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ABSTRACT

We reproduce the luminosity functions of the early-time peak optical, the late-time ultraviolet (UV)-plateau, and the peak X-ray
luminosities of tidal disruption events, using an entirely first-principles theoretical approach. We do this by first fitting three
free parameters of the tidal disruption event black hole mass distribution using the observed distribution of late-time UV-plateau
luminosities, using a time-dependent relativistic accretion model. Using this black hole mass distribution we are then, with no
further free parameters of the theory, able to reproduce exactly the peak X-ray luminosity distribution of the tidal disruption
event population. This proves that the X-ray luminosity of tidal disruption events are sourced from the same accretion flows
which produce the late-time UV plateau. Using an empirical scaling relationship between peak optical luminosities and black
hole masses, itself calibrated using the same relativistic accretion theory, we are able to reproduce the observed peak optical
luminosity function, again with no additional free parameters. Implications of these results include that there is no tidal disruption
event ‘missing energy problem’, that the optical- and X-ray-selected tidal disruption event populations are drawn from the same
black hole mass distribution, that the early-time optical luminosity in tidal disruption events is somewhat simple, at least on the
population level, and that future Legacy Survey of Space and Time (LSST) observations will be able to constrain the black hole

mass function at low masses.
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1 INTRODUCTION

Tidal disruption events (TDEs) occur in the centres of (previously)
quiescent galaxies when an unfortunate star is scattered by N-body
gravitational interactions onto a near-radial orbit about the central
supermassive black hole. Once the tidal force of the black hole’s
space—time overcomes the star’s self-gravity, the star is unbounded
and becomes a debris stream which ultimately rains down onto the
black hole powering bright flares observed across the electromagnetic
spectrum.

A ‘canonical’ TDE is typically discovered as a bright flare in
optical bands, which may or may not be associated with a rapid rise
in X-ray flux, from the centre of a galaxy. Typical optical luminosities
peak at around L ~ 10¥~* ergs~!, as do the brightest X-ray flares,
before decaying away on ~ month time-scales. On significantly
longer time-scale (~ years) a pronounced plateau is observed in
the optical/ultraviolet (UV) light curves (van Velzen et al. 2019b;
Mummery & Balbus 2020) which is most easily observed in the
UV (van Velzen et al. 2019b) but can also be detected in the optical
(Mummery et al. 2024b). This plateau is associated with a transition
from the (currently poorly understood) physics of the early-time
optical flare to a disc-dominated state (Mummery & Balbus 2020;
Mummery et al. 2024b).
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While a rare event in any one galaxy (typical rates are of order
~ 107 galaxy~' yr~!, Rees 1988; Magorrian & Tremaine 1999),
all sky surveys in the optical (e.g. the All-Sky Automated Survey for
Supernovae; Holoien et al. 2016, and Zwicky Transient Facility, van
Velzen et al. 2019a; Yao et al. 2023 surveys) and X-ray (such as the
X-ray Multi-Mirror Mission slew, Esquej et al. 2008, and eROSITA,
Sazonov et al. 2021; Grotova et al. 2025 surveys), have lead to a
growing number of known systems, a population which now stands
at roughly 100 individual sources. These hard-won data sets mean
that it now possible to pose questions regarding the properties of
the populations of these exotic objects. This is an important step
change in TDE science; while the properties of some individual
sources are well described by black hole accretion models (e.g. the
well-behaved source ASASSN-141li, Mummery & Balbus 2020; Wen
et al. 2020), other individual sources show more extreme properties
(such as large-amplitude short-time-scale variability; e.g. Wevers
et al. 2021). It is an important test of theoretical models of TDEs
that the gross population-level properties of these systems can be
reproduced with physically reasonable parameters.

Recently, Mummery et al. (2024b) demonstrated that the late-
time UV-plateau luminosity observed from TDEs offer a particularly
promising route to understanding the properties of the population
of TDEs. The reason for this is that the amplitude of the late-time
UV luminosity is strongly correlated with the black hole mass at
the centre of the event Ly o< M 2/3, meaning that the distribution
of plateau luminosities observed in these systems might offer a
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Figure 1. The observational data which we seek to reproduce in this work.
Upper: the observed TDE luminosity distributions in optical (early time), UV
(late time), and X-ray (peak) bands. The smooth curves are computed using
Gaussian Kernel density estimation, while individual data points are shown
below each curve. The structure of each luminosity distribution shows unique
features. Lower: the three corresponding luminosity functions (normalized
so that each curve integrates to unity). The different structures of each lumi-
nosity distribution are most noticeable when expressed in terms of intrinsic
rates.

route into constraining the black hole mass distribution of these
events. This represents a key step in constraining the wider (e.g.
peak optical and X-ray luminosity) observed distributions of these
systems. Mummery et al. (2024b) demonstrated that the masses
inferred from the late-time plateau are consistent with the known
M, — o (and M, — M) relationship extrapolated down from higher
mass galaxies, which is a good start.

Concurrently, a number of observational surveys have lead to tight
constraints being placed on the intrinsic rate at which the early-time
optical (Yao et al. 2023), late-time UV (Mummery et al. 2024b),
and X-ray (Guolo et al. 2024) luminosities of TDEs are distributed. '
Current observational data constrains both the observed distributions
[Fig. 1; data from Yao et al. (2023), Mummery et al. (2024b), and
Guolo et al. (2024)], but also the relative rates of certain properties

n this paper, we use the symbol L, (Lyv) to represent v L,, for narrow-band
observations in the g-band (UV bands), and L x for the integrated luminosity
across the broader 0.3 — 10 keV X-ray bandpass.
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Table 1. The black hole masses of the 14 new TDEs in our sample, computed
from Mummery et al. (2024b) plateau luminosity scaling relationship. The
quoted error ranges correspond to 1o uncertainties. The plateau luminosity
here is measured at v = 10'° Hz.

TDE name log;o Lplat logyy M.

log;gergs™! log;o Mo
AT2017eqx 41.98+0% 681703
AT2018bsi 41.83%013 662703
AT2019eve 41.42+0:04 6.0470:3%
AT2020ksf 41.91+003 671403
AT2020vdq 41.047507 552703
AT2021ack 4185011 6647033
AT2021gje 43,1310 7.95703¢
AT202110 42841003 774500
AT2022dbl 41.18795 5.6879%0
AT2022bdw 41537006 6197038
AT2022rz 41.98+0-11 6817031
AT2022hvp 42.54+0:04 747705
AT2022dsb 41.82102 6587030
AT2023clx 40.361012 4637050

in the wider universe (i.e. the above distributions once Malmquist
biases are corrected for; lower panel of Fig. 1).

The simplest theoretical question that can be asked is whether
any one model can reproduce, from first principles, the observations
summarized in Fig. 1. This question has clear physical content: the
distributions and rates have fundamentally different structures (par-
ticularly when plotted as intrinsic rates) from observational band to
observational band. This rules out naive models which (for example)
scale each luminosity with the Eddington limit of the host black hole,
as this would imply a simple shifting of the same distribution. As far
as the authors are aware this question has not yet been posed in the
literature. It is the purpose of this paper to demonstrate that all three
distributions can be reproduced entirely with results derived from
time-dependent relativistic accretion theory.

The layout of this paper is as follows. In Section 2, we introduce
the TDE sample used in this work, which includes an extended
UV-plateau population. In Section 3, we introduce the underlying
theoretical framework used in this paper, and review the accretion
models introduced in Mummery et al. (2024b). In Section 4, we
present the results of our analysis, before discussing their implica-
tions in Section 5. We conclude in Section 6. A detailed description
of the statistical formalism used in constraining the parameters of
the black hole mass distribution is presented in Appendix A.

2 THE OBSERVED TDE POPULATION

In this work, we use the manyTDE? database of TDE light-curve
parameters. This data set was compiled during the work presented
in Mummery et al. (2024b), although since this publication more
TDESs have been discovered, and some of these sources now have
detectable late-time plateaus. We summarize the properties of the 14
new TDEs with detected late-time plateaus in Table 1 (see the tables
in Appendix B for discovery references for each new TDE, and
galactic properties). The remainder of our optical/UV sample is the

2All of this data are publicly available at https:/github.com/sjoertvv/
manyTDE.
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Figure 2. Updated M, — o (upper panel) and M, — Mgy (lower panel)
scaling relationships including the new TDE measurements of Table 1. The
(typically higher black hole mass) measurements are taken from the Greene
et al. (2020) review, while the majority of the TDE population were first
published in Mummery et al. (2024b). The new points remain consistent
with the expected extrapolation of known relationships calibrated at higher
masses.

data set presented in Mummery et al. (2024b). Owing to the continued
collection of more data since publication some of these older TDEs
now have subtly different plateau luminosity measurements.

The data reduction, and the process of plateau luminosity mea-
suring, for each of these new TDEs follows exactly the procedure
spelled out in Mummery et al. (2024b), their section 5. With the
UV-plateau luminosity extracted, we can use the plateau luminosity—
black hole mass scaling relationship to provide estimates of the black
hole masses of each of these new TDEs. These masses are also
presented (with 1o uncertainties) in Table 1. Every TDE which is at
a low redshift z < 0.07 and has at least 3 yr of data post-peak now
has a detected optical/UV plateau, strongly suggesting that this is a
ubiquitous property of TDE systems.

Many of the TDEs with plateau-inferred black hole masses also
have independent estimates of their black hole masses from galactic
scaling relationships, namely the velocity dispersion ¢ and galaxy
mass My, relationships. In Fig. 2, we place the 14 new TDEs
(not every TDE has a velocity dispersion measurement) onto the
M, — o and M, — My, scaling relationships of Greene, Strader &
Ho (2020). The new points remain consistent with the expected
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extrapolation of known relationships calibrated at higher masses.
Note the systematically lower masses of the M, — o measurements
of the newer population, this may be an example of Malmquist bias —
those TDEs with fainter plateaus (a result of lower black hole masses)
need more data to detect, and will in general be detected later in a
survey.

In addition, we use the peak X-ray luminosity database collected
in Guolo et al. (2024), and the peak g-band luminosity function
presented in Yao et al. (2023). We have verified that the luminosity
function presented in Yao et al. (2023) is consistent with that which
would be inferred from our extended manyTDE data set.

3 ANALYSIS FRAMEWORK

It is the aim of this paper to reproduce the population-level prop-
erties of TDEs as observed at optical, UV, and X-ray frequencies.
Theoretically, the reproduction of a distribution of ‘observables’ is
a fundamentally rather simple two step process. First, one needs to
specify the intrinsic distribution of physical TDE ‘input’ parameters
(in this case the distributions of e.g. the black hole masses and
spins, the stellar masses, etc., which are involved in these events).
The second step is then turning each set of input parameters into a
predicted ‘output’ observable (in our case these outputs are observed
luminosities) using a physical model. In this section, we begin by
introducing the physical model, then we discuss the functional form
of the ‘input’ parameter distributions considered in this work, before
concluding with a discussion of the raw data we are aiming to
reproduce.

3.1 The relativistic accretion flow model

The fundamental physical model used in this work is the time-
dependent relativistic accretion flow model which was developed
in Mummery & Balbus (2020), and extended in Mummery et al.
(2024b). This model is discussed in significant detail in the code
paper (Mummery et al. 2024a), and in this paper we therefore only
give a broad summary of its constituent components, and refer the
reader to these earlier papers if more detail is required.

The model makes the assumption that one half of the disrupted
stellar debris ultimately circularizes into an accretion flow, with ini-
tial radial scale given by the circularization radius of the disruption.’
This disc material thereafter evolves according to the time-dependent
general relativistic thin disc equation (Eardley & Lightman 1975;
Balbus 2017), which is the relativistic analogue of the classical
Lynden-Bell and Pringle Newtonian disc equation (Lynden-Bell &
Pringle 1974). This governing equation evolves the disc density
as a function of radius and time, from which the locally liberated
photon flux of the disc can be computed. This local photon flux is
assumed to be emitted quasi-thermally, with a temperature dependent
colour-correction factor (Done et al. 2012) included to model disc
opacity effects. For the sake of computational speed, we use the
analytical disc solutions of Mummery (2023), which assume a
vanishing innermost stable circular orbit (ISCO) stress for simplicity.
This allows a rest-frame spectral energy distribution of the photons
emitted from the accretion flow to be computed at every time post-
disruption. The observer is assumed to be located at a distance D from
the disc, orientated at an angle 6,5 from the black hole’s spin axis.

3The circularization radius is the radius at which one half of the stellar debris
would settle if its initial parabolic orbit was transformed into a circular orbit
while conserving angular momentum.
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The observed spectral energy distribution of the emitted radiation is
then computed using full relativistic ray-tracing calculations. We use
amodified (Ingram et al. 2019; Mummery et al. 2024b) version of the
publicly available code YNOGK (Yang & Wang 2013), which is based
on GEOKERR (Dexter & Agol 2009) for the ray-tracing calculations.
This observed spectral energy distribution can then be converted
into observer frame light curves, which incorporate all relativistic
effects. For a given set of input parameters, namely the black hole
mass and spin M,, a,; the initial disc mass Mg (taken to be one half
of the incoming stellar mass); the ‘viscous’ evolutionary time-scale
of the disc #yis., and observer inclination 6y, disc light curves can
be produced at all frequency bands.

3.2 Physical parameter distributions

As discussed above, once a set of input parameters are specified,
the output (luminosity at a given frequency versus time) of the disc
model can be computed. At first glance, it may appear however
that the parameter space available to fitting observed luminosity
functions will be incredibly broad, and the problem will likely
be underconstrained. Fortunately, however, nearly all of the key
parameter distributions are known (to good approximation) a priori,
as discussed in Mummery et al. (2024b). In this work, we fix the
parameter distributions of all parameters except the black hole mass
to that used in Mummery et al. (2024b). As an explicit example,
the stellar mass distribution is fixed to that of the Kroupa (2001)
initial stellar mass function, multiplied by the Wang & Merritt
(2004) intrinsic stellar mass dependence of the TDE rate. We use
the Kippenhahn & Weigert (1990) stellar mass—radius relationship
throughout this work, so that only the stellar mass is a free parameter
for a given disruption. We do not include any contribution to the TDE
rate from red giants or white dwarfs. Other parameters are similarly
simply distributed, we take flat (uninformative) prior distributions
on the black hole spin parameter a, for each black hole. We
further assume that the observing inclination cosi, and incoming
stellar orbit angle sin ¢, are uniformly distributed, as would be
the case for an isotropic observer distribution (in the case of 6,s) or
isotropic galactic centre stellar population (in the case of ¢, ). In our
sample we only include full disruptions (i.e. those with penetration
factors § > 1), and sample the impact parameters according to the
prescription of Stone & Metzger (2016) (see Mummery et al. 2024b,
for more details).

To leading order therefore we have only one parameter distribution
which must be fit from the data, the distribution of black hole masses
in observed TDEs. In this work, we parametrize the TDE black
hole mass distribution with the following functional form (Schechter
1976)

m‘zh _ Me v 1
i s () | v

This represents a broken power law with a high-mass exponential
cut-off. At low black hole masses (M, << M.), this function is
well approximated by a single power law with index py, ~ mY,
while for higher masses (M, < M, < M,) the power-law slope
becomes py, ~ m%, with the transition scale occurring at black
hole masses M, ~ M.. The very high mass behaviour is that of
an exponential decay owing physically to the scarcity of high-mass
galaxies. We take M, = 6.4 x 10’ Mg, and y = +0.49, which are
the values presented in Shankar et al. (2004). Our results are only
weakly sensitive to the values of y and M,, as the high-mass TDE
rate is principally controlled by Hills mass suppression (discussed
in detail in Appendix A), which leads to a superexponential rate
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suppression, rather than this exponential suppression. The aim of
this analysis is to infer the parameters oy, ;, and M, from TDE
observations.

3.3 The optical/UV data

As was demonstrated in Mummery et al. (2024b), the properties
of the late-time UV plateau observed in TDE light curves are well
described by the relativistic accretion theory summarized above. It
is this data set therefore which we use to constrain the parameters of
the black hole mass distribution introduced above.

As discussed in Section 2, for the raw data we use the compilation
of TDE late-time UV-plateau luminosities presented in Mummery
et al. (2024b), with the addition of 14 new TDEs discovered since
publication of this work. For each TDE with a late-time plateau, we
also have a measured maximum optical luminosity, which will be
used in later sections to compute the maximum observable volume
of each source. The raw luminosity data are presented in Fig. 1, as
an observed probability density function in the upper panel, and as
an intrinsic rate in the lower panel. The intrinsic rate is computed
by weighting the probability density function by the inverse of the
observable volume of each source (see Appendix A for more details),
so that harder to detect sources get a larger weight and are more
accurately represented (i.e. this procedure accounts for Malmquist
bias). The uncertainty in each rate value is given by the Poisson noise
for the number of TDE sources which make up that bin.

In Appendix A, we construct a likelihood (denoted £) which
describes the probability of observing a given distribution of TDE
UV-plateau luminosities, given a set of black hole mass distribution
parameters {£} = (o, a;, M.). This likelihood has the following
functional form

NtDE

log £({&h) =Y logpr (L3 {€}) )

j=1

where L; is the observed UV-plateau luminosity of the jth TDE
in our sample. We do not weight the likelihood for each TDE, and
therefore fit to the raw observed plateau luminosity distribution,
rather than the intrinsic distribution. Importantly, this means that the
parameters of the black hole mass distribution we constrain are for
the observed TDE black hole mass distribution of our flux-limited
sample, rather than the intrinsic black hole mass function.

The computation of the plateau luminosity probability density
function py (/), given a set of black hole mass distribution parameters,
is the key step in this analysis, and is spelt out in detail in Appendix A,
to which we refer the interested reader. Our sample comprises of
Nrpe = 62 sources with detected UV-plateau luminosities.

3.4 Statistical tests of the fit

We wish to contrast the predicted model luminosity functions with
those which have been observed. In general, there are two statistical
properties of the observed luminosity functions which we wish to
recover. These are the observed cumulative luminosity distribution
and the luminosity probability density functions (which formally
contain the same information), and of course the intrinsic rate of the
observed luminosities (the luminosity function itself). So as to be
precise moving forward, we spend some time here defining each of
these distributions in turn. The probability density function is defined
by

dN1pE
NTDE d IOg L ’

pogL) = 3)



where L will represent either the UV plateau, optical peak, or X-ray
peak luminosity. In other words, the probability density function is
the unweighted and normalized histogram of the observed luminosity
data. The normalization is simply defined so that

+o0
/ p(logL)dlogL = 1. “4)
—00

This probability density function allows us to define the cumulative
distribution function of the data ®(log L)

log L
d(logL) = / p(logL') dlogL'. 3)
—00

This is important because the cumulative distribution function allows
non-parametric tests of goodness of fit to be performed, such as the
two sample Kolmogorov—Smirnov (KS) test.

Finally the rate at which a given luminosity in our sample appears
intrinsically is given by

drR o I dNmpe
dlogL — V(logL)dlogL’

where V is the maximum observable volume associated with each
TDE.

The volume V can be simply estimated for our sample as we know
how each TDE sample was constructed, namely from an optical
survey telescope with a known flux detection limit, Fj;, (although
this analysis could also be performed for e.g. an X-ray instrument).
In a Newtonian cosmology (which is a reasonable approximation for
nearly all TDEs which are found at z < 0.1), the maximum distance
out to which a source with given peak luminosity (optical or X-ray)
Lpeax can be observed is

(6)

D max X L peak (7)

and therefore an estimate of the volume out to which each TDE can
be detected is (Appendix A for more discussion)

Vo Dl o (Lpeat) ™’ ®)

4 RESULTS

4.1 Black hole mass distribution

With the likelihood constructed, we can fit the three black hole mass
distribution parameters ¢, o, and M, to the UVplateau data using
standard techniques. To be precise, we run a Monte Carlo Markov
Chain (MCMC) analysis, using the EMCEE code (Foreman-Mackey
et al. 2013). We use very broad, flat, and uninformative priors on our
fitting parameters, namely —5 < oy, o, < 5,and 3 < log M. /Mg <
10. The posterior distributions of these three parameters are shown
in Fig. 3.

As is clear in Fig. 3, this analysis is able to constrain both
the high-mass slope «; and turnover mass M., of the TDE black
hole mass distribution. This approach, however, has effectively zero
constraining power of the value of the low-mass slope «;, owing
to a lack of sources detected at very low luminosities. The only
requirement picked out by the data is ¢; > 0, so that the TDE rate
goes to zero at low masses. We caution against interpreting the
large value of M, ~ 10® M, as a fundamental change in the intrinsic
black hole mass function at this scale, as it is possible that the high
value is driven by the lack of observed plateau luminosities below
log Lyv pia S 40.5 (see Fig. 1). We cannot distinguish between
an intrinsic and volume-limiting effect at this stage, a result we
discuss further in Section 5. Current surveys do not necessarily
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Figure 3. Posterior distributions of the black hole mass distribution parame-
ters, resulting from a MCMC analysis of the TDE UV-plateau data. The data
require a turnover in the TDE black hole mass rate at M, ~ 10° M, at high
significance. This may be related to an intrinsic change in the black hole mass
function, or could be driven by the lack of observing volume at these low
luminosities, where current instruments do not typically have sensitivity. We
cannot distinguish either scenario with current data.

have the required observable sensitivity to detect TDEs with plateau
luminosities at this low level for the vast majority of our sources, and
upper limits were found for some sources in the analysis of Mummery
etal. (2024b), which we do not include in this work. We note however
that the detection (or not) of a plateau for a given TDE was not found
to correlate with galaxy mass (and therefore presumably black hole
mass Mummery et al. 2024b). Future observational surveys with
higher sensitivity will likely be able to overcome this effect, and
determine if this represents a true turnover mass (if indeed such a
mass scale exists) in the black hole mass function.

This analysis finds «; = —0.85 & 0.4 (median + standard de-
viation) and log M./Mg = 5.8 £0.8. This suggests that the ob-
served TDE population is dominated by black holes with masses
~ 105> M. It is interesting to note that this high-mass slope is
statistically steeper than expected from extrapolated galactic scaling
relationships and conventional models of the observed rate of TDEs
on black hole mass (which would predict «;, >~ 0 for Eddington-
limited accretion, e.g. Stone & Metzger 2016).

As a test of this analysis we compare the cumulative distribution
function of the model black hole mass distribution with the observed
black hole mass distribution, computed in three different manners
(Fig. 4). These are from the M, — Mg, relationship (green step
function, using the relationship of Greene et al. 2020), the M, — o
relationship (red step function, using the relationship of Greene et al.
2020), and the M, — Ly scaling relationship (blue step function,
using the relationship of Mummery et al. 2024b). The model posterior
median (purple curve) and 1o uncertainty (purple shaded region),
are also shown, with the effects of Hills mass suppression included
(the effects of Hills mass suppression are discussed in more detail
below). The posterior median model produces a formally acceptable
description of both the M, — My, and M, — L, populations (we

MNRAS 541, 429-445 (2025)
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Figure 4. The cumulative distribution function of the observed TDE black
hole masses of our sample, measured in three different ways. These are
from the M, — Mgy relationship (green step function, Greene et al. 2020),
the M, — o relationship (red step function, Greene et al. 2020), and the
M, — Lpia scaling relationship (blue step function, Mummery et al. 2024b).
The model posterior median (purple curve) and 1o uncertainty (purple shaded
region), are also shown, with the effects of Hills mass suppression included.
The posterior median model produces a formally acceptable description of
both the My — Mg, and My — Lo populations, with the null hypothesis that
the observed and simulated distributions are the same producing p-values
> (.1 for a two-sample KS test. The model is in contention with the M, — o
population however (p-value = 0.001), see the text for further discussion.

cannot reject the null hypothesis that the observed and simulated
distributions are the same). The model is in contention with the
M, — o population however (p-value = 0.001).

This of course means that different scaling relationships are in con-
tention with one another. Some of this tension is easy to understand
physically: neither the M, — M,y relationship or the M, — o rela-
tionship incorporate the effects of the Hills mass (whereas the plateau
luminosity scaling relationship does), and therefore the deviations
between the different scaling relationships at M, > 107> My, are
artificial. The origin of the discrepancy between the M, — My, and
M, — Ly relationships and the M, — o relationship at low black
hole masses is less clear. We note that galactic scaling relationships
have large intrinsic scatter (typically at least 0.5 dex), and so the
smaller the sample (as in the case of o measurements of which we
have less than half of the number of M,, measurements) the larger
the uncertainty in the cumulative distribution function. Furthermore,
the Greene et al. (2020) scaling relationships are calibrated on
substantially larger black hole masses than the mass region of
discrepancy (see e.g. Fig. 2), and it is unclear (physically, as well as
empirically) whether these relationships potentially flatten at lower
masses, which would remove this tension. As TDE sample sizes
increase in the Rubin observatory era this will become an increasingly
interesting question.

With the parameters of the black hole mass distribution con-
strained, we turn to the ability of this model to reproduce the observed
luminosity functions, beginning with the plateau luminosity function.

4.2 The late-time UV-plateau distribution

As a first test of the theory, we compare the observed distributions of
the UV-plateau luminosity, and the corresponding distributions pre-
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dicted from the MCMC posterior median. Our results are displayed
in Fig. 5.

The middle panel of Fig. 5 shows the observed plateau luminosity
distribution in our sample (blue histogram and points), with model
posterior shown by the purple curve and shaded region (median
and 1o uncertainty). To construct these curves, we sample N = 10°
TDEs following the procedure described above, with o, o, and M,
set by their posterior median values (or sampled from the posterior
distribution for each curve in the computation of the shaded region).
The distribution of these 10° luminosities is then the predicted UV-
plateau distribution. As can be seen in the middle and upper panels
of Fig. 5, the fit is acceptable.

In the lowest panel in Fig. 5, we also display the (unnormalized)
luminosity function of the UV-plateau population. The data are as
in Fig. 1, and discussed above. The only slight change required
to the theoretical distribution is to correct for 1/Vp. in an an-
alytical manner, which we do using the empirical peak optical
luminosity—black hole mass scaling derived in Mummery et al.
(2024b) (discussed in more detail later, see equation 9). In practice
this corresponds to merely modifying each «;, o, when sampled by
o, ap = o — 1.53, a, — 1.53. This distribution provides an accept-
able description of the observed UV-plateau luminosity function.

The fit to the probability density and cumulative distribution
functions of the UV-plateau data is formally acceptable. The null
hypothesis that the observed and simulated distributions are the same
cannot be rejected by a two sample KS test (p-value = 0.30). This
result gives us confidence in our disc theory approach, but the most
important parts of this analysis relate to the implications of these
results which are not part of the fit, e.g. the ability of this model to
reproduce the X-ray luminosity distribution.

An example of one of these non-fitted results is shown in Fig. 6.
In Fig. 6, we display the 2D black hole mass—plateau luminosity
plane of our posterior median results. This was formed from a
sample of N = 10° TDE systems following the procedure set out
above. Each individual TDE sample is displayed by a grey point,
with the blue curves showing lo, 20, and 30 contours (i.e. they
contain the central 68.2 per cent, 95.4 per cent, and 99.7 per cent
of the simulated data, respectively). Also displayed are the observed
TDE plateau luminosities, with black hole masses inferred from
the galactic mass scaling relationship (we choose this rather than
the velocity dispersion as not every TDE has a published velocity
dispersion measurement). Note that the intrinsic scatter in each TDEs
black hole mass measurement are not shown, and for the galactic
mass scaling relationship this is of order 0.8 dex (Greene et al. 2020).

Itis clear that the model put forward in this paper can reproduce not
only the 1D distribution of the TDE plateau luminosity population
(Fig. 5), but also the more detailed 2D mass-plateau luminosity plane
(Fig. 6).

4.3 The peak X-ray luminosity distribution

The ability of a relativistic accretion disc model, coupled to a
parametrized black hole mass distribution, to reproduce the observed
TDE UV-plateau distribution is a promising result. More important
however is the question of whether this same model can reproduce
other, independent, observed properties of the TDE distributions,
which are also expected to result from direct emission from accretion
flows. This test is important because it would demonstrate that the
physics of the model is correct, and the parameters of the black hole
mass distribution which we obtained from a fit to the late-time UV
luminosity distribution are in fact meaningful, and are not simply
being overfit to the data.
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lo, 20, and 30, i.e. they contain the central 68.2 per cent, 95.4 per cent,
and 99.7 per cent of the simulated data, respectively.

In addition to the late-time optical/UV luminosity of TDE systems,
the X-ray luminosity of these systems is also thought to be powered
by accretion, a framework successfully reproduces the data of
numerous individual sources (Mummery & Balbus 2020; Wen et al.
2020, 2021; Mummery et al. 2023; Guolo et al. 2024). Indeed, the
simultaneous reproduction of joint UV and X-ray properties is now
routine (Mummery & Balbus 2020; Guolo et al. 2024). If both the
model and statistical framework put forward in this work are correct,
then this approach should naturally reproduce the X-ray luminosity
function constructed in Guolo et al. (2024) with no further free
parameters.

To perform this test, we numerically sample a large N = 10°
sample of TDE X-ray luminosities (defined in this work as the
integrated 0.3 — 10 keV disc luminosity). We use the median
probability density function for the black hole mass distribution
(NT_DlEdNTDE /dlog M,) obtained for the UV-plateau distribution, and
resample sources following an identical procedure as spelled out in
Mummery et al. (2024b) and Appendix A. We then further sample
from the posterior distribution of «;, or,, and M., again sampling
10° X-ray TDEs each time, to construct a theoretical uncertainty
in the X-ray luminosity distribution. For each sampled TDE, we
then determine the peak X-ray luminosity (which is the most natural
quantity to examine on the population level, and who’s luminosity
function was constructed by Guolo et al. 2024). All of the data used
in this section are taken from Guolo et al. (2024), including the raw
luminosities, the source designation (e.g. optically selected versus
XMM slew), and X-ray luminosity function.

Some care must be taken at this point in this analysis, as at early
times in the innermost disc regions relevant for X-ray observations
(as opposed to the much later times and larger radii relevant for the
UV plateau), some of the sampled systems may become formally
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super-Eddington. At super-Eddington luminosities, the governing
assumptions of the relativistic accretion theory employed in this
work begin to break down, as the flow enters a so-called slim disc
state (Abramowicz et al. 1988, see Wen et al. 2020 for an application
of this model to TDEs). No out of temporal-equilibrium relativistic
slim disc theory currently exists, as only steady-state theories have
been developed. While a steady-state theory is unlikely to strictly
correctly describe the properties of a TDE accretion flow near peak
luminosity, as this is the evolutionary point at which the steady-
state assumptions are maximally violated, steady-state theory does
highlight a key piece of physics which can be incorporated into
the thin disc theory used in this work. In a steady-state theory, an
accretion flow is parametrized by a constant radial mass flux . For
sub-Eddington accretion, the disc bolometric luminosity (normalized
by the Eddington luminosity and denoted /) scales linearly with this
accretion rate / o< m. Above the Eddington accretion rate however,
an increase in s only results in a logarithmic increase in the emitted
luminosity (Shakura & Sunyaev 1973), namely [ o riteqa(1 + Inm).
The physical reason for this transition from a linear to logarithmic
increase is that the extra liberated energy above and beyond the
Eddington limit is nearly all advected with the flow, rather than
radiated away (energy advection is negligible in thin disc systems).
As any apparent super-Eddington emission will in all likelihood
be advected with the flow, it is a good approximation to treat the
maximum bolometric luminosity of these sources as being fixed at
the Eddington luminosity. We therefore compute the bolometric disc
luminosity of each of our sampled systems, in addition to the 0.3 — 10
keV X-ray luminosity. If the bolometric luminosity ever exceeds the
Eddington, then the disc evolution is stopped (at a time we denote
feqd), and the peak X-ray luminosity of this system is recorded at
this time Lx peak = Lx(feqa). Otherwise, the peak X-ray luminosity
is recorded as whatever maximum value the disc reaches during its
evolution (this is typically at a time roughly one viscous time-scale
into the evolution of the flow). This Eddington-limited framework
was first proposed for TDE systems by Mummery (2021).

A key prediction made in Mummery (2021), was that this Ed-
dington limiting (coupled with the emission of TDEs typically being
in the Wien tail), would lead to an observable change in the X-
ray luminosity distribution at the characteristic ‘Eddington—Wien’
luminosity scale Lyx_gw ~ 10* ergs™', with significantly fewer
sources detected with luminosities above this cut-off.

The results of this analysis, having followed the sampling proce-
dure discussed above, are displayed in Fig. 7. To go from the sampled
X-ray luminosity distribution to the intrinsic X-ray luminosity
function it suffices to weight each system in our sample by L;.Sp/ezak (to
compensate for the Malmquist bias experienced by low-luminosity
sources). The normalization of this rate is arbitrary (in our model),
and was fit to match the amplitude of the Guolo et al. (2024) analysis.

As is clear from Fig. 7, relativistic disc theory is capable of
reproducing the TDE X-ray luminosity function, from an original
fit to the late-time UV luminosity function, with no additional free
parameters. The null hypothesis that the observed and simulated
distributions are the same cannot be rejected by a two sample KS
test (p-value = 0.41). This is an extremely important result, as it
demonstrates that the accretion flows which produce the late-time
plateau observed in optical/UV bands are the very same accretion
flows which produce the early-time X-ray luminosity observed in
many systems.

The relevance of the Eddington—Wien upper luminosity limit can
be clearly seen in both the probability density function of the peak
X-ray luminosity population, and the TDE X-ray luminosity rate. In
the raw observed distribution, there is a clear turnover in the observed
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Figure 8. The 2D mass-peak X-ray luminosity plane of the model derived
here and observational data. In grey, we plot a sample of 10° theoretical
TDEs, drawn from the posterior median black hole mass distribution, with
the observational TDE data overplotted. Note that the intrinsic scatter in
black hole measurements are not shown, and for the galactic mass scaling
relationship this is of order 0.8 dex Greene et al. (2020). Blue contours show
lo and 20, i.e. they contain the central 68.2 per cent and 95.4 per cent of the
simulated data respectively. The red-dashed curve shows the Eddington—Wien
limiting luminosity derived in Mummery (2021).

luminosity distribution at Ly_gw ~ 10* ergs~', while the peak X-
ray luminosity rate displays a clear break at the same luminosity
scale (as was first described empirically by Guolo et al. 2024, and
recently also found in eROSITA data by Grotova et al. 2025). Below
the break the peak X-ray luminosity rate (of both the data and model)
can be well described by a power law of index k >~ —1.15.

Unlike the earlier UV-plateau analysis, not every TDE in the Guolo
etal. (2024) sample comes from an optical all-sky survey. In addition,
not every observed TDE is comprehensively followed up with X-ray
observations, and so it is natural to worry somewhat about combining
different samples in this way. To examine if this survey combining has
any effect on the strength of our results we can carry out an identical
analysis using only those TDEs discovered in optical surveys (the
green-dashed curves in Fig. 7). The null hypothesis that the observed
and simulated distributions are the same in this case also cannot be
rejected (a two sample KS test returns a p-value = 0.62).

Similarly, an identical analysis of those TDEs discovered only by
X-ray surveys yields similar results. The null hypothesis that the
observed and simulated distributions are the same in this case also
cannot be rejected (a two sample KS test returns a p-value = 0.14).

This strength of this result can again be further emphasized by
examining the 2D mass—luminosity plane of the theory and data. In
Fig. 8, we display the 2D black hole mass—peak X-ray luminosity
plane of our posterior median results. This was formed from a sample
of N = 10° TDE systems following the procedure set out above.
Each individual TDE sample is displayed by a grey point, with the
blue curves showing 1o and 20 contours (i.e. they contain the central
68.2 per cent and 95.4 per cent of the simulated data, respectively).
Also displayed are the observed optically selected TDE peak X-
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derived here. By points we display a sample of N = 10° theoretical TDEs,
drawn from the posterior median black hole mass distribution, with each
point coloured by the spin parameter of the central black hole. Note that the
relative density of points is much more difficult to ascertain in this figure, but
can be identified with reference to Fig. 8. There are two key trends with black
hole spin which can be seen here, the first is the increasing spin-dependent
Hills mass allowing bright X-ray emission from more massive black holes
(the left-to-right trend), while more rapidly spinning black holes produce
brighter X-ray emission at all masses (the trend bottom to top). This plot does
not show the relative density of systems at different mass/luminosity scales,
which can be inferred from Fig. 8.

ray luminosities, with black hole masses inferred from the galactic
mass scaling relationship (we choose this rather than the velocity
dispersion as not every TDE has a published velocity dispersion
measurement). Note that the intrinsic scatter in each TDEs black
hole mass measurement are not shown, and for the galactic mass
scaling relationship this is of order 0.8 dex (Greene et al. 2020).

These results strongly suggest that the optically and X-ray-selected
population of TDEs are not distinct, but are drawn from the same
overall distribution.

In addition, in Fig. 9, we display an interesting physical property
of the X-ray luminosity of the TDE population. Fig. 9 shows the 3D
mass-peak X-ray luminosity—spin plane of the model derived here.
By points we display a sample of N = 10° theoretical TDEs (the
same sample as in Fig. 8), drawn from the posterior median black hole
mass distribution, with each point coloured by the spin parameter of
the central black hole. Note that the relative density of points is much
more difficult to ascertain in this figure, but can be identified with
reference to Fig. 8. There are two key trends with black hole spin
which can be seen here, the first is the increasing spin-dependent Hills
mass allowing bright X-ray emission from more massive black holes
(the left-to-right trend), while more rapidly spinning black holes
produce brighter X-ray emission at all masses (the trend bottom to
top). This contrasts interestingly with the UV-plateau luminosity (see
fig. 5 of Mummery et al. 2024b), which is only sensitively to the Hills
mass effect, not the intrinsic luminosity effect. Physically this results
from the sensitivity of the X-ray luminosity in a TDE system to the
temperature of the inner disc; this inner disc temperature is sensitive
to the black hole spin parameter (more rapidly rotating black holes
have a higher accretion efficiency 7, and liberate more of the available
accretion energy as photons).
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Finally, we discuss the implications for our X-ray luminosity result
in the context of different ‘unification’ schemes for understanding
TDE emission (e.g. the reprocessing model of Dai et al. 2018). We
note that we are able to reproduce the X-ray luminosity function,
and observed distribution, of TDEs without requiring any absorption
of X-ray photons along the line of sight between the disc and
the observer. We also note that the optically selected and X-ray-
discovered TDEs show near identical X-ray luminosity distributions
(Fig. 7). At first glance, this seems to suggest that the early-time
optical luminosity is not produced by the reprocessing (and therefore
absorption) of X-ray photons from an accretion flow. However, we
caution that there are other interpretations of this result. We cannot
rule out that some fraction of TDEs yield X-ray non-detections purely
as a result of absorption/reprocessing of X-ray photons, and we
therefore reproduce the observed luminosity function as it contains
only those sources which are not absorbed at all. In fact, roughly
3/4 of our TDE sample (i.e. 75 per cent of the systems sampled in
producing Fig. 8) are predicted to be X-ray loud (Lx 2> 10* ergs™"),
while only ~ 40 per cent of observed optically selected TDEs satisty
this criterion (Guolo et al. 2024), although this is of course a lower
limit owing to incomplete X-ray follow up of optical TDEs. If this
difference in X-ray brightness is in fact related to intrinsic physics,
rather than observational selection effects, then we can envision three
plausible interpretations of this result.

First, the reprocessing/absorption of X-ray photons (or whatever
suppresses the X-ray luminosity in some cases) does occur for some
TDE sources, but acts in an all-or-nothing fashion, either completely
suppressing the X-ray luminosity of a TDE, or not at all. The reason
this interpretation is permitted is that a more subtle change in X-
ray luminosity of sources by reprocessing would alter the shape of
the luminosity function itself (as opposed to simply reducing the
amplitude, the result of removing some sources entirely). We believe
this is the least likely of the three interpretations.

Alternatively, reprocessing is an important process for powering
the early-time optical emission, but this reprocessing only suppresses
the observed X-ray luminosity for a time-scale #y,, which is shorter
than the typical time-scale over which the peak X-ray luminosity
of the disc varies significantly. As the X-ray variation time-scale is
of order a few ‘viscous’ time-scales, which can comfortably be of
order O(100’s) of days, this is certainly possible. This interpretation
is supported by the findings of Guolo et al. (2024), which show a
number of sources which appear to be dimmer at early times than
expected from their emission observed at late times.

A third interpretation is that reprocessing of X-ray photons is not
the physical mechanism by which the early-time optical emission
is powered, and the difference between the 3/4 of sources predicted
to be X-ray loud and the observed rate of ~ 40 per cent (if not
selection effects) is due to some fraction of TDE sources failing
to efficiently form an accretion flow in the earliest stages of their
evolution. This may also explain the roughly ~ 1/3 of TDE systems
which are (currently) not observed to transition to a plateau state in
the optical/UV.

One way to test this going forward would be to examine TDEs
with black hole masses M, < 10%°M,, with robust detections of
discs at late times, which our model predicts would nearly always
produce Ly > 10*? ergs™! in an unabsorbed scenario (Fig. 8). If
a black hole mass could be reliably inferred at this scale while a
robust upper limit on the X-ray luminosity was found, this would
imply either substantial absorption of X-ray photons or inefficient
disc formation. Guolo et al. (2024) found that the black hole
mass distribution of TDEs with Ly > 10** and < 10*? ergs™! are
statistically indistinguishable, with both populations stretching down
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to M, ~ 10° Mg. On the other hand, our results (in the unabsorbed
limit) would suggest that X-ray quiet (Ly < 10** ergs™!) TDEs
should be found around slightly higher black hole masses, and
should certainly not extend down to ~ 10° M. While the results
of Guolo et al. (2024) are based on a relatively small number
(N = 15) of galactic scaling relationship black hole masses (which
have substantial intrinsic scatter), this is suggestive that some TDEs
are not producing any observable X-ray emission for some reason
which is not related to the accretion flow itself. This result will
be tested further as more TDEs (both X-ray bright and dim) are
discovered in the future.

4.4 The early-time optical peak distribution

While the physical origin of the X-ray and late-time UV emission in
TDEs are clear, the same is not true for the early-time optical emission
observed in nearly all TDEs, which remains poorly understand.
Current models either posit that the observed optical emission results
from reprocessed accretion luminosity by a scattering atmosphere
(e.g. Guillochon & Ramirez-Ruiz 2013; Dai et al. 2018), from
the contraction of a radiation pressure-dominated cooling envelope
(Metzger 2022), or from photon fluxes produced during debris
streams shocking during the disc circularization process (e.g. Piran
et al. 2015; Ryu, Krolik & Piran 2020). As there is no consensus on
the physical origin of the early-time optical emission, we turn to the
empirical scaling relationships derived using the results of disc theory
first presented in Mummery et al. (2024b). The raw luminosity data
used in this section were taken from Mummery et al. (2024b), while
the g-band luminosity function was taken from Yao et al. (2023).

It is well known that the early-time optical luminosity in a TDE
does not originate from the direct observation of an accretion flow.
However, disc theory allows the black hole masses in a given
disruption to be measured from the late-time UV-plateau luminosity.
Using these masses, Mummery et al. (2024b) found an empirical
relationship between peak g-band luminosity and black hole mass.
This relationship is given by

log Ly peax/erg sl = 1.021log M, /Mg + 36.35, )

where we note the near-linear scaling suggests an Eddington-limited
energy source.

A power-law relationship of this form allows a particularly simple
calculation of the peak g-band luminosity function to be performed
from our fitted black hole mass distribution, as

1 dNTDE N 1 dNTDE leg M.
Nrpe dlog Lg s Nrpr dlog M.~ dlog Lg peax’

(10)

where the final factor is a simple constant, and the black hole
mass distribution must be evaluated at the black hole mass which
corresponds to the specified peak g-band luminosity (using equation
9). As we have already derived the black hole mass distribution using
the UV-plateau data, this luminosity function is simple to compute.
We can further compute the intrinsic peak optical g-band rate from

dR 1 dNtpE
d10g Ly per 127 dlog Ly peat” an
0g L g peak Lg,peak 0g L g peak
where we use equation (9) to evaluate the factor L;{ geak.

The one non-trivial step in these calculations is to incorporate the
effects of the Hills mass suppression at large black hole masses.
We do this using TIDALSPIN, the publicly available code produced
in Mummery (2024). This code convolves the naive g-band lumi-
nosity function derived above (which we denote p) with the Hills



suppression factor H

p(logLy) = //ﬁ?(log Lo)H(ae, my, orb)

p(ae) p(m) p(@or) dae dm., dor, (12)
where H =1 if M. < MHills and H =0 if M. > MHﬂlS. The Hills

mass is presented explicitly in Appendix A. The three priors
pla,), p(m,), p(¢on) are identical to those used in the UV-plateau
sampling procedure. The effect of the Hills mass suppression is
visible in the lowest panel of Fig. 10, where we show by a red dotted
line the peak g-band luminosity function in the absence of such
an effect. The only modifications to the rate occur at high g-band
luminosities (which correspond to the high black hole masses close
to the Hills mass). The better agreement between the Hills-corrected
luminosity function and the observational data can in some sense
be taken as indirect evidence for the existence of event horizons in
nature.

Similarly to the X-ray analysis, the normalization of the g-band
luminosity rate is arbitrary (in our model), and was fit to match the
amplitude of the Yao et al. (2023) analysis.

Just as with the peak X-ray and the UV-plateau luminosity
functions, this procedure is capable of reproducing the observed peak
optical luminosity function. The null hypothesis that the observed
and simulated distributions are the same cannot be rejected by a two
sample KS test with p-value = 0.14. This suggests that ultimately
whatever is producing this early-time emission, while potentially
physically very complicated as a process, must on the output emission
level be relatively simple, as it can be adequately described on the
population level by a single near-linear relationship between g-band
luminosity and black hole mass.*

We note that, depending on how one calibrates the black hole
masses of TDEs (i.e. with galactic scaling or the UV-plateau
relationship), different peak luminosity—black hole mass scaling
relationships are found (Pouw et al., in preparation). We have found
that varying the peak—mass relationship between these different
scaling relationship calibrations does not qualitatively affect the
results presented here. Indeed, if one is only interested in reproducing
the peak optical luminosity function, then a range of choices for a
scaling Lpeax = Lpeak(M,) can reproduce the data. If this change in
peak luminosity relationship is chosen to be too far from ~ linear
however the black hole mass function must be modified, which will
then put the predictions of this new theory in contention with the data
in X-ray and (late-time) UV bands. The simultaneous reproduction
of data in three different physical regimes is strongly constraining of
the physics of the model.

We note in passing that a ~ linear scaling between black hole
mass and early-time peak luminosity (as is required by the data)
is in contention with two commonly used models for this early
emission. The TDEMASS model Ryu et al. (2020, updated in Krolik,
Piran & Ryu 2024) assumes Lypea ¢ M /S E(M,)>* (where E(M.)
is a decreasing function of M,), which is in strong contention with
the data. Similarly, MOSFIT’s TDE model (Mockler, Guillochon &
Ramirez-Ruiz 2019) assumes fallback-driven luminosities Lpear O
€M'/? which is also in strong contention with the data (unless the
efficiency € ~ Mf/ 2 which, as far as the authors are aware, is not
expected on theoretical grounds). We note that the cooling envelope
model of Metzger (2022) assumes Eddington-limited luminosities

4If this relationship was taken to be strictly linear, then the TDE g-band
Eddington ratio would be Lg peak/Ledd = 0.03.
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Figure 10. Lower: the inferred rate of the g-band peak luminosities of the
TDE population (green points), and the distribution predicted by the posterior
median fit the UV-plateau data (purple line). Middle: the probability density
function (unweighted) of the observed peak g-band luminosity sample (green
histogram; raw data shown by individual points), and posterior median (purple
curve). Upper: the cumulative distribution function of the observed peak g-
band Iuminosity sample (green step function) and the model posterior (purple
curve). The model produces an excellent fit to all statistical properties of the
data. The null hypothesis that the observed and simulated distributions are the
same cannot be rejected by a two sample KS test p-value = 0.14. In the lower
plot, we show the effects of the Hills mass suppression on the observed g-band
luminosity rate, with the red-dashed curve showing the luminosity function
if the presence of event horizons is neglected. 1o model uncertainties in each
plot are shown by a purple shaded region.
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Lpeak o M,. While this is in no sense proof of that model, it is
supportive.

5 IMPLICATIONS

5.1 Tidal disruption event science

We have demonstrated that it is possible to reproduce the TDE peak
optical, late-time UV and peak X-ray luminosity functions from
first principles using models of relativistic accretion flows. The first,
and most obvious, implication of these results is that the physics
of relativistic accretion is essential to understanding the observed
distributions of TDE properties. The second key implication of this
work is the demonstration that the accretion flows which produce
the late-time plateaus observed in optical/UV bands are the very
same accretion flows which produce the early-time X-ray luminosity
observed in many of these systems.

There are, however, a number of other implications of these
results, which we take some time to discuss here. First, this work
demonstrates there is no ‘missing energy’ in TDE light curves.
The so-called missing energy problem follows from the following
observational statement, which was first discovered in the very early
days of TDE surveys, that the integrated emitted energy in optical
TDE light curves

o0
Eopt = / Lopl(t) de, (13)
0

is significant lower than the mass-energy available in the stellar
debris ~ M,c?. Typically, Eqy ~ 10° erg, while the formal energy
budget is M,c? ~ 10%* erg, naively suggesting a very low radiative
efficiency. However, every disc model used in this paper accretes
at least M, > 0.04 Mg (half of the lowest mass star in our stellar
mass function), with the usual accretion efficiency n set exclusively
by the black hole’s spin. Ultimately therefore the solutions used
in this work each release ~ 10°? erg, as expected from simple
energetic arguments. The vast majority of this radiated energy
however is released in the form of (ultimately unobservable) extreme-
UV photons, which will be absorbed by neutral Hydrogen on their
path to the observer. Further, much of this energy is released on
decade time-scales, not probed by the analysis of the (non-disc)
early optical emission.

In addition, while the physics at the heart of the models put
forward here is that of the accretion process, which does not directly
describe the luminosity observed at early times in optical bands, our
results have a number of implications for the true physical origin
of this emission component. First, whatever its physical cause, the
properties of this early-time optical emission must be relatively
simple on the population level. This is because the observed g-
band luminosity can be adequately described, on the population
level, by a single near-linear relationship between g-band luminosity
and black hole mass. Note that both commonly used TDE-fitting
codes TDEMASs and MOSFIT have very different, negative, scalings
between peak luminosity and black hole mass.

Furthermore, the model put forward in this paper is able to
reproduce the peak X-ray luminosity distribution at the same time as
reproducing the peak optical distribution. TDE X-ray light curves
often peak at early times in the evolution of the system, when
the early-time optical component is still bright (although the X-
ray emission can sometimes be delayed, e.g. Guolo et al. 2024).
Our results therefore seem, at first glance, to suggest that the early
optical luminosity observed from these systems cannot be entirely
explained by the reprocessing of X-ray emission to optical photons
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by a surrounding layer of material which persists for long (year)
time-scales. However, reprocessing of X-ray emission does remain
a viable model for the early-time optical emission. It does require
that either (i) this reprocessing occurs over time-scales shorter than
the time-scale at which the peak X-ray luminosity of the disc
evolves substantially, or (ii) acts in an all-or-nothing fashion, as a
more gradual change in X-ray luminosity (either caused by partial
reprocessing or reprocessing on longer time-scales than the disc
evolution) would alter the shape of the luminosity function (as
opposed to simply reducing the amplitude at all luminosities, which
appears to be the case). The authors believe option (i) is the more
physically likely. A third possible resolution of this fact is of course
that the early-time emission is not produced by the reprocessing of X-
ray photons, but instead by either shocks in orbiting debris streams
or perhaps by a scenario such as the ‘cooling envelope’ model of
Metzger (2022).

We stress that our results are suggesting, however, that some TDEs
are not producing any observable X-ray emission for some reason
which is not related to the physical properties (e.g. the temperature)
of the accretion flow itself. This is related to the fact that at masses
M, < 10° Mg, our model predicts nearly every TDE should be X-ray
loud Ly > 10*? ergs™!, in contention with the finding of Guolo et al.
(2024, although this was based on a small number of black hole mass
measurements inferred from the M, — o relationship, and should be
confirmed when larger data sets become available). Furthermore, 3/4
of our TDE sample (Fig. 8) are predicted to be X-ray loud (Ly > 10*?
ergs™!), while only ~ 40 per cent of observed optically selected
TDE:s satisfy this criterion (Guolo et al. 2024). An explanation of this
result (first suggested in Guolo et al. 2024) is that some reprocessing
is indeed occurring in some systems, which suppresses the amplitude
of the X-ray emission at early times (this would also naturally explain
the properties of some late X-ray brightening TDEs). Alternatively
this may be a result of inefficient disc formation in some systems
(see further discussion below), which may also explain the lack of a
detected UV plateau in ~ 1/3 of sources (Mummery et al. 2024b),
or of course this could simply be an observational selection effect
(the 40 per cent figure found by Guolo et al. 2024, is by definition a
formal lower limit in this regard).

Our final result relevant for TDE science is that our results suggest
that the X-ray and optically selected TDE populations are drawn
from the same mass distribution (as was also argued by Guolo et al.
2024, based on the M, — o masses of the two populations).

5.2 Black hole physics

In addition to the implications of these results for the physics of
TDEs themselves, we are now at a point in TDE science where
we can start to make statements regarding the intrinsic black hole
mass distribution in the local Universe. The parametrized black
hole mass distribution we fit in this work is displayed in Fig. 11,
along with a volume-corrected distribution. This volume correcting
incorporates a 1/Vpax L;i/eik o M7'3 factor to account for
Malmquist bias [where we have used equation (9) for the peak g-
band luminosities dependence on black hole mass]. In green, we
display the observed black hole mass distribution, while in blue, we
display this mass distribution once volume corrected. Red-dashed
curves show the posterior median curves when the effects of the
Hills mass suppression are not taken into account. We see that while
there is a robust suppression in the observed TDE mass distribution
below 10® Mg, we cannot state with statistical significance that the
volume-corrected mass distribution also shows a turnover at these
lower masses. Future observations with surveys like Rubin/LSST
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Figure 11. The black hole mass distributions implied by this work. In green,
we display the observed black hole mass distribution, while in blue, we
display this mass function once corrected for a simple Newtonian maximum
observable volume effect (see the text for further discussion). In both
situations, the solid curve shows the posterior median and the shaded region
shows lo uncertainties. Red-dashed curves show the same posterior median
curves when the effects of the Hills mass suppression are not taken into
account. The normalizations of each curve are arbitrary, and were chosen
so that the integral over all black hole masses of the green curves is unity.
We see that while there is a robust suppression in the observed TDE mass
distribution below 10° Mg, we cannot state with statistical significance that
the volume-corrected mass distribution also shows a turnover at these lower
masses. Future observations with surveys like Rubin/LSST will constrain the
black hole mass function at these low masses.

will constrain the intrinsic black hole mass distribution at these low
masses.

Note that this volume-corrected distribution still does not neces-
sarily correspond to the intrinsic black hole mass function, as it does
not take into account the intrinsic dependence of the TDE rate on
black hole mass. This intrinsic rate, which we denote Rrpg(M,)
quantifies the differing rate at which black holes of different masses
undergo TDEs, with all other parameters of the system fixed. This
factor can have a non-trivial dependence on black hole mass if, for
example, lower mass black holes were to typically reside in more
central concentrated galaxies which naturally produce a higher rate
of TDEs (the consensus within the community is that indeed they
do, e.g. Wang & Merritt 2004). The quantity we are able to constrain
in this work is the product dN,/dlog M, «x Rrpe(M,)p(M,), where
¢(M,) is the intrinsic black hole mass function, a quantity of broad
astrophysical interest. Most models for the mass dependence of Rrpg
are relatively weak, with (e.g. Alexander 2017; Yao et al. 2023)
suggesting Rypg o« M /4, while Stone & Metzger (2016) suggest
a slightly steeper Rpg o« M2/, and Pfister et al. (2020) suggest a
slightly shallower Rrpg oc M %!, Another important effect would
be if the efficiency with which a given TDE is able to produce a disc
(or indeed other emission components) varies systematically with
black hole mass (this would introduce another implicit dependence
in the rate Rpg). As lower mass black holes have tidal radii further
outin units of their gravitational radii, and therefore less precession of
the stellar debris streams, disc formation may well be less efficient
at lower black hole masses. Unless any of the above effects are
particularly extreme, the intrinsic black hole mass function ¢(M,)
would be qualitatively unchanged from that shown in Fig. 11. More
work (both on the physics of Rrpg, e.g. Hannah et al. 2024, and in
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extending the data sets used in this work) is required to confirm this
result.

Naturally, our constraints on the black hole mass distribution and
fits to the UV plateau are model dependent. It is interesting to ask if
other models can reproduce the UV data, and thus produce potentially
different mass distributions. As far as the authors are aware no other
model, other than accretion disc emission, has been put forward
to explain this late-time phase of TDE observations. The precise
physical process by which the disc forms in a TDE does, however,
impact the amplitude of this late-time UV emission. Recently, Krolik
et al. (2024) have argued that a different disc formation scenario
can explain the late-time UV emission. However, their predicted
late-time UV scaling is Ly o M7V? 2(M,)*?, where E(M,) is
a moderately strongly decreasing function of black hole mass.
Combined with the leading 1/+/M, factor this therefore predicts
a strongly decreasing plateau luminosity as a function of black hole
mass. The observational data of the late-time UV luminosity shows a
highly statistically significant positive dependence on the black hole
mass (these masses are inferred from galactic scaling relationships),
with a power-law index &~ +2/3 (Mummery et al. 2024b). The Krolik
et al. (2024) disc formation scenario is therefore in strong contention
with observations of TDEs, and we believe our results are robust
against this model systematic.

6 CONCLUSIONS

The key result of this paper is that the optical (Fig. 10), UV (Fig. 5),
and X-ray (Fig. 7) properties of TDEs can now be accurately
described on the population level by using time-dependent relativistic
models of accretion flows. The three free parameters fit in this work
describe the observed TDE black hole mass distribution, and are of
astrophysical interest (e.g. Fig. 11).

The mass and luminosity functions derived here will be of further
use for predicting the future properties of (e.g.) the optica/UV
TDE population discovered by Rubin/LSST (which is predicted to
discover tens of thousands of TDEs, e.g. Bricman & Gomboc 2020),
or the X-ray properties of TDEs discovered by the Einstein probe
(which is expected to discover a similar number to LSST; Yuan et al.
2015). If future, better sampled, observational data sets provide even
tighter constraints on the black hole mass function at the low-mass
end then this could have profound implications for the future Laser
Interferometer Space Antenna (LISA) binary black hole detection
rate (Amaro-Seoane et al. 2017).

The statistical framework developed in this paper can be extended
more broadly to constrain other parameters of TDE systems. Of
particular interest would be future black hole spin constrains which
can be determined by the delicate interplay between observed TDE
parameters and the Hills mass (e.g. Mummery 2024).

DATA ACCESSIBILITY STATEMENT

All optical/UV light curves and data products are available in the fol-
lowing repository: https://github.com/sjoertvv/manyTDE. The X-ray
luminosity data were taken from Guolo et al. (2024), andares publicly
available. The peak optical luminosity function was taken from Yao
etal. (2023), and is publicly available. The base FITTED code package
used in this work is available to download at the following repository:
https://bitbucket.org/fittingtransientswithdiscs/fitted_public/src.
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APPENDIX A: STATISTICAL FORMALISM

In this appendix, we shall introduce and formalise the statistical
procedure used in this paper to derive constraints on the black
hole mass distribution of those black holes represented in the TDE
population. In deriving this formalism it will prove most useful to
consider a more general approach than is strictly required for the
present calculations, as the procedure used in this paper can be
generalized to study the distributions of other key parameters (i.e.
the stellar properties of the TDE population), this may be of interest
in the future when more data are available.

To keep this formalism general, let us suppose there is a function
f which returns a TDE observable L from a set of physical input
parameters {W}, i.e.

L= f({¥}. (AD

The notation L is used here as the observable is most likely to be some
observed luminosity (but in principle this could be any quantity), and
the list of input parameters is formally completely general but is likely
to be (at least for the accretion problem at hand)

{\I”} = [Mu Qe Mn Rn eobs’ ¢0rbv o, ,B,] (AZ)

Here notation is completely standard: M,, a, are the black hole mass
and spin; M,, R, the stellar mass and radius; 6 is the disc—observer
inclination, and ¢ is the angle made between the incoming stellar
orbit and the black hole’s spin axis (which is an important parameter
for determining the Hills mass); o represents the classical disc
turbulence parameter of Shakura & Sunyaev (1973); while g is the
impact parameter. Naturally, this list could be extended if required
(e.g. to include stellar metalicity, etc.).

Further suppose that the probability distributions of each of our
parameters is known (or at least a suitable parametrized distribution
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can be written down). We will use the following notation for all
probability density functions: py (x)dx is the probability that variable
X takes a value in the range x — x + dx. It follows that the
probability density function for our observable L is given by

PL(l)a[f-~/Pw(l/f)S(l—f(llf)) d¥y, (A3)

where the integral is over all N variables in the list {¥}, and the
function py (1) is the joint probability density function of the N
variables. The normalization of this proportionality, which is not
required for the calculation at hand, is given by the same integral
as above but with an additional integration over all observables /.
In words, this simply states that the probability of observing a given
value  of the observable L is the sum of all possible ways of obtaining
that value / with different input parameters, weighted by the relative
probabilities of those input parameters occurring. To be explicit, for
a TDE this would look something like (where *...’ indicate other
possible parameters to be marginalized over)

pr() O</17M.(m.)/ pA.(a.)/ PM,(m*)/ P(-)obs(Gobs)/ Db, (Porb) - - -

O (Mhins(de, My, Porbs - . ) — Me) S (I — f(Me, e, My, Oobs, - - .))
x dmq dae dm, dBgps Ao . . - (A4)

The above integral introduces the first non-trivial point of statistics
regarding the TDE calculation. Even if the parameter distributions of
(e.g.) black hole masses and spins are independent in the wider
universe they become fundamentally coupled when considering
TDEs as only certain sets of parameters — those which produce a
tidal radius outside of the event horizon — are observable (the fact
that the statistical independence of black hole masses and spins is
unlikely to be true in nature is beside the point). This coupling can
be simply modelled by the inclusion of a Heaviside theta function,
defined as

O (Myins(de, Mys Porbs - - ) — M)

—_ ]’
=1o0.

The so-called Hills mass Mpyjys represents the limiting black hole
mass at which (for a given stellar mass and radius) the tidal disruption
occurs precisely at the point at which all of the debris is immediately
lost within the event horizon (and therefore no observable emission
can be detected). The Hills mass can be derived analytically in the
Kerr metric, as was recently shown by Mummery (2024), and is
given by

if Myins(ae, My, Gort, - - ) > Mg,

it Myjis(de, My, Gorps - .. ) < 1. (A3)

2R3 1
Myins(ae, Gorn, My, R,) = { = }

G| o
) . 12
6x 3a; 6a, sin Por,
N+ o Y I ov a) 2 ’
x> —alcos? oy 2x> /X3 — a2y cos o
(A6)

where x(d., Qo) 18 the root of

x* —4x? —a2(1 — 3¢c0s” poi) x> + a? cos? Porp

+4a, sin geny/ x> — a2 x3 cos? don, = 0. (A7)

Including a Heaviside theta function in this manner allows each
parameter integral to be performed independently. This is done
for convenience for later steps and does not affect the statistical
formalism.
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Now, as written the probability density function of each variable
only depends on the value that variable takes. This would be true if
we had a perfect description of the underlying distributions, with no
tuneable parameters. Of course, in reality, we are in fact interested
only in the values that these tuneable parameters take. To bring this
formalism back in line with the main body of the paper we shall use
the black hole mass distribution as an explicit example. The simple
functional form of the black hole mass distribution used in this work
is

PM.(m-HXh, o, Mm Mg7 V)

_om )’ A8
T Mo moyren P (_ (Mg) ) (A9)

The point being that in reality each of our probability density
functions has tuneable parameters («, o, M., My, andy in the
above), and our probability density function for our observable L
is a function of only these parameters. Call the list of all tuneable
parameters {£;}, then

pr, {&}) « //-./Pw(llf, {EDSsU— fy) d¥y. (A9)
This construction allows us to determine {£;} given a set of observa-
tions { L }. By definition, the likelihood of observing {L; } is

NtDE
L{&D = H pr (L {&)),

j=1

(A10)

which is a function only of {§;} (i.e. the likelihood is formally the
probability of observing the set {L j} given a probability density
function pp(l, {£})). Of course one should work with the log
likelihood as this is much less likely to be affected by numerical
rounding errors

NTDE

log L(&N = logpr (L), 1&)) -

j=1

(A11)

Then, given a set of observations {L j}, the maximum-likelihood
estimation of the underlying tuneable parameters {§;} is just

(6.} = max [log £((&:D) |-

(A12)
(&}

The parameter set {&,} is of obvious astrophysical interest, and is
what we solve for in this work.

A1 Weighted likelihood

The likelihood constructed above will, when suitably maximized,
return the tuneable parameters {£;} which best describe the observed
distribution of tidal disruption parameters. While this is the quantity
which we work with in this paper it is not always the distribution of
most interest. For other applications, we are often more interested
in the parameter distribution which best describes the true intrinsic
rate at which different TDE properties occur in the wider Universe,
and not the subset of which we are ultimately able to observe. To
complete the statistical formalism presented in this appendix, we
describe how that approach would be performed.

To constrain the intrinsic distribution the likelihood derived above
must be reweighted, in the following manner. With each TDE in
our sample we can associate a volume V);, which is given by the
maximum volume out to which this particular TDE could have
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been observed. Naturally, sources with larger/smaller V; will be
over/under-represented in our sample, compared to their true intrinsic
rates. The likelihood therefore must, if the goal is to understand the
intrinsic rates of properties of TDEs, be weighted by the inverse
source volume of each TDE. Defining £ as this weighted likelihood,
the weighting must be performed in the following manner

NTDE

Ldagn =] [pe (@i &N]™

j=1

(A13)

where w; o 1/V;. In words, the mathematical reason for this is
that a source in our sample with a volume 1/8th of another will in
reality occur eight times as frequently in the global population (and
should therefore be counted eight times). In log-space we therefore
have

NTDE

log L&) =D wilogpr (Lj, {&)) -

j=1

(Al4)

The volume V; can be simply estimated for each source in our
sample as our TDE population is constructed from optical survey
telescopes, with a known flux detection limit, Fj;;,. In a Newtonian
cosmology (which is a reasonable approximation for nearly all TDEs
which are found at z < 0.1, although we note that our most luminous
TDEs are observed out to z ~ 0.3), the maximum distance out to
which a source with peak optical luminosity L pea, ; can be observed
is

L .
Dpax = g-peak] .
4 Flim

Here, Lyea is measured at (1 + z) times the frequency that corre-
sponds to the Fj,. With z < 0.1, this so-called K-correction is a
weak function of redshift and we therefore obtain a simple estimate
of the volume out to which each TDE can be detected:

(A15)

3/2

Vj & Dr3nax & (Lg,peak,j) (A16)

As the absolute value of the likelihood is not of interest to this calcu-
lation, one can define likelihood weights for each TDE with respect
to (e.g.) a reference luminosity Lo = 10 ergs™!, or explicitly

-3/2
V; Ly

A2 Practical implementation of formalism

(A17)

Given a set of starting distributions with tuneable parameters {&;},
and an observational set {L j}, the only non-trivial step actually
required in computing the likelihood is performing the integral

PL(ls{fi})CX//jn/Pw(’/” EHsd — fypy d¥y. (A18)
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For the problem at hand, we are interested in constraining parameters
only in the black hole mass distribution. We are interested therefore
in solving the integral

pull. (&) / o (s (&) / pa(a) / par.(m)

X /p(anbs(eobs)/p@orb(¢orb)~~-

(C] (Mhills(au my, ¢0rb5 . ) - mo)a (l - f(mn Ao, My, Gost e ))
x dm, day dm, dBgps ddborp - - - (A19)

Computing this integral is non-trivial for two main reasons: the cou-
pling between parameters introduced by the Hills mass and the non-
analytical nature of the plateau luminosity function f (the plateau
luminosity for a given parameter set {W} is computed numerically).
Even if we were to analytically write down an approximation for
f, the Hills mass coupling still makes this integral non-trivial to
compute analytically. We therefore turn to a numerical approach to
approximating this integral.

Fortunately, both the Heaviside theta function (modelling the
Hills mass) and the delta function act only as simple binary
switches, and this integral is therefore easily approximated by
Monte Carlo techniques. Formally, in the limit Ngppe — 00, the
following procedure (written in pseudo-code) asymptotes exactly
to pr:

(1) Sample a set of parameters from each of the specified distribu-
tions mqx ~ py, (Me, &), muk ~ pu,(my), ...

(ll) Check if Mhms(a.,k, My ks - - ) > Me -

(iii) If so, compute [;, = f (m.,k, Aoy Mak, Ok, - . )

(iv) Repeatk = 1,2, 3, ..., Nemple times.

(v) Construct a normalized histogram pr(, {1} ; Ngampie) of the
{l;} luminosities.

(vi) In the limit Ngmpie — 00, we have the following exact limit
ﬁL(l, {%‘1} 5 Nsamplc) - pL(L {5[})

(vii) For large finite Ngampie, the function py (I, {&;} ; Nsample) Will
be a good approximation of the solutions to the required integrals.

(viii) One can then approximate log L{&)) =
Z?’i‘,’E log pr. (L i &) ;Nsample), and perform standard techniques
to fit for {£,}.

By experimenting numerically, we found that Ngmple = 10* was
sufficient to remove noticeable stochasticity in p. To avoid zero
probability cases resulting from the finite Ngympie used in this work,
we smooth the luminosity histogram p; by using Gaussian kernel
density estimation.

APPENDIX B: TDE DISCOVERY REFERENCES

In Tables B1 and B2, we list the properties, and discovery references,
of the new TDEs used in this work.
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Table B1. The galactic properties of the 14 new TDEs in our sample. The Table B2. The discovery papers for the additional TDEs used in this work.
quoted error ranges correspond to 1o uncertainties.

TDE name Reference
TDE name o log o Mgal -
(kms—) (log;p Mo) AT2017eq?( Nicholl et al. (2019)
AT2018bsi van Velzen et al. (2021)
AT2017eqx - 9.437008 AT2019eve van Velzen et al. (2021)
: +8 +0.06 AT2020ksf W tal. (2024
AT20T8bs! 18 10-64%0.06 AT2020v:1q Soerrlzzvju aet ;1 (20)25)
_ +0.17 :
AT2019eve 9-29::)61072 AT2021ack Hammerstein et al. (2021a)
AT2021ack - 10.13%57; AT2021gje Hammerstein et al. (2021b)
AT2021gje - 11.00%5:19 AT2021lo Yao et al. (2022)
0.14 AT2022dbl Arcavi et al. (2022

AT2021l0 N 10.08015 AT2022bdw Aiﬁiii Zt Zl 520221?)

+6 +0.06 .
AT2022dbl 70;2 10'0418-82 AT2022rz Hammerstein et al. (2022)
AT2022bdw 8675 10.04Z5 3 AT2022hvp Fulton et al. (2022a)
AT2022rz - 9.617017 AT2022dsb Fulton et al. (2022b)

0.02 AT2023cl Charalampopoulos et al. (2024

AT2022dsb - 10.0879.92 X popou (2024)
AT2022hvp - 10717954

+2 +0.11 This has b typeset fi TEX/IATEX fil d by the author.
AT2023clx 6172 9.947011 is paper has been typeset from a TeX/IZTEX file prepared by the author.
AT2020ksf - 9.9175%

+3 +0.16
AT2020vdq 44713 9.0475:1°
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