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Abstract

The upcoming Large Synoptic Survey Telescope (LSST) will observe 18,000 deg” of the southern sky and is
expected to discover thousands of transients every night due to its large coverage area and its observing strategy. In
this work, we address the prospects for the LSST in discovering tidal disruption events (TDEs) and in probing the
supermassive black hole (SMBH) mass distribution in the universe. We used the LSST simulation framework and
defined TDE catalogs on 20 fields of 20.25 deg” size. TDE properties were defined by randomly chosen impact
factors and SMBH masses drawn from six different mass distributions. Observations of TDEs over 10 years of
LSST operation were simulated by querying the simulated observing strategy database minion_1016. Based on
the results of our simulations, we estimate that the LSST should discover between 35,000 and 80,000 TDEs in
10 years of operation, depending on the assumed SMBH mass distribution. We also find that probing the SMBH
mass distribution with TDE observations will not be straightforward, due to the fact that TDEs caused by low-mass
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black holes (10°M.

G

) are expected to be less luminous and shorter than TDEs by heavier SMBHs (> 10°M..), and

therefore will mostly be missed by the irregular LSST cadence minion_1016.

Unified Astronomy Thesaurus concepts: Supermassive black holes (1663); Tidal disruption (1696); Sky

surveys (1464)

1. Introduction

When a star in the nucleus of a galaxy gets scattered into an
unfortunate orbit leading it close to the supermassive black hole
(SMBH) in the center of its host, the star can be torn apart by
the black hole’s strong tidal forces (Rees 1988; Evans &
Kochanek 1989; Phinney 1989). This process, known as a tidal
disruption event (TDE), emits a bright flare of light, which then
decays on timescales from months to years.

The majority of SMBHs found in the centers of galaxies are
quiescent and therefore generally very hard to study. However,
TDE:s are recognized as one of the most promising phenomena
in the study of nonactive SMBHs. The observed emission
depends on different parameters concerning the objects and
orbital dynamics involved, such as the mass of the black hole;
the mass, radius, and structure of the star; and the distance from
the black hole at which the star gets disrupted (Kochanek 1994;
Gomboc 2005; Lodato et al. 2009; Strubbe & Quataert 2009;
Lodato & Rossi 2011; Guillochon & Ramirez-Ruiz 2013;
Mockler et al. 2019). Therefore, the observed light curves of
such events can, at least in principle, provide us with
information about the disrupted stars, as well as SMBHs
responsible for the events.

TDEs are very rare, with only around 70 candidates
discovered so far (e.g., van Velzen et al. 2011; Gezari et al.
2012; Arcavi et al. 2014; Chornock et al. 2014; Holoien et al.
2014, 2016a, 2016b; Leloudas et al. 2016; Blagorodnova
et al. 2017; Wyrzykowski et al. 2017; Gezari et al. 2017,
Holoien et al. 2018, 2019a; Leloudas et al. 2019; Holoien et al.
2019b; van Velzen et al. 2019b); however, this number has
been continuously increasing over the past few years due to
discoveries by time-domain surveys, such as Palomar Transient
Factory (PTF; Law et al. 2009), the All-Sky Automated Survey
for Supernovae (ASAS-SN; Shappee et al. 2014; Kochanek
et al. 2017), the Asteroid Terrestrial-impact Last Alert System
(ATLAS; Tonry et al. 2018), and the Zwicky Transient Facility

(ZTF; Bellm et al. 2019). Currently, TDEs are being discovered
at a rate of approximately 10 per year.

The rate at which stars in the cores of galaxies are disrupted
depends on their density and scattering mechanisms. Dynami-
cal models of stellar orbits in central regions of galaxies predict
that the rate of TDEs is 10 per galaxy per year (Magorrian &
Tremaine 1999; Wang & Merritt 2004), while the observed
sample implies that the rate of TDEs is 10~ per galaxy per
year (e.g., van Velzen & Farrar 2014; Holoien et al. 2016a).
Due to this low rate, large surveys monitoring hundreds of
thousands of galaxies, such as the future Large Synoptic
Survey Telescope (LSST), will be crucial in enlarging the
observed TDE sample size.

The LSST (Ivezi¢ et al. 2019) is an upcoming sky survey
project that will conduct a 10-year long survey of the dynamic
universe in six optical bands, u, g, 7, i, z, and y, covering the
wavelength range between 320 and 1050 nm. With its large
field of view of 9.6 degz, it will be able to cover around
10,000 deg” of sky each night, and therefore it will be capable
of mapping the entire visible sky in just a few nights. The
primary mirror will measure 8.4 m in diameter, which will
allow imaging to very faint magnitudes, up to 24.4 in r band in
a single exposure. The combination of all this will result in the
mapping of tens of billions of stars and galaxies, and by doing
so, create a multicolor view of the universe (Abell et al. 2009;
Ivezi¢ et al. 2013; Gressler 2016).

According to the cadence proposed in Ivezi¢ et al. (2013),
the survey will continuously monitor 18,000 deg” of the visible
sky in the southern hemisphere, and each field will be visited
around 900 times over the 10-year survey duration. This will
enable studies of small objects in the solar system; the structure
of the Milky Way; galactic evolution; variable and transient
sources; properties of dark matter and dark energy; and
discoveries of yet unknown astrophysical objects. Images
obtained with the LSST will be analyzed in real time to
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identify objects that might have changed their brightness since
previous observation, or that might have moved. Therefore, the
LSST will be a powerful tool in the search for transients,
including TDEs.

To estimate the number of TDEs, we may expect the LSST to
detect, the quality of their light-curve coverage, and whether it
will be possible to use them to probe the SMBH mass
distribution, we performed simulations using the LSST simula-
tion framework (Ivezi¢ et al. 2019; Connolly et al. 2010, 2014;
Delgado & Reuter 2016). This framework includes all the
components that may significantly affect observational data, from
the design of the telescope, to conditions at the observing site, to
the survey strategy. As the simulation framework does not
include TDESs, we imported them as a new type of object. Our
basic steps were the following. First, we randomly chose host
galaxies and attributed them a central SMBH with a mass drawn
randomly from an assumed SMBH mass distribution. As the real
SMBH mass distribution is still uncertain, particularly at the low-
mass end, we considered six different distributions (assuming no
evolution with redshift) to test their effect on the number of
detected TDEs. The optical properties of each particular TDE
depend on the mass of the SMBH and on the properties (mass,
radius) of the star being disrupted, as well as on the penetration
factor. We considered all stars to be solar-like, and assumed that
TDEs occur at random times. We then calculated the spectral
energy distributions (SEDs) of TDEs at different times after the
disruption using MOSFiT, a model based on hydrodynamical
simulations of TDE fallback rate (Guillochon et al. 2018;
Mockler et al. 2019). We imported these SEDs in the LSST
simulation framework and reproduced LSST observations of
TDEs over 10 years on 20 fields on the sky, each covering an
area of 20.25 deg”.

This paper is organized as follows: in Section 2 we describe
briefly the theoretical background of TDEs; in Section 3 we
present the SMBH mass distributions used in our simulations;
in Section 4 we describe the simulation setup; and we present
our results in Section 5. We give our conclusions in Section 6.

2. TDEs

SMBHs with masses ranging from 10° to 10'° solar masses
are common in the nuclei of galaxies, including our own
(Phinney 1989). As they do not emit light, they are generally
very hard to study. By producing luminous flares in the cores of
galaxies, TDEs pose an opportunity to detected dormant black
holes residing in galactic centers.

2.1. Dynamics

Consider a star of mass, M,, and radius, R,, moving on a
highly eccentric orbit around a SMBH of mass Mpy. If the
distance of the closest approach to the black hole, the pericenter
distance, r,, lies within the tidal sphere with radius

1/3

M,

r,:R*( A;H) , (D
*

then the tidal forces of the black hole overcome the star’s self
gravity, and the star is ripped apart (Rees 1988). The
penetration factor is defined as the ratio of two distances,

B =r/rp. @)

To simplify the model, we assume the star is on a parabolic
orbit. At distances r > r,, the star can be approximated as a
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point source in the gravitational field of the black hole;
however, when it approaches the tidal radius, its size becomes
important. Different distances to the black hole, at which
different fluid elements of the disrupting star lie, cause a sizable
spread in specific orbital energy, ¢, within the star. The parts
furthest from the black hole have a positive specific binding
energy, while the energy of the parts closest to the black hole is
negative (Rees 1988).

After the disruption, part of the stellar debris remains bound
to the black hole, while other parts of the disrupted star escape
its gravitational pull. The returning bound material feeds the
black hole and produces a flare of light. In early models, it was
assumed that the bound material quickly circularizes and forms
an accretion disk (Rees 1988; Phinney 1989). The rate at which
material returns and feeds the accretion disk is the fallback rate,
Mg, and it follows, in this simple model, a £33 decline. The
emitted luminosity is expected to follow this decline as well.

The multiwavelength emission of the TDEs was analytically
modeled based on the dynamics and the fallback rate (see, e.g.,
Strubbe & Quataert 2009; Lodato & Rossi 2011). Optical light
curves in these models have two contributions: the outflow
emission, which dominates in the early stages, and the emission
of the accretion disk, which takes over at later stages.

While observed optical TDEs quite often follow a power-law
decay, which seems to be consistent with /3 at early times,
as shown in van Velzen et al. (2019a), some recent
observations challenge this simple picture. For example,
observed events, such as ASASSN-14ae (Holoien et al.
2014), ASASSN-14li (Holoien et al. 2016a), or iPTF16fnl
(Blaigorodnova et al. 2017), all show discrepancies from the
£/ decay. Furthermore, the observed TDEs are about one to
two orders of magnitude brighter than analytical models of the
optical light curves would suggest (Gezari et al. 2009; van
Velzen et al. 2011; Wevers et al. 2017). Contrary to this simple
model, some TDEs show unusual light-curve shapes; for
example, the UV rebrightening /flattening phases in the cases
of TDE candidates ASASSN-15lh (Leloudas et al. 2016),
PSK18h (Holoien et al. 2019a), or AT 2018fyk (Wevers et al.
2019). In addition, some characteristics of TDEs, such as low
blackbody temperatures, minimal color evolution, and high
peak luminosities (van Velzen et al. 2011; Arcavi et al. 2014;
Hung et al. 2018) are all inconsistent with the simple picture.

In recent years it has been argued that the fallback rate
depends on the structure of the star, on the accretion process of
the stream of stellar debris into the black hole, and even on the
black hole spin, all of which can cause a discrepancy from the
/3 time evolution (Lodato et al. 2009; Guillochon &
Ramirez-Ruiz 2013). Furthermore, it was suggested that the
circularization might be a much slower process than previously
thought (Dai et al. 2015; Guillochon & Ramirez-Ruiz 2015;
Piran et al. 2015; Shiokawa et al. 2015; Hayasaki et al. 2016).

Alternatively, numerical simulations have provided new
results for the optical emission of TDEs. It has been proposed
that stream—stream collisions produce shocks, which can
dissipate the orbital energy and produce the observed emission
(Piran et al. 2015; Krolik et al. 2016; Bonnerot et al. 2017). It
has also been suggested that the optical emission originates
from the reprocessed X-ray emission in the stellar debris or
disk or in an outflow (Loeb & Ulmer 1997; Guillochon et al.
2014; Miller 2015; Metzger & Stone 2016). It remains unclear
how exactly the fallback rate translates to the observed
luminosity.
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Figure 1. MOSFiT-generated light curves of three TDEs with black hole
masses: 10° M, (red), 10° M, (pink), and 107 M, (violet). In all three events a
solar-type star disruption with 3 = 1 was assumed. The absolute magnitudes
were calculated in the LSST g band.

2.2. MOSFiT SED Model

We used MOSFiT (Guillochon et al. 2018; Mockler et al.
2019) to calculate the SEDs of TDEs at different times after the
disruption. MOSFiT uses FLASH simulations of the fallback
rate, and seems to describe previous observations of TDEs in
optical wavelengths well. As shown in Mockler et al. (2019),
fitting this model to observations enables the determination of
some TDE parameters, such as, the mass of the black hole, the
penetration factor, the stellar mass, the type of the disrupted
star, and the peak time.

MOSFiT’s main purpose is to provide a tool for fitting
transients. However, it can also be used to generate light curves
and SEDs at any time after the disruption of a TDE with chosen
parameters. Light curves of three events calculated in the LSST
g band using MOSFiT are shown in Figure 1.

Using MOSFiT, we created a library of SEDs for different
events, where we varied two parameters: the black hole mass
and the penetration factor 3. In all cases, we used a one solar-
mass star, described by a hybrid model which blends between
polytropic models with v =5/3 and v = 4/3 (see Mockler
et al. 2019). We placed all events at redshift z = 0, to obtain
the rest-frame SEDs at a given time after the disruption. All
other parameters from Table 1 in Mockler et al. (2019) were
kept constant.

Although, as shown in Kochanek (2016), TDEs by black
holes of <107 M, are dominated by stars of My, ~ 0.3 M.,
the authors also argue that the mass function is relatively flat
for M, < M.. As we do not know exactly what the mass
function for stars in the galactic centers is, we chose not to vary
the stellar mass and the polytropic index and instead take a
solar -type star as a representative disruption candidate. This
may affect our results, as less massive stars with different + will
result in a different emission signature than the disruption of a
1M, star. Typically, less massive stars produce shorter and less
luminous events. In particular, we find that for less massive
black holes (Mgy < 106M@) the rest-frame peak luminosity of
a 0.3 M, star is of approximately the same order as for a 1M,
star. However, for a black hole of 10’M_, an event with a
0.3M, star is ~3 times less luminous than an event with a 1M,
star. Mockler et al. (2019) find that fitting a specific TDE with
three different stars (with 0.1 M, 1 M, and 10 M) produces
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Figure 2. Input SMBH mass probability distributions D1-D6.

comparable results, and therefore the mass of the star does not
have a significant effect on the black hole mass as determined
by the fit. Thus, the SMBH mass distribution drawn from our
simulated TDEs should not be significantly affected by
changing the mass of the star in our simulations. Because
brighter events tend to be easier to detect, taking only solar
-type stars in our simulations means that the number of detected
TDEs we obtain should be considered as an upper limit.

We realize that MOSF1iT can reproduce light curves of TDEs
which are considered normal, but can have difficulties in
reproducing the light curves of events with some unusual
properties, such as UV rebrightening/flattening, as in the
cases of ASASSN-15lh, PS18kh, or AT 2018fyk. However,
rebrightening in UV should neither affect the optical light
curves considerably nor the estimation of the SMBH mass.
Because our goal is not to model individual TDEs light curves,
but to obtain an estimation for the number of TDEs detected by
the LSST, we use the simple light-curve model without any
unusual behaviors.

3. SMBH Distributions

One of the input parameters for our simulations is the
distribution of SMBHs in the centers of galaxies over their
masses. Because a SMBH mass influences the brightness and
the duration of a TDE, and consequently the chances of its
detection, the assumed mass distribution of SMBHs has an
impact on the expected TDE detection rates. For our
simulations, we used six different probability distributions,
D1-D6, shown in Figure 2.

Distribution D1 was reproduced from Aversa et al. (2015),
where the SMBH mass distribution is described by a Schechter
function, given by the equation and parameter values for the
BH mass function in their Table 1. D2 was reproduced with
results from Hopkins et al. (2007), where the SMBH mass
distribution is also described by a Schechter model (equation
(24) in Hopkins et al. 2007), with its parameter values given in
their Table 5. For both distributions, we assumed that the
parameters describing the distribution do not evolve with
redshift. D1 and D2 only seem to be valid from 10°M., on;
however, to test the influence of the distribution at
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Mgy < 10°M_, we have extrapolated them toward the low-
mass end (down to 105M®).

For D3 and D4, we used the same function as for describing
the distribution D1; however, we varied the parameter values of
the Schechter function (¢, X., o, w in Table 1 of Aversa et al.
2015) in such a way that D3 peaks around 10°> M., and then
slowly falls toward the lower masses, while D4 peaks around
10°° M, and then gradually falls toward the lower black
hole masses. The remaining distributions, D5 and D6, were
calculated using relations for the total stellar mass versus the
black hole mass (D5), and the host-galaxy color versus the total
stellar mass (D6). We obtained the total stellar mass and colors
of all of the host galaxies from the LSST simulator database,
and calculated the distributions of black hole masses in the
simulator. The relations we used were the following:

log Msn = 1.21log M | 1833 3)
M, 10,

0]

for D5 (van den Bosch 2016), where M, is the total stellar mass
in the galaxy, and

O]

My d
log| =% | =1.097(¢ — ) — 0.4|r — 510
g(M ) =" (r glOpC]
—0.19z + 1.462 )

for D6 (Bernardi et al. 2010), where g and r are the magnitudes
of the galaxy in g and r band. We then used Equation (3) to
calculate the corresponding black hole masses for Dé.

4. Simulation Setup

The LSST’s capabilities will enable fast and deep imaging of
the whole visible sky on short timescales, which will, among
other things, be an important tool for the detection of transient
astrophysical phenomena. To understand how different com-
ponents of the telescope, such as its design, the conditions at
the observing site, and the observing strategy will affect the
properties of the obtained data, a simulation framework has
been designed to simulate the whole operation of the telescope
(e.g., Ivezi¢ et al. 2019; Connolly et al. 2014; Peterson et al.
2015; Delgado & Reuter 2016).

This framework includes a catalog of astronomical objects,
CatSim, which contains catalogs of solar system objects,
stars, galaxies, and transients, such as active galactic nuclei
(AGNs) and microlensing events. TDEs have not been included
in CatSim yet. The simulator also provides a tool for
simulating the operations of the telescope, called OpSim.
Together with CatSim, it can be used to simulate observed
light curves of various astronomical objects.

The OpSim contains an observation scheduler for the
telescope. The observing strategy we used in our simulations
was the strategy called minion_1016," in which each visit of
a given field of the sky consists of two 15 s exposures, with the

! Recently, the LSST community proposed a number of cadences (Ivezi¢
et al. 2018) that describe different observing strategies. Before this, the
minion_1016 cadence was the baseline strategy of the project, but the exact
strategy is yet to be determined to satisfy all scientific areas optimally. We
tested the new proposed cadences as well; however, for the sole purpose of the
number of TDE detections we are estimating here, there are no large
discrepancies between minion_1016 and the other cadences (the numbers
vary at most by a factor two; see Bricman & Gomboc 2018). Therefore, we
concluded that the minion_1016 cadence is representative enough for our
purposes here.
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same field being visited again on average every three days. The
next visit to the same field is scheduled based on the following
ranking algorithm (Ivezi¢ et al. 2013): after a visit of a given
field, all possible next observations are assigned a score, which
depends on their locations, the times of previous observations,
and the filters. Therefore, the cadence (i.e., the next visit to the
same field) of observations is irregular, and some fields might
be visited more frequently than others, and in different filters
(Ivezi¢ et al. 2019). For minion_1016, 7.5% of the total
observing time will be spent observing in u# band, 10.1% in g
band, 22.0% in r band, 22.1% in i band, 20.1% in z band, and
18.2% in y band. The number of visits to a given field of the
sky in all six bands over the 10-year survey duration for
minion_1016 is shown in Figure 3. The average number of
visits to a field is 62, 88, 199, 201, 180, and 180 peru, g, 1, i, z,
and y band, respectively (Marshall et al. 2017). The mean
number of visits per field over 10 years is 910.

For our simulations, we first generated a catalog of galaxies
that will host a TDE during the 10 years of LSST operation. We
then queried the CatSim galaxy database, which covers
approximately 20.25 deg” on the sky and contains around 17
million galaxies. Because the number of visits changes with
respect to the location of the field in the sky, we chose to run
our simulations on 20 different fields of size 20.25 deg”.
Coordinates of the centers of all 20 fields are marked on
Figure 3 with black crosses.

We randomly chose TDE host galaxies based on the rate of
107> per galaxy per year, and assumed that one galaxy can
experience only one TDE in 10 years of LSST observations.
Each host galaxy in the catalog already has defined parameters,
such as coordinates, redshift, extinction, etc. However, there is
no information on the type of the galaxy. Although there is
observational evidence that TDEs prefer E + A post starburts
galaxies (e.g., Arcavi et al. 2014; French et al. 2016; Law-
Smith et al. 2017; Graur et al. 2018), we did not differentiate
between the different types of galaxies in our simulations. We
assumed that all of the galaxies are equally likely to host a TDE
and used the TDE rate (10> per galaxy per year) inferred from
observations, which is averaged over all galaxy types. This
implies an assumption that E + A galaxies are distributed
isotropically across the sky (as other types of galaxies).

There is also no information on the mass of the host galaxy’s
central SMBH in the CatSim catalog; therefore, we assigned it
randomly from an assumed SMBH mass distribution (we
consider six different distributions presented in Section 3).
Note that the black hole masses were randomly chosen from an
interval between 10°M. and 10®M., as black holes with
masses larger than 10% M, will swallow a solar-type star before
it gets disrupted (the tidal radius would be within the
Schwarzschild radius of the black hole).

For each SMBH mass distribution discussed in Section 3, we
created 20 TDE host-galaxy catalogs, one for each simulated
patch on the sky. Each of the catalogs contained around 1700
host galaxies, including active galaxies (approximately 1%
were AGNSs), which we have eliminated from further invest-
igation, as the characteristics of TDEs happening inside AGNs
are not known.

We assigned each host galaxy a TDE with a starting time
drawn randomly from the duration of the survey. In all cases
we assumed that the disrupted star is solar-like (M = M.,
R = R, polytropic model that blends between v = 4/3 and
v =5/3). We randomly assigned each disruption a [ value,
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Figure 3. Number of visits (where a visit consists of two 15 s exposures) to a given field on the sky over 10 years of LSST observations in all six bands (i, g, 7, i, z,
and y) according to the observing strategy minion_1016. Observations in the r, i, z, and y bands will be more common than those in the u or g band, which is also
apparent from the panels corresponding to each of the bands. The distribution of number of visits on the sky is irregular, as the cadence proposed is also irregular.

Black crosses mark the locations of fields on which we simulated TDEs.

which we let vary from [, = 0.6 to Bpax = 11.8M§ﬁ{2
(Mpy,6 is the mass of the black hole in units of 106M@). The
value of (.. corresponds to a pericenter at 2 Schwarzchild
radii. We assume that a star that travels any further into the
black hole’s gravitational potential does not produced a bright
flare before it is swallowed by the black hole. The values of §
between 0.6 and 1.8 correspond to a partial disruption, and
values larger than 1.85 correspond to a full disruption of the
star (Guillochon & Ramirez-Ruiz 2013). Assuming that the
probability for an encounter with a pericenter distance between
r, and 7, + dr, is proportional to the area 27r, dr, we
distributed 3 according to the following function:

-1
1 1 1
p(ﬂ)=w3( — - ) : 5)

min max

making disruptions with smaller 3 values more probable than
those with larger penetration factors. Since Guillochon &
Ramirez-Ruiz (2013) have noticed that 3 values larger than 4.0
do not produce any substantial change in the behavior of the
fallback rate, and consequently in the behavior of the light
curve and the SEDs, we assumed that the SED stays the same
as in the case of § = 4.0, if § value was larger than 4.0.

For every TDE in the catalog the flux was calculated using
MOSFiT and applying the cosmological redshift of the host
galaxy to the SED.” During the simulations, the host galaxy
and the Milky Way dust extinctions were applied to each event
according to the model in O’Donnell (1994).

Simulations of light curves were done in all six LSST bands,
for galaxies with redshifts z < 3.0, as events at larger redshifts
are expected to be too dim to be observed. Using host galaxy
R.A. and decl., we queried the minion_1016 database, which

2 We assumed a flat universe with cosmological parameters €2 = 0.25,
Qx = 0.75, and Hy = 73 km s Mpc’l.

contains a simulated observing cadence for the LSST, based on
the algorithm described above. At each time a certain TDE in
the sky was observed, its magnitude in a given band was
calculated along with an error bar.

Examples of obtained light curves of three simulated events
are shown in Figure 4. The events have different parameters
and are at different redshifts. TDEI is at z = 0.097, where the
disrupting black hole has a mass of Mgy = 7.7 x 10°M_,, and
the penetration factor is 6 = 1.0. TDE2 is at z = 0.062, with
Mgy = 3.8 x 10°M, and 3 = 3.8, while TDE3 is at z = 0.078
with Mgy = 1.1 x 10'M_, and 3= 1.7.

Note that our simulations do not contain any deep drilling
fields, which the LSST is expected to spend 10% of the
observing time on. All of the fields chosen for our simulations
are within the wide-fast-deep area of the observing strategy.

5. Results and Discussion
5.1. Detection Definition

To estimate the number of TDE detections, we first need to
define what counts as a detection. Too few data points or data
points very close to the limiting magnitude (with large error
bars) do not assure a positive identification of the source as a
TDE. In Figure 5 (left), we plot the number of TDEs seen at
least once above a certain magnitude, which we call the cutoff
magnitude, over 10 years of LSST operations, simulated on one
patch of 20.25 deg? on the sky (in Figure 3 marked with ®). As
expected, the fainter the cutoff magnitude, the more events will
be observed; however, data points close to the limiting
magnitude will have large error bars. Setting a brighter cutoff
magnitude reduces the number of detected events, but on the
other hand it means that data points will carry smaller error bars
and result in better quality light curves. We decided to set the
cutoff magnitude to the (limiting —2) magnitude of the band, so
that the cutoff magnitudes in the remainder of this paper are
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u. =215, g. =228, r.=224, i.=219, z. =213 and
ye = 20.1.

For the positive identification of a TDE, based only on the
LSST data, it will be important how many good quality data
points the light curve will contain, i.e., how many times a TDE
is detected above the cutoff magnitude. Figure 5 (right) shows
the number of TDEs on a patch ® (Figure 3) seen above the
cutoff magnitude (as defined in the previous paragraph) over
10 years of LSST operations at least a certain number of times,
given on the x-axis. As expected, the fewer points we choose as
sufficient for a positive identification, the higher the number of
events. The plot does not show any clear trend which would
suggest what boundary would be the best choice. We arbitrarily
chose 10 data points across all LSST bands as a minimum
number sufficient for a reliable classification of a TDE. This
may not be sufficient to distinguish a TDE from other types of
transients, especially supernovae; however, observations in
different bands on a short timescale (e.g., one day or two) could
provide us with color information, which could be helpful in
that. We note that this number might be different once a well-
performing classification tool for identifying TDEs out of a
large number of transients is produced.

5.2. Number of TDEs Detected

To calculate the number of TDEs observed over the whole
LSST visible sky, we first divided it into three areas, which have
significantly different number of visits, as is clearly evident in
Figure 3. We put four of the simulated fields in area I (decl.>0°,
size ~3300 deg) four fields in area II (decl. < —60°, size
~1700 deg?), and 12 fields in area Il (— 60° < decl. <0°
excluding the Galactic plane, size ~13,000 deg?). On the total of
20 patches in these three areas, we performed simulations and
calculated the mean number of detections for all six SMBH mass
distributions described in Section 3. To obtain the total number
of TDEs over the whole LSST visible sky, we weighted the
mean numbers obtained for these patches with their area size
and summed all of the contributions. Figure 6 shows the mean
number of detected TDEs for each of the SMBH mass
distributions.

The uncertainties were estimated by first calculating the
standard deviation of the detected TDEs for 12 small patches in
the sky area III. The standard deviations of the number of
detections were negligible in the areas I and II compared with
area IIl. From our results for area III, we find that the standard
deviations are ~1.4 VN , where N is the number of detected
TDEs. We used this approximate relation to estimate the
uncertainties of the number of detected TDEs in the whole sky.
The uncertainties are shown in Figure 6 in pink, and are very
small compared with the total number of TDEs.

The number of detected TDEs largely depends on the
underlying SMBH mass distribution, as well as on the choice
for the cutoff magnitude. In our case, the number of detected
TDEs lies in an interval roughly between 35,000 + 260 and
80,000 4 400 events over 10 years of LSST observations. This
corresponds to roughly 10-22 TDEs on average per night.

We would like to stress here that the number of detected
TDEs strongly depends on the cutoff magnitude and the
minimum number of data points above this magnitude required
for a positive TDE detection as discussed in 5.1. Choosing the
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cutoff magnitude to be (limiting —3) magnitudes instead of
(limiting —2) magnitudes, gives a number of detected TDEs
between 27,000 £ 230 and 65,000 + 350 over 10 years,
corresponding to 7-18 TDEs on average per night. Similarly,
for the number of data points required for a detection, requiring
20 data points above the cutoff magnitude instead of 10, lowers
the number of detected TDEs over 10years to be between
23,000 £ 140 and 58,000 +£ 360, or an average of 6-16 TDEs
per night.

The number is the highest for the SMBH mass distribution
D4, as the peak of the distribution is at a higher black hole mass
(~10%° M) and it falls rapidly toward the low-mass end. In
general, TDEs at the low-mass end are less luminous and
decline more rapidly with time, therefore the probability of
missing them with an irregular cadence is high. In the case of
D4 mass distribution the number of TDEs at the low-mass end
is small and nondetection of these events does not have a large
effect on the overall number of observed events. The brighter

events caused by more massive black holes are in this case
more frequent and more efficiently detected, therefore the total
number of detected TDEs is larger.

The distribution with the smallest number of detected TDEs
is D2; however, the number of detected TDEs in this case is
similar to the number of detected TDEs in all other
distributions (except D4). The reason for the low number of
detected TDEs in D2 is that, as seen in Figure 2, D2 has the
largest number of black holes at the low-mass end compared
with other distributions. Therefore, the majority of the events
will be caused by less massive black holes; consequently,
TDEs will be less luminous, fade quicker, and the probability
of not detecting them will be greater.

Our results are in rough agreement with van Velzen et al.
(2011) and Abell et al. (2009). van Velzen et al. (2011)
estimated, based on the previous observations, that the LSST
should discover around 40,000 new TDEs over 10 years, while
in Abell et al. (2009) this number was estimated to be 60,000,
based on the universal TDE rates from Rau et al. (2009 and
references therein).

It is worth mentioning here that we assume all of the
detected TDEs will be recognized and classified as TDEs,
which might not be true in all cases. Due to a large number of
transients, the LSST is expected to discover every night
(~10,000), distinguishing TDEs from other transients will be a
difficult task and probably not always straightforward. Some
events might be misclassified as supernovae or as active
galactic nuclei, which could largely affect the total number of
detected TDEs. There are some observational features, such as
the distance from the galactic center; the color (TDEs tend to be
very blue in color, with g — r &~ —1.0); the light-curve shape;
and the color and temperature evolution, which should be
helpful in distinguishing TDEs from other types of transients;
however, observations at other wavelengths or spectra will
probably be needed for reliable classification.

The availability of follow-up observations will depend on
TDEs redshifts. Taking redshifts z < 0.2 (the limit set by the
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current observed sample of TDEs, which mostly have redshifts
<0.2) we find from our simulations that approximately 10%—20%
of the detected TDE:s lie within this range and would therefore be
good candidates for follow-up observations.

Making constraints in addition to z < 0.2, further reduces
the number of detected TDEs. Requiring that a TDE should
have at least two observations in any band before the peak (to
be able to accurately determine the peak time and peak
magnitude), and at least five observations in any band within
30 days after the peak, results in only 5% to 8% of the whole
detected sample (depending on the SMBH mass distribution),
giving a number of detected TDEs between 2500 and 3000
over 10 years of observations.

To be able to fully exploit the LSST data, a method for the
identification of TDEs from photometric data alone is needed.
This problem, however, is outside the scope of this work. In the
following discussion, we will assume that all the detected
TDEs will be classified.

5.3. Probing the SMBH Mass Distribution

Once the LSST starts observing TDEs on a daily basis, the
masses of black holes responsible for causing TDEs could be
determined by fitting the observed light curves with a TDE
light-curve model. Provided that the events have good
sampling around the peak or observations in various bands,
as shown in Mockler et al. (2019), the black hole masses can be
well constrained. In addition, even if there are no data points
near the peak but there is good sampling of the decline, the
black hole masses can still be determined. MOSF1iT produces a
number of light curves that can fit an event, and consequently a
number of different estimations on the SMBH mass. The
statistical error bars on the SMBH masses determined in
Mockler et al. (2019) are small, within 0.1 dex and only in
some cases as large as 0.3 dex. The SMBH masses determined
in their work are in agreement with SMBH masses determined
with the Mpy—o relation. In addition, their results show no clear
correlation between any other parameters (such as, e.g., 3 with
the black hole mass).

To address the possibility of probing SMBH mass distribu-
tions with TDEs observed by the LSST, the distributions of
detected TDEs over black hole mass together with the initial
input distribution for all six initial distributions are shown in
Figure 7.

From Figure 7 it is clear that none of the simulated TDE
distributions follow the initial distribution of SMBH masses. At
the high mass end we notice that the distributions of detected
TDEs over black hole mass seem to follow the initial
distributions quite well; however, the distributions fall quickly
toward 10°M_,, as a solar-type star enters a heavier black hole
before it can be disrupted, and no flare is observed.

At the low-mass end, however, none of the detected TDE
distributions over SMBH masses follow the initial distribu-
tions. This is due to the fact that TDEs involving a less massive
black hole produce less luminous events, which fade faster with
time (see Figure 1), making them harder to detect. It is possible
that we are missing those dim and short TDEs, due to the
cadence we used in our simulations.

To describe the effect of observational bias, i.e., the faintness
and short duration of events at the low-mass end, we created a
“selection-effect” function (pink dotted lines in Figure 7). We
simply assumed that it is a Gaussian function, the same for all
SMBH mass distributions, with a mean value of 10%° M, 5 and a
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standard deviation of 0.5 on a logarithmic scale. We then
multiplied this function with the initial input distribution (purple
line in Figure 7) and noticed that the final product fits the
observed TDE distributions well (green histograms in Figure 7).
This product is shown in Figure 7 with dotted light blue lines.

To check if it would be possible to distinguish between
different initial distributions, we fitted a Gaussian function to
the detected TDE distributions (black dashed lines in Figure 7).
We find that in all cases the mean and the standard deviations
(also noted in each panel of Figure 7) have very similar values
and cannot be used to reach reliable conclusions regarding the
initial distributions.

From the results obtained in our simulations it seems that it
will not be straightforward to deduce the mass distribution of
SMBHs in spite of a large number of TDEs detected by the
LSST. This is due to the selection effects which, provided that
the theoretical models are giving correct predictions about the
duration and luminosity of TDEs, are biased against low-mass
black hole TDEs.

In principle, the total number of detected TDEs could tell us
something about the shape of the SMBH mass distribution. As
mentioned in Section 5.2, different SMBH mass distributions
give different total numbers of TDEs detected. However, the
number of detected TDEs strongly depends also on the rate of
TDEs, which is not yet firmly known. Therefore, until the rate
of TDEs is more precisely known, it will not be possible to lift
the degeneracy between the rate and the SMBH mass
distribution, and use the total number of detected TDEs as a
strong indicator for the shape of the SMBH mass distribution.

We would like to note that our results are obtained with the
minion_1016 cadence. We tested whether simulations over
the whole observable sky might improve the statistics at the
low-mass end of the SMBH distribution. We find that running
simulations on a larger number of fields (e.g., 20 instead of 10)
does not change the shape of the resulting mass distribution of
detected TDEs significantly and it only slightly affects the p
and o of the Gaussian fit. We also tested the effects of different
requirements in our definition of a TDE detection, i.e., the
cutoff magnitude and the number of data points above the
cutoff magnitude. We find that changing these two parameters
does not affect the shape of the mass distribution of detected
TDEs significantly. The low-mass end sampling might be
better using a different cadence (e.g., one of the cadences
mentioned in Bricman & Gomboc 2018), which has a more
frequent temporal sampling.

6. Conclusions

Based on results in Figure 6 we estimate the LSST will
discover on average between 35,000 and 80,000 TDEs over
10years of observations, depending on the SMBH mass
distribution. This corresponds to approximately 10-22 TDEs
on average per night. We may therefore expect that the LSST
will significantly enlarge the sample of observed TDEs,
improve the statistics concerning their properties, and our
understanding of these transients.

These numbers are based on the assumption that 10 data
points in any LSST band will be sufficient for a TDE
classification. Requiring 20 data points above the cutoff
magnitude in any band reduces the number of detections to
be between 23,000 £+ 140 and 58,000 & 360 over 10 years, or
an average of 616 TDEs per night. An additional constraint of
a TDE distance z < 0.2 (to allow for follow-up photometric
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Figure 7. Input theoretical SMBH mass distributions D1-D6 (purple lines), the SMBH mass distribution of detected TDEs (green histograms), the Gaussian fit to
detected TDEs (black dashed line), and the selection-effects function (pink dotted line). The observed samples consist of all detected TDEs on 20 simulated fields,
scaled to the whole observable sky as discussed in 5.2.

and spectroscopic observations with mid-size telescopes) The distributions of detected TDEs over the black hole masses
reduces the number to only around 10% of the detections involved in the process are not as informative about the
inferred from Figure 6. Therefore, to reliably classify a majority underlying SMBH mass distribution as one might hope. Based
of the TDEs detected by the LSST, a photometric classifier is of on the results in Figure 7, there is no clear parameter with which
crucial importance. we could distinguish among different initial distributions. We
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find that this is a consequence of the short duration and faintness
of TDEs caused by low-mass SMBHs, due to which the majority
of such TDEs might be missed by observations.

We expect that a cadence with a more regular or more dense
sampling might give a higher number of detected events at the
low-mass end of the SMBH mass distribution, providing
additional information on the mass distribution of SMBHs.

In any case, a substantially larger sample of TDEs detected
by the LSST and supplemented by follow-up observations with
other facilities, promises to provide many new insights into the
properties of TDEs including their stellar and black hole
properties (mass, spin), the ambient environment of quiescent
SMBHs, their host galaxies properties, and last but not least,
more strict limits on the true rate of TDE:.
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