,) as the number of detections in g band
(r band), and #4,, as the duration of all detections. The peak
magnitudes in the g and r bands are mg peyc and 11, peqr,
respectively. We required mig pea < 19.5 mag, m,.peac <
19.5 mag, t4,, > 30 d, n, > 10, and n, > 10. This left 9426
sources.

4. We applied a few cuts to remove stellar and AGN
variability. We required m, peak — 7, peax < 1, and that the
closest object in the “Pan-STARRS1 Source Types and
Redshifts with Machine learning” catalog (Beck et al.
2021) is not classified as “QSO” or “STAR.” We
removed objects with a counterpart in the Million
Quasars catalog (Milliquas v6.3, Flesch 2019). We
constructed a W1-band light curve from the NeoWISE
(Mainzer et al. 2011) photometry prior to the first ZTF
detection, and rejected any galaxies with significant
variability in the W1 band (x> /degrees of freedom> 10).
This left 1390 sources.

5. We selected candidates based on the alert photometry.
We kept objects with at least 5 nights of post-peak
multiband photometry. We required the rate of post-peak
g-r color change to be <0.02 magday ', and the mean
g-r color to be <0.2 mag. We calculated the rise and
decay e-folding times in the alert photometry light curve
(smoothed with a Gaussian process). We required the rise
e-folding time to be 2 <, s <300 d, and the decline
e-folding time to be 2 <1, gecline < 300 d. This step left
174 sources, including 104 sources first detected during
ZTF-1, and 70 sources first detected during the first year
of ZTF-II.

% Due to a likely low recovery efficiency for TDEs detected in the reference
images, we do not consider events first detected before 2018 October 1, when
ZTF reference images for most fields were still being constructed.
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Figure 1. Histograms of the photometric TDE candidates that passed the
filtering step (6) (see Table 1), color-coded by their spectroscopic classifica-
tions. For ZTF-I candidates, the spectroscopic classification is ~93% complete
at Mpeq < 18.75. For ZTF-1I candidates, the spectroscopic classification is
~89% complete at Mg peax < 19.1.

6. We ran forced point-spread function (PSF) photometry,
which provide more accurate light curves. We also
visually examined the light curves and excluded 8
objects*® that are reminiscent of AGN and one object”’
with a typical dwarf nova light curve. We applied the
criteria outlined in step (4) to the ZTF forced photometry.
This left 90 sources, including 54 in ZTF-I and 36 in
ZTF-1L

7. We found that for candidates in ZTF-I, our spectroscopic
classification completeness was ~93% at mpeqa < 18.75;
for candidates in ZTF-II, our spectroscopic classification
completeness was ~89% complete at mg pec < 19.1 (see
Figure 1). Therefore, we kept ZTF-I sources with
Mpeak < 18.75, and ZTF-II sources with mg peac < 19.1.
This left 55 sources, including 27 in ZTF-I and 28 in
ZTF-IL

A few notes are worth mentioning. First, as pointed out in
van Velzen et al. (2021), by applying step (4), our search is
biased against TDEs hosted by AGN, such as PS1-16dtm
(Blanchard et al. 2017) and ZTF20abisysx/AT2020nov
(Dahiwale & Fremling 2020a). The local AGN fraction
for galaxies throughout the stellar mass range of
9.5 < log(Mya/Mz) < 12 is S10% (Kewley et al. 2006;

26 7TF18accdkxa, ZTF18acenyfr, ZTF18acpjddi, ZTF19acblzqb, ZTF19abkf-
tuu, ZTF19abukbuc, ZTF20absxaaj, and ZTF20abzpysa show stochastic
variability.

2 ZTF21abiplqgz has a fast rise, a rapid decline followed by a sudden flux frop,
and a blue optical conterpart.
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Aird et al. 2012), and the fraction is even lower in dwarf
galaxies (Latimer et al. 2021a). Therefore, the majority of
TDEs should be hosted by quiescent galaxies without strong
AGN activity, unless the rate is enhanced by a factor ~10 in
AGN. Second, unlike previous ZTF TDE sample studies, we
do not reject candidates based on the mean W1-W2 color of
their host galaxies, since recent studies have found that some
star-forming dwarf galaxies also exhibit red neoWISE colors
(Latimer et al. 2021b). Third, in steps (5) and (6), the cuts on
color and cooling rate are defined such that all TDEs
presented in van Velzen et al. (2021), Angus et al. (2022),
and Hammerstein et al. (2023) satisfy the selection criteria.
Finally, we show in Appendix B that our cuts on
sgscorel, t, ises and f, gecline d0 not hit the boundary of
the selection.

2.3. Observations
2.3.1. UV and Optical Photometry

For all TDE candidates, we constructed the optical and UV
light curves using data from ZTF, the Asteroid Terrestrial-
impact Last Alert System (ATLAS; Tonry et al. 2018; Smith
et al. 2020; Shingles et al. 2021), and the Ultra-Violet/Optical
Telescope (UVOT; Roming et al. 2005) on board the Neil
Gehrels Swift Observatory (Gehrels et al. 2004). Data
reduction procedures follow those outlined in van Velzen
et al. (2021), Hammerstein et al. (2023). We show the Galactic
extinction-corrected g—r evolution in ZTF forced photometry in
Figure 2. The photometry of the final sample of 33 TDE:s is
presented in Appendix A.

2.3.2. Optical Spectroscopy

To spectroscopically classify the TDE candidates, we
obtained low-resolution optical spectra with the Spectral
Energy Distribution Machine (SEDM; Blagorodnova et al.
2018; Rigault et al. 2019; Kim et al. 2022) on the robotic
Palomar 60 inch telescope (P60; Cenko et al. 2006), the Low
Resolution Imaging Spectrograph (LRIS; Oke et al. 1995) on
the Keck I telescope, the Double Spectrograph (DBSP; Oke
& Gunn 1982) on the 200 inch Hale telescope, and the De
Veny Spectrograph on the Lowell Discovery Telescope
(LDT). Note that all DBSP observations are affected by a
CCD malfunction, which results in a wavelength gap
between 5750 and 6200 A. The instrument configurations
and data reduction procedures follow those described in
Appendix B of Yao et al. (2022a).

We also made use of spectra uploaded to the transient name
server (TNS) by other groups. For each TDE that was not
previously reported in the literature, we release at least one
optical spectrum in this paper. An observin% log of the released
data is provided in Appendix A (Table 7).”®

2.4. Classification

As mentioned in Section 2.2, five of the 55 photometrically
selected TDE candidates do not have spectroscopic classifi-
cations. Using light curves, host galaxy spectroscopy, and
multiwavelength information (see details below), we classify
ZTF19aaciohh and ZTF20acvezvs as TDE?, ZTF19aaywayr

3 Upon publication, all spectra in Table 7 will be available in electronic
format on the Weizmann Interactive Supernova Data Repository (Yaron & Gal-
Yam 2012).
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Figure 2. g—r evolution of the 55 TDE candidates. The top panel shows 5
objects without spectroscopic classifications, and the other 8 panels show 50
spectroscopically classified objects. Color has been corrected for Galactic
extinction.

as AGN?, and ZTF20aczhaeu and ZTF21abislwc as SN?.
Tables 2 and 3 summarize 22 false positives and 33 TDEs.
Below, we comment on the individual events.

Yao et al.
Table 2

Spectroscopic Classifications of 22 False Positives
ZTF name Class Reference
ZTF18abavruc SN Ia Angus (2021)
ZTF20aaivego SN Ia Dahiwale & Fremling (2020b)
ZTF20ackdkva SN Ia Dahiwale & Fremling (2020c)
ZTF21abcmepi SN Ia SNIascore (2021)
ZTF21abwjibi SN Ia Yao (2022)
ZTF20aaurjbj SN II Siebert (2020)
ZTF20aayxdse SN II Dahiwale & Fremling (2020d)
ZTF20achuhlt SN II Yan et al. (2020)
ZTF21aaglrzc SN II Dahiwale & Fremling (2021)
ZTF21abdmevk SN I Bruch et al. (2021)
ZTF21abzcigh SN II Chu et al. (2021a)
ZTF19abulzhy SN IIn Dahiwale & Fremling (2020e)
ZTF20abgoocl SN IIn Perley et al. (2020a)
ZTF19acfwynw SLSN-I Nicholl et al. 2019b
ZTF20abobpcb SLSN-I Perez-Fournon et al. (2020)
ZTF2laavdqgf SLSN-I Yao et al. (2021c)
ZTF20aasuiks SLSN-II Tucker (2021)
ZTF20acbcfaa SLSN-II Pessi et al. (2020)
ZTF19abvgxrq AGN Frederick et al. (2021); Yu et al. (2022)
ZTF21abislwc SN? This work
ZTF20aczhaeu SN? This work
ZTF19aaywayr AGN? This work

2.4.1. False Positives

Among the list of 22 false positives, spectroscopic
classifications are available for 19 objects: five were classified
as Type Ia supernovae (SNe Ia); six were classified as Type 11
SNe (SNe II); two were classified as Type IIn SNe (SNe IIn);
three were classified as hydrogen-poor superluminous SNe
(SLSNe-I); two were classified as hydrogen-rich SLSNe
(SLSNe-II); one was classified as an AGN. ZTF20aczhaeu
and ZTF2labislwc are probably SNe since their post-peak
color reddened significantly, which is different from known
TDEs (see Figure 2).

ZTF19aaywayr is probably a slow AGN flare. In the forced
photometry light curve, it has two peaks: the first at m, = 19.9
mag in 2019 June, and the second at m, = 18.1 mag in 2020
September. The rise time of the second peak is ~400 days,
which is a factor of ~10 longer than the typical rise time of the
spectroscopically classified TDE sample. Therefore, we think it
is more likely to be an AGN.

2.4.2. True Positives

The TDE classifications of 15 objects (IDs 1-3, 5-6, 8-15,
18, 24) have been previously reported in refereed papers
(Arcavi et al. 2020; Nicholl et al. 2020; Hinkle et al. 2021;
Stein et al. 2021; van Velzen et al. 2021; Yao et al. 2022a;
Angus et al. 2022; Hammerstein et al. 2023).

Two objects were detected in the radio band with the Very
Large Array Sky Survey (VLASS; Lacy et al. 2020). In short,
ZTF19aaciohh/AT2019baf (ID 4) is hosted by a galaxy with
Seyfert-like emission line ratios. Multiwavelength properties
suggest that it is likely a TDE associated with a jet.
ZTF20acaazkt/AT2020vdg (ID 16) can be spectroscopically
classified as a TDE based on the existence of intermediate-
width (~700 km sfl) transient Balmer lines, He II, and Fe X
emission lines. Detailed properties of these two events will be
presented as part of a sample of VLASS-selected TDE
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Table 3
Basic Information of 33 TDEs in Our Sample

ID ZTF Name IAU Name R.A. Decl. Redshift TDE Report Spectral Subtype
(deg) (deg)

1 ZTF18acaqdaa AT2018iih 262.0163662 30.6920758 0.212 van Velzen et al. (2021) TDE-He

2 ZTF18acnbpmd AT2018jbv 197.6898587 8.5678292 0.340 Hammerstein et al. (2023) TDE-featureless

3 ZTF19aabbnzo AT2018Ina 105.8276892 23.0290953 0.0914 van Velzen et al. (2021) TDE-H-+He

4 ZTF19aaciohh AT2019baf 268.0005082 65.6266546 0.0890 This paper; J. Somalwar et al. (2023, in preparation) Unknown

5 ZTF17aaazdba AT2019azh 123.3206388 22.6483180 0.0222 Hinkle et al. (2021) TDE-H+He

6 ZTF19aakswrb AT2019bhf  227.3165243 16.2395720 0.121 van Velzen et al. (2021) TDE-H

7 ZTF19aaniqrr AT2019cmw  282.1644974 51.0135422 0.519 This paper; J. Wise et al. (2023, in preparation) TDE-featureless

8 ZTF19aapreis AT2019dsg 314.2623552 14.2044787 0.0512 Stein et al. (2021) TDE-H-+He

9 ZTF19aarioci AT2019¢hz 212.4245268 55.4911223 0.0740 van Velzen et al. (2021) TDE-H

10 ZTF19abzrhgq AT2019qiz 71.6578313 —10.2263602 0.0151 Nicholl et al. (2020) TDE-H+He

11 ZTF19acspeuw AT2019vcb 189.7348778 33.1658869 0.0890 Hammerstein et al. (2023) TDE-H-+He

12 ZTF20aabqihu AT2020pj 232.8956925 33.0948917 0.0680 Hammerstein et al. (2023) TDE-H-+He

13 ZTF20abfcszi AT2020mot 7.8063109 85.0088329 0.0690 Hammerstein et al. (2023) TDE-H-+He

14 ZTF20abgwfek AT2020neh  230.3336852 14.0696032 0.0620 Angus et al. (2022) TDE-H-+He

15 ZTF20abnorit AT2020ysg 171.3584535 27.4406021 0.277 Hammerstein et al. (2023) TDE-featureless

16 ZTF20acaazkt AT2020vdq 152.2227354 42.7167535 0.0450 This paper; J. Somalwar et al. (2023, in preparation) Unknown

17 ZTF20achpcvt AT2020vwl  232.6575481 26.9824432 0.0325 Hammerstein et al. (2021a) TDE-H-+He

18 ZTF20acitpfz AT2020wey  136.3578499 61.8025699 0.0274 Arcavi et al. (2020) TDE-H-+He

19  ZTF20acnznms AT2020yue 165.0013942 21.1127532 0.204 This paper TDE-H?

20 ZTF20acvezvs AT2020abri 202.3219785 19.6710235 0.178 This paper Unknown

21 ZTF20acwytxn AT2020acka  238.7581288 16.3045292 0.338 Hammerstein et al. (2021b) TDE-featureless

22 ZTF21laaaokyp AT2021axu 176.6514953 30.0854257 0.192 Hammerstein et al. (2021c¢) TDE-H-+He

23 ZTF2laakfqwq AT2021crk 176.2789219 18.5403839 0.155 This paper TDE-H-+He?

24 ZTF21aanxhjv AT2021ehb 46.9492531 40.3113468 0.0180 Yao et al. (2022a) TDE-featureless

25  ZTF2laauuybx AT2021jjm 219.8777384  —27.8584845 0.153 Yao et al. (2021d) TDE-H

26  ZTF2labaxaqq  AT2021mhg 4.9287185 29.3168745 0.0730 Chu et al. (2021b) TDE-H+He

27  ZTF2labcgngn AT202Inwa  238.4636684 55.5887978 0.0470 Yao et al. (2021b) TDE-H-+He

28 ZTF21abhrchb AT2021qth 302.9121723 —21.1602187 0.0805 This paper TDE-coronal

29 ZTF21abjrysr AT2021sdu 17.8496154 50.5749060 0.0590 Chu et al. (2021c) TDE-H+He

30  ZTF2labghkjd AT2021uqv 8.1661654 22.5489257 0.106 Yao (2021) TDE-H+He

31 ZTF21abqtckk AT2021utq 229.6212498 73.3587323 0.127 This paper TDE-H

32 ZTF2labxngcz AT2021yzv 105.2774821 40.8251799 0.286 Chu et al. (2022) TDE-featureless

33 ZTF21acafvhf AT2021yte 103.7697396 12.6341503 0.0530 Yao et al. (2021a) TDE-H-+He

Note. The first 16 objects were selected from ZTF-I (from 2018 October 1 to 2020 September 30) with m,c. < 18.75. The last 17 objects were selected from the first
year of ZTF-II (from 2020 October 1 to 2021 September 30) with mg peac < 19.1. In the “TDE report” column, we include a refereed paper if existent.

(This table is available in machine-readable form.)

(candidates) with optical flares (see J. Somalwar et al. 2023, in
preparation).

ZTF19aaniqrr/AT2019cmw (ID 7) was first reported by
Perley et al. (2020b) as a peculiar transient discovered in the ZTF
Bright Transient Survey (BTS; Perley et al. 2020b; Fremling
et al. 2020). With an absolute magnitude of M < — 23 mag, it
was the most luminous event in the BTS sample. Its high
luminosity and featureless optical spectra make it similar to
events previously classified as TDE-featureless by Hammerstein
et al. (2023). Detailed analysis and modeling of this object will be
presented by J. Wise et al. (2023, in preparation).

ZTF20acnznms/AT2020yue (ID 19) was previously classified
as a SLSN-II by Kangas et al. (2022). However, some observed
properties of this object favor a TDE interpretation. The upper
panel of Figure 3 shows the UV and optical light curves. The
color uvm2 —r is 1.56+0.19, 1.47+0.22, and 037 £
0.19mag at r~14, 37, and 278 days, respectively. This
indicates a significant increase of temperature from 37 to
278 days post peak, which is not uncommon in TDEs
(Hammerstein et al. 2023), but not observed in SLSNe.

The middle panel of Figure 3 shows the three optical spectra
published in Kangas et al. (2022), as well as a deep late-time

optical spectrum obtained by us in 2022 November using
85 minutes of LRIS on-source time (see details in Table 7).
Broad Ha emission is seen in the —13, 46, and +39 days
spectra. In the 46 days LRIS spectrum, we clearly identified
narrow absorption lines of the Mg I A2800 doublet as well as a
broad absorption trough around rest-frame 2660 A, which can
be attributed to blueshifted MgII absorption. Such near-UV
features have been observed in both SLSNe (Chomiuk et al.
2011; Quimby et al. 2011) and the TDE PS1-11af (Chornock
et al. 2014).

At =595 d, the transient flux is still detected at
r=22.340.3 in the ZTF forced photometry. No broad lines
characteristic of SLSN nebular emission (such as [OI] A6300
and [Cal] A7300; Nicholl et al. 2019a) are observed. The
6500-6640 A spectrum can be decomposed into three narrow
components (from the host galaxy) and a broader component
that originates from the transient (see the bottom panel of
Figure 3). The late-time luminosity of the broad Ha component
is 1.8 x 10* erg s_l, which is a factor of 5-10 times brighter
than that observed in the optically selected TDEs ASASSN-
141i and ASASSN-14ae (Brown et al. 2017) but similar to the
radio-selected TDE VLASS J1008 (J. Somalwar et al. 2023, in
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Figure 3. UV and optical properties of AT2020yue. Upper: ZTF and UV light
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To highlight the broad Ha component, the y-axis is shown in linear-scale
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preparation). The full width half maximum of the transient Ho
line decreased from ~14,000kms~! at early time to
~2250kms ' at ~595 days. Such a narrowing phenomenon
has been observed in a few known TDEs (Brown et al. 2017;
Onori et al. 2019; Nicholl et al. 2020) and can be explained by
a decrease in the optical depth of the line-emitting region (Roth
& Kasen 2018).
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Figure 4. Optical spectra of 10 objects. Strong atmospheric telluric features
have been masked. The top 9 objects show broad emission lines characteristic
of spectral classes of TDE-H, TDE-H+He, and TDE-He. In a few objects, we
have subtracted the blue blackbody continua and masked strong host galaxy
narrow emission lines. The bottom spectrum was obtained for the host galaxy
of AT2020abri.

ZTF20acvezvs/AT2020abri (ID 20) has no optical spectrum
obtained during the optical flare. A post-flare spectrum clearly
shows host galaxy absorption lines at z=0.178 (see Figure 4).
Following the procedures adopted by Sazonov et al. (2021), we
measure the equivalent width (EW) of the Ha emission line
and the Lick Hby induex, resulting in EW(H a,,,) = 3.22 A, and
Lick Héa abs = 5.52 A. We consider this object to be a probable
TDE since (i) its color remains blue (g — r~ — 0.2 mag) for
~200 days (see Figure 2), and the lack of cooling makes it
different from most SNe; (ii) the relatively strong Hé
absorption and weak Ha emission suggest that the host is a
post-starburst galaxy, which is overrepresented in previous
samples of TDE host galaxies (French et al. 2016; Law-Smith
et al. 2017, French et al. 2020; Hammerstein et al. 2021d).

ZTF21aakfqwq/AT2021crk (ID 23) has a DBSP spectrum
obtained during the optical flare, which is not of high signal-to-
noise ratio (S/N; see Figure 4). A broad emission line at Ha is
clearly present (with the red wing slightly affected by telluric
absorptions), while the He I wavelength region is affected by
the DBSP CCD malfunction. Therefore, we tentatively assign a
spectral subtype of TDE-H+He? for this object.

ZTF21abhrchb/AT2021qth (ID 28) was missed by real-time
selection with optical surveys, but was later revealed to be a
TDE based on an X-ray detection at Ly~ 6 x 10*ergs™
from SRG/eROSITA (private communication). X-ray data of
this object will be presented as part of a sample of SRG-
selected TDEs with strong optical flares by M. Gilfanov et al.
(2023, in preparation). Such a high X-ray luminosity is not
theoretically expected in interaction-powered SNe (see Figure 3
of Margalit et al. 2022), and > x 10 brighter than the peak of
the most X-ray luminous known SN IIn (see, e.g., Figure 7 of
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Figure 5. Optical spectra of AT2021qth, compared with the SDSS spectrum of
the prototype extreme coronal line emitter SDSS J0952+2143 (Komossa
et al. 2008; Palaversa et al. 2016).

Yao et al. 2022b). Figure 5 shows that its late-time optical
spectrum exhibits highly ionized narrow emission lines of
[NeI], [NeV], [Fevi], [FeX], [FeXi], and [FeXIV]—
reminiscent of the known class of extreme coronal line emitters
(Komossa et al. 2008; Somalwar et al. 2022).

ZTF21abqtckk/AT2021utq (ID 31) was previously classified
as a variable star on TNS based on the fact that its parallax was
reported by Gaia Data Release 2 (DR2) and that the distance
was estimated by Bailer-Jones et al. (2018) to be ~1kpc
(Burke et al. 2021). However, both the Gaia parallax
(w=—0.91+1.51 mas) and the distance estimate (1.1670:3)
kpc) have large uncertainties. Moreover, a post-flare optical
spectrum reveals host galaxy absorption lines at z = 0.127 (see
Figure 6). At this redshift, the TNS spectrum exhibits a board
emission line at Ha, suggesting a spectral class of TDE-H.

The TDE classifications of the remaining 10 objects have
been previously reported to TNS by the ZTF group. Their
optical spectra are shown in Figure 4 for objects with broad
emission lines, and in Figure 7 for two objects in the TDE-
featureless spectral class.

We note that, although TDEs can evolve and change
spectroscopic subtypes (Nicholl et al. 2019¢c; van Velzen et al.
2020; Charalampopoulos et al. 2022), a precise labeling of the
subtype is not important for this work.

3. Light-curve Characterization

In this section, we aim to systematically estimate the peak-
light properties and light-curve evolution timescales of the 33
TDEs. We outline the procedures of the fitting routine in
Section 3.1, describe the choice of the light-curve model in
Section 3.2, and summarize the results in Section 3.3.

3.1. The Fitting Routine

Model fitting was performed using the Markov Chain Monte
Carlo (MCMC) approach with the emcee sampler (Foreman-
Mackey et al. 2013). For each TDE (at redshift z) and each
observation i, the input data are #; (rest-frame days relative to
the visually determined light-curve maximum), L;, o; (Galactic
extinction-corrected luminosity and its uncertainty in the
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Figure 6. Optical spectra of AT2021utq. The late-time DBSP spectrum shows
host galaxy absorption lines (Na I, Call, Balmer series) at z = 0.127. At this
redshift, the early time spectrum reported by Burke et al. (2021) exihibits a
broad emission line around Hey, making it consistent with the TDE-H spectral
class.

observed band), and v; (rest-frame effective frequency of the
observed band). We assume negligible host galaxy extinction.

Following Yao et al. (2019), we add a constant additional
variance o3 to each of the measurement variance o7 to account
for systematic uncertainties. We use 100 walkers and N steps,
where N is typically 1000-3000. We visually inspect the
walker values as a function of step to ensure convergence. The
posterior distribution is obtained after discarding the first
N — 500 steps.

3.2. The Light-curve Model
3.2.1. The SED Shape

It has been shown that the UV and optical emission of TDEs
can be described with a thermal blackbody (Gezari 2021).
Therefore, we assume that the UV and optical spectrum follows
a blackbody B,(Typ,). Our goal is to determine the blackbody
parameters (temperature Ty, radius Ry, and luminosity Lyy) at
maximum light.

Since the majority of known TDEs show little temperature
evolution (van Velzen et al. 2020), we assume the temperature
is fixed to that near peak. However, this assumption is not
appropriate for a few TDEs in our sample (IDs 2, 5, 7, 8, 10,
13, 14, 18, 21, 24, 27) with significant post-peak uvw2 —r
color change. Since our goal is to constrain the peak-light
blackbody parameters, we excluded late-time UVOT data for
these objects.”’

3.2.2. The Rise Function

Following van Velzen et al. (2021), we first model the light
curve at # < 100 days with a Gaussian rise and an exponential
decay:

2
e(r*tpcak)z/(zarise) t < tpeak.

L,(t)=A4A, X ; (1a)

e_(t_tpsak)/'rdccay > lpeak

2% We removed UVOT data at t 2 te, Where fe, is the time when clear
evidence of post-peak cooling or heating is observed. We chose 7./, € (5, 100)
days for each of the 10 objects by visually inspecting their multiband light
curves.
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evolution.

B,(Ty)
By(To)

AV = Ly peak (lb)

Here, L, peax is the rest-frame g-band (v =6.3 x 10 Hz)
peak luminosity, and #peq is the epoch of rest-frame g-band
maximum.

A Gaussian function is generally a good model when the
data sampling is sparse on the rise, since it reduces the model
complexity by imposing strong assumptions on the shape of the
light-curve profile. However, it cannot describe a rise where the
flux increase rate decreases as a function of time (e.g., see
Figure 8). Therefore, for objects with good sampling on the
rise,>? we also fit the rise with a power-law function:

0 t <ty

t—tg)"

(t —tn) < 1< hoeu )
(tpeak - tﬂ)n

L) = A, x

where t; is the first-light epoch, and n is the rise power-law
index. We consider the power-law rise model to be superior to
the Gaussian rise model if the best-fit o is smaller, and the
68% confidence region of n is <0.5. The adopted rise function
for each TDE is given in the “Model” column of Table 4.

3.2.3. The Decline Function

Having decided on the rise function, we fit the light curve
within # < 365 d with six types of decline functions:

1. an exponential decline (model d1; Equation (1a)),

30 Here, good sampling is defined as follows. For each object, we select data
within [fpeax — 20%ises fpeak 1 Orisels Where fpe and oy are best-fit model
parameters from Equation (1(a)). We require that the maximum time separation
in consecutive pairs of observations is less than oyjge.

Yao et al.
2. a power-law decline (model d2)
t — theak + 10\
L) = A(M) £ e 3)
)
3. an exponential decline followed by a late-time plateau
(model d3),
4. a power-law decline followed by a late-time plateau
(model d4),

5. an exponential decline with a secondary peak on top of
that (model d5),

6. a power-law decline with a secondary peak on top of that
(model d6).

In functions d5 and d6, we assume that the secondary peak has
a Gaussian rise and an exponential decline. We compare the
Bayesian information criterion (BIC) of the six model fits and
choose the one with the smallest value of BIC. The adopted
decline function for each TDE is given in the “Model” column
of Table 4.

3.3. The Fitting Results

Figure 9 shows the fitting results. The light-curve properties
obtained with the best-fit models are provided in Table 4,
where f,c. is the peak-light epoch, Ty, Ly, and Ry, are the
blackbody parameters at peak; L, is the rest-frame g-band
luminosity at peak (corrected for Galactic extinction). Follow-
ing conventions of transient studies (Yao et al. 2022b; Ho et al.
2023), we characterize the light-curve evolution speed by
calculating the rest-frame duration it takes for a TDE to rise
from half-max to max (#; /2 sis.) and to decline from max to half-
max (2 gectine)- The rest-frame duration above half-max light
is 112 = 11 /2.rise T 11 /2.decline

4. Host Galaxy Analysis
4.1. Observation
4.1.1. Photometry

For the TDE host galaxies, we retrieved science-ready
coadded images from the Galaxy Evolution Explorer (GALEX)
general release 6/7 (Martin et al. 2005), the Sloan Digital Sky
Survey data release 9 (SDSS DR9; Ahn et al. 2012), the PS1,
the Two Micron All Sky Survey (2MASS; Skrutskie et al.
2006), and the unWISE archive (Lang 2014). We measured the
brightness of the host galaxies using the Lambda Adaptive
Multi-Band Deblending Algorithm in R (LAMBDAR;
Wright et al. 2016) and the methods described in Schulze et al.
(2021).

We note that some fields were observed more than once with
GALEX, while the Schulze et al. (2021) pipeline only utilizes
the deepest GALEX exposure. Therefore, in two objects (IDs 8,
28), to make the most of GALEX observations, we
supplemented the LAMBDAR measurements with GALEX
photometry extracted by gPhoton (Million et al. 2016). We
adopted an aperture of 10” and 5” for the host galaxies of
AT2019dsg and AT2021qth, respectively. Appendix A pre-
sents the photometry in different bands.

4.1.2. ESI Spectroscopy

To measure the velocity dispersion of TDE host galaxies, we
obtained medium-resolution spectra using the Echellette
Spectrograph and Imager (ESI; Sheinis et al. 2002) on the
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Keck II telescope. In all observations, we used the Echelle
mode. Spectra were obtained for the host galaxies of 17 TDEs
(see Table 8 in Appendix A for details). A slit width of 073,
0”5, and 0775 gives an instrumental broadening of oy, = 9.5,
15.8, and 23.7kms '. We reduced the ESI spectra with the
makee pipeline.*! We extracted the spectrum using a radius of
Fextracts Which was implemented by specifying the hw and uop
parameters in makee. For most objects, Fexyace Was chosen to
match the half-light radius (see r; /, in Table 5). For a few faint
host galaxies, rexwace Was chosen to enclose a larger aperture to
maximize the S/N.

4.2. Analysis
4.2.1. ESI Spectral Fitting

The galaxy central velocity dispersion o, (i.e., the intensity
weighted mean of the root-mean-square of the line-of-sight
stellar velocity) is known to be correlated with the central
massive BH mass (Merritt & Ferrarese 2001; Pinkney et al.
2003; Giiltekin et al. 2009; Kormendy & Ho 2013). Following
previous works (Wevers et al. 2017; Somalwar et al. 2022), we
measured o, with the penalized pixel-fitting (pPXF) software
(Cappellari & Emsellem 2004; Cappellari 2017), which fits the
ESI absorption line spectrum by convolving a template stellar
spectral library with Gauss-Hermite functions.

We used the ELODIE v3.1 high-resolution (R =42,000)
library (Prugniel & Soubiran 2001; Prugniel et al. 2007). For
all ESI spectra, we fit the rest-frame wavelength range from
5030 to 5600 A. Prominent galaxy absorption lines** of Mg,
Fel, Cal, and CrI in this wavelength range are shown in
Figure 10. We masked wavelength ranges of common galaxy
emission lines, hydrogen Balmer lines, telluric regions, an
instrument artifact feature at observer-frame ~4510 A, and the
NalI D doublet at z= 0 if Galactic absorption is strong.

Following previous works (Wevers et al. 2017, 2019; French
et al. 2020), we performed 1000 Monte Carlo (MC) simulations

3 hitps: //www2 keck.hawaii.edu/inst/esi/makee.html
32 We take the strong lines table in the National Institute of Standards and
Technology atomic database.
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to robustly determine o.. In each MC simulation, the observed
spectrum was resampled within its error spectrum and refitted
with pPXF. By visually examining results of the simulations,
we confirmed that the distributions of the velocity dispersion
are well-behaved (i.e., not double-peaked or skewed). We took
the median of the distribution as the velocity dispersion, and
the difference between the 84th/16th percentiles as the
uncertainty. The best-fit spectra and the measured o, are
shown in Figure 10.

4.2.2. SED Fitting

We modeled the photometric spectral energy distribution
(SED) of host galaxies with the software package prospec-
tor version 1.1 (Johnson et al. 2021). prospector uses the
Flexible Stellar Population Synthesis (FSPS)
code (Conroy et al. 2009) to generate the underlying physical
model and python-fsps (Foreman-Mackey et al. 2014) to
interface with FSPS in Python. We assumed a Chabrier initial
mass function (Chabrier 2003) and approximated the star
formation history (SFH) by a delayed exponentially declining
function. The model was attenuated with the Calzetti et al.
(2000) model. The fitted parameters are presented in columns
(3)—(8) of Table 5, where M,, is the host galaxy total stellar
mass; Oy — r is the Galactic extinction-corrected, synthetic
rest-frame u —r color; 7spy is the characteristic e-folding
timescale of the SFH; f,,. is the stellar age; Z is the metallicity;
and E(B — V), is the host galaxy extinction.

A fraction of our TDE host galaxies have been analyzed with
similar approaches in the literature (Ramsden et al. 2022;
Hammerstein et al. 2023). In Appendix C, we show that our
estimates of M,, and 00, — 1 are mostly consistent with
previous results, and point out possible reasons for the
differences. The best-fit galaxy SEDs are also shown in
Appendix C.

4.2.3. Black Hole Mass Estimates

Here, we estimate the BH mass Mgy of our TDE sample
using host galaxy scaling relations.

For objects with o, measurements, we use the (Kormendy &
Ho 2013, Equation (3)) Mgy—0 relation:

log M0 = —(0.509 + 0.049) + (4.384 + 0.287)

); intrinsic scatter = 0.29, @

Ox
log| ——
g ( 200 km s~

where Mpy.9 = Mpn/ 10° M, In addition to the 17 objects with
ESI spectra (Table 8), we adopt o, =69+2kms ' for
AT2019qiz (Nicholl et al. 2020), and o, =40 + 6 km s~ ! for
AT2020neh (Angus et al. 2022).

Figure 11 shows the inferred Mgy versus My, (derived from
galaxy SED fitting; Section 4.2.2) of these 19 objects. We fit a
linear relation to these objects:

log Mgio = —(1.75 £ 0.13) + (1.73 + 0.23)
Mgal

X log| ———=————|; intrinsic scatter = 0.17, 5
g(3 X 101°M@) ©)

which is shown as the solid red line. For reference, we
also show empirical relations from the literature. Reines &
Volonteri (2015) adopt dynamical BH masses for inactive


https://www2.keck.hawaii.edu/inst/esi/makee.html

THE ASTROPHYSICAL JOURNAL LETTERS, 955:L6 (31pp), 2023 September 20 Yao et al.
Table 4
Light-curve Properties and Survey Efficiencies
ID IAU Name Model Tpeak log Ty logL, log Ly log Ryb 112, rise 11 /2,decline Dinax.t Zmaxt Soss
(MID) X ergs™)  (ergs™h (cm) (days) (days) (Mpc)

1 AT2018iih r2+d2  58451.13*3% 422 44.11 44.59 15.43 31.0%33 86.5133 1501 0.291 0.525
2 AT2018jbv rl+d2 58470367059 4.50 44.23 4533 15.24 344+ 65.9%33 2052 0.381 0.328
3 AT2018Ina ri+dl  58507.31732 4.49 43.21 44.27 14.73 155713 302513 488 0.106 0241
4 AT2019baf r2+d6  58514.161 542 4.10 43.52 43.81 15.28 23.292 27.658 668 0.141 0.475
5 AT2019azh r2+d2  58561.39+493 4.46 43.30 4431 14.80 247413 44.1%04 547 0.118 0.652
6 AT2019bhf ri+d2  58544.78714 4.14 43.46 43.81 15.20 9.9407 29.1419 630 0.134 0.207
7 AT2019cmw  r2+d2  58588.821050 434 44.68 45.41 15.60 14.0753 28.9707 3714 0.626  0.288
8 AT2019dsg ri+dl  58606.97+33) 4.41 43.18 44.05 14.79 19.7733 43,119 465 0.101 0.526
9 AT2019¢hz r2+d6  58618.69791 429 43.28 43.90 14.94 157787 28.0799 521 0.112  0.380
10 AT2019qiz rl+dd  58766.5010% 423 42.90 43.40 14.81 11.6593 17.9757 322 0.0714  0.545
11 AT2019vcb ri+dl  58819.837 %% 4.11 4335 43.65 15.19 13.6554 24604 546 0.117 0.309
12 AT2020pj ri+d2  58866.427038 4.10 42.95 43.24 14.99 12.4%91 17.2713 335 0.0742  0.158
13 AT2020mot  rl+d4  59082.047]2% 4.29 43.22 43.84 14.92 42,6113 46.1717 485 0.105 0.515
14 AT2020neh ri+dl  59030.937933 4.19 43.26 43.70 15.04 6.4704 16.479¢ 501 0.108 0.269
15 AT2020ysg ri+d2  59094.321339 437 44.24 45.04 15.35 24,0731 725431 1963 0.367 0.463
16 AT2020vdg ri+d2  59113.09%9 4.16 42.62 42.99 14.76 119717 23313 227 0.0511 0210
17 AT2020vwl ri+dd4  59166.88*}17 430 43.13 4377 14.86 222498 274+l 515 0.111 0.623
18  AT2020wey  rl+d5  59155.847940 432 4247 43.15 14.51 13.9704 52703 228 0.0514  0.302
19 AT2020yue rl+dd  59179.44113 4.06 44.00 44.24 15.57 19.57%9 628139 1399 0274  0.465
20 AT2020abri r2+d3  59208.565% 4.10 43.66 43.95 15.35 167543 317401 948 0.194 0.261
21 AT2020acka  r1+d5  59217.157)38 445 44.47 45.44 15.39 269118 28.8757 3629 0.614 0.514
22 AT2021axu ri+d2  59252.50793 4.58 43.75 45.05 14.93 23.9%03 334198 1253 0249  0.368
23 AT2021crk ri+d2  59273.90753 4.30 43.50 44.14 15.05 10.2197 20.9+14 831 0.173 0.216
24 AT2021ehb ri+d3  59314.51°3 4.44 42.58 43.54 14.46 237414 50.5+3: 265 0.0593  0.661
25 AT2021jjm ri+dl  59327.687993 4.17 43.59 43.99 15.23 9.14%7 29.14%% 893 0.184 0.304
26  AT202lmhg  rl+d4  59370.2870%2 4.49 4322 44.28 14.74 17.21%7 14751 595 0.127 0.399
27  AT202lnwa  rl+d3 59402510 4.51 42.68 43.81 14.45 271798 762412 301 0.0669  0.483
28 AT2021qth r2+dd  59401.8871% 3.96 43.14 43.30 15.30 15.8+12 391713 481 0.104 0.374
29 AT2021sdu r1+d3  59419.367032 4.30 43.09 43.73 14.84 12.2754 11.0753 488 0.106  0.340
30 AT2021ugv r1+d5  59446.39758 4.29 43.15 43.77 14.87 14.91%7 36.013% 525 0.113 0.251
31 AT2021utq ri+d6  59457.517982 439 43.39 44.22 14.91 14.679¢ 434738 736 0.155 0.390
32 AT2021yzv r2+d2  59511.50%}33 4.43 44.07 45.01 15.21 518414 69.9136 1920 0360  0.456
33 AT2021yte rl+d3  59484.9910% 4.29 42.90 43.52 14.75 18.4%52 23.7187 385 0.0847  0.413

Note. Column (3) indicates the light-curve rise and decline functional forms of the adopted model. r1: Gaussian rise. r2: power-law rise. See Section 3.2.3 for the
meaning of the six decline models. Columns (4)—(10) are light-curve properties (see Section 3.3 for definitions). Columns (11)—(13) are parameters relevant to the

survey efficiencies (see Section 5 for definitions).

(This table is available in machine-readable form.)

galaxies (Kormendy & Ho 2013), and use Mgy derived from
the width and luminosity of the Ha broad line for AGN.
Greene et al. (2020) adopt dynamical BH masses provided by
Kormendy & Ho (2013) and recent literatures (see details in
Section 8.2 of Greene et al. 2020). We use Equation (5) to
infer the Mgy for the remaining 14 objects without o,
measurements.

The inferred values of Mgy are shown in Table 5. The
majority of events (25/33) in our sample are hosted by BHs
with Mgy € (105 s 107)M@. We computed the Eddington ratio of
the UV and optical emitting component Agqq = Lup/Lgdds
where Lggq = (Mpy/M.) x 1.25 x 10°% ergs™".

Among our sample, AT2020acka (ID 21) has the greatest
value of Mgy at 108-23+0-40 M..,. For a Schwarzschild BH, the

11

maximum mass at which a star of mass m,, (in M) and radius
ry (in R.) can be tidally disrupted outside the horizon is
given by

Mygins(ms) = 1.1 x 108 Momy /2172, (6)
Assuming ry ~ m£'6 for my, > 1 (Demircan & Kahraman 1991),
Myiis = 1084 Mo (my/10)%4.  Therefore, the Mgy of
AT2020acka is still below My, of a massive star (my = 4).
The disruption of a low-mass main-sequence star requires a
rapid BH spin (Kesden 2012). Given that the 7,5 of its host
galaxy is not young, the relatively large Mpy can also be

explained by the disruption of evolved stars (MacLeod et al.
2012, 2013).
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Figure 9. Rest-frame g-band light curves of the 33 TDEs in our sample. The solid lines show the best-fit models.

5. Survey Efficiency

For an ideal survey that scans the entire sky to a given flux
limit, the volumetric rate of a given type of transient can be
estimated using the following (Schmidt 1968):

i i 1 1
R=) Ri= ,
Tgpan,i/(l + 21) Vinax,i

i=1 i=1

)

where Tgpan;/(1 +z;) is the rest-frame duration of the
experiment within which the ith transient is selected, N is the
number of transients that have passed the flux limit, the
maximum volume Vjx ; %Dﬁmx,i, and Dy, is the maximum
luminosity distance (see Section 5.2). In this work, N = 33. For
the 16 ZTF-1 TDEs, Tgn;=2yr (from 2018 October 1 to
2020 September 30); while for the 17 ZTF-II TDEs,

Tspan,; = 1 yr (from 2020 October 1 to 2021 September 30).

5.1. Loss Function

For a realistic sky survey, Vj.x in Equation (7) needs to be
replaced by the effective volume Vinax = Vinax fioss (Perley et al.
2020b). Here, the loss factor fis takes into account the facts
that the survey coverage is not all-sky, that the Galactic
extinction reduces the survey volume, that the limiting
magnitude of observations is not constant (it depends strongly

12

on the moon phase, weather, and airmass), and that fast-
evolving TDEs with fainter peak magnitudes are easier to be
missed.

To estimate fj,ss, We took the observation history of ZTF. We
obtained the limiting magnitude for each observation (with a
certain field ID and MJD) from the exposure table of ZTF
DR14.>* For each TDE, using the light-curve model obtained
in Section 3.3, we simulated fake ZTF observations by
inserting 10° light curves uniformly across all sky and Tspan,i-
We then applied the cuts outlined in Section 2.2 to compute the
fraction of observations that would have passed our selection

criteria. The values of fi,ss are given in the last column of
Table 4.

5.2. Maximum Volume

If the TDE candidate selection only depends on transient
photometric properties, then Dyax = Diax ., Where Doy ¢ 1s the
distance out to which a transient can be detected above the flux
limit of our experiments (i.e., Mpca < 18.75 for ZTF-1 TDEs,
and mg pea < 19.1 for ZTF-II TDES). Dy, can be computed
using the redshifts and the best-fit values of Typ, Lpp

33 Accessible at hitps:/ /irsa.ipac.caltech.edu/data/ZTF/docs /ztf_metadata_
latest.db.
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Table 5
Host Galaxy Properties
ID TIAU name log Mg 00y — 1 TSFH fage logZ EB -V log Mgy 04 ri/2 Zmax.h
M) (mag) (Gyr) (Gyr) (Z2) (mag) M) (kms™") )
1 AT2018iih 10697012 217809 033703 859138 —1.02%08 0.1343:39 7934035 14864 +1442 15 0.60
2 AT2018jbv 10201010 1.98%%18  o7iHlE 7877338 —1.2799¢ 0.15+0:58 6.77 £ 0.40 1.0 0.52
3 AT2018lIna 9501012 184X 037705 8331385 143504 0.06+0:04 5.56 4+ 0.51 14 026
4 AT2019baf  10.27139% 1754093 3.2370%¢ 10577338 —0.5479% 0.17+35¢ 6.89 + 0.24 1.8 0.43
5 AT2019azh 9.88+093 1767990 02979% 226708 —0.63751 0.06559! 6.44 £ 0.33 67.99 + 2.03 4.0 0.41
6 AT2019bhf 1039790  1.9610% 174703 104571%  —0.95°08 0.1255% 7.10 +0.24 1.7 0.45
7 AT2019cmw  10.887040 2224032 040709 740133 —074738  0.16%0% 7.94 +0.42 1.0 063
8 AT2019dsg 1034799 212409 0497983 4301085 0.1175% 0.0175%2 6.90 + 0.32 86.89 & 3.92 2.5 0.42
9 AT2019¢hz 9.651013 19379007 0767087 6.0873%  —1.36703: 0.1375% 5.81 +0.46 1.7 0.32
10 AT2019giz 10287008  2.36700¢  0.26193%  10.95T[48  —0.417013 0.0350% 6.48 +0.33 69.70 + 2.30 9.9 0.27
11 AT2019vcb 9.7740%3 154708 3.00703] 10467130 —0.95793 0.1073% 6.03 £ 0.36 12 0.44
12 AT2020pj 10014597 2015007 143454 928737 —1.35903 0.17+593 6.44 + 031 1.7 0.35
13 AT2020mot 10407098 220799 118703  9.5273%  —0.7370% 0.123:58 6.66 + 0.34 76.61 +5.33 1.4 0.49
14 AT2020neh 9.8070% 1491003 325700 10411140 —1.1979%8 0.1273% 5.43 +0.46 40.00 + 6.00 1.7 0.38
15 AT2020ysg 1070793 2.097%17  1.63%0% 10247185 —0.1275% 0.07+3:3¢ 8.04+033 15778 £13.03 12 0.56
16 AT2020vdg 9.25+097 169708 1.34198 8.1812%0  —1.10503) 0.065%4 5.59 +0.37 43.56 + 3.07 1.3 0.27
17 AT2020vwl 9.89700% 208007 036733 8B8IE  —0.84735 0.0519:93 5.79 £0.35 48.49 +2.00 24 0.27
18 AT2020wey 967100  2.0579%  0.61704)  7.927332 11870 0.119:9 5.40 £ 0.38 39.36 +2.79 2.1 0.24
19  AT2020yue 10197019 1.48%300 418433 7.6883% —0.5170F 0.1653%4 6.75 £ 0.32 1.5 0.59
20 AT2020abri  9.54701F 185703 029104 674737 —129%0% 005709 5624051 09 036
21 AT2020acka  11.037015 22150088  0.5670% 7215338 —1.2000% 0.2175% 823+£0.40 17447 +£2530 L1 0.70
22 AT202laxu 1020700 1787098 042f0%¢  7.8243¢ 157103 0.065% 6.59£0.55  73.50 +17.26 12 0.51
23 AT2021crk 9.89%010  1.28%00 290122 8597390 —1.0970% 0.065%4 6.12 £ 0.39 57.62 +6.29 1.6 0.48
24 AT202lehb 10237500} 2343000 020503 11.96704  —0.437004 0.0159%8 7.16 £0.32 99.58 + 3.83 33 0.27
25 AT2021jjm 947501 113508 453733 6387340 —1.23703 0.1159%3 5514+ 0.51 0.7 0.52
26 AT2021mhg  9.657012 2,059 026708 7713k 12770 0.1279% 6.13 £ 0.37 57.78 +5.25 1.0 0.31
27 AT202Inwa 10137992 2247008  1.097912  10.9471%  —0.587013 0.06°3%3 7.22 £0.32 102.44 £ 5.37 1.7 0.36
28 AT2021qth 9.7370M 19180 265738 517138 —0.9470%] 0401013 5.95 4+ 0.48 12 031
29 AT2021sdu 1015509 1457390 222737 6.6313%  —0.017%9 0.073% 6.68 £ 0.29 2.6 0.42
30 AT202luqv 1014759 1.65709%  2.18F1S 770838 154404 0.2175:% 6.27 +0.39 62.30 + 7.08 1.4 0.49
31 AT202lutq  9.66709% 149704 2447137 881738 —09470# 009700  5.84+043 11 045
32 AT2021lyzv  10.837312 2158088 0207038 835138 —1.1379¢ 0.13+9%7 790+ 040 14638 +£2078 1.5 0.61
33 AT2021yte 9.17+347 138502 340738 6387382 124757 0.15+:98 5.13 £ 045 3422 + 4.81 1.6 0.29

Notes. Columns (3)—(8) are host galaxy properties inferred with SED fitting (see Section 4.2.2). The black hole mass Mgy is inferred using the Mgy—o, scaling
relation for the 19 objects with available o, measurements, and using the Mgy—Mg, scaling relation for the remaining 14 objects. ry /, is the mean of (seeing-corrected)
half-light radii in the g-, -, and i-band images as measured by LAMBDAR. Zmax,n 1S the maximum redshift out to which the host galaxy can be detected in the ZTF

reference catalog (see details in Section 5.2).

(This table is available in machine-readable form.)

(Section 3). The results of Dy, and the corresponding
maximum redshift zpm,y ¢ are shown in Table 4.

However, in steps (1) and (2) of our TDE selection criteria
(Section 2.2), we required the detection of each host galaxy in
the ZTF reference image, the depth of which (for point sources)
is m <23 (Masci et al. 2019). It is easy to imagine that TDEs
hosted by lower-mass galaxies and galaxies with redder colors
can only be selected out to a smaller volume (because at higher
redshifts, these galaxies will not be cataloged in the ZTF
reference, and the transient will appear as hostless).

Therefore, for each of the TDE host galaxies, we estimated
Zmax.h» Which is the maximum redshift out to which the
observer-frame PSF AB magnitude (in either g or r band) will
be <23. We computed Zpmax 1 Using the best-fit prospector
models derived in Section 4.2.2. To include the effects of PSF
photometry on extended sources, we multiplied the model SED
fluxes by a factor of 10~04Cmese—mumoan) - where mpgp is the
rPSFMag column in the PS1 StackObjectView catalog

13

(Flewelling et al. 2020), and myauspar i the PS1 r-band

magnitude in the LAMBDAR photometry (see Table 10 in

Appendix A). The derived values of zyax n are given in Table 5.
Taken together,

Zmax,i — min(zmax,t,i’ Zmax,h,i)« (®)
We find that all 33 TDEs in our sample satisfy
Zi < Zmaxti < Zmaxni- Therefore, for this TDE sample,

Zmax — Zmax,t-

6. Results and Discussion

6.1. Correlations between TDE Photometric and Galaxy
Properties

Here, we investigate the correlations between the TDE
photometric and host galaxy properties. We focus on the three
blackbody parameters (Lyp, Top, Rpb), ti2 (defined in



THE ASTROPHYSICAL JOURNAL LETTERS, 955:L6 (31pp), 2023 September 20

Yao et al.

AT2020acka

AT2020ysg

17

16

AT2018iih

AT2021nwa
13
AT2021ehb

AT2019dsg

AT2020mot

Normalized f, + offset

AT2021crk

w

i

AT2020vwl

AT2020vdq

w

AT2020wey

1
5250

: 1
5200

1 1 1
5050 5100 5150

1
5300

1 1 1 1
5350 5400 5450 5500 5550 5600

Rest-frame Wavelength (A)

Figure 10. ESI spectra of 17 TDE host galaxies arranged in order of decreasing o. The black lines are the data, and the red lines are the models. Prominent host
galaxy absorption lines are indicated by the vertical lines. Masked regions are not plotted. The median S/N of the fitted wavelength range of each spectrum is given in

Appendix A (Table 8).

Section 3.3), Aggq, and Mgy. We did not include M, since it is
strongly correlated with Mgy (Figure 11). We also did not
include #;/2rise and ? /3 decline, because both parameters are
strongly correlated with 7/, (this can be seen in Figure 9,
where TDEs that rise fast generally also decline fast). The p-
value of a Kendalls tau test between 7 /5 rise and 712 gecline 18
1.29 x 107> This result is in agreement with Hammerstein
et al. (2023). We note that the first ZTF TDE sample study

14

found no correlation between the TDE rise and decline rates
(van Velzen et al. 2021), which possibly results from the
smaller sample size.

Figure 12 shows the distribution of our sample on various
diagrams. Panel (p) shows the p-values of a Kendalls tau test
between any two of the six quantities of interest, using the total
sample of 33 TDEs and the subset of 28 TDEs at z < 0.24 (see
reasons for this cut in Section 6.1.1).
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Figure 11. Mgy vs. My, for 19 TDEs with Mgy measurements inferred from
o4, labeled by IDs in Table 3. The solid red line is a linear fit to these objects
(Equation (5)). The solid, dashed, and dash—dotted blue lines are relations
presented in Greene et al. (2020; supplemental Table 5), derived using all
galaxies (with upper limits on Mpy), late-type galaxies (with upper limits), and
early-type galaxies. The thin dotted and long dashed gray lines are from Reines
& Volonteri (2015) using AGN and inactive galaxies.

6.1.1. The Selection Effects

Considering the whole sample of 33 TDE:s, the correlations
between eight pairs of parameters appear to be significant.
While a few similar correlations have also been reported by
Hammerstein et al. (2023), we note that such correlations might
be promoted by selection effects. To be in our sample, the host
galaxies need to be bright enough to be detected in the ZTF
reference catalog (Section 2.2). Since Mpy Méf (see
Equation (5)) and Mg, o< Lgy, we can find luminous TDEs
hosted by higher-mass BHs even at high redshifts.

Based on the the values of zyaxn computed in Section 5.2
(see Table 5), within z < 0.24, even the faintest host galaxy of
our sample (i.e., the host of AT2020wey) can be detected in the
ZTF reference catalog. Therefore, within this Volume there
should be no observational bias toward bright galaxies.**

Restricting ourselves to the 28 TDEs at z<0.24, the
correlation between a few pairs of parameters becomes
statistically less insignificant. The correlation between Ry, and
Ty, becomes even more significant, as expected in a flux-
limited sample if many TDEs have a similar peak blackbody
luminosity. In Sections 6.1.2 and 6.1.3, we discuss the other
two strong correlations.

6.1.2. Duration above Half-max Versus Black Hole Mass

The correlation between the light-curve evolutionary speed
and BH mass has been reported in the literature (van Velzen
et al. 2020; Gezari 2021; Hammerstein et al. 2023), which we
confirm in panel (e) of Figure 12. We note that the p-values
between 1/ and log Mgy (2 3x 10~ ) and between
11 /2.dectine @and log Mgy (1.0 x 10~ ) are comparable to (but

3 Note that, here, we do not consider galaxies with an absolute r-band PSF
magnitude fainter than that of AT2020wey.
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slightly greater than) the p-value between 7, and log Mgy
(5.0 x 1074,

We define Mg = Mgy/ (108 M). A log-linear fit between 1, ,
and Mgy for 33 TDEs yields the following (see the dashed
line):

h,2

— pg0-140.04 9)
42.5%33days ¢

bl

which has an intrinsic scatter of 0.17 dex. Restricting to the 28
TDEs at z < 0.24, we obtain a similar power-law relation of the
following (see the solid line):

L)

416438

days —_ Mé).16:l:0.05 (10)

>

which has an intrinsic scatter of 0.15 dex.
Equations (9), (10) can be compared with the fall-back
timescale of the most bound debris (see the dotted line):

Ity

— MV 2132
41 days 6 T

11

The observed shallow power-law index may be caused by other
processes. For example, the circularization of the stellar debris
has been shown to be more rapid around higher-mass BHs
(Bonnerot et al. 2016; Bonnerot & Lu 2020).

6.1.3. Eddington Ratio Versus Black Hole Mass

The distribution of our sample on the Eddington ratio and
BH mass diagram is shown in panel (d) of Figure 12. A log-
linear fit between Agpgq and My for 33 TDEs yields the
following (see the dashed line):

AEdd —0.52+0.11
— = Mg (12)
0457912 °

which has an intrinsic scatter of 0.28 dex. To correct for the
selection bias, we also fit for the 28 TDEs at z < 0.24, obtaining
a steeper power law as follows (see the solid line):

AEdd

—0.74+£0.12
_ B _ (13)
0417548

>

which has an intrinsic scatter of 0.11 dex. This relatively tight
correlation is not surprising since by definition
log Aggq = log Ly, — logMpy — 38.10. And Equation (13)
comes from the fact that L, is only weakly positively
correlated with Mgy (see the filled markers in panel (b)).

Equation (13) can also be compared with the expected peak
fall-back rate of Mp, ~ My/(3ty) relative to the Eddington
accretion rate (see the dotted line):

3/2M 3/2 (14)

MEdd = 1361 mir
where 7) is the accretion radiative efficiency, and n_; =7/0.1.
The observed power law is much shallower than that in
Equation (14). In fact, the majority of TDEs in panel (d) lie
well below the dotted line. One likely reason might be
Eddington-limited accretion. Indeed, none of the TDEs in our
sample appear to have a peak blackbody luminosity that is
significantly super-Eddington. Another natural explanation is
that the UV and optical peak blackbody luminosity only
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Figure 12. Panels (a)—(0): correlations between TDE photometric properties, Agqq, and Mgy. Symbol colors follow the same convention as in Figure 2 and Figure 9.
Hollow markers show objects at z > 0.24, where there is an observational bias toward selecting TDEs in higher-mass galaxies. Panel (a): the dotted line shows the
expected Rpp Mé{f scaling relation in a fiducial cooling envelop model (Metzger 2022); the dashed (Ryp, o< M9i%) and solid (R, o< MJ3S?) lines show the best-fit
power laws using all markers and filled markers, respectively (see Section 6.3). Panel (d): the dotted line shows the expected Eddington ratio of peak fall-back
accretion rate Aggq o< MB’}%/ 2 the dashed (\gaa MB’I({)'SZ) and solid (M\ggq Mg}?‘“) lines show the best-fit power laws using all markers and filled markers,
respectively (see Section 6.1.3). Panel (e): the dotted line shows the expected fall-back timescale of  /, o< Mllgéz; the dashed (1 /2 o< Mg;}“) and solid (f; /2 o< M&}G)
lines show the best-fit power laws using all markers and filled markers, respectively (see Section 6.1.2). Panel (p): p-value of Kendall’s tau test for 15 pairs of
parameters. The results using 33 TDEs are shown outside the parenthesis, and the results using 28 TDEs at z < 0.24 are shown in the parenthesis. Significant

correlations with p < 0.05 are highlighted in red colors.

captures a fraction of the total bolometric luminosity, with the
EUV and X-ray luminosity unaccounted for.

6.2. Luminosity Functions

While theoretical calculations show that the TDE rate may
decline by a factor of 5 from z =0, to z = 1 (Kochanek 2016), a
detailed discussion of the redshift evolution of TDE rates is
beyond the scope of this work. Hereafter, we assume that the

TDE rate remains the same out to the highest redshift object in
our sample (i.e., z < 0.519).

6.2.1. Rest-frame g-band LF

In the upper panel of Figure 13, we show the distribution

of the 33 TDEs in the observed redshift versus peak rest-
frame g-band luminosity diagram, where the boundaries of
the nine logL, bins are indicated with vertical lines. For a
certain bin j with n; TDEs and width A;logL,, the rate

16
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Figure 13. Upper: redshift vs. log L, for 33 TDEs in this work (circles) and 13
TDEs used by van Velzen (2018; crosses). The boundaries of the 9 luminosity
bins used in this work are indicated by the vertical dotted lines. Lower: TDE LF
in rest-frame g band. We show the single and double power-law fits as well as
the two LFs presented in van Velzen (2018).

¢ = D2 1/ (Tpan,i Vinax, ,)]/A logL,, and we compute the
correspondmg uncertainty of ¢; based on the Poisson error
(Gehrels 1986). For example, when n; =4, the upper and
lower limits of ¢; are qﬁ? = ¢ % 7.163/4, and ¢lj =
@; x 2.086/4.

First, we fit the seven solid data points in the lower panel of
Figure 13 with a single power law of

dR(L,) N (i)w

L =
oLy dlogL, \Lo

5)

For Lo=10% ergs ', we have Ny= 1.82+048 x 107 Mpe—3 yr',
and y = 2.00013. The best-fit model, shown as the dotted gray
line in Figure 13, is steeper than the power-law model with
v=1.6 £0.2 presented by van Velzen (2018).

Next, we describe the LF with a double power law of the

following:
R
= 0 [—— [——
¢ Ly Ly

where —~; is the faint-end slope, —, is the bright-end slope,
and Ly is the characteristic break luminosity. We perform the
fit with MCMC, obtaining Lbk = 1367088 x 108 erg s,
No = 2.877388 x 10°7 Mpc 3

2587031, This model is shown as the solid gray line in
Figure 13.

The BIC value of the double power-law fit is smaller than the
single power-law fit by 6.07. According to Raftery (1995), a
BIC difference of 0-2 is weak, a difference of 2—6 is positive,
and a difference of 6-10 is strong. Therefore, we conclude that

(16)

yr !, 4, = 0.2670%), and 7, =
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Figure 14. Upper: redshift vs. log Ly, for 33 TDEs in this work (circles), and
vs. the peak X-ray luminosity for 13 SRG-selected TDEs presented by Sazonov
et al. (2021). Lower: TDE LF in terms of peak UV and optical blackbody
luminosity or peak 0.2—6 keV X-ray luminosity. The dotted and solid gray lines
show the single power-law (Equation (17)) and double power-law
(Equation (18)) fits. The dashed green line shows the X-ray LF given by
Sazonov et al. (2021). For the dashed and dotted lines, 1o uncertainties are
indicated with the semitransparent regions.

a double power-law LF provides a better description of
the data.

Our result of ¢(L,) is Con51stent with that provided by van
Velzen (2018) at L, ~ 10% erg s~ L. For overluminous events,
ASASSN-151h is the only object with L, > 10%®erg s~ in the
van Velzen (2018) sample. The fact that nine objects in our

sample have L, > 104 %ergs™! allows us to constrain the
upper end of the LF more precisely.

For subluminous events, the LF measured with the ZTF
sample is shallower, and the rate is about a factor of 2 smaller
than that measured by van Velzen (2018). No objects in our
sample have L, < 10***ergs™", while three objects in the van
Velzen (2018) sample (GALEX-D1-9, GALEX-D23H-1, and
iPTF16fnl) have L,~ 10%%3 erg s, However, the two
GALEX events have relatively sparse light curves (note the
lack of data points on the rise in Figure 15 of Gezari et al. 2008;
and Figure 2 of Gezari et al. 2009), which can possibly lead to
an underestimation of their peak g-band luminosity.

6.2.2. UV and Optical Blackbody LF

Following the procedures outlined in Section 6.2.1, we
compute the TDE rate as a function of the peak UV and optical
blackbody 1um1n051ty (see Figure 14).

With Lo = 10* erg s, a single power-law fit yields

Lo\ 141E014
x 1077 Mpc 3 yr“)(ﬂ) :
Lo

7)

d(Lop) = (9.437503



THE ASTROPHYSICAL JOURNAL LETTERS, 955:L6 (31pp), 2023 September 20

1076 | E
TX
(] 10_7 E 3
o
‘_I;_
>
g 1078 1 E
=
*
©

1079 ¢ E

van Velzen et al. (2021)
——=This work, double power-law

1
14.50 14.75 15.00 15.25 15.50

logRpp (€M)

15.75

Figure 15. TDE rate as a function of Ryy,.

A double power-law fit yields

¢ (Lin) = (5.724395 x 1078 Mpe =3 yr~1)

0.84+0:30 19303271
L —0.36 L —-0.27
y ( bb) +( bb) Ca®)
Ly Ly

where Ly = 1.467029 x 10* erg s=!. The BIC value of the
double power-law fit is greater than that of the single power-
law fit by 2.2. Therefore, the single power-law fit is slightly
favored.

With Equation (17), the integrated volumetric rate of optical
TDEs with Ly, > 10P ergs™"' is 3.1798 x 1077 Mpc 3 yr— .
This can be compared with the volumetric rate of X-ray
selected TDEs. Using a sample of 13 TDEs selected from
SRG/eROSITA, Sazonov et al. (2021) found that the majority
of X-ray selected events are intrinsically faint in the optical.
Previous studies also implied that the majority of ZTF-selected
TDEs are intrinsically faint in the X-ray band (see Figure 8 of
Hammerstein et al. 2023). Using the LF provided b‘zf Sazonov
et al. (2021), the rate of X-ray TDEs with Ly > 10* erg s~ is
~2.3 x 107" Mpc~? yr'. Therefore, we conclude that the rates
of optically loud and X-ray loud TDEs are comparable to each
other.

6.3. Rate Dependence on Ry,

Following the procedures outlined in Section 6.2.1, we
compute the TDE rate as a function of the peak blackbody
radius Ry, (see Figure 15).

A double power-law fit gives

¢ (Row) = (1.00%4:33 > 1077 Mpe 3 yr!)

0.970% ssi2ie]!
~ (ﬂ) + (ﬁ) , (19)
Rk Ry

where Ry = 1.7570:3 x 10 cm.  Compared with  the
@ (Rpp) X Rb’b2 relation found by van Velzen et al. (2021), our
results indicate a slope that is much shallower at small radii and
much steeper at large radii.

van Velzen et al. (2021) suggested that the observed Ry, in
the majority of TDEs can be explained by the self-intersection
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radius (Ry) of the debris stream for disruptions of stars with
0.2 <my <3 and impact parameter R,/Rr~1 (Dai et al.
2015). For TDEs hosted by the most massive BHs, we find
Ry, > Ry because the self-intersection radius decreases with
Mgy for Mgy > 10%° M (see Figure 8 of Gezari 2021). In fact,
we find that TDEs at a given Mgy show a broad range of Ryy,.
As suggested by Nicholl et al. (2022), Ry, can vary a lot even
for the same Mgy depending on the impact parameter—it could
be set by the collision-induced outflow in shallow encounters,
but by the disk wind in deep encounters.

In the TDE cooling envelope model (Loeb & Ulmer 1997
Metzger 2022), the stellar debris promptly form a quasi-spherical
envelope. The “virial radius™ of the envelope, which is bound to
the massive BH by the energy spread imparted by the disruption
process, is R, ~ 6.8 x 108 cmm2/ M3 (M./0.2 M),
where M, is the mass of the envelope (see Equation (7) of
Metzger 2022). The photosphere radius is greater than this R, by a
factor of ~10, which is shown as the dotted line in panel (a) of
Figure 12. The above scaling relation is derived assuming a lower
main-sequence star mass—radius relationship. The observed Ry,
dependence on Mpy is much shallower with huge scatter, which
might be accounted for with a broader range of stellar properties.

The steep upper power-law index (7~ 5.8) in
Equation (19) suggests that there is a physical maximum
blackbody radius for TDEs: Rypmax ~ few x 10 cm.
One possibility is that this maximum radius corresponds
to the semimajor axis of the most bound tidal debris
a =~ 0.5R(Mgu/M)*/? =~ 3 x 10" cm(Mgu/10"°M,)?/3, where
we have taken the mass—radius relation Ry ox M2/ for
main-sequence stars. Under this hypothesis, the fact that the
TDE rate is strongly suppressed at Mgy 2 107'5M® (see
Section 6.4) would lead to a maximum blackbody radius that
is in reasonable agreement with observations. However, we
leave detailed theoretical considerations to future works.

6.4. Optical TDE Black Hole Mass Function

Since the uncertainty of logMpy is relatively large
(0.1-0.4 dex), instead of the binning method utilized in
Sections 6.2 and 6.3, we compute the optical TDE black hole
mass function using kernel density estimation. We adopt a
Gaussian kernel with the same variance as the uncertainties of
the log Mgy measurements.

The upper panel of Figure 16 shows the raw observed
number of TDEs per dex dN/dlog Mgy, which peaks at
Mgy~ 10°° M. We estimated the 1o Poisson single-sided
upper and lower limits by interpolating Table 1 and Table 2 of
Gehrels (1986).

The lower panel of Figure 16 shows the optical TDE rate
with respect to M. We observed a significant drop of ¢(Mpy)
from 10”* M, to 10%? M_... This roughly corresponds to My
for main-sequence stars. A similar result was first reported by
van Velzen (2018, Figure 3) and later updated by van Velzen
(2020, Figure 13). While more massive galaxies exhibit
shallower (“cored”) stellar density profiles that can also lead
to a suppression of TDE rates by a factor of <10 (see Figure 5
of Magorrian & Tremaine 1999; and Figure 4 of Stone &
Metzger 2016), this effect alone does not account for the
observed (much steeper) rate suppression.



THE ASTROPHYSICAL JOURNAL LETTERS, 955:L6 (31pp), 2023 September 20

101 -

100 |

dN/dlogMgy (# dex™1)

T
= ZTF TDE mass function

0.25 ]
¢obs°‘MB ]

Gallo+19 (with
EH suppression)
Gallo+19 (without
EH suppression)
Shankar+16 (with
EH suppression)

Shankar+16 (without
EH suppression)

5 6 7 8 9
logMgy (Mo )

Pobs (#Mpc~3yr~ldex1)

10—10 o

10—11 b

Figure 16. Upper: the thin lines are the log Mgy PDFs of the 33 TDE host
galaxies. The think black line shows the total number of detected TDEs per
dex, computed by summing over the individual Gaussians and plotted between
the 8peak of the PDF of the lowest BH mass (10°13 M) and highest BH mass
(10°“ M). The semitransparent region represents the 1o uncertainties. Lower:
the thin dotted lines are the PDFs (in the upper panel) multiplied by R;. The
solid black curve shows the total optical TDE rate as a function of Mpy. From
1033 M., to 107> M., the slope follows a power law of ¢ o log Mga? (red
dotted line). We show predictions of two BHMFs (Shankar et al. 2016; Gallo &
Sesana 2019) with and without the event-horizon (EH) suppression factor g
(Mgp) (see Equation (20)), normalized to match the black curve at
Mgy = 10%° M.

To compare our observations to theoretical predictions, we
write the mass function for the BHs that are causing TDEs as

dl’lBH

= N() X M63 X 7d logMBH

¢ (Mgn)

§(Mgy), (20)

where Ny X Még is the rate at which stars are scattered into the
loss cone (Np being a normalization constant, and J will be
explained shortly), dngy/d log Mgy is the local BHMF, and
g(Mpgp) is the event-horizon suppression factor that describes
the fraction of stars that produce observable optical flares. The
observed optical TDE mass function, ¢, is computed by
convolving Equation (20) with a Gaussian kernel of the typical
logMpy measurement uncertainty of 0.3 dex. The convolution
is needed since the measurement error blurs and broadens the
distribution of quantities (Kelly & Merloni 2012).

Most TDEs originate from the BH’s sphere of influence R;,q
(Wang & Merritt 2004), where the number of stars within R;,q
is N~ Mgu/M,. Since Ryq= GMBH/O'i X 05 ~ M];ﬁz,
the orbital period at Ring is Py o RYZ/MyE o Myt
The two-body relaxation timescale at Rj,q 1S fre] X
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2
(Porb/N)(%) M3{* (Alexander 2017). The TDE rate is
expected to be the total number of stars within the sphere of

influence divided by t., which is ~N/t, o< Mpy/te) x Mgy 174,
Therefore, in Equation (20), we adopt 8= — 0.25.
The rate suppression factor g(Mpy) ~ 1 at Mgy < 107 M.,

and drops at higher BH masses because stars are swallowed by
the event horizon. The shape of g(Mgy) depends on the stellar
age, the stellar metallicity, the BH spin distribution, the stellar
density structure (how centrally concentrated the star is), the
exact boundary between full and partial TDEs, and the rate at
which stars of different masses are scattered into the loss cone
(see more detailed theoretical calculations in Huang &
Lu 2022). We compute g(Mgy) as the fraction of stars in a
given stellar population that satisfies My;s(my, Mpy) < Mpy.
The stellar population we consider has metallicity [Fe/H] = 0.3
(twice solar, appropriate for stars near galactic centers) and a
single age of 100 Myr. Our small sample is insufficient to
differentiate models of different stellar ages, BH spins, and
loss-cone filling mechanisms.

Using two BHMFs (Shankar et al. 2016; Gallo &
Sesana 2019), the predictions of ¢, are shown as the dashed
cyan and dashed—dotted brown lines in the lower panel of
Figure 16. To demonstrate the effect of event-horizon
suppression, we show the results with and without the
g(Mgy) factor in thin and thick lines, respectively. All curves
are scaled at Mgy = 10%° M., to match the observation (the
thick black line). We confirm that the observed high-mass rate
drop is consistent with the theoretical expectation of the event-
horizon effect.

A novel result in Figure 16 is that the optical TDE mass
function roughly follows a power law of ¢, oc Mgy 925 over 2
orders of magnitude in BH mass (10°> M, < SMpy S 107 SM).
In Section 6.7, we discuss the 1mphcat10ns of this result for the
local BHMF.

6.5. Rate Enhancement in Green Galaxies and Suppression in
Blue Galaxies

Following the procedures outlined in Section 6.4, we
compute the TDE rate as a function of M,,. We limit the
minimum kernel bandwidth to be 0.15. In panel (a) of
Figure 17, the thin lines show the probability density function
(PDF) of each host’s logM,,; multiplied by R;, and the thick
line shows the observed optical TDE galaxy mass
function ¢(Mgq).

Using Equations (5) and (20) and assuming that the
occupation fraction of BHs is close to unity, the observed
TDE galaxy mass function should follow

dngal

Mga) ~ No/Mg ' ——=—
¢( gl) 0 dlogMgal

g (Mga), 2L

where dng, /d log My, is the local galaxy mass function
(GMF). We took the GMF given by Baldry et al. (2012), which
is similar to the most recent GMF (Wright et al. 2017) at
Mga 2 10° M,.. At a typical galaxy mass of Mgy = 10" M.,
the optical TDE rate is 3.270% x 107% galaxy ' yr™!, as shown
by the dashed purple line in panel (a) of Figure 17.

Next, we aim to quantify the relative optical TDE rate in
galaxies with different colors. In Figure 18, we show the host
galaxy distribution on the *u — r versus My, diagram. To
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Figure 17. Panel (a): the dotted thin lines represent the values of R;
(Equation (7)) multiplied by the individual PDFs of log M,,. The solid thick

gal-
curve shows the total optical TDE rate as a function of M,,, plotted between

the peak of the PDF of the lowest galaxy mass (10°'7 M) and highest galaxy
mass (10'"%% M_). The semitransparent region represents the 1o uncertainties.
Panels (b)—(d): the observed optical TDE galaxy mass functions in three bins of
C (Equation (23)). The dashed—dotted lines show the local GMFs multiplied by

Mga? ! and scaled to match the observation at Mgy = 10'°M

compare the properties of TDE hosts to the population of local
galaxies, we started with the flux-limited (14 <m, < 17.77)
sample of ~6.6 x 10° spectroscopically classified SDSS
galaxies (Strauss et al. 2002) with Mgal estlmated by Mendel
et al. (2014; Table 4). We computed *’u — r using the rest-
frame absolute magnitude in u and r bands provided by the
Photoz table in SDSS DR7 (Abazajian et al. 2009). To build
a comparison sample representative of galaxies that our ZTF
TDE selection is sensitive to, for each TDE in our sample, we
randomly select 10° galaxies with z < zpm.,x, Where z is the
redshift of the SDSS galaxy, and Zzp,x is computed in
Section 5.2. The gray contours in Figure 18 are regions
enc1rcl1ng 6.7%, 16%, 31%, 50%, 69%, 84%, and 93.3% (i.e.,
in steps of 0.50) of the final sample of 3.3 x 10* galaxies.
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Figure 18. Host galaxies of the TDE sample on the *%u — r vs. M, diagram,
labeled by the IDs in Table 3. The background contours represent a comparison
sample of galaxies from SDSS (see text). The region of green valley defined by
Schawinski et al. (2014) is denoted by the light green band. In this work, we
define a narrower region of green valley (dark green band) by following the
contour of the SDSS comparison sample. The solid green line marks the middle
of the new green valley (Equation (22)).

The region of green-valley galaxies defined by Schawinski
et al. (2014) is marked by the light green band in Figure 18,
which already enclosed galaxies in the “red sequence” and
“blue cloud” loci of the SDSS comparison sample. Therefore,
we define a new green-valley locus (shown as the solid green
line):

00y —r =

0.5 + 0.15 x log(Mga/Mo). (22)

Based on Equation (22), we define a new quantity of
M, -corrected color:

C= % — r —0.5-0.15 x log(Mga/Ms), (23)

which represents the vertical distance to the green-valley loci
on the color—mass diagram. We define red, green, and blue
galaxies to be those with C > 0.1, |C] < 0.1, and C < —0.1,
respectively.

We compute qb(Mga]) for red, green, and blue galaxies
Note that the uncertainty of C is not negligible and is
dominated by the uncertainty of “’u — r. Therefore, for each
TDE host, we computed the PDF of its C (assuming Gaussian
distributions), and calculated the probabilities of it being a
red or green or blue galaxy. For example, the host position of
AT2018iih/ZTF18acaqdaa (ID 1) is in the green valley, but
the probability of it being a red, green, and blue galaxy is
0.40, 0.52, and 0.08, respectively. The resultmg P(Myy) for
three C bins are shown as the solid thick curves in panels (b)-
(d) of Figure 17.

The GMFs for the three C bins are computed using the
Mendel et al. (2014) sample. By definition, GMF(red) + GMF
(green) + GMF(blue) = GMF(total). We compute M, ;10'41
GMF, and scale it to match the observed optical TDE galaxy
mass function at the typical galaxy mass of 10™
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Considering red, green, and blue galaxies, the per-galaxy TDE
rate is 3.772% x 10 galaxy~'yr~!, 7.4739 x 1073 galaxy~'yr~!, and
1.670% x 1075 galaxy ' yr~!, respectively. At a typical galaxy
mass of Mg, = 10" M., the relative ratio of optical TDE rate in

faq ] 7439 16788 +1.1 +0.2
red, green, and blue galaxies is 1: ——32: %4 = 1:2.07)}: 04707

37+23° 37+23

The rate suppression in blue galai]ises méS; come from the fact
that star-forming galaxies exhibit larger amounts of dust in the
galaxy nuclei. It is expected that optical searches, which
generally select blue transients, will be biased against TDEs,
which are intrinsically redder due to dust extinction (Roth et al.
2021). The rate enhancement in green-valley galaxies can be
attributed to the higher number density of stars scattered into
the loss cone following recent star formation or galaxy mergers
(e.g., French et al. 2020; Hammerstein et al. 2021d). We note
that the rate enhancement we found appears to be smaller than
previous observational constraints (Law-Smith et al. 2017;
French et al. 2020; Hammerstein et al. 2021d), although,
instead of using the “green-valley” definition, some other
studies focus on the overrepresentation factor in E+ A
galaxies.

6.6. TDE Rates: The Tension between Observations and Loss-
cone Models

Our new results have brought back to life a tension between
observationally inferred TDE rates and those computed using
quasi-empirical models (Wang & Merritt 2004; Stone &
Metzger 2016). For example, in Wang & Merritt (2004), the
volumetric rate is estimated to be ~107> Mpc >yr !, or
few x 10~* galaxy ' yr~' in galaxies similar to our Milky Way
(MW). Stone & Metzger (2016) investigated ways to bring
theory and observation into alignment, adopting conservative
assumptions that would push the loss-cone rates down; yet, the
rate was calculated to be ~3 x 107° Mpc_3 yr_l, or
(1-2) x 10~* galaxy ' yr ' in MW-like galaxies. Both studies
suggest an expected rate that is significantly higher than the
observed value of few x 107> galaxy ' yr ' (see Section 6.5).

One possible resolution of this issue could be substantial
dust obscuration in most galactic nuclei (as suggested for blue
galaxies in Section 6.5). A more theoretical resolution would be
a tangentially anisotropic velocity distribution in galactic
nuclei, namely a preferential destruction of stars on radial
orbits. If this kind of tangential bias is put in by hand and then
the nucleus is allowed to evolve, the velocity anisotropy will be
washed away too quickly to solve a TDE rate discrepancy
(Lezhnin & Vasiliev 2015). However, Teboul et al. (2022)
recently showed that it can be sustained for longer periods of
time if most galactic nuclei have steep (“strongly segregated”)
cusps of stellar mass BHs; in this case, the ejection in strong
scatterings will eliminate stars on the most radial orbits and
effectively “shield” the SMBH loss cone.

6.7. Implications of the Local BHMF

Here, we aim to independently measure the shape of the
local BHMF in the mass range of 10°> M., < Mgy < 10" M.,
We assume g(Mpy)=1, and use the observed optical
TDE black hole mass function (lower panel of Figure 16).
To correct for the relative rate differences in red, green, and

blue galaxies (Section 6.5), we compute the cor-
rected @y, (Msn) = Gog(Msn) X 32 + Gyeen Mar) X 23 + Gy (Mpi) X 2.

Parameterizing the BHMF as dnpy/d log Mgy o< MEy, we
obtain p = 0.014 £ 0.059. Note that this value is subject to the
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Figure 19. Power-law index of the local BHMF (dngy/d log Mgy o< M)
from the optical TDE mass function (asterisks) with two assumptions on [ (see
Equation (20)), X-ray nuclei observations (circle, Gallo & Sesana 2019), GMF
+scaling relations (squares, Greene et al. 2020), and SAMs (diamonds,
Chadayammuri et al. 2023).

uncertainty of § in Equation (20). For example, Stone &
Metzger (2016) performed the most recent detailed theoretical
calculations by applying loss-cone dynamics to observations of
nearby galactic nuclei, finding 3= —0.247 for core nuclei, and
8= —0.223 for cusp nuclei. A greater value of §=—0.22
would render a lower value of p = —0.016 £ 0.059. Generally
speaking, our result favors a flat BHMF in the mass range of
10 M, < Mgy <102 M. Below, we compare it with
literature estimates and model predictions in Section 6.7.1,
and comment on some caveats in our assessment in
Section 6.7.2.

6.7.1. Comparison with Literature Estimates and Model Predictions

The traditional approach to calculate the local BHMF is to
convert the observed galaxy distribution ®(y) into the BHMF
using a Mpy—y scaling relation (see reviews by Kelly &
Merloni 2012; Shankar 2013). A key assumption here is that
BHs exist ubiquitously in galaxy nuclei, which has been
justified in high-mass galaxies (Mg 2 10" M.; Miller et al.
2015). This approach has been widely applied to compute the
BHMF at Mgy > 10° M, (Marconi et al. 2004; Merloni &
Heinz 2008; Yu & Lu 2008; Shankar et al. 2009; Vika et al.
2009; Shankar et al. 2016).

In a few nearby dwarf galaxies, however, stellar dynamical
measurements have placed stringent upper limits on Mgy (e.g.,
Gebhardt et al. 2001; Valluri et al. 2005), suggesting that the
occupation fraction in low-mass galaxies is <100%. An
empirical method to constrain the occupation fraction is to
use high spatial resolution Chandra X-ray observations (Gallo
et al. 2008, 2010; Miller et al. 2012). By assuming that the
nuclear X-ray luminosity Lx is a power-law function of Mg,
with Gaussian scatter (Gallo et al. 2019), and that the
occupation fraction foc.(Mgqa) follows

0.5 + 0.5 x tanh [2.539710eMeaol log (Mgy /Mga0)],  (24)
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one can simultaneously constrain the Lx—M,, relation and the
critical galaxy mass Mg, o at which fo.. = 0.5. This approach
was first adopted by Miller et al. (2015) using 194 early-type
galaxies, and later updated by Gallo & Sesana (2019) using 326
early-type galaxies. The latter study found a BHMF slope of
p=—0.16 +0.04 (see Figure 2 of Gallo & Sesana 2019).

The actual foc.(Mga) does not necessarily follow the
functional form of Equation (24). Greene et al. (2020) assumed
two different shapes of f,.., with the pessimistic case drawn as
a linear curve and the optimistic case provided by the fraction
of nuclear star cluster (NSC) from Sanchez-Janssen et al.
(2019). The authors then converted the GMF of Wright et al.
(2017) into the local BHMF using the Mgy—Mg, relation (gray
lines in Figure 11). The BHMFs thus derived exhibit
p=0.00+£0.03, and p = —0.05 + 0.03 in the pessimistic case
and optimistic case, respectively.

The slope of the BHMF inferred with optical TDEs is
consistent with that of the Greene et al. (2020) method, whereas
the Gallo & Sesana (2019) value is ~2¢ lower than our result
(see Figure 19). Among the two BHMFs presented in Figure 6
of Greene et al. (2020), we are not able to differentiate the
nuances under various f,.. assumptions with the current
sample size.

Next, we compare our result with physically motivated
BHMFs from the semianalytic models (SAMs) presented in
Ricarte & Natarajan (2018a, 2018b), Ricarte et al. (2019), and
Chadayammuri et al. (2023), which include halo masses down
to 10 M., from redshifts 0 < z < 20. We explore two different
BH seeding models, and three different BH growth prescrip-
tions. Population III (Pop III) models place a light seed
initialized at approximately 10? M, in almost all dwarf galaxies
by z =0, while the direct collapse black hole (DCBH) models
place a heavy seed of approximately 10° M. o in a subset of
these halos.

These SAMs do not model the astrophysics of galaxy
formation, and instead use empirical relations to determine the
BH growth rate across cosmic time. Each of them includes a
burst mode triggered during a major merger until the BH
reaches the Mgy—o, relation, and a steady mode that operates
otherwise. Under the power-law growth, BHs grow at the
Eddington rate during the burst mode, and otherwise draw from
a universal power-law Eddington ratio distribution. Under the
AGN-main sequence (AGN-MS) growth, BHs grow at the
Eddington rate during the burst mode, and otherwise accrete at
a fixed fraction of the star formation rate. The broad-line quasar
(BLQ) growth only contains a burst mode, where BHs grow at
an Eddington ratio drawn from a log-normal distribution that
was fit to BLQs (Kelly & Shen 2013; Tucci & Volonteri 2017).

These SAMs all match the Mgy—o, relation at high masses
but deviate at lower masses depending on the seeding and
accretion prescriptions. Figure 19 shows the measured power-
law slope of the resultmg BHMFs in the mass range of

10°2 < My < 1072 M.,.. Interestingly, the SAMs generally
show a higher fraction of lower-mass BHs that are not seen in
the BHMF shape determined by optical TDEs.

6.7.2. Caveats

The above analysis only includes the optical TDE sample.
Therefore, the implications for the local BHMF are only robust
if the Mgy distribution of optical TDEs is representative of the
underlying Mpy distribution of all TDEs. While previous
studies do not find a significant difference in the Mpy
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distributions between optically and X-ray selected TDE
samples (Wevers et al. 2019; French et al. 2020), we note
that the literature samples consist of events from various
surveys with different sensitivity and selection criteria. A
robust assessment requires detailed understanding of how TDE
emission properties (across the electromagnetic spectrum from
X-ray to radio) depend on Mgy in a way that biases the sample
Mgy distributions under different selection criteria.

We also note that, in order to obtain the BHMF, we assumed
that the Mpgp—0o, relation remains valid down to
Mgy ~ 10° M. There are two caveats associated with this
assumptlon (1) the number of dynamical Mgy measurements at
Mgu < 10° M, is still insufficient to robustly test the Mgy—o.
relat1on in the IMBH regime (Greene et al. 2020), (ii) the
Kormendy & Ho (2013, Equation (3)) relation is mainly based
on massive elliptical galaxies. If using the Mgy—o, relations
derived by Giiltekin et al. (2009), Greene et al. (2020), the
inferred Mgy will be lower by by 0.2-0.4 dex across the range
of o, measurements, whereas the shape of the inferred BHMF
remains flat.

7. Summary

We present a complete flux-limited sample of 55 blue
nuclear transients systematically selected with ZTF. Among the
55 objects, 33 are classified as TDEs. Their BH masses are
inferred with host galaxy scaling relations (using central
velocity dispersion o, for 19 objects, and using galaxy total
stellar mass M, for the other 14 objects). We recovered a
number of correlations between Mgy and photometric proper-
ties (Section 6.1).

For rate inferences, we develop a survey efficiency corrected
maximum volume method (Section 5). We present the rest-
frame g-band LF (Section 6.2. l) precisely constrain the upper
end (104 < L, S 10**7 erg s~ 1) for the first time, and observe
a shallower slope (comllz)ared to van Velzen 2018) at the low
end (10%7° <L, <10 ergs™") that drives a ~2 x reduction
in the inferred Volumetrlc rate. Using a newly determined LF in
terms of the peak UV and optical blackbody luminosity
(Section 6.2.2), we find the rates of optically loud and X-ray
loud TDEs are comparable.

We construct the optical TDE mass function (Section 6.4),
confirming the previous result of rate suppression due to event
horizon, and revealm% a ¢(Mpp) x MB}? 25 dependence at
10> 3M,, < Mgy < 10’2 M. This indicates that the local
BHMEF is relatlvely flat (Sect1on 6.7). At a typical galaxy mass
of 10'° M., we constraln the per-galaxy TDE rate to be [3.7,
7.4, and 1.6] x 107> galaxy ' yr ' in galaxies with red, green,
and blue colors, respectively (Section 6.5).

While we have mainly focused on TDE demographics in this
paper, the TDE sample presented here can also be used to
address the origin of TDE’s UV and optical emission, and to
train machine-learning algorithms (e.g., Gomez et al. 2023) for
real-time photometric selection of TDE candidates. The
luminosity and mass functions of optical TDEs should
ultimately be compared to that of X-ray-, infrared- and radio-
selected TDEs.

Over the next few years, we expect substantial progresses to
be made in studies of TDE demographics. The excellent
angular resolution and depth of the Vera Rubin Observatory
Legacy Survey of Space and Time (Ivezi¢ et al. 2019) will
enable the creation of a reference galaxy catalog that is
complete to low-mass galaxies out to higher redshifts. Since
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TDE BH mass scales positively with transient duration [see
Equation (10) and panel (e) of Figure 12], the selection of fast-
evolving TDEs will rely on high-cadence wide-field experi-
ments such as those conducted by ZTF, the La Silla Schmidt
Southern Survey (LS4), and the wide-field (200 degz) Ultra-
violet Transient Astronomy Satellite (Ben-Ami et al. 2022).
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Appendix A
Supplementary Tables

The UV and optical photometry of 33 TDE:s is presented in
Table 6. The observing logs of low-resolution spectroscopy and
ESI spectroscopy are provided in Tables 7 and 8, respectively.
The pre-flare host galaxy photometry is provided in Tables 9
and 10.

Table 6
UV and Optical Photometry of 33 TDEs
IAU Name MID Instrument Filter 1 (udy) oy, (1Jy)
AT2021mhg 59421.5384 ATLAS 0 23.2366 8.7284
AT2021mhg 59422.3478 ZTF i 6.4130 11.8362
AT2021mhg 59422.4213 ZTF r 29.2828 3.0782
AT2021mhg 59422.4560 ZTF g 50.9955 4.8532
AT2021mhg 59424.3924 ZTF r 23.6341 3.0218
AT2021uqv 59454.7033 uvoT uvwl 92.3872 8.6091
AT2021uqv 59454.7044 uvoT U 80.0122 13.5501
AT2021uqv 59454.7062 UuvoT uyw?2 89.1477 6.2627
AT2021uqv 59454.7097 UvoT uvm?2 91.1047 6.2769
AT2021uqv 59455.3383 ZTF g 70.7813 4.0499
AT2021yzv 59524.3409 ZTF g 88.7688 2.8362
AT2021yzv 59524.3631 ZTF r 72.1670 29713
AT2021yzv 59524.5512 ATLAS c 79.4877 3.7740
AT2021yzv 59526.3054 ZTF i 58.4191 5.1675
AT2021yzv 59526.3680 ZTF g 84.3688 2.6204

Note. f,, is observed flux density before extinction correction.

(This table is available in its entirety in machine-readable form.)
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Table 7
Log of Low-resolution Optical Spectroscopy
ID IAU Name Start Date t Telescope Instrument Wavelen%th Range Slit Width Exposure Time
(days) (A) @] (s)
17 AT2020vwl 2021-01-11.5 +54 LDT DeVeny 3586-8034 1.5 2700
19 AT2020yue 2022-11-17.6* +599 Keck I LRIS 3200-10250 1.0 2700
2022-11-25.6* +605 Keck I LRIS 3200-10250 1.0 2400
20 AT2020abri 2022-04-07.5 +395 Keck I LRIS 3200-10250 1.0 1500
21 AT2020acka 2021-01-14.5 +7 P60 SEDM 3770-9223 “e 2700
2021-01-16.5 +9 P60 SEDM 3770-9223 2700
2021-02-08.5 +26 P60 SEDM 3770-9223 “e 2700
2021-02-20.5 +31 P200 DBSP 3410-5550, 5750-9995 1.5 1200
2021-04-14.5 +70 Keck 1 LRIS 3200-10250 1.0 400
2021-06-07.5 +111 Keck I LRIS 3200-10250 1.0 430
2021-08-13.3 +161 Keck I LRIS 3200-10250 1.0 430
2021-09-07.3 +179 Keck I LRIS 3200-10250 1.0 900
2022-02-06.6 +293 Keck I LRIS 3200-10250 1.0 900
22 AT2021axu 2021-06-07.3 +100 Keck I LRIS 3200-10250 1.0 485
23 AT2021crk 2021-04-09.4 +34 P200 DBSP 3410-5550, 5750-9995 1.5 1200
25 AT2021jjm 2021-05-13.5 +17 Keck I LRIS 3200-10250 1.0 300
26 AT2021mhg 2021-08-01.4 +51 P200 DBSP 3410-5550, 5750-9995 1.5 1800
27 AT2021nwa 2021-07-06.3 —1 Keck I LRIS 3200-10250 1.0 300
28 AT2021qth 2021-08-04.2 +27 P200 DBSP 3410-5550, 5750-9995 1.5 900
2022-05-26.3 +300 Keck I LRIS 3200-10250 1.0 900
29 AT2021sdu 2021-08-13.4 +18 Keck I LRIS 3200-10250 1.0 750
30 AT2021uqv 2021-09-17.5 +25 Keck I LRIS 3200-10250 1.0 600
31 AT2021utq 2022-10-03.2 +353 P200 DBSP 3410-5550, 5750-9995 1.0 1500
32 AT2021yzv 2021-10-04.6 —15 Keck I LRIS 3200-10250 1.0 600
2022-02-05.3 +80 Keck I LRIS 3200-10250 1.0 900
2023-01-16.4 +349 Keck I LRIS 3200-10250 1.0 1200
33 AT2021yte 2021-10-14.5 +14 P200 DBSP 3410-5550, 5750-9995 1.5 900
Note.

% On 2022 November 17, one exposure (900 s) on the red CCD is badly affected by cosmic rays and is therefore not included in spectral extraction. We stack the
observations on 2022 November 17 and 2022 November 25 together to create a deep spectrum for analysis.

Table 8
Details of ESI Spectroscopy
D TIAU Name Start Date Slit Width Exposure Time Fextract Fitteq Arest Oy S/N
@] (s) (pixel) (A) (kms™")
1 AT2018iih 2022-07-04.5 0.5 1200 4.2 5030-5600 148.6 £ 14.4 6.9
5 AT2019azh 2022-10-21.6 0.5 1200 5.7 5030-5600 68.0 £2.0 333
8 AT2019dsg 2022-08-24.4 0.5 900 43 5030-5600 86.9 +3.9 16.9
13 AT2020mot 2022-10-21.4 0.5 1200 9.3 5030-5600 76.6 +5.3 8.8
15 AT2020ysg 2023-03-26.4 0.75 2400 7.8 5030-5392, 5407-5600 157.8 £ 13.0 13.6
16 AT2020vdq 2022-11-25.5 0.3 2700 5.8 5030-5600 43.6 + 3.1 12.0
17 AT2020vwl 2022-03-07.6 0.5 600 4.2 5030-5600 48.5+2.0 11.6
18 AT2020wey 2022-10-22.6 0.5 600 8.2 5030-5600 40.1 £ 3.1 74
21 AT2020acka 2022-03-07.6 0.5 2400 6.0 5030-5127, 5159-5600 1745 £253 9.1
22 AT2021axu 2022-03-07.3 0.5 1500 43 5030-5600 735£ 173 7.2
2022-11-25.6 0.5 2400
23 AT2021crk 2022-03-07.3 0.5 1600 5.6 5030-5083, 5137-5600 57.6 £6.3 6.8
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Table 8
(Continued)
ID IAU Name Start Date Slit Width Exposure Time Textract Fitteq Arest Oy S/N
@) ) (pixel) (&) (kms™")
2022-11-25.6 0.5 2400
24 AT2021ehb 2021-12-28.4 0.75 300 5.0 5030-5600 99.6 + 3.8 18.4
26 AT2021mhg 2022-10-22.3 0.5 1800 4.2 5030-5196, 5200-5600 57.8+53 8.1
27 AT2021nwa 2022-03-07.7 0.5 600 4.6 5030-5600 1024 +54 11.3
30 AT2021uqv 2022-08-24.5 0.5 1200 5.0 5030-5310, 5346-5600 62.3+7.1 10.6
32 AT2021yzv 2023-03-26.3 0.75 2400 8.2 4900-5335, 5369-5600 146.4 +20.8 8.6
33 AT2021yte 2022-03-07.2 0.5 1120 3.8 5030-5578 342 +48 7.3

Note. All ESI spectra were obtained after the optical TDE flux has faded to <10% of the host galaxy flux. r.xqace can be converted to angular scale using a conversion
factor of 07154 per pixel.

Table 9

GALEX, SDSS, and WISE Photometry of TDE Host Galaxies
D FUV? NUV SDSS/u SDSS/¢g SDSS/r SDSS/i SDSS/z WISE/W1 WISE/W2
1 20.55 +0.19 19.24 +0.16 18.80 £ 0.17 18.28 + 0.17
2 23.73 +£0.89 22.73 +£0.28 21.32 £0.13 20.95 +0.14 20.23 £ 0.17 20.59 + 0.57 20.66 + 0.45
3 19.57 £ 0.19 20.91 + 0.62
4 20.91 +£0.27 20.19 £ 0.12 19.63 £ 0.13 18.37 +0.03 17.69 + 0.01 17.28 £0.02 17.11 £ 0.19 17.02 £+ 0.04 17.47 £ 0.04
5 19.24 £ 0.18 17.83 +0.03 16.51 £+ 0.08 15.01 £ 0.02 14.49 £+ 0.01 14.20 £+ 0.01 14.04 + 0.04 14.60 + 0.01 15.23 £ 0.02
6 22.51 +1.04 21.12 £ 0.23 20.13 £+ 0.28 19.00 + 0.04 18.24 + 0.02 17.81 £+ 0.03 17.71 £ 0.10 17.78 £ 0.04 18.36 + 0.05
7 19.22 +£0.13 19.89 £+ 0.17
8 21.19 +£0.32 21.22 +£0.26 15.65 + 0.02 16.16 + 0.02
9 22.54 +0.19 20.29 + 0.30 19.28 + 0.06 18.52 £ 0.07 18.24 £+ 0.07 17.96 + 0.18 18.50 £+ 0.07 19.08 + 0.09
10 13.95 £+ 0.02 14.60 + 0.04
11 21.12 £ 0.09 20.87 + 0.04 20.04 +0.10 19.07 £+ 0.02 18.55 + 0.01 18.23 £ 0.02 17.97 + 0.06 18.40 + 0.05 18.90 + 0.07
12 20.05 + 0.09 18.63 +0.02 17.90 + 0.01 17.50 + 0.02 17.33 £ 0.04 17.56 + 0.04 18.13 + 0.04
13 22.65 + 0.64 21.56 + 0.25 16.66 + 0.03 17.21 £ 0.03
14 2091 +0.34 19.61 +0.11 19.18 £+ 0.09 18.20 + 0.01 17.68 + 0.02 17.35 £ 0.02 17.23 +0.05 17.53 £+ 0.05 18.01 + 0.05
15 21.97 £ 0.25 21.79 + 0.70 21.14 £ 0.26 19.81 £ 0.07 19.22 £ 0.07 19.46 + 0.35 18.59 + 0.07 19.10 £ 0.08
16 19.80 + 0.14 18.87 +0.02 18.26 + 0.02 18.05 + 0.02 17.94 £+ 0.12 18.48 +0.11 18.98 + 0.12
17 18.81 £ 0.12 17.24 +0.02 16.53 £+ 0.02 16.18 £ 0.01 15.90 + 0.05 16.48 + 0.03 17.16 £+ 0.04
18 21.82 +0.34 21.61 £+ 0.09 18.88 £+ 0.09 17.40 + 0.01 16.70 £+ 0.01 16.34 £+ 0.01 16.11 £ 0.02 16.63 + 0.03 17.22 £+ 0.03
19 21.98 +0.34 21.09 £ 0.15 18.49 +0.07 19.10 + 0.09
20 23.14 + 0.64 21.83 +0.14 21.00 £ 0.07 20.63 £ 0.07 20.83 + 0.35 20.75 £ 0.20
21 22.84 + 0.89 21.07 £ 0.11 19.71 £ 0.07 19.09 + 0.08 18.66 + 0.17 18.18 £ 0.14 18.65 £ 0.16
22 20.34 + 0.04 19.57 + 0.03 19.29 + 0.06 18.77 £ 0.15 19.33 £0.10 20.15 +0.20
23 20.52 +£0.21 19.51 +0.04 19.04 + 0.05 18.68 + 0.07 18.50 + 0.28 18.98 £ 0.10 19.80 + 0.18
24 17.66 £ 0.06 15.86 + 0.01 14.98 £+ 0.01 14.50 £ 0.01 14.18 + 0.02 14.57 £ 0.02 15.25 £ 0.02
25 19.98 +£0.19 20.11 £ 0.17
26 18.70 £ 0.10 19.30 £ 0.10
27 23.29 +0.17 22.05 + 0.09 19.22 £ 0.10 17.67 + 0.01 16.90 + 0.01 16.51 £+ 0.01 16.24 + 0.03 16.69 + 0.03 17.29 + 0.03
28 22.51 £0.38
29 20.01 £0.14 16.11 £ 0.04 16.62 + 0.03
30 21.76 £ 0.39 20.76 £ 0.13 20.33 £ 0.39 18.79 + 0.05 18.14 £+ 0.05 17.78 £ 0.04 17.62 + 0.07 17.72 + 0.06 18.16 + 0.07
31 21.88 +£0.51 21.61 £ 0.31 19.55 +£ 0.44 20.49 + 1.05
32 18.68 + 0.11 19.19 £ 0.16
33 20.62 + 0.36 18.03 + 0.25 18.73 £ 0.30

Note.
4 FUV as far-UV.
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Table 10

PS1 and 2MASS Photometry of TDE Host Galaxies
ID PSl/g PS1/r PS1/i PS1/z PS1/y 2MASS/J 2MASS/H 2MASS/K;
1 20.42 £0.22 19.18 £ 0.15 18.74 £ 0.15 18.54 £ 0.16 18.55 +£0.27 18.66 £+ 0.41 17.99 £+ 0.32 17.66 £+ 0.28
2 23.02 £ 0.67 21.55 £0.17 20.96 £ 0.15 20.72 £0.18 20.78 £ 0.34
3 20.41 £+ 0.26 19.57 £ 0.14 19.20 £0.13 19.16 +0.22 18.93 £0.15
4 18.34 £ 0.05 17.70 £ 0.03 17.29 £ 0.01 17.10 £0.03 16.82 £ 0.06
5 14.99 £+ 0.03 14.48 £+ 0.01 14.26 £+ 0.01 14.09 £+ 0.02 13.88 £ 0.03 13.71 £ 0.01 13.61 £ 0.02 13.77 £ 0.03
6 18.94 4 0.03 18.24 £+ 0.02 17.85 £0.03 17.57 £0.05 17.34 £ 0.05 17.17 £0.12
7 21.53 £0.15 20.63 £0.10 20.63 £ 0.14 20.11 £0.22
8 17.03 £ 0.04 16.20 £ 0.02 15.83 £ 0.02 15.57 £0.03 15.39 £ 0.06 15.02 £ 0.02 15.02 £0.03 15.13 £ 0.04
9 19.30 £+ 0.07 18.65 £ 0.10 18.28 £ 0.06 18.21 £ 0.08 18.03 £ 0.11
10 15.01 £+ 0.05 14.33 £ 0.03 13.91 4 0.06 13.69 + 0.04 13.44 4+ 0.05 13.26 £ 0.02 12.95 £ 0.02 13.26 £ 0.03
11 19.03 £+ 0.02 18.52 +£0.01 18.27 £ 0.02 18.05 £+ 0.03 17.97 £+ 0.06 17.62 £ 0.12 17.69 £+ 0.16
12 18.54 £0.03 17.92 £0.02 17.51 £0.02 17.34 £0.03 17.06 £ 0.05 16.72 £ 0.05 16.83 £0.10 17.04 £0.12
13 17.99 £+ 0.03 17.20 £ 0.01 16.76 £+ 0.01 16.53 £+ 0.02 16.39 £ 0.05 16.05 £+ 0.04 15.98 &+ 0.06
14 18.10 £+ 0.04 17.68 £+ 0.04 17.33 £0.02 17.20 £+ 0.02 17.07 £ 0.06
15 21.44 £+ 0.26 19.88 £+ 0.09 19.37 £ 0.04 19.10 £ 0.08 19.26 £ 0.28
16 18.79 £ 0.06 18.30 £+ 0.03 18.03 & 0.02 17.88 + 0.03 17.82 +0.09
17 17.17 £ 0.05 16.51 £ 0.03 16.16 £+ 0.03 16.03 £+ 0.03 15.87 £+ 0.06 15.77 £ 0.05 15.38 £ 0.05 15.67 £ 0.08
18 17.32 £ 0.01 16.69 £ 0.01 16.36 £+ 0.01 16.15 £ 0.01 16.00 + 0.03
19 19.74 £ 0.11 19.33 £ 0.05 18.89 £ 0.09 18.71 £ 0.21 18.40 £ 0.16
20 22.00 £+ 0.15 20.87 £ 0.05 20.64 £ 0.06 20.63 £+ 0.09 20.26 £ 0.19
21 19.84 £ 0.13 19.17 £ 0.07 18.89 £+ 0.07 18.69 £+ 0.24 18.32 £ 0.17 18.01 +£0.21 17.67 £ 0.15
22 20.32 £0.05 19.53 £0.05 19.17 £ 0.04 19.01 £ 0.07
23 19.66 £+ 0.07 19.09 £ 0.06 18.86 £ 0.05 18.63 £ 0.07 18.62 £ 0.15
24 15.73 £0.02 14.93 4+ 0.01 14.49 + 0.01 14.21 +£0.01 13.98 £+ 0.02 13.83 + 0.01 13.62 4+ 0.01 13.80 + 0.01
25 20.44 £+ 0.06 20.08 £+ 0.04 19.82 £ 0.05 19.58 + 0.04 19.67 £ 0.12
26 19.63 £+ 0.07 18.93 £+ 0.03 18.55 4+ 0.08 18.33 £ 0.07 18.25 + 0.09 18.26 £0.18 18.30 £ 0.26 18.07 £0.22
27 17.56 + 0.02 16.88 £+ 0.02 16.52 £ 0.01 16.27 £+ 0.02 16.17 £ 0.04 15.87 £ 0.04 15.59 £+ 0.04 1591 +£0.07
28 19.84 £+ 0.09 19.01 £+ 0.09 18.58 £0.13 18.33 £ 0.09 18.09 £+ 0.12
29 17.49 £+ 0.02 16.84 + 0.02 16.39 £ 0.05 16.18 £+ 0.05 15.93 £ 0.06 15.73 £ 0.03 15.79 £+ 0.05 15.46 + 0.04
30 18.79 4+ 0.03 18.19 £+ 0.03 17.88 + 0.01 17.78 + 0.04 17.53 +£0.11 17.35+0.13 17.29 +£0.17
31 20.03 £+ 0.06 19.53 £ 0.08 19.19 £ 0.07 18.98 £ 0.11 1891 £ 0.11 19.08 + 0.52
32 20.96 £+ 0.15 19.90 £+ 0.14 19.25 £+ 0.06 19.04 £+ 0.12 18.80 £ 0.13 18.09 £+ 0.29
33 19.34 +£0.22 18.65 + 0.26 18.18 £ 0.25 18.09 £+ 0.33 17.77 £ 0.24 17.90 + 0.14 17.92 £ 0.23

Appendix B
Details of Sample Selection

Here, we justify a few selection cuts adopted in Section 2.2.

B.1. sgscorel

The sgscore parameter is close to 1 (0) for a star-like
(galaxy-like) morphology. Its value is set to 0.5 if the PS1

26

counterpart is not “detected” in the PS1 StackObjectAt-
tributes table (see details in Tachibana & Miller 2018;
Miller & Hall 2021). In Figure 20, we show the distribution of
the 55 photometric TDE candidates (after step (7) in
Section 2.2) on the magnr versus sgscorel diagram. The
highest value of sgscore is 0.5, implying that our selection
cut of sgscorel is sufficiently liberal.
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Figure 20. The sgscorel (star—galaxy classification score) and magnr (magnitude of the nearest object in the ZTF reference image) parameters of 55 photometric
TDE candidates. Symbol colors follow the same convention as in Figure 2. The 33 TDEs are shown in solid markers, and the 22 false positives are shown in hollow

markers. We show the ZTF names for objects with sgscorel>0.2.

B.2. Rise and Decline Timescales

In Figure 21, the observer-frame e-folding rise and decline
timescales (computed using the best-fit models derived in
Section 3) are shown versus Mgy. The values are well within

the boundaries of 2 and 300 days, implying that our criteria
adopted in steps (5) and (6) of Section 2.2 are not at the
boundaries.
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Figure 21. The black hole mass and observer-frame e-folding rise and decline timescales of 33 TDEs.
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Appendix C AT2019azh, and AT2020ysg), the difference probably comes

Host Galaxy SEDs and Comparison with Previous Studies from the different source of photometry: Hammerstein et al.
Figure 22 shows the SEDs of 33 TDE host galaxies. (2023) obtained photgmetry frorp various catalogs where;as we
There are 13 galaxies in common between our sample and measured the host brightness using LAMBDAR (see Section 4).

Hammerstein et al. (2023). The left panel of Figure 23 shows There are 7 galaxies in common between our sample and that
C . from Ramsden et al. (2022). The mean offset in log(Mga /M)
the distributions of these objects on the galaxy color—-mass . .
. . . . . ) between this work and that from Ramsden et al. (2022) is
diagram, using values derived in this work and Hammerstein

. . —0.17 dex (see the right panel of Figure 23). The difference
et al. (2023). For nine of the’13 ob_]e(':ts, the log(Mgal/ M@), agd could be because Ramsden et al. (2022) used a nonparametric
u —r parameters are consistent with each other (to within

: . SFH, whereas we assumed a delayed exponentially declining
20). For the other four objects (AT2019qiz, AT2019vcb,

function.
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Figure 22. Host galaxy SEDs (sorted by redshift). The gray and black squares show the observed and Galactic extinction-corrected photometry, respectively. The blue
lines show models of the 100 walkers in the MCMC sampler. The dotted and dashed vertical lines mark rest-frame wavelength of the SDSS u and r filters.
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Figure 23. Left: distributions of 13 galaxies on the color—mass diagram in
both this work and Hammerstein et al. (2023). Data points for the same
object are connected with the solid black lines. The dashed green line shows
the green valley defined by Equation (22). Right: comparison of host galaxy
total stellar mass derived in this work and Ramsden et al. (2022).
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