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Abstract

Tidal disruption events (TDEs), in which a star is destroyed by the gravitational field of a supermassive black hole
(SMBH), are being observed at a high rate owing to the advanced state of survey science. One of the properties of
TDE:s that is measured with increasing statistical reliability is the TDE luminosity function, dNrpg/dL, which is
the TDE rate per luminosity (i.e., how many TDEs are within a given luminosity range). Here we show that if the
luminous emission from a TDE is directly coupled to the rate of return of tidally destroyed debris to the SMBH,
then the TDE luminosity function is in good agreement with observations and scales as L > for high
luminosities, provided that the SMBH mass function dN./dM.—the number of SMBHs (N.) per SMBH mass
(M.)—is approximately flat in the mass range over which we observe TDEs. We also show that there is a cutoff in
the luminosity function at low luminosities that is a result of direct captures, and this cutoff has been tentatively
observed. If dN./dM. is flat, which is in agreement with some observational campaigns, these results suggest that
the fallback rate feeds the accretion rate in TDEs. Contrarily, if dN./d logM. is flat, which has been found
theoretically and is suggested by other observational investigations, then the emission from TDE:s is likely powered
by another mechanism. Future observations and more TDE statistics, provided by the Rubin Observatory /LSST,
will provide additional evidence as to the reality of this tension.

Unified Astronomy Thesaurus concepts: Black hole physics (159); Event horizons (479); Tidal disruption (1696)

1. Introduction

Time-domain surveys (e.g., ASAS-SN, Shappee et al. 2014;
Zwicky Transient Facility (ZTF), Bellm et al. 2019; ATLAS,
Tonry et al. 2018; PanSTARRS, Chambers et al. 2016;
eROSITA, Predehl et al. 2021) have been discovering tidal
disruption events (TDEs; e.g., Rees 1988; Gezari 2021) at an
elevated rate, enabling an observational inference of TDE
statistics, and this rate will only increase in the imminent era of
the Rubin Observatory/LSST (Ivezi¢ et al. 2019; Bricman &
Gomboc 2020). Among these TDE statistics is the TDE
luminosity function, being the number of TDEs per unit time
per unit luminosity (where the luminosity is measured at the
peak and in a given band, or an assumption is made to convert
to a bolometric luminosity), or dNtpg/dL. Recent samples of
TDEs have been used to constrain this function: van Velzen
(2018) used a set of 12 TDEs and found that the luminosity
function of TDEs in the g band was dNtpg/dL o< L~26+02,
More recently, Lin et al. (2022) used a sample of 33 TDEs from
the ZTF-I survey and found dNtpg/dL o< L2302 for g-band
luminosities, or oL 2?2 jin terms of the bolometric
luminosity—slightly shallower than the power-law slope
inferred by van Velzen (2018). Charalampopoulos et al.
(2022) recovered a g-band luminosity function of
dNtpe/dL o« L~2* from a set of 30 TDEs from the ZTF
catalog in Hammerstein et al. (2023), and Yao et al. (2023)
used 33 ZTF-obtained TDEs, finding that the g-band
luminosity function favored ocL > when modeled as a single
power law, while the bolometric luminosity scaled as ocL ™%,
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Yao et al. (2023) also presented an observational supermassive
black hole (SMBH) mass function for their ZTF TDEs,
obtained using the velocity dispersions in the host galaxies (i.e.,
derived independently of their luminosity function), finding an
approximately flat distribution (in log M. with M, the SMBH
mass) between ~10°M, and 10’M.., which also agrees with
the finding of van Velzen (2018).

On the other hand, most theoretical investigations have
focused on the TDE rate per unit SMBH mass, i.e., dNtpg,/dM..
Magorrian & Tremaine (1999) and Wang & Merritt (2004)
observationally constrained the loss-cone filling rate—the rate
at which stars are fed into the region of angular momentum
space that will take them within the tidal radius of the central
SMBH (e.g., Frank & Rees 1976; Lightman & Shapiro 1977;
Cohn & Kulsrud 1978)—from observations of the central
regions of nearby galaxies, which was then extended by Stone
& Metzger (2016). Given the loss-cone filling rate, the rate at
which (observable) TDEs occur is reduced owing to the
possibility of direct capture (Hills 1975): if the SMBH is
especially massive (>10"°M., for a solar-like star), the tidal
radius of the star can be within the direct capture radius of the
black hole, equal to 4GM./ ¢* for a nonspinning SMBH, thus
rendering the TDE unobservable. Recent investigations by,
e.g., Beloborodov et al. (1992), Kesden (2012), Will (2012),
Servin & Kesden (2017), and Stone et al. (2019) highlighted
the fact that the direct capture radius can influence the TDE rate
in a way that depends on black hole spin (on which the direct
capture radius depends, as well as the projection of the angular
momentum of the incoming star on the spin axis of the SMBH;
see Equation (24) of Coughlin & Nixon 2022a), providing the
possibility of constraining this parameter by using the precise
variation of the TDE rate at the high-mass end of the SMBH
mass function. However, there are additional factors that
modify the direct capture condition that are related to, e.g., the
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population of tidally destroyed stars (D’Orazio et al. 2019), and
Coughlin & Nixon (2022a) pointed out that if the stellar mass
function is dominated by low-mass stars, the cutoff in the TDE
mass function should be closer to 10’M,, rather than the often-
quoted value of ~10°M, (e.g., Hills 1975). Modeling of
observed TDEs suggests that essentially all are consistent with
low-mass stars and SMBH masses <10’M., (Nicholl et al.
2022).

Connecting these two quantities—the TDE rate per lumin-
osity versusthe TDE rate per SMBH mass—requires an
understanding of the light production mechanism(s) in TDEs
and the relation between the black hole mass and the resultant
TDE luminosity, which is an ongoing subject of debate (for
various models see, e.g., Cannizzo et al. 1990; Loeb &
Ulmer 1997; Coughlin & Begelman 2014; Guillochon et al.
2014; Piran et al. 2015; Metzger & Stone 2016; Roth et al.
2016; Bonnerot et al. 2021; Eyles-Ferris et al. 2022;
Metzger 2022). However, the mass supply rate M, or the rate
at which tidally disrupted material returns to the SMBH—
usually referred to as the fallback rate—depends on the SMBH
mass as M o« M2 (Lacy et al. 1982; Rees 1988; see Figure 1
of Wu et al. 2018 for numerical verification of this scaling;
there are also dependencies on the stellar properties and the full
versus partial nature of the disruption; e.g., Lodato et al. 2009;
Guillochon & Ramirez-Ruiz 2013; Mainetti et al. 2017;
Golightly et al. 2019; Law-Smith et al. 2020; Miles et al.
2020; Nixon et al. 2021; Coughlin & Nixon 2022b). How this
fallback rate translates into the luminosity we ultimately
observe is not yet clear, but perhaps the simplest prescription
is to assume that the luminosity is proportional to the fallback
rate (which must be correct to zeroth order, as obviously there
will be no luminosity if the fallback rate is zero). This
assumption is consistent with the results of Mockler et al.
(2019) and Nicholl et al. (2022), who found little to no viscous
delay in the optically bright TDEs they modeled with MOSFiT
(Guillochon et al. 2018).

The question is, therefore, if we adopt a one-to-one mapping
between the TDE luminosity and the fallback rate, is the result
consistent with the observed TDE luminosity function, and are
there constraints we can place on the underlying SMBH mass
distribution (given this fallback rate—luminosity prescription)?
Here we perform this exercise in Section 2 and show that, given
an approximately flat SMBH mass distribution dN./dM. (at
least over the range of SMBH masses that yield currently
observed TDEs), we recover a luminosity function that is in
excellent agreement with observations. We also show that there
is a cutoff in the TDE luminosity function at the low-luminosity
end, which results from the direct capture radius of the SMBH
(note that if the fallback rate powers the accretion luminosity,
larger-mass SMBHs have smaller luminosities). We conclude
and discuss the implications of our findings in Section 3.

2. Theoretical TDE Luminosity Function

The conditional TDE rate (i.e., for a specified SMBH mass)
is given by the product of the loss-cone filling rate, N, and the
fraction of stars that enter the loss cone and are not directly
captured, Ng./N, which is then integrated over the distribution
function of tidally destroyed stars, f,(M,, R,). The loss-cone
filling rate has been analyzed extensively from the Fokker—
Planck equation under the assumption that stars scatter in
energy—angular momentum space through two-body interac-
tions (e.g., Lightman & Shapiro 1977), and upon using an M—o
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relation to eliminate the dependence on the velocity dispersion
in the nucleus of a galaxy, Merritt (2013) finds that the loss-
cone filling rate is

Nie ox M9, (1)

This scaling (and relatively weak dependence on SMBH mass)
is in agreement with the more recent results of Stone &
Metzger (2016). The fraction of tidally destroyed (and not
directly captured) stars can then be estimated if the stellar
distribution of specific angular momentum and—if the SMBH
has nonzero spin—the projection of the angular momentum
onto the SMBH spin axis are known. This fraction can be
computed numerically (Kesden 2012), but in general is an
integral of the joint probability distribution function (of the
square of the specific angular momentum and the projection
onto the SMBH spin axis) over the direct capture region (in
angular momentum space) of the SMBH. If stars are distributed
isotropically at large distances from the SMBH and the loss
cone is full, then for nonspinning SMBHs the fraction is
particularly simple (Coughlin & Nixon 2022a):

NTDE _ (1 . 4GM./C2)2

N 2

i

Here r, is the tidal radius of the SMBH, which is often
determined by equating the stellar surface gravity to the tidal
field of the SMBH and dropping numerical factors, i.e.,

1/3
"= R(ﬂ) , 3)

where R, and M, are the stellar radius and mass. In general,
however, an appropriate and more accurate definition can be
used that incorporates more properties of the star. Equation (2)
yields the expected results in the extreme limits of
re=4GM./ ¢, where all stars are directly captured
(Ntpe/N =0), and rt>>4GM./c2, where all stars are tidally
disrupted and relativistic effects are ignorable (Ntpg/N ~ 1).

The TDE rate per unit SMBH mass per unit stellar mass (and
radius) is then given by the product of the loss-cone filling rate,
the fraction of tidally destroyed stars, the distribution function
of stellar mass and radii, and the distribution function of SMBH
mass, dN./dM.. For concreteness, simplicity, and to emphasize
the main result, we restrict ourselves to a given type of star (i.e.,
the distribution function of stellar mass and radii is a 6-
function, but see Section 3 for additional discussion as to the
consequences of relaxing this assumption), in which case the
TDE rate per unit black hole mass is

“)

dNge - 4GM./c* Y dN.
= N| 1 - 2L e
dM.

It

As noted above, we need to convert between the SMBH mass
and the corresponding TDE luminosity to derive the luminosity
function. To do so, we make the simple assumption that the
TDE luminosity scales in proportion to the usual TDE fallback
rate:

-1/2
L= nM*c%/GM*R;W(%) ) 5)

*
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Here 7 incorporates our ignorance of the emission mechanism
(s) of TDEs, and could be close to the typical value of 0.1 that
is often invoked in accretion disks (e.g., Frank et al. 2002), or
could be much smaller; observations tend to find that the total
energy radiated in the optical/UV is at least 1-2 orders of
magnitude smaller than the ~10% erg that would result from
converting 0.5M. of rest-mass energy into light at 10%
efficiency. This discrepancy suggests either that the majority of
the energy is liberated in bands to which we are not sensitive,
specifically the EUV (Lu & Kumar 2018), or the accretion
process in a TDE is inherently inefficient due to the trapping
and advection of radiation (Begelman 1978; Coughlin &
Begelman 2014), longer circularization timescales relative to
the fallback time (Guillochon & Ramirez-Ruiz 2015), and (or)
the production of kinetic-energy-dominated outflows (Strubbe
& Quataert 2009; Metzger & Stone 2016). A lower-mass
disrupted star would also reduce the overall energy budget. The
precise value of 1 will depend on the specific energy band
under consideration, the type of star destroyed, the point of
closest approach of the star to the SMBH (as partial disruptions
yield both an overall smaller peak luminosity that is also shifted
to later times; Guillochon & Ramirez-Ruiz 2013; Miles et al.
2020; Nixon et al. 2021), and conceivably the SMBH mass. For
now we ignore these subtleties and let 17 be a constant, but we
discuss the implications of an M.-dependent 7 in Section 3.
Under this approximation, Equation (5) can be immediately
and algebraically rearranged to give M. o< L2, and we have

dNtpe daM. dN1pE
dL dL dM.

dN.
-2501 _ —4/3\2 )
o< L2 (1 — (L/Ly) *"°) M, (6)

Here the factor of L™ > comes from the fact that dM. /dL o L >
and N o< M, %% o 195 (so specific assumptions about the
loss-cone filling rate and the M—o relation could change this
power law by ~few x 0.1 dex), while the factor (L/Ly) */3
arises from combining the standard definition of the tidal radius
(Equation (3)) with Equation (5), i.e.,

4GM./c*  4GM.
: n o c(z;R (ML A GML R L)
t *

= (L/Ly)™/3,

46Mm, \*
Lbk—n( G ) M, c2JGM,R3"*. (7

R,

With =107 and solar-like values, we find Ly ~ 1.7 x 10**
erg s~ ', which is consistent with the location of an observed
break in the power-law decline of the bolometric TDE
luminosity function as found in Yao et al. (2023). This small
value of 7 is also consistent with the low radiative efficiencies
inferred through observations of optical- and UV-bright TDEs
(see the discussion after Equation (5)), but we emphasize that
this value is not determined self-consistently here.

3. Discussion and Conclusions

To highlight the functional form of Equation (6), Figure 1
shows the luminosity function with Ly, = 10**~ erg s™' and a
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Figure 1. The luminosity function as calculated in Equation (6) with the break
luminosity equal to 1043 erg s~

constant SMBH mass function (dN./dM. = const.). From this
figure and the preceding calculation of the TDE luminosity
function, which culminates in Equation (6) (alongside
Equation (7) for the limiting luminosity toward the lower
end), we draw two conclusions:

1. If dN./dM. ~ const., i.e., if the SMBH mass function—
the number of SMBHs per unit SMBH mass—is uniform,
then the TDE Iluminosity function falls off as
dNrpg/dL o< L~25 for L2 L. This scaling is in
remarkably good agreement with observational results,
namely, van Velzen (2018), Charalampopoulos et al.
(2022), Lin et al. (2022), and Yao et al. (2023).

2. There is a luminosity below which we do not expect to
find TDEs, which corresponds to Ly, as given in
Equation (7). This cutoff in the luminosity function
arises from the direct capture radius of an SMBH and the
inverse relationship between the fallback luminosity and
the black hole mass—since larger SMBH masses
correspond to smaller luminosities according to the
fallback rate, the direct capture of stars suppresses TDEs
at the low-luminosity end of the distribution. This
suppression was found observationally in Lin et al.
(2022), but those authors attributed this cutoff to the
Eddington luminosity of the black hole.

Agreement between Equation (6) and the observed lumin-
osity function of TDE: is satisfied if dN./dM. =~ const. over the
range of SMBH masses at which we observe TDEs (generally
expected to be toward the low-mass end), and the constancy of
the SMBH mass function at low masses (5107'5M@) is roughly
consistent with the observational results of Graham et al.
(2007). In particular, by parameterizing dN./dM. o< M, they
find « ~ 0 £ 0.1 for early-type galaxies, while o~ — 0.3 over
their entire galaxy sample (see their Table 3). A roughly flat
distribution of dN./dM. at low masses was also found by Davis
et al. (2014) for late-type galaxies (see their Figures 8 and 10),
and similarly for the work of Mutlu-Pakdil et al. (2016, see
their Figure 10).

On the other hand, earlier observational work (e.g., Marconi
et al. 2004; Shankar et al. 2004) and theoretical investigations
seem to favor dN./d log M. ~ const. (or weakly diverging with
decreasing mass), implying dN./dM.x M. ' and thus a
strongly diverging mass function at small SMBH masses
(e.g., Hopkins et al. 2007; Merloni & Heinz 2008; Shankar
et al. 2009; Volonteri & Begelman 2010; see the review by
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Kelly & Merloni 2012; see also Figure 1 of Kochanek 2016).
With a SMBH mass function that is flat in log M., we have
dN./dM. o< 1/M. o< L2, implying that dNppg/dL ox L=°3,
Such a weak scaling with luminosity is not consistent with
observations.

There are a few possibilities that would reconcile this
discrepancy, one of which is that the theoretical estimates of the
SMBH mass function overrepresent the number of SMBHs at
small mass, or empirical SMBH relations (e.g., M—o) are not
valid toward the low-mass end of the mass function. Another is
that the fallback rate simply does not scale with the accretion
luminosity of the SMBH. This would not be surprising on a
case-by-case basis owing to the (likely) complexity of
circularization, viscous delays, and the potential production
of outflows, which would produce a distinct observational
signature (e.g., Strubbe & Quataert 2009; see also the various
models considered in Appendix B of Stone & Metzger 2016).
Nevertheless, the fallback rate seems to track the accretion
luminosity in optically bright TDEs with little to no viscous
delay (Mockler et al. 2019; Nicholl et al. 2022).

It is also possible that there is a strong correlation between
the type of star disrupted and the SMBH mass. As pointed out
by Kochanek (2016), the dominance of low-mass stars by
number in the stellar mass function implies that they should
contribute predominantly to the TDE rate for small SMBH
mass. This is also consistent with the results of Mockler et al.
(2019) and Nicholl et al. (2022), who find that low-mass stars
tend to fit optical TDE lightcurves when modeled with
MOSFiT. However, for larger-mass SMBHs, low-mass stars
are directly captured, meaning that only high-mass stars can
contribute to the observable TDE rate; this rate suppression is
directly incorporated into the luminosity function via the term
(1-4GM./c?*/1)?. There is also a nontrivial dependence on the
scaling of the luminosity with the properties of the star, and
both numerical simulations (Law-Smith et al. 2020; Ryu et al.
2020) and physical arguments (Coughlin & Nixon 2022b)
suggest that the bulk stellar parameters in Equation (5) do not
capture the entirety of the behavior. However, if we adopt a
mass—radius relationship of the form R, o< M,, approximately
valid for low-mass stars (Demircan & Kahraman 1991), then
Equation 5) shows L o (M./M,) /2, while
M./r, o< (M./M,)?/3. In this case, then, the integration over
the stellar mass function does not introduce any additional
dependence on the luminosity.

It may also be that the radiative efficiency— in Equation (5)
—is a function of the SMBH mass. For example, high-mass
SMBHs have more relativistic tidal radii for a given stellar
type, which would facilitate circularization and the dissipation
of energy. Since the relativistic apsidal precession angle scales
with M. to lowest order in GM. /(r,c?), we might naively expect
n o M.. The Eddington limit may also cap the luminosity for
low-mass SMBHs (although jetted TDEs may overcome this
barrier at the expense of jet production; e.g., Zauderer et al.
2013; Pasham et al. 2023), for which LocM, and hence
n o< M3/2, In either case the scaling with the luminosity would
correlate positively (rather than inversely) with the SMBH
mass, which would result in a much shallower TDE luminosity
function or even an increasing one, neither of which is
observed.

There are other assumptions that we made to simplify the
analysis and arrive at Equation (6), e.g., we neglected partial
disruptions and the additional dependence on the impact
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parameter, we ignored the possible nonzero SMBH spin, and
we set the loss-cone filling rate to Nje M %% The relaxation
of these assumptions would likely result in, e.g., a smearing out
of the break luminosity Ly in the TDE luminosity function, as
the direct capture radius of the SMBH depends on both the
SMBH mass and spin, and this reintroduces a nontrivial
dependence of the direct capture radius on the stellar type.
Variation in the loss-cone filling rate would also modify and
induce scatter in the power-law decline of the luminosity
function. Some of these assumptions can be fairly straightfor-
wardly relaxed by adopting a given stellar population,
parameterizing the fallback rate as a function of the point of
closest approach of the star to the black hole (primarily to
account for partial disruptions, the fallback rates from which
display a strong dependence on this parameter; e.g., Guillochon
& Ramirez-Ruiz 2013; Law-Smith et al. 2020; Miles et al.
2020; Nixon et al. 2021), and including the likelihood of
reaching a given pericenter distance. For example, if most
luminous TDEs originate from the full loss cone where the
distribution of the square of the specific stellar angular
momentum is uniform, then the probability distribution
function of the pericenter distance is (Equation (10) of
Coughlin & Nixon 2022a)

rp(np —4)

(=27 ®)

£ ()

for a Schwarzschild black hole.

Including these refinements in the predicted TDE luminosity
function alongside a large TDE population from LSST, the
luminosity function around and below L, may provide a
means to statistically constrain SMBH spins, because—as we
noted in the preceding paragraph—the direct capture radius and
the luminosity below which TDEs are no longer expected to
occur (which impacts the luminosity function through the
fraction of stars that enter the loss cone and are disrupted,
Nrpg/N; see Equation (2) above for the Schwarzschild value)
depends on the SMBH spin. The pericenter distribution
function, which is given by Equation (8) for a nonspinning
SMBH, also depends on the SMBH spin in a nontrivial way
that is, nonetheless, able to be determined straightforwardly in
the full-loss-cone limit (see Figure 3 of Coughlin &
Nixon 2022a). Parameterizing the distribution of SMBH spins,
and incorporating the spin dependence into the TDE luminosity
function through these estimates, would then serve to elucidate
the spin-dependent behavior and shape of the luminosity
function around the peak. Comparisons between the predicted
luminosity function near the peak and a larger census of TDEs
obtained by LSST could then serve to constrain SMBH spins in
a statistically meaningful way, provided that the stellar
population responsible for generating TDEs can be accurately
determined.

Nevertheless, in its simplest possible form, this model—
which proposes a one-to-one correspondence between fallback
accretion and TDE emission—reproduces the TDE luminosity
function extremely well if the SMBH mass function dN./dM. is
flat, and the latter agrees with some observational and
theoretical work. On the other hand, if the SMBH mass
function is flat in log M., which is suggested by a number of
theoretical and other observational results, then there is a large
discrepancy between this prediction and the observed lumin-
osity function. In the latter case, the property of TDEs that is
arguably best understood—the fallback rate—is subdominant
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to other, relatively unknown mechanisms for producing the
luminous emission from TDEs. The accumulation of more
TDE statistics with LSST, ZTF, and ASAS-SN, alongside
independent constraints of the SMBH mass function toward the
low-mass end, will shed light on which of these two scenarios
is favored.

We thank Chris Nixon and D. J.Pasham for useful
discussions. We also thank the anonymous referee for a useful
and constructive report. E.R.C. acknowledges support from the
National Science Foundation through grant AST-2006684, and
a Ralph E. Powe Junior Faculty Enhancement Award through
the Oakridge Associated Universities. M.N. is supported by the
European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation program (grant
agreement No.948381) and by funding from the UK Space
Agency. Part of the inspiration for this work arose from
discussions following the eXtreme Black Holes conference at
the Aspen Center for Physics (which is supported by National
Science Foundation grant PHY-2210452), particularly during a
(long) car ride from Aspen to Denver after many canceled
flights.

ORCID iDs

https: //orcid.org /0000-0003-3765-6401
https: //orcid.org /0000-0002-2555-3192

Eric R. Coughlin
Matt Nicholl

References

Begelman, M. C. 1978, MNRAS, 184, 53

Bellm, E. C., Kulkarni, S. R., Graham, M. J., et al. 2019, PASP, 131, 018002

Beloborodov, A. M., Illarionov, A. F., Ivanov, P. B., & Polnarev, A. G. 1992,
MNRAS, 259, 209

Bonnerot, C., Lu, W., & Hopkins, P. F. 2021, MNRAS, 504, 4885

Bricman, K., & Gomboc, A. 2020, ApJ, 890, 73

Cannizzo, J. K., Lee, H. M., & Goodman, J. 1990, ApJ, 351, 38

Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016, arXiv:1612.05560

Charalampopoulos, P., Pursiainen, M., Leloudas, G., et al. 2022, arXiv:2209.
12913

Cohn, H., & Kulsrud, R. M. 1978, ApJ, 226, 1087

Coughlin, E. R., & Begelman, M. C. 2014, ApJ, 781, 82

Coughlin, E. R., & Nixon, C. J. 2022a, ApJ, 936, 70

Coughlin, E. R., & Nixon, C. J. 2022b, MNRAS, 517, L26

Davis, B. L., Berrier, J. C., Johns, L., et al. 2014, ApJ, 789, 124

Demircan, O., & Kahraman, G. 1991, Ap&SS, 181, 313

D’Orazio, D. J., Loeb, A., & Guillochon, J. 2019, MNRAS, 485, 4413

Eyles-Ferris, R. A. J., Starling, R. L. C., O’Brien, P. T., Nixon, C. J., &
Coughlin, E. R. 2022, MNRAS, 517, 6013

Frank, J., King, A., & Raine, D. J. 2002, Accretion Power in Astrophysics (3rd
ed.; Cambridge: Cambridge Univ. Press)

Frank, J., & Rees, M. J. 1976, MNRAS, 176, 633

Gezari, S. 2021, ARA&A, 59, 21

Coughlin & Nicholl

Golightly, E. C. A., Nixon, C. J., & Coughlin, E. R. 2019, ApJL, 882, L26

Graham, A. W., Driver, S. P., Allen, P. D., & Liske, J. 2007, MNRAS,
378, 198

Guillochon, J., Manukian, H., & Ramirez-Ruiz, E. 2014, ApJ, 783, 23

Guillochon, J., Nicholl, M., Villar, V. A, et al. 2018, ApJS, 236, 6

Guillochon, J., & Ramirez-Ruiz, E. 2013, ApJ, 767, 25

Guillochon, J., & Ramirez-Ruiz, E. 2015, ApJ, 809, 166

Hammerstein, E., van Velzen, S., Gezari, S., et al. 2023, ApJ, 942, 9

Hills, J. G. 1975, Natur, 254, 295

Hopkins, P. F., Richards, G. T., & Hernquist, L. 2007, ApJ, 654, 731

Ivezié, Z., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873, 111

Kelly, B. C., & Merloni, A. 2012, AdAst, 2012, 970858

Kesden, M. 2012, PhRvD, 85, 024037

Kochanek, C. S. 2016, MNRAS, 461, 371

Lacy, J. H., Townes, C. H., & Hollenbach, D. J. 1982, ApJ, 262, 120

Law-Smith, J. A. P., Coulter, D. A., Guillochon, J., Mockler, B., &
Ramirez-Ruiz, E. 2020, ApJ, 905, 141

Lightman, A. P., & Shapiro, S. L. 1977, ApJ, 211, 244

Lin, Z., Jiang, N., Kong, X, et al. 2022, ApJL, 939, L33

Lodato, G., King, A. R., & Pringle, J. E. 2009, MNRAS, 392, 332

Loeb, A., & Ulmer, A. 1997, Apl, 489, 573

Lu, W., & Kumar, P. 2018, ApJ, 865, 128

Magorrian, J., & Tremaine, S. 1999, MNRAS, 309, 447

Mainetti, D., Lupi, A., Campana, S., et al. 2017, A&A, 600, A124

Marconi, A., Risaliti, G., Gilli, R., et al. 2004, MNRAS, 351, 169

Merloni, A., & Heinz, S. 2008, MNRAS, 388, 1011

Merritt, D. 2013, CQGra, 30, 244005

Metzger, B. D. 2022, ApJL, 937, L12

Metzger, B. D., & Stone, N. C. 2016, MNRAS, 461, 948

Miles, P. R., Coughlin, E. R., & Nixon, C. J. 2020, ApJ, 899, 36

Mockler, B., Guillochon, J., & Ramirez-Ruiz, E. 2019, ApJ, 872, 151

Mutlu-Pakdil, B., Seigar, M. S., & Davis, B. L. 2016, ApJ, 830, 117

Nicholl, M., Lanning, D., Ramsden, P., et al. 2022, MNRAS, 515, 5604

Nixon, C. J., Coughlin, E. R., & Miles, P. R. 2021, ApJ, 922, 168

Pasham, D. R., Lucchini, M., Laskar, T., et al. 2023, NatAs, 7, 88

Piran, T., Svirski, G., Krolik, J., Cheng, R. M., & Shiokawa, H. 2015, ApJ,
806, 164

Predehl, P., Andritschke, R., Arefiev, V., et al. 2021, A&A, 647, Al

Rees, M. J. 1988, Natur, 333, 523

Roth, N., Kasen, D., Guillochon, J., & Ramirez-Ruiz, E. 2016, ApJ, 827, 3

Ryu, T., Krolik, J., Piran, T., & Noble, S. C. 2020, ApJ, 904, 99

Servin, J., & Kesden, M. 2017, PhRvD, 95, 083001

Shankar, F., Salucci, P., Granato, G. L., De Zotti, G., & Danese, L. 2004,
MNRAS, 354, 1020

Shankar, F., Weinberg, D. H., & Miralda-Escudé, J. 2009, ApJ, 690, 20

Shappee, B. J., Prieto, J. L., Grupe, D., et al. 2014, ApJ, 788, 48

Stone, N. C., Kesden, M., Cheng, R. M., & van Velzen, S. 2019, GReGr,
51, 30

Stone, N. C., & Metzger, B. D. 2016, MNRAS, 455, 859

Strubbe, L. E., & Quataert, E. 2009, MNRAS, 400, 2070

Tonry, J. L., Denneau, L., Heinze, A. N., et al. 2018, PASP, 130, 064505

van Velzen, S. 2018, AplJ, 852, 72

Volonteri, M., & Begelman, M. C. 2010, MNRAS, 409, 1022

Wang, J., & Merritt, D. 2004, ApJ, 600, 149

Will, C. M. 2012, CQGra, 29, 217001

Whu, S., Coughlin, E. R., & Nixon, C. 2018, MNRAS, 478, 3016

Yao, Y., Ravi, V., Gezari, S., et al. 2023, arXiv:2303.06523

Zauderer, B. A., Berger, E., Margutti, R., et al. 2013, ApJ, 767, 152



