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ABSTRACT

Little Red Dots, discovered by the James Webb Space Telescope, are hypothesized to be active
galactic nuclei containing a supermassive black hole, possibly surrounded by a dense stellar cluster,
large amounts of gas, and likely by a population of stellar-mass black holes. We develop a simple
nuclear star cluster model to evolve the rapid mass growth of black hole seeds into the supermassive
regime. The combined processes of tidal disruption events, black hole captures, and gas accretion are
accounted for self-consistently in our model. Given the observed number density of Little Red Dots,
and under reasonable assumptions, we predict at least a few tens of tidal disruption events and at least
a few black hole captures at z = 4-6, with a tidal disruption event rate an order of magnitude larger
than the black hole capture rate. We also estimate the uncertainties in these estimates. Finally, we
comment on the low x-ray luminosity of Little Red Dots.

1. INTRODUCTION

Nuclear star clusters (NSCs) are the densest sys-
tems observed in the local Universe with masses up to
10% Mg (Neumayer et al. 2020). Studies have verified the
black hole (BH) mass-stellar velocity dispersion relation
up to a redshift of z ~ 9, while the BH mass-to-stellar
mass ratio is higher beyond z 2 2 than in the local Uni-
verse by a factor of ~ 10-100 (Juodzbalis et al. 2025a).
Sometimes, the supermassive BH is heavier than the
stellar component of the galaxy (Maiolino et al. 2025a).
This likely implies that the majority of the missing dy-
namical mass in star-depleted dark halos is in the form
of baryonic gas, and that some massive BHs form early
in gas-dominated dark halos (McClymont et al. 2025).

Strongly gravitationally lensed, high-redshift, dense
star clusters have also been detected with the James
Webb Space Telescope (JWST), with masses ~ 105 M,
and effective radii < 1pc (Vanzella et al. 2023; Adamo
et al. 2024; Mowla et al. 2024) and reproduced in sim-
ulations (Polak et al. 2024; van Donkelaar et al. 2024,
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Mayer et al. 2025). These clusters hierarchically merge
to form heavier NSCs in the centers of their dwarf
galaxies (Fahrion et al. 2022). Simulations carried out
by Rantala & Naab (2025) and Lahén et al. (2025) have
demonstrated that intermediate-mass black hole (IMBH)
seeds rapidly form in the centers of gas-rich star cluster
complexes that resemble the conditions in some high-
redshift regions. Runaway stellar collisions rapidly form
a very massive star within ~ 1 Myr which can collapse
into an IMBH seed in metal-poor environments (Vergara
et al. 2025). Cluster density controls the growth rate,
while cluster mass controls the asymptotic mass value of
the IMBH.

The diverse population of Little Red Dots (LRDs)
discovered by the JWST at z = 4-6 suggests the high
abundance of 107-10% M, BHs at those redshifts and
measured assuming the local virial relations that connect
the width of broad-lines to BH mass (Matthee et al. 2024;
Maiolino et al. 2024a; Greene et al. 2024). The absence
of x-rays in all but a few LRDs is puzzling. It may either
indicate high gas column densities near the accreting
BH (Maiolino et al. 2025b; Inayoshi & Maiolino 2025;
Naidu et al. 2025; de Graaff et al. 2025; Ji et al. 2025), or
lower BH masses (Ananna et al. 2024), or else that some
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LRDs could be in the form of accreting supermassive
stars (Begelman & Dexter 2025; Zwick et al. 2025), or
even be an extremely dense purely stellar system (Baggen
et al. 2024). The high BH mass of > 107 My, is verified
from resolved narrow line kinematics by direct BH mass
measurement in a strongly lensed LRD (Juodzbalis et al.
2025b). Furthermore, Pacucci et al. (2025) suggest that
the purely stellar interpretation for LRDs is problematic
since the extremely high densities would inevitably lead
to massive BH formation from collisional runaways. It
is also indicated that a combined model of an accreting
BH, a stellar population, and dense gas seems to better
fit the spectral properties of LRDs (Wang et al. 2025;
Inayoshi et al. 2025). LRDs are likely the places where
SMBHs grew for the first time (Inayoshi 2025).

The presence of supermassive black holes (SMBHs) in
the centers of LRDs may induce a cuspy distribution of
stars around them, leading to increased tidal disruption
events (TDEs) (Rozner & Ramirez-Ruiz 2025). Garcia
et al. (2025) have also argued that high-redshift NSC
hierarchical formation may seed SMBHs and evolve into
LRDs during the BH accretion phase.

We are not currently in a position to fully constrain
the seeding mechanism of massive BHs at high redshift.
However, the observation of BHs with a mass of up to
~ 10% My, at redshift z ~ 10 (Kovacs et al. 2024; Maiolino
et al. 2024b), and of inactive SMBHs (Juodzbalis et al.
2024), suggest that BHs likely grow through repeated
bursts of super-Eddington episodes. This view is also
supported by theoretical studies of BH growth models
that compare with observational data from JWST and
Pulsar Timing Arrays (Bonoli et al. 2025; Zana et al.
2025).

We revisit the hypothesis that NSCs evolve dynami-
cally into the observed high-redshift population of LRDs,
assumed here to be highly compact and gas-rich galaxies
containing massive central BHs (Labbé et al. 2023). A
semi-analytical framework is developed that includes loss
cone feeding, stellar evaporation, BH mergers, and gas
accretion to form intermediate and even supermassive
central BHs from plausible initial conditions.

Our key results are that early-forming NSCs, as mo-
tivated by theory (merging tree studies to redshifts of
~ 10 or higher; low metallicity star formation studies
that favor clusters of ~ 1000 M, stars) and observations
of gravitationally lensed high-redshift compact star clus-
ters, can provide a favorable environment for forming
massive BHs at high redshift.

We predict enhanced and correlated rates of tidal dis-
ruptions in parallel with BH mergers and extreme-mass
ratio inspiral (EMRI) captures. Our estimated central
massive BHs extend in mass to ~ 107 M, in the first

~ 100 Myr of the universe, as well as at much later epochs
in less extreme NSCs.

In what follows, we develop a model of NSC evolu-
tion and runaway BH formation, inspired by our earlier
work (Kritos et al. 2023, 2024b). Section 2 contains a
description of the best nearby proxy for LRDs, the Cen-
tral Molecular Zone of the Milky Way galaxy (MWG) as
a gas reservoir for the nuclear star cluster and SMBH at
the Galactic Center. We develop the physics of NSC evo-
lution and BH growth in Section 3 using a semi-analytic
approach that rests on a relatively subjective choice of
parameters. Our intent is to demonstrate what is possi-
ble in the context of conservative and more speculative
assumptions, rather than to make precise predictions.
We appeal to confirmation or otherwise of our inferred
NSC evolution (Sec. 4), as well as our multimessenger
predictions of TDEs and captured EMRIs (Sec. 5), which
combine simple physics prescriptions with astrophysical
uncertainties to justify the more extreme limits of our
modeling. The x-ray predictions are described in Sec. 6,
and we finally conclude in Sec. 7.

2. THE CMZ AND NUCLEAR STAR CLUSTER AS
A PROXY FOR LRD MODELS

Our LRD modelling combines the stellar environment
modelled by the massive equivalent of an NSC along with
a substantial gas reservoir. To illustrate these initial
conditions we use as a nearby proxy the MWG NSC and
the surrounding CMZ as a less extreme counterpart. The
local environment involves black hole mergers along with
gas and stellar accretion, all crucial ingredients for our
LRD model.

First, some definitions. The Bondi radius is defined as
G Mpy /v? where v; is a generalized sound speed that in-
cludes turbulence, both supersonic and Alfvenic. The BH
sphere of influence is Rj,q = GMBHU;Z. We use this def-
inition for Ri,g in this section as an order-of-magnitude
estimate for the influence radius and in subsequent sec-
tions define it more accurately as the radius that contains
a stellar mass of 2Mpy. We define Ronyz as the extent
of the gas reservoir in the central molecular zone (CMZ)
of the MWG, and use the inner bulge of the MWG as
a local template for an LRD. We use CMZ parameters
taken from a recent review (Henshaw et al. 2023).

At high z, there is more gas. We expect in generic early
CMZ regions that Mgas/M, ~ 0.1-1 whereas Mgas /M, ~
0.03 for the MWG CMZ.

2.1. CMZ properties

The properties of the CMZ are: 1kpc radius, 300 pc
scale height, gas density n = 150ecm™2 = 1 Mg pc~3;
Mgas ~ 3 x 10" Mg; 010s = 10kms™'. The inflow rate
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from the bar is ~ 0.1 Mg yr~—!. For comparison, the

MWG stellar bulge is nearly spherical with radius ~ 2 kpc
and mass 2 x 100 M.

2.2. CMZ components

)

The CMZ consists of, cumulatively, the “nuclear bulge’
in the MWG that has the following components:

o SMBH: 4 x 105 M, sphere of influence of SagA* is
about 1 pc,

« nuclear star cluster, of mass 2.5 x 10" M, size 1 pc,
sphere of gravitational influence of the NSC, about
30 pc,

e CND: Circumnuclear stellar disk. Gas mass
Mgas = 3 x 10* M. Size from 1-7Tpc. Gas
density ny = 10°~7cm™3. The line width is
Ogas = 10*kms~!. This contains the closest gas
reservoir to SagA*.

o NSD: Nuclear stellar disk. Mass is 10° M. Sphere
of influence 300 pc. NSD is cospatial with CMZ.

o Galactic stellar bar. Mass 1.9 x 10'° M. Sphere
of influence 4kpc. Found in 2/3 of nearby disk
galaxies. Transport matter to CMZ by rotational
torquing.

2.3. Current star formation rate and gas flows in the
CMZ

The star formation rate is ~ 0.07 Mg yr~!. The star
formation rate is bursty, separated by periods of 20—
100 Myr, cf. Fermi bubbles. It is generated by a central
explosion ~ 50 Myr ago, and initiated by central BH
outflow and/or multiple supernovae. The gas inflow rate
is driven by a bar and fuels the CMZ at ~ 0.8 Mg yr—1.
Further in, the inflow from the CMZ to the nucleus
is ~ 0.03 My yr~!. The observed gas linewidth due
to turbulence is 12kms~!. The inferred CMZ out-
flow rate, responsible for driving the Fermi bubbles, is
~ 0.8 Mg yr~!. The ratio of gas outflow rate to star
formation rate is ~ 10. The accompanying supernova
rate is 2-15 x 10~ 4 yr~—1.

2.4. CMZs in distant galazies

CMZs are observed out to cosmic noon at z ~ 2. The
gas velocity dispersion is ogas = 20-70km s~!. The star
formation rate is bursty. The inferred CMZ gas mass is
of order the stellar mass or ~ 10° M.

2.5. Schematic CMZ-based model for LRD

Consider a scaled-up early gas-rich version of the CMZ
as a precursor of an LRD. It is compact due to strong gas

cooling and turbulent transport of angular momentum.
We expect that Mg,s ~ M,. We assume that the LRD is
a very massive NSC with a growing central massive BH
via BH mergers, TDEs, and gas accretion. The model
assumes an early phase of super-Eddington accretion
fed by Bondi accretion. Within the CMZ, we use dust-
dominated cooling. Inside the BH sphere of influence,
Ring = GMpy/ orf. The corresponding infall time-scale
is tace = GMpg/o? within the influence radius. We
use the observed local scaling law: Mgy = 2a05,,Ms,
where Mg = Mpp/ 108M@, the stellar velocity dispersion
o200 = 0/(200kms~1), and the normalization constant
« is of order unity. The gas reservoir is contained by
the current Bondi radius, Rg = G Mgy /v2. We equate
this with Rconmyz. Gas self-gravity traps gas within the
influence radius, followed by free-fall once Mgas 2 MpH.
We use Mg = a(0200)° to obtain t,.c = GMppo; > =
3 x 10° a3/5M82/5 yr. We define M, as the gas mass
within the Bondi radius: M, = Rpo?/G = Mpu(04/vs)?
and the Bondi time-scale tgopgi = Gv?MgéMgQUEU:G.
The Bondi radius is identified with Rcoyy and we use
pg = UEG_3M9_2 to obtain tpond; = GMgéMgQaSvg’/af o
1/MBH

The duty cycle is tpondi/tacc = (vs/04)*(My/Mpn)?
with Mg, identified as the mass of the CMZ. The Ed-
dington ratio is Lace/Lgdaq and is proportional to MB_}ll.
Hence Lgqq is very large and tgonq; is very short at early
phases, so that BH growth is rapid.

3. SEMI-ANALYTICAL MODEL FOR LRDS

We model galactic nuclei as a double power-law density
profile for both stars with mass m, and stellar-mass black
hole remnants with mass ms, as a two-mass model. This
choice is partly made based on observations of the central
regions of galaxies and partly because, as we show later, it
leads to an analytical description of velocity and potential
profiles, thus minimizing the use of numerical integration
as much as possible. These other past works employ a
semianalytical framework similar to ours (Shapiro 1977;
Zhou & Zhong 1990; Dokuchaev 1991; Kaur et al. 2025),
but our model differs by including the stellar-mass BH
population and captured EMRIs together with the stellar
TDEs and gas accretion episodes onto the central massive
BH.

3.1. Stellar and black-hole mass distributions

We denote by R; and Ry the break radii of the stellar
and black hole density profile, and by ni and ns the value
of the number density at the break radii, respectively.
Moreover, a1 and (31 are the indices of the stellar power
law density for radii » < Ry and r > Ry, respectively.



4 K. KriTos & J. SILK

Similarly, we define ay and B3. We thus have

(%) <R
m(r) = o (3%)517 o R (1)

and a similar expression for the stellar-mass black hole
remnant density law ng(r). We assume f1, f2 < 0 and
a1, a2 < 0 so that densities vanish as » — oo, but allow
the possibility of a flat density within the break radius.
Such a broken-power-law two-mass model is a highly
flexible and simple model that can describe a range
of possible profile configurations, including both cored
and cuspy nuclei. A broken power law is similar to the
Nuker law, which adequately describes the central regions
within ~ 300 pc of early-type galaxies observed at low
redshift (Lauer et al. 1995). In particular, it is observed
that the central density transitions from a steeper outer
to a shallower inner profile at the break radius. The
NSC of the Milky Way is also fitted well by a broken
power-law (Schédel et al. 2014).

The total number of stars enclosed within radius r can
be computed by integrating 4rz?n;(x) from 0 to 7 and
is

041+3
(%) r<m
B1+3
14 at3 {(}a) ' 1} ,r> Ry

B1+3
(2)

and similarly for Ny(r). Moreover, the total stellar and
black hole remnant mass contained within radius r is

J

_ dmni R}

Nl (T) oy + 3

M;i(r) = miN1(r) and Ms(r) = maNa(r), respectively.
Convergence of the total mass in the system as r — oo
is achieved only when 7 + 3 < 0 and the asymptotic
value becomes M (r — oo) — dmnimi R3 (81 — a1)(aq +
3)71(B1 + 3)~L. Similarly, we require 32 + 3 < 0 such
that My (r — c0) < oo for the stellar-mass black hole
subsystem.

3.2. Velocity dispersion profiles

If Mgy is the mass of the central massive black hole in
the system, then the total mass enclosed within radius r
is M(r) = Mg + Ma(r) + My(r). The one-dimensional
stellar velocity dispersion o;(r) can be computed by
integrating Jeans’ equation [see Eq. (3.58) in Merritt
(2013)]

ny(r)oi(r)? = /00 %M(a:)nl(x)da: (3a)
ZIBl(’/‘) —‘y—]ll(’l“) +121(’I“) (3b)

Notice that this equation neglects the collision term in
the Fokker-Planck equation; we assume the system is
collisionless on the crossing timescale, which is orders of
magnitude smaller than the relaxation time. To compute
the integral in Eq. (3b), we decompose it into three terms
associated with the contribution of the central massive
black hole I51(r), the self-gravity of the stars I1(r), and
the contribution from the stellar-mass black holes I2; (7).
These terms are computed in closed-form expressions as

Infr o —1=0
Ipi1(Ry) + G]\I/,{fffnl X R?L_Talfl , T <Ry
Ipi(r) = s T ar—1#0 (4a)
GM, T
~G () rzm
Ry _
Gn2 In =% oy + 1=0
Lii(Ry) + ﬁ?ﬁl X RAETED _20ar+n , T <Ry
La(r) = - PICTES)) J 0‘12('; :_’)é 0 (4b)
47Gn’m, R? B1— 1 +3 L
(a1+3)1(/811+é) |: /311—(111 (RL1) + 28@11+1) (RL1> :| T Z Rl

(

and the equations for Ips(r) and Ioo(r) can be computed
by replacing all indices “1” by “2” above. Moreover, the
cross term is computed analytically as
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47Gninameo In Rl;mlv a1 + oo + 2=0
I1 (Rmin) + (@2 t3)ROIRSZ X\ poiteet? _ai+as+e ; 7 < Rmin
I (r) w1t et izl (5)
21(T) = i
I21(Rmax) + %lgzmz X 121(’/’), Rmin S r < Rmax
_ AmGninamaRy | Bo—as [ r fr—1 4 _oat3 PB1+B2+2 >R
(a2+3)(B243)R1 | B1—1 \ I Bi+Ba+2 gPI-TRpP2¥e | v 1 = fimax
R _ Ry —
Ry o (B2 — a2) X In=, a1 =1 4+ 2243 I a1t fo+2=0
Bzt Ry 27> RO a1 | R} R geatea 240
1-21(7") = a1—1 o 7 a1+B82+2 st P+ 2F
. Inf2 B +as+2=0
Rmgr <\ Rprertipsireste » fi < Ry
s Tt , Brtax+2#0
(5b)

where Ryax = max(R1, R2) and Ryin = min(Ry, Rg).
Finally, o1(r) = /[Ip1(r) + I11(r) + L21(r)] /na(r). In
case n; = 0, we then write oy () = 0. We can also write a
similar set of equations for oo(r), the one-dimensional ve-
locity dispersion of stellar-mass black holes. Convergence
of all I (r — o0) require 81 +1 < 0 and 82 + 1 < 0.

3.3. Gravitational potential

The total gravitational potential is ®(r) = &, +
Dy (r)+ Po(r) + @1 (r) where D, is it’s value as r — oo.

J

R;"l +2_7.a1+2

(

It can be computed as a superposition of three contribu-
tions, due to the potential of the central massive black
hole ®py(r), the stellar-mass black hole remnants, ®o(r),
and the stars, ®;(r). The former contribution is written
as

_ GMsu

(PBH(’I‘) = ,

(6)

The stellar contribution can be written as

1 o142 , O + 2 7£ O
47er1n1R§’ R?H—s x _ » T < Rl
Py(r) = ————1 In(Ry/r), on +2=0 (7)
o +3 1 Bi—a a1+3 1 r Prt2
B1+3 T ~ Bit+2 Ry (E) » T = Rl

and a similar expression for ®o(r). We may set o, =0
as long as 31 +2 < 0 and B2 +2 < 0.

3.4. Particle evaporation rates

The specific energy of a particle in the cluster is e(r) =
102 + ®(r) and the escape velocity at radius r is thus
Ve(r) = 4/—2®(r) determined by the condition that a
marginally escaping particle has zero energy. Particles
with a velocity that exceeds this escape speed at radius
r are removed from the system in one crossing time,
which is given by tp(r) = r/o(r). Thus, if p(v|o(r)) is
the velocity distribution at radius r, assumed here to be
a Boltzmann-Maxwell, then the fraction of stars with

(

v > ve(r) is

funlr) = | O:) plelo(r)do
St [ﬂc(f())] ErEr [‘ 21:8)2}

where erf and exp are the error and exponential func-
tions, respectively. If we use o1(r) (o2(r)) in Eq. (8),
then we obtain the fraction of stars (stellar-mass black
hole remnants) that are moving at a velocity that exceeds
the local escape speed at radius r. We further assume
that the high-velocity tail (v > v,) of the velocity distri-
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bution is refilled via two-body relaxation as the primary
mechanism. The two-body relaxation timescale for stars
is given by

~0.3404(r)?
~ G2ny(r)m3In Ay

tra(r) 9)

where In A; = In(0.5N;(c0)) is the Coulomb logarithm.
Thus, the evaporation rate of stars at radius r per unit
star is given by

dNev,l(r) _ feV,l(T)
dNy tra(r)

Fev’l(r) = (10)
We can obtain the total evaporation rate of stars from
the system by integrating Eq. (10) over all radii and
noting that dNi(r) = 4mwr?n (r)dr,

o0
Nev,l = / Fev,l(r)47rr2n1(r)dr (11)

Tmin,1

where 7min,1 is the radius that contains a single star, i.e.,
determined by the condition Ny (rmin,1) = 1.

Each time a particle is removed from the cluster, an
amount of energy equal to the particle’s energy is lost
from the system. The fraction of energy per unit mass
that is lost each relaxation time from radius r is

geus(r) = [ :1) plolo () 0% + 201 o

— (201(@2 + <I>(r)> fev,1(r)
L) [ “(T)Q} . (12

2oy (r)?2  204(r)?

We compute the total energy loss rate at radius r per unit
star as Gey,1(r) = m1gev,1(r)/tr,1(r), and the total en-
ergy loss rate from the stellar system due to evaporation
is

Eev,1 = / Gev,l(r)47rr2n1(r)dr. (13)

Tmin,1

We implement a similar set of expressions to compute the
stellar-mass BH number and energy evaporation rates,
NCVQ and ECV72, respectively, where we replace all indices
“1” by “2” in the equations above. Since stars and stellar-
mass BHs have different velocity dispersions due to their
distinct density profiles and masses, their evaporation
rates are thus distinct.

3.5. Central BH brownian motion

The massive BH in the center will not be sitting mo-
tionless at » = 0, but will execute Brownian motion due
to interactions with stellar-mass BHs and stars. It will

thus have a velocity dispersion due to its wandering near
the center, whose value is denoted by (v3y). Depending
on whether it interacts more frequently with stars or
stellar-mass BHs, the massive BH will be in equiparti-
tion with one or the other mass component, and thus
Mg (vy) will be equal to 3mao? or 3m o}, respectively.
We compute the rate of strong interactions (those that
result in significant velocity change during the encounter)
of the massive BH with stars and stellar-mass BHs and
take their ratio I'1 /T’y & (n1/ng)(02/02) where densities
and velocities are computed at their minimum radius be-
cause we assume the massive BH moves near the central
region. Therefore, we write for the root-mean-square
velocity of the massive BH,

<’U]%H>1/2 _ 3 « O'Q(Tming)\/mQ, FQ > Fl

Mgn o1 (min,1)y/m1, I't > T
(14)

as follows from kinetic energy equipartition [see
Eq. (5.127) in Merritt (2013)]. In particular, if stellar-
mass BHs dominate the central region, then the wan-
dering radius may be larger than if Brownian motion
into the massive BH was caused solely by stars because
typically mao3 > myo? (Perets et al. 2007).

3.6. Accretion onto the central BH

The presence of the massive BH in the center provides
a sink for stars and BHs, which, if they approach close
enough with a pericenter distance below a threshold value,
are swallowed by the massive BH and are thus lost from
the system. In contrast, evaporating particles are lost
to infinity. We compute the tidal disruption event rate
following the loss-cone formalism, as presented by Syer &
Ulmer (1999). As for stellar-mass BHs captured by the
central massive BH, we use the same loss-cone theory and
substitute the tidal radius with the critical pericenter for
gravitational-wave capture [see Eq. (11) in Quinlan &
Shapiro (1989)]. Since the tidal and capture radii increase
non-linearly with BH mass, we set the loss-cone radius
to be either the tidal/capture critical pericenter distance
or the horizon radius of the massive BH. We call these
stellar-mass BHs captured by the central massive BH
through the mechanism described as “captured EMRIs”.
These tend to have high eccentricities at formation and
excite higher gravitational-wave harmonics (O’Leary et al.
2009).

We denote by N; = Np(co) and Ny = Na(co) the
total number of stars and stellar-mass BHs, respectively.
Moreover, M; = m1N; and My = mo N5 are correspond-
ingly the total masses. These numbers vary over time
due to evaporation and loss cone effects. We may write
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the time evolution of the total numbers as follows,
Nl - - .ev,l - Nlc,l (153’)
No = —Neys — Nic2 (15b)

As a consequence of the loss cone effects associated with
the consumption of stars and BHs, the mass of the central
massive BH grows at a rate

Mgm e = fa,1m1Nei +maNie o (16)

where fic 1 is the fraction of the mass of the star accreted
during a tidal disruption event, typically assumed to be
50% (Rees 1988).

Gas may be transported into the central pc region
of the galaxy from the larger kpc scales. The process
occurs in two steps (Sormani et al. 2023): first, from
the galactic disc (~ kpc scales) into the central molec-
ular zone (~ 100 pc) through dust lanes via which the
gas is accreted, and then funneled into the NSC. In-
flow mechanisms that can drive gas into the nuclear
region of the galaxy involve, among others, stellar feed-
back, magnetohydrodynamic turbulence, the presence of
a bar structure, and extragalactic perturbations, such as
those from satellites. Such a hierarchical inflow of gas to-
wards the center through successive dynamical instability
episodes (the “bars-within-bars” channel) is one viable
mechanism for fueling active galactic nuclei (Shlosman
et al. 1989, 1990). More recently, multi-scale simulations
adopting the cyclic zoom-in method have demonstrated
the feasibility for gas to be rapidly driven from galactic
to horizon scales Guo et al. (2025).

The inflow rate can be computed from the free fall
mass rate as f;V?3/G, where f, is the gas mass fraction
of the galaxy and V the circular velocity Inayoshi et al.
(2020). In turn, gas is accreted into the galaxy from
the intergalactic medium. The gas must first accumu-
late into the Bondi sphere at the Bondi rate, become
self-gravitating, and then collapse within a dynamical
timescale [(c? + (v35))?/2G™!] to be accreted by the BH
finally. Hyperaccretion is episodic; gas is subdominant
in the dynamics of the cluster M, < M;, M3, and we
ignore its contribution to the potential. We cap the gas
accretion rate at a fixed Eddington ratio parametrized
by the radiation efficiency f;.q. The gas accretion rate
contribution to the central BH’s mass is written as

~ [ 4mpg(GMpu)®  (c3 + (viy))*/?
M — g s BH

BH,g min |:(C§ + <’U]23H>)3/27 G )
0.1 MBH}
frad tsal

(17)

where tg, =~ 45.2Myr is the Salpeter timescale corre-
sponding to a radiative efficiency of 10%. The radia-
tive efficiency has a very low value within the photon

trapping radius during super-Eddington accretion that
can reach below 1% for Eddington ratios that exceed
~ 10 (Poutanen et al. 2007). According to radiation-
dominated magnetohydrodynamic simulations, the super-
Eddington accretion phase can be sustained for several
~ 10* x GMpy/c® and drives power outflows (Zhang
et al. 2025).

We write the mass growth equation of the BH mass as
the sum of the gas accretion and loss cone contributions:

Mgy = Mg c + Mpn g- (18)

Notice that the loss-cone growth term contains both
accretion of stars and stellar-mass BHs (cf. (16)).

3.7. Energy conservation conditions

Let F; and Es be the total energies of the stellar and
stellar-mass BH populations within their break radii,
respectively. We compute the total stellar energy as

B |

Bol(r)z + @(r)} drmyng (r)ridr  (19)
min, 1

and similarly for F5. We compute the total rate of change
of F; and E5 by accounting for both heating rates from
evaporation and loss cone consumption. In addition, we
assume that stellar-mass BHs serve as an energy source
for the stars, as they have a higher temperature. The
equations become

El — Eev,l + Elc,l (203)
Ey = Eev,z + Elc,z (20b)

Applying the chain rule, we also write these energy pro-
duction rates as

. OF, - OFE; . OFE . 0FE . O0FE; -
FE = R R M
TR T R 2 M T o™ O M
(21a)
. 0Fs - OF5 . OF . 0F, . O0Fy -
= R R M
2 8R1 Lt aRQ 2+ 8711 1+ 8712 nz + 8MBH BH
(21b)
Moreover,
- 4T R3 12 2,
N, = Ari | Lr A (22)

o+ 3 a1+ 3

and similarly for N5. We can combine all equations above
to write a differential equation for Ry and Rs. These
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Figure 1. Radial profiles of number densities, total enclosed masses, velocity dispersions, and loss-cone and evaporation fluxes.
Left: number density of stellar-mass BHs (blue) and stars (red). A massive BH with mass Mpn = 10° My is placed in the
center of the system. The blue and red vertical dashed lines correspond to the influence radii of BHs and stars, respectively.
The inset shows the total mass of BHs (blue) and stars (red) enclosed within radius . The horizontal black dashed line at
M (r) = 2Mgu defines the influence radii. Middle: One-dimensional velocity dispersion for BHs (blue) and stars (red), as well
as the escape velocity at radius r (brown dash-dotted). The horizontal black line represents the root-mean-square wandering
velocity of the central massive BH. Right: Full and empty loss-cone fluxes of BHs (blue-solid and blue-dashed) and stars (red-solid
and red-dashed), as well as the evaporation fluxes of BHs (blue-dotted) and stars (red-dotted). Also shown in the upper right

corner are the volume-integrated loss-cone and evaporation fluxes.

equations become

bee('7 D 7& 0
Ri=< o, N <2 b (23a)
g, Ny >2
cd;af7 D # 0
Ry=<¢ 1o, N, <2 23b
2 s 1S 7 D=0 ( )
%, Ny >2
where we define
(9E1 3n1 (9E1
=— - —— 24
“ 8R1 R1 8711 ( a)
8E1 3n2 8E1
b= — — ——— 24b
8R2 R2 8’112 ( )
.. OEi N, 0B N,
=p ——_1_ 12 24
¢ ! 8n1 N1 ang Ng ( C)
8E2 3711 8E2
d=-—2_212=2 24d
8R1 R1 6711 ( )
8E2 37?,2 8E2
=2 227 24
© BRQ RQ 8%2 ( e)
. OFy N,  0E; N,
=R, ——2_1_Z222 24f
2 8711 N1 877,2 N2 ( )
D =bd— ae (24g)

3.8. Stellar-mass BH binary formation

We consider stellar-mass binary BH formation mecha-
nisms related to 2-body and 3-body interactions. The
former channel involves the strong interaction between
two single stellar-mass BHs and the formation of a bound

state following the efficient emission of gravitational
waves along the hyperbolic encounter. The cross sec-
tion for this process g}, is given by Eq. (4) in Mouri
& Taniguchi (2002) in which we set m; = m; = ma.
The volumetric rate density of 2-body binary formation
is given by 7o, = n2(Xaptre) where (...) denote aver-
age over the velocity distribution (assumed to be the
Maxwell-Boltzmann) and (v2,) = 203. The total 2-body
(2b) binary formation rate is:

0o Gm 2 c 11/7
ng :/ 12.167’12(7")2 <C22) <0_2(r)> 47'1'7’2d7’=
| (25)

The interaction of three single BHs can also lead to the
formation of a bound state, and the volumetric formation
rate density of surviving 3-body binaries is given by
v3b = 0.75m3(Gmy)? /o) (Goodman & Hut 1993). The
total 3-body (3b) binary formation rate is obtained by
integrating over the volume of the system:

o Gmy 5 ¢\’
Ty, = / 0.75¢no(r)? ( = ) <02(7‘)> Amr2dr.
| (26)

The total binary formation rate is then the sum of these
two components, I'op + I'sy,.

4. LRD TIME EVOLUTION

Below we simulate two individual NSC examples with
growing SMBHs. First, we show the initial conditions
(Sec. 4.1) and time evolution of a typical NSC (Sec. 4.2)
and later we consider a more compact and massive system
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(Sec. 4.3). For each system, we compare its evolution
and the growth of the central BH with and without gas
accretion episodes.

4.1. Initial conditions for a typical NSC with an IMBH

We consider a NSC system with n; = ny = 10° pc3,

Ry = 1pc, Ry, = 0.2pc, oy = —0.5, ap = —1.0, and
b1 = B2 = —5.0. The density, velocity dispersion, and
loss-cone/evaporation rate profiles for this system are
shown in Fig. 1 and correspond to a snapshot of the
system at t = 0.

The BHs consist of a subsystem more compact than
the stellar population and dominate the density near the
center. Motivated by simulations by Panamarev et al.
(2019), we chose a stellar cusp shallower than the cusp
formed by stellar-mass BH remnants; [see also Alexander
& Hopman (2009)]. The total mass of the system is about
10% M. The properties have been chosen to resemble
the masses and radii of clusters observed at high redshift
z ~ 10 (Adamo et al. 2024). At the center, a 10% M,
BH seed is placed. The influence radii for the stellar and
BH population are = 0.1 pc and = 0.04 pc, respectively,
and correspond to the radii at which the total enclosed
mass of each species is 2000 M. Moreover, the stellar
distribution is expected to be cuspy around a massive
BH (Frank & Rees 1976; Rozner & Ramirez-Ruiz 2025).

The IMBH seed at the center may have formed from
an earlier phase of runaway stellar collisions, past rapid
gas accretion, direct collapse of a metal-poor cloud, or
may be of primordial origin. We are agnostic on its
exact formation mechanism, and here we are concerned
with the question of the subsequent mass growth of this
intermediate-mass BH into the SMBH regime. See Es-
cala (2021); Vergara et al. (2023); Pacucci et al. (2025);
Rantala & Naab (2025) for simulation examples of the
collisional runaway scenario that produce ~ 10% M BH
seeds in similar environments. Chon & Omukai (2025)
discuss a direct collapse scenario in metal-enriched en-
vironments of a supermassive star that forms an IMBH
of at least ~ 103 My and further fragmentation into
dense star clusters with high star formation efficiencies
is possible (Polak et al. 2024).

At a given radius within 1 pc stars have a larger velocity
dispersion than BHs by a factor of a few. The discon-
tinuity feature in the slope of o2(r) at r = Ry = 0.2 pc
corresponds to an artificial effect caused by the choice
of a break in the slope of the power law in the den-
sity profile and is not physical. In reality, the ve-
locity dispersion is a smooth function of r. The es-
cape velocity from the center takes its maximum value
and is about v/3-80kms™! ~ 140kms~!. The three-
dimensional root-mean-square velocity dispersion of the

central intermediate-mass BH is ~ 4kms~!. As a con-
sequence, the wandering radius of the IMBH is small
enough for it to be considered anchored to the center
of the system. However, in our analysis, we do take
into consideration the small value of the IMBH’s velocity
dispersion when computing TDE and captured EMRI
rates.

In the right panel of Fig. 1, we show the loss-cone and
evaporation rate radial profiles for stars and BHs. For
the parameters chosen in this example, at t = 0 all BHs
are in the full-loss-cone regime while stars transition into
the empty-loss-cone regime below the critical radius at
~ 0.02 pc. Every 1 Myr about 30 stars are ejected from
the system as a consequence of two-body relaxation, and
the stellar evaporation flux peaks at a fewx0.1pc. The
stellar-mass BH evaporation rate is =~ 0.0088 Myr—! The
central IMBH accretes one star every =~ 3 Myr and one
stellar-mass BH every ~ 16 Myr from loss-cone effects.

4.2. Time evolution of the typical NSC

Next, we evolve the system presented above in time by
numerically integrating Eqs. (22), (23), and (18). The
system evaporates with time due to relaxation, and the
central IMBH’s mass grows by disrupting stars and cap-
turing stellar-mass BHs. We consider two growth scenar-
ios: one in which the BH grows solely through accretion,
and another in which discrete phases of gas accretion are
allowed to boost the mass of the BH.

The BH grows in mass initially primarily through cap-
turing stellar-mass BHs. After the complete evaporation
of the BH subsystem at ¢ ~ 3000 Myr, the growth steadily
proceeds through TDEs to finally reach an asymptotic
value of ~ 3 x 105 M, (cf. 2, left panel). Even though
the TDE rate is higher than the BH capture rate by a
factor of a few (cf. 2, right panel), the BH mass growth
is initially dominated by captured EMRIs because BHs
are a factor of 10 heavier than stars. Furthermore, the
gravitational-wave recoil kick obtained during the merger
of the IMBH with 10 M BHs is insignificant due to the
significant mass asymmetry. Thus, the central BH is
retained by the NSC.

The radius of the dry cluster decreases with time and
reaches ~ 0.1 pc by the end of the simulation. This is
happening because as the BH grows, the central stellar
velocity dispersion cusps and is Rfl/ 2 while the total
mass term changes by a smaller fraction.

Next, we consider 20 inflow episodes each of 8 x 10* M,
spread uniformly in time. The gas reservoir is 1.6 x
108 M. This time, the BH’s mass growth is boosted,
and by the end of the simulation, the mass has grown
to > 10% M. In our model, the accretion rate is higher
with higher BH mass, and the feedback is proportional
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Figure 2. Time evolution of the system shown in Fig. 1 with (solid) and without (dashed) gas accretion. In the former scenario,
20 gas inflow episodes, each of 8- 10* Mg, of gas, are added uniformly over time. Left: Evolution of the total stellar mass (red), of
total mass in stellar-mass BHs (blue), and of the mass of the growing massive BH (black). The vertical green lines correspond
to the episodes of gas inflow. Middle: Evolution of the break radii of the stellar (red-solid) and BH (blue-solid) population.
Right: Loss-cone (evaporation) rates for stars and BHs are the solid-blue (thin solid-blue) and solid-red (thin solid-red) lines,
respectively. The magenta and cyan lines correspond to the 2-body and 3-body stellar-mass binary BH formation rates.

to the accretion rate. Thus, the duty cycle decreases as
the BH’s mass grows with time. In this example, the
AGN lifetime shifts from ~ 20 Myr down to less than
~ 1 Myr throughout the simulation. Given that each
inflow occurs every 500 Myr, the AGN duty cycle drops
from ~ 4% to about 0.1%.

The radius evolution in the simulation with gas in-
flow episodes exhibits a tooth-like appearance. This is
attributed to adiabatic expansion during slow gas ex-
pulsion from the system, which happens each time a
gas inflow episode occurs, followed by gas removal due
to AGN feedback (Hills 1980). The gas thus prevents
the system from collapsing, as in the dry case, and the
break radius does not evolve significantly over 10 Gyr.
Moreover, the BH subsystem does not totally evaporate,
and a population of ~ 1300 stellar-mass BHs survives
after a Hubble time due to the effect of the gas.

The timescale for the duration of a TDE fallback
timescale is given by Eq. (4) in Gezari (2021). For solar
stars this TDE flare timescale is ttpg = 0.11 y]r_lMﬁl/2
where Mg is the mass of the central BH normalized to
106 Mg. We compute the TDE duty cycle as tTDENch.
The TDE duty cycle steadily increases from ~ 1078 to
~ 1075 in the first 5 Gyr and then to a maximum value
of ~10~* at t ~ 9 Gyr after which it drops by a factor
of ~ 3 by the end of the simulation. When we add gas
inflows, the TDE duty cycle increases at a faster rate
and then remains at higher values, approximately a few
times 107°.

4.3. An extremely massive and compact NSC example

For our second example, we consider a denser version
of the typical system we examined above. In particular,
we set n; = ny = 108 pc™3 and choose stronger cusps,
with @ = —1.0 and ay = —1.5 (close to a Bahcall-

Wolf law with o = —1.75). Furthermore, we take Ry =
4Ry = 0.4 pc. All other parameters are kept the same as
in Sec. 4.1. We simulate this system for 100 Myr. The
total initial mass of this NSC (including M7, M, and
Mgy) is ~ 108 Mg. We show a cartoon of our three-
dimensional model for the NSC interpretation of LDRs
in the left panel of Fig. 3.

In this case, the growth of the IMBH is more dramatic
and a ~ 10" M, SMBH emerges within a fewx 10 Myr
(right panel of Fig. 3). That is, the SMBH formation
efficiency for this NSC —the final SMBH to initial total
cluster mass as defined in Vergara et al. (2025)— is
~ 10%. Moreover, the population of stellar-mass BHs
does not dissolve on the simulated timescale, although
~ 90% of the initial number of BHs is lost either in
ejections or loss-cone effects. The corresponding loss
fraction for stars is ~ 2% on the same timescale.

Over the 100 Myr simulated, one million TDEs and
captured BHs occurred (cf. 4, right panel). Hundreds
of 2-body binaries are formed between two stellar-mass
BHs within the cusp around the SMBH. Most of these
binaries are formed in the first 20 Myr with an initial
peak rate of ~ 70 Myr—! which continually drops down
to a fewxMyr~! at later times. The rates for 3-body
binary formation are at least two orders of magnitude
smaller than the 2-body rate. Thus, stellar-mass BH-BH
merger rates from these 2-body and 3-body channels are
expected to be low in environments similar to the one
examined here.

We repeat the simulation for this system with the
addition of ten gas inflow episodes every ~ 9 Myr, each
containing 10 M, of gas, assuming a gas reservoir of
10" M. This time, the AGN duty cycle is ~ 10%,
higher than in the previous example, and is maintained
throughout the 100 Myr. With the addition of gas, the
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BH grows by an extra ~ 30% compared to the growth it
would have had via TDEs and captured EMRIs without
the gas inflow episodes (see inset in Fig. 3). A plausible
scenario for LRDs would be the formation of the IMBH
seed through runaway stellar collisions within a few Myr
and the subsequent growth of the central BH through
repeated TDEs, captured EMRIs, and gas accretion.
Finally, the TDE duty cycle in this example is higher
than in the previous one, rises rapidly to a few percent
within ~ 10 Myr as the BH rapidly grows, and there is
no much difference between the gas and gas-free cases.

5. TIDAL DISRUPTION RATES

In the previous section, we have presented the evolution
of an NSC and the growth of its central massive BH
through the combined effects of gas accretion, TDEs,
and captured EMRIs. In this section, we estimate lower
limits on cosmological TDE and EMRI rates based on
the observed number density of LRDs at z = 4-6 and
on properties of high-redshift star clusters detected with
the JWST.

Based on the results by Juodzbalis et al. (2025a), we
assume that the Mpy-o, relation holds up to redshift
z ~ 9, where o, is the stellar velocity dispersion of the
bulge. We use the relation from Greene et al. (2020).
Up to an unknown fudge factor, we determine the break
radius of the stellar density profile by the influence radius
of the central SMBH, Ry = GMgy/o?2. This is motivated
by observations of low-redshift cored galaxies [see Merritt
(2013), pg. 20]. Furthermore, based on standard initial
mass function assumptions, the total mass in stellar-mass
BHs is roughly a fraction of ~ 10% the stellar mass, and
assuming energy equipartition among stars and BHs,
we estimate Ry = MRy /M; =~ 0.1R; (Choksi et al.
2019). Notice that if equipartition is not achieved, then
BHs would undergo Spitzer instability, compactify even
further, and have a smaller value for Ry than what we
estimate here, leading to an increase in captured EMRI
rates.

We have used the constraints from Table 6 of Matthee
et al. (2024) on the number density of LRDs in the
SMBH mass range ~ 107 M-10% M. The measured
number densities are provided for three SMBH mass bins
[106-9,107-3] M, [107-3,1077] M, and [107-7, 10%-5] M,
with corresponding number densities ® 4, g, and P¢,
respectively. Correspondingly given the rates per LRD
as 'y, I'p, and ', we write the source-frame volumet-
ric rate density as Ry = ®40'y + ®pl'p + ®cI'¢. For
simplicity, we assume this to be constant in the redshift
range z = 4-6. Given the SMBH masses and the stellar
velocity dispersions obtained from the Mpy-o, relation,
we determine the break radii of our LRDs to be in the

range from a few pc up to 130 pc, which represents well
their observed compactness.

Based on their global properties, the relaxation time of
LRDs is greater than a Hubble time (Escala et al. 2025);
however, presumably, their central NSCs are collisionally
relaxed systems. We do not currently know, at the time
of writing, the exact properties of putative NSCs in
LRDs. We make some reasonable assumptions on the
mass of NSCs when computing rates based on Vanzella
et al. (2023), where massive compact clusters with masses
10%~7 M, have been discovered at similar redshifts (z ~
6). We thus use 105 My, or 107 M, as an educated guess
for the mass of these systems.

The spin values of the SMBHs in the LRDs are also
not known. However, under the assumption that these
BHs have undergone significant accretion in the past,
their spin is likely high, close to the extremal value, and
spun up during the last mass doubling (Bardeen 1970).
Low-redshift observations indicate that a substantial
number of active SMBHs are spinning rapidly (dimen-
sionless spin parameter 2> 0.5), although there are still
systematics in the techniques used in determining SMBH
spin (Reynolds 2021). Moreover, the spin magnitude
of BHs tends to decrease statistically and asymptote to
zero through the repeated accretion of stars and BHs
with random orientations (Kritos et al. 2024c, 2025). De-
pending on the spin magnitude and orbital inclination
of the approaching star, the Hills mass —the maximum
mass of a BH that can tidally disrupt the star— can be
up to severalx 108 My (Mummery 2023). For simplic-
ity, we assume that all SMBHs in our examined mass
range can produce an observable TDE. A more precise
understanding of the SMBH spin distribution at z ~ 5
would enable us to estimate the Hills mass and, thus,
the fraction of TDEs that produce an electromagnetic
counterpart more accurately.

Once we compute the volumetric source-frame rate
densities for TDEs and captured EMRIs, we integrate
over comoving volume to obtain the observer-frame in-
trinsic cumulative yearly event rate of these transients in
the redshift range z = 4-6. Under the assumption that
Ry is constant in that redshift range we write (Rodriguez
et al. 2016; Ricarte & Natarajan 2018)

z=6 6
R, = RSLdVCzRS/ Ve dz oy
et 14z 4y dz 142

where the factor of (1 4+ 2)~! converts time from source-
frame to observer-frame. We write R, =~ (1.5 X
10'3 Mpc?) - Rs.

Since there is a range of predicted rates depending on
initial conditions and the number density of LRDs, we
report the 5%, 50%, and 95% percentiles, corresponding
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Figure 3. Left: Cartoon of the spherical cluster model developed in this work. The outer diffuse red region corresponds to
the bulk stellar population, and the inner blue overdensity is the subcluster of stellar-mass BH remnants (BHs) in the core
surrounding a supermassive BH (SMBH) represented by the central black sphere. The faint green sphere indicates the presence
of ionized hydrogen gas in the system. The thin inward (thick outward) arrows show the loss-cone influx (evaporation outflux) of
s‘gars Nlc,l (Nev,l) and BHs Nlc,z (Nev,g). Finally, the green inwgrd and outward green arrows show the influx Mg‘zs and outflux
Mg, of gas from the system, while the inward green arrows Mg} indicate gas accretion into the massive BH. Right: Time
evolution of the total stellar mass (red), total mass of stellar-mass BHs (blue), and mass of the massive BH (black). The dashed
lines correspond to no gas inflow episodes, while the solid green lines show the gas inflow episodes. The inset shows a linear scale
of the massive BH growth and the gas inflow episodes.

to pessimistic, median, and optimistic rates, respectively. are only lower limits on the TDE and captured EMRI
We propagate errors in the LRD densities (® + A®) and rates at z ~ 5. In particular, the number densities of
scatter in the Mpp-o, relation into our predicted rates NSCs in each of the three SMBH mass bins we considered,
for TDEs and captured EMRI rates. We show our results ®¢, &5, and P3, are only lower limits. Moreover, under
in Table 1 and 2, respectively. our LRD paradigm, we do not know the properties of
With our choice of assumptions, we find a fixed ra- the NSCs, and this is the dominant source of uncertainty
tio of Rrpe/REmr1 ~ 10:1. Thus, for every cap- in our results.
tured EMRI, there are about ten stellar tidal disrup- According to Babak et al. (2017), depending on the
tion events happening at z = 4-6. The corresponding astrophysical model adopted, the intrinsic EMRI rate
median volumetric source-frame TDE rate density is can be between a few tens and a few tens of thousands
Rrpg ~ 0.003 yr~! Gpc™3 with an uncertainty of about at all redshifts. Kritos et al. (2024a) finds a total of a
1dex. This assumes an NSC mass scale of 106 M. If few thousand captured EMRIs up to z = 10. Moreover,
the typical mass of NSCs in those LRDs were 107 M, the future Laser Interferometer Space Antenna (LISA)
the TDE rate would be higher by a factor of ~ 100. is unlikely to be able to detect EMRIs with primary in
When integrated over the comoving volume [cf. Eq. (27)], the range 107 M-108 M, and at the redshifts where the
it results in a cumulative observer-frame TDE rate of majority of the LRDs are observed (Babak et al. 2017).
~ 40yr~!. Since we assume a fixed merger rate den- However, a gravitational-wave background of EMRIs,
sity over z € [4,6], the same ratio of ~ 10:1 holds for i.e., the cumulative gravitational-wave signal from all
the volume-integrated observer-frame TDE and captured LRD sources, may still be observable at pHz frequencies.

EMRI rates. This implies that only a few captured
. 6. WHY ARE THE X-RAY LUMINOSITIES LOW?
EMRIs occur every observer year at those redshifts.
Since LRDs represent the fraction of active SMBHs, In general, LRDs are subluminous in x-rays (Ananna
and the difficulty in observing means that our estimates et al. 2024). This superficially is a problem, especially
because of the phases we invoke of super-Eddington
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Figure 4. Cumulative number of tidal disruption events (TDEs), captured extreme-mass ratio inspirals (EMRIs), and 2-body
binaries (2-body). Left: The cumulative numbers for the simulations of Fig. 2. The inset shows the rates as a function of time,
with the same x-axis as in the main plot. Right: Correspondingly for the simulations of Fig. 3. The cumulative number of 3-body

binaries is less than unity in both cases.

TDE
yr~ ' Mpe™? (yr)
pessimistic median optimistic
6-107'3 (10) 310712 (40) 2-107'" (200)

6-107 (800)  2-107'° (3000)  9-107'° (13000)

Table 1. The high-redshift (z = 4-6) source-frame TDE
rate density (R;) from the population of LRDs in units of
yr~! Mpc™® calculated for the SMBH mass range 107 Mg~
10® M and in parentheses the yearly observer-frame cumula-
tive number of TDEs (R,) in the redshift range z = 4-6. The
first (second) row assumes LRDs contain a 10° Mg (107 M)
star cluster. The three columns correspond to the pessimistic,
median, and optimistic estimates.

captured EMRI
yr~ ' Mpe™? (yr)

pessimistic median optimistic
6-107 (1) 3.10713 (4) 21072 (30)
8107 (120) 4-107* (500) 21070 (3000)

Table 2. Same as Table 1 but for the captured EMRI rates.

accretion onto the central BH. Explanations in the lit-
erature include an inhomogeneous broad emission line
region with high covering factor (Maiolino et al. 2025b).
Pacucci & Narayan (2024) consider mildly Eddington
accretion rates which results in lower SMBH masses [see
also Lambrides et al. (2024)]. An analogy with ULXs
which have highly beamed x-ray emission from super-
Eddington accretion onto the central BH provides yet

Hard x-rays

Pressure
Maximum

N

g

Figure 5. Hard x-rays from the BH hot inner corona scat-
tered on Polish doughnut funnel walls. Funnel model and
thick accretion disk are from analytical (left) and numerical
simulations (right) (Lei et al. 2009). Scattering of hard x-rays
as depicted for proxy model of Cygnus X-3 (Veledina et al.
2024).

another interpretation (King 2024). Madau & Haardt
(2024) discuss x-ray scattering from the funnel walls, a
model that we develop further below.

We can use Cygnus X-3 as a template for the observ-
ability, or lack thereof, of x-rays from the SMBH. Cygnus
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X-3 is a microquasar produced by a super-Eddington
x-ray binary. The central x-ray source is hidden behind
the optically thick accretion disk. The narrow disk fun-
nel scatters hard x-rays from the central BH at source
inclination of ~30 degrees, as measured by the unex-
pectedly high (12%) x-ray polarization as measured by
IXPE (Veledina et al. 2024). Due to transient funnel
filling phases of variable accretion, the resulting luminous
ultrasoft x-ray flux ionizes the accretion disk corona.

We argue that a very similar phenomenon applies in
the super-Eddington phase of the LRD (Lei et al. 2009).
There is a deep funnel surrounding the BH in the super-
Eddington accretion-induced phase (see Fig. 5). This
is the so-called Polish doughnut (Madau 2025), which
alternates with a slim disk as the accretion rate varies
from high to low. The super-Eddington phases are inter-
mittent and brief. They result in intense hard x-rays that
are, however, scattered in the funnel. One consequence
is that they are viewed only at an oblique angle. Hence,
strong x-ray sources associated with super-Eddington
accretion are not directly observed in the direction of
the LRD in this phase. The soft x-ray component es-
capes directly and plays a role in ionizing the accretion
disk corona. Observational consequences would include
unassociated x-ray sources and high x-ray polarization as
high as 10%—-20% by analogy with Cygnus X-3 (Veledina
et al. 2024).

7. CONCLUSIONS

Regardless of interpretation, LRDs must inevitably
host a massive BH; even in the stars-only scenario, the
inferred stellar densities are so high that a massive ob-
ject would rapidly form through runaway stellar colli-
sions (Pacucci et al. 2025; Escala et al. 2025).

If a significant amount of gas is present in the center
of LRDs (Jones et al. 2025), EMRIs may be acceler-
ated by the enhanced dynamical friction from the gas
environment. As demonstrated by Speri et al. (2023),
the associated gravitational-wave dephasing imprinted
in the gravitational waveform signal may be detectable
by LISA.

We found that a significant mass of the SMBH in
LRDs could be assembled through the accretion of stars
and stellar-mass BHs from the surrounding dense NSC
environment. See also Stone et al. (2017); Pfister et al.
(2021); Rizzuto et al. (2023); Polkas et al. (2024) for
similar conclusions. High stellar densities increase the
rates of TDEs and EMRIs (Zhang & Seoane 2025). The
gas further boosts the growth. In the densest system
simulated, the IMBH seed rapidly grew through TDEs,
EMRIs, and gas accretion within a few tens of Myr. This

allows for enough time for the BH to grow and the system
to resemble the properties of LRDs by z ~ 5.

In the densest systems, an IMBH seed would rapidly
grow through TDEs, EMRIs, and gas accretion. Simula-
tions we carried out for NSCs with a central density of
108 pc=3 resulted in the rapid growth of a 103 M, IMBH
seed into the SMBH regime (final mass ~ 2 x 107 M)
within a fewx10 Myr, giving rise to the z ~ 5 population
of LRDs. Again, a significant fraction of the SMBH’s
mass (~ 80%) is assembled through TDEs and captured
EMRIs. Note that this fraction is dependent on the
gas mass reservoir, which is taken in this example to
be 107 M and supplied in ten inflow episodes over a
100 Myr period. Moreover, there is a residual population
of stellar-mass BHs around the SMBH, leading to subse-
quent high-energy phenomena such as BH mergers and
EMRIs.

While the central massive BH is in the active accretion
phase, such a gas-rich NSC with an accreting SMBH in its
center would observationally resemble an LRD (Inayoshi
& Maiolino 2025). After the residual gas is removed
due to feedback and gas accretion shuts off, the BH
becomes quiet. During the inactive phase, though, the
BH continues to grow via successive TDEs and EMRIs.
Using JWST data, a high-redshift TDE candidate is likely
identified by Karmen et al. (2025) at z = 5. We expect
that future experiments, such as UVEX (Kulkarni et al.
2021), will utilize imaging and spectroscopy to identify
many more TDE candidates. Other diagnostics that
are currently inconclusive but are expected to rapidly
improve include radio detectability (Perger et al. 2025;
Latif et al. 2025) and variability (Zhou et al. 2025; Furtak
et al. 2025; Tee et al. 2025).

As the gas is being ejected away from the episodic
accretion feedback or gets converted into stars in subse-
quent starburst episodes, the galaxy builds up its stellar
population and eventually starves of gas, limiting SMBH
growth through accretion (Silk et al. 2024). Thus, some
SMBHs may have grown faster than the stellar popula-
tion around them (Juodzbalis et al. 2025b), and therefore
the Mpyu /M, ratios are larger at higher redshifts (Geris
et al. 2025).

The population of stellar-mass BHs around the SMBH
in LRDs can lead to other electromagnetic counterparts,
such as micro-TDEs (Perets et al. 2016; Kremer et al.
2019; Rastello et al. 2025). These involve the tidal dis-
ruption of a main-sequence star by a stellar-mass BH.
If a population of stellar-mass BHs is present around
SMBHs in LRDs, a fraction of stars will be tidally dis-
rupted by BH remnants. This is very likely due to the
evolution of massive stars (2 20 M) into BHs in the
dense NSC environment. Moreover, there might be other
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types of high-energy phenomena such as white dwarf
tidal disruptions, mergers involving neutron stars, and
stellar collisions, all of which produce multimessenger
signals.

Preferential gas accretion onto the secondary in a
SMBH merger is argued to inevitably boost SMBH
merger rate (Krause et al. 2025), reconciling the Pulsar
Timing Array signal with the predicted merger rate at
low redshift (Toubiana et al. 2025), and providing po-
tentially even more significant boosts in the merger rate
predicted in the gas-rich regime that is characteristic
of the high redshift regime which LISA is expected to
probe (Comerford & Simon 2025).

Given the uncertainties of LRD number densities and
the unknown properties of their putative central NSCs,
we make predictions of intrinsic TDE and captured EMRI
rates at z = 4-6 with median values of ~ 500yr~—! and
~ 4yr~! respectively, depending on the properties of
the LRD’s NSCs. The number density values of LRDs
we used from Matthee et al. (2024) are lower bounds
of the number density of SMBHs. Together with selec-
tion effects, the fact that lower-mass SMBHs are more
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challenging to observe, we conclude that our estimates
can only be a lower bound. We may not be able to see
individual EMRIs from LRDs at those high redshifts,
but we may be able to identify a background of EMRIs
instead (Bonetti & Sesana 2020).
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