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Abstract

Supermassive black hole (SMBH) growth plausibly occurs via runaway astrophysical black hole mergers in
nuclear star clusters that form intermediate mass black hole seeds at high redshifts. Such a model yields an order-
of-magnitude higher rate of tidal disruption events than that of compact-object captures. Our prediction,
normalized to our proposed resolution of SMBH seeding, yields detectable tidal disruption event rates at high
redshift. The resulting dense gas cocoons generate compact galactic nuclei, each incorporating a central, massive,
black hole star, with comparable masses in gas, stars, and massive black holes within a scale of around a parsec as
inferred from the various Little Red Dot spectral signatures.

Unified Astronomy Thesaurus concepts: Stellar dynamics (1596); Gravitational wave sources (677); Transient
sources (1851)

1. Introduction

Extreme nuclear transients (ENTs) are rare, ultraluminous
flares (>1045 erg s−1), exceeding supernova energies and more
easily detected at z > 1 than classical tidal disruption events
(TDEs) in flux-limited surveys. The JWST has also uncovered
numerous “Little Red Dots” (LRDs; 4 < z < 8), likely AGN
powered by ∼107–108M⊙ supermassive black holes (SMBHs;
J. E. Greene et al. 2024; R. Maiolino et al. 2024; J. Matthee
et al. 2024).
ENTs show slow decays (≳150 days), emit more total

energy than TDEs, and have smooth (<10% variability) light
curves, blue spectra, and broad lines distinguishing them from
AGN variability or supernovae (S. Frederick et al. 2021). They
are proposed to be TDEs of high-mass stars (>3M⊙) by
SMBHs (J. T. Hinkle et al. 2025).
Typical TDE durations are 3 × 106–107 s (D. Melchor et al.

2025). Rates are ∼10−5 galaxy−1 yr−1 in normal galaxies,
enhanced by 10–100 times in poststarburst systems (S. van
Velzen et al. 2020). A new class of ambiguous nuclear
transients (ANTs) is also observed (P. Wiseman et al. 2025).
J. Bellovary (2025) estimates a high-z TDE rate of

∼10−4 yr−1 (for 5 < z < 8) by linking LRDs to SMBH-seed
densities assuming purely TDE-powered emission, a rate too
low for SMBH growth and implying LRD masses below
earlier claims. A ∼107M⊙ black hole (BH) has meanwhile
been directly measured in a lensed z = 7 LRD (I. Juodžbalis
et al. 2025). Since LRDs are likely AGN-dominated, K. Kritos
& J. Silk (2025) show that including SMBH-growth needs
(mergers + accretion) significantly boosts high-z TDE rates,
which we argue here may be observable.
In this work, we analyze an N-body snapshot at time t of a

star cluster within a central SMBH’s sphere of influence by
sampling its spherically symmetric distribution function

without time evolution. From these snapshots, we compute
the instantaneous TDE and compact-object capture rates,
incorporating loss-cone physics and stellar evolution.

2. Stellar Feeding onto Central Hole

We model a nuclear star cluster (NSC) around an SMBH of
mass MSMBH and dimensionless spin parameter aSMBH. A star
of mass m� and radius R� is removed if its pericenter lies
within the loss-cone radius r r rmax ,lc T mb( )= , where
r R M mT SMBH

1 3( )/ /= (C. R. Evans & C. S. Kochanek
1989) and rmb is the spin-dependent marginally bound orbit.
For rT ≳ rmb, the event produces an electromagnetic
TDE (A. Mummery 2024). Stars enter the loss cone via
relaxation and are removed on a crossing time.
We compute event rates with Monte Carlo simulations in

the Keplerian potential Φ = −GMSMBH/r within the influence
radius rinfl, containing N M m2 SMBH/ stars. Stellar masses
are drawn from an initial mass function (IMF) and evolved
with updated-BSE (S. Banerjee et al. 2020). Assuming
n� ∝ r− γ we sample radii from p(r) ∝ r3− γ and orbits from the
isotropic distribution f (a, e) ∝ a2− γe (D. Merritt 2013,
Equation (4.36)). Orbital periods follow from Kepler’s law,
P ≃ 2πGMSMBHm�( −E)−3/2.
Angular-momentum diffusion is driven by nonresonant relaxa-

tion (NRR) with a timescale (D. Merritt 2013, Equation (5.61))
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where GM r1 1 2
SMBH

1 2( ) ( )// /= + and Nln ln . In
the Keplerian regime, we also include resonant relaxation
(RR; K. P. Rauch & S. Tremaine 1996; M. A. Gurkan &
C. Hopman2007), with an effective relaxation time tR =
t tNRR

1
RR

1 1( )+ (C. Hopman & T. Alexander 2006a,
Equation (11)).
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Feeding rates are computed using the loss-cone theory
by D. Syer & A. Ulmer (1999). Defining P tD R

1 2( )/ /= (J. Frank
& M. J. Rees 1976, Equation (12)), the loss cone is empty for
θlc > θD, with rate tln 2 lc R

1[ ( ) ]/ , and full otherwise, with
rate Plc

2 / per unit star. Summing over stars within rinfl yields
the total instantaneous rate Γlc(t|MSMBH).
For compact objects, we additionally include capture by

gravitational bremsstrahlung (G. D. Quinlan & S. L. Shap-
iro 1989, Equation (11)) and gravitational wave (GW)-driven
inspirals, known as extreme mass-ratio inspirals (EMRIs). The
effective loss-cone radius is the maximum of tidal, bremsstrah-
lung, and marginally bound radii. For EMRIs, t tD GW R

1 2( )/ /=
and the full-loss-cone regime is absent (T. Alexander &
C. Hopman 2003). We compute tGW using the fit
of I. Mandel (2021).

3. Initial Conditions

We adopt a canonical IMF spanning 0.08–150M⊙ at
metallicity Z = 0.002. Stellar types from updated-BSE
are grouped into stellar classes indexed by A as “main
sequence (MS)” (1–2), “giants” (3–6), “cores” (7–9), “white
dwarfs (WDs)” (10–12), “neutron stars (NSs)” (13), and
“BHs” (14).
Orbits are initialized with a thermal eccentricity distribution;

departures from thermal (e.g., superthermal) enhance captures
and inspirals by increasing the low-angular-momentum
population.
We assume approximate energy equipartition within rinfl,

leading to mass segregation (C. Hopman & T. Alexan-
der 2006b). Stars, WDs, and NSs follow density slopes
γ� = 1.5, while stellar-mass BHs are more centrally
concentrated with γBH = 2.
Five representative time epochs (100, 101, 102, 103, and

104 Myr) and three SMBH masses (105, 106, and 107M⊙) are
considered with aSMBH = 0.5. We link rinfl = GMSMBH/σ2 to
MSMBH through the MSMBH–σ relation (N. J. McConnell et al.
2011, Figure 3). We assume the SMBH influence region is
fully populated (M� ≳ MSMBH); otherwise, rates would scale
down accordingly.

4. Mass Accretion Rate

Figure 1 shows the SMBH mass accretion rate by stellar type.
Means and standard deviations are computed from 10 realizations
per time bin. Assuming a fraction facc of a stellar mass m is
accreted upon loss-cone entry, the mass accretion rate per unit
star is dM dNSMBH

A
A

( )
/ = f m d t M dNacc lc

A
SMBH A( )( ) / where A is

the stellar class. We adopt facc = 0.5 for MS stars (TDEs),
facc = 0.5 for giants (envelope disruption), and facc = 1 for
compact remnants (BHs, NSs, WDs).
During the first ∼100Myr, growth is dominated by MS

stars, peaking at ∼10−2M⊙ yr
−1 and initially driven by stars

≳10M⊙. At later times (t ≳ 100Myr), massive stars evolve
into remnants and the disrupted MS population shifts to
≲10M⊙. Despite their larger loss cones, giants contribute
∼2.5 orders of magnitude less mass than MS stars due to short
lifetimes and limited envelope masses, becoming negligible at
late times.
MS and giant TDEs produce electromagnetic transients. The

MS duty cycle (remnant decay time × loss-cone rate) remains
∼10−4, while giants reach ∼1% owing to longer decay times,
declining below the MS level after several Gyr.

A few Myr after stellar-mass BH formation, the total
accretion rate stabilizes at ∼10−4M⊙ yr

−1 for a 106M⊙
SMBH and is higher by a factor of a few for 107M⊙.
Accretion is dominated by direct plunges, with negligible
inspirals. BHs dominate the late-time growth and contribute
significantly even at early times due to mass segregation and
their higher masses. WD accretion builds up over several Gyr
to just below the MS contribution, while NSs maintain an
approximately constant rate of ∼5 × 10−6M⊙ yr

−1 after
∼10–100Myr. Naked cores are negligible because of their
short lifetimes and small radii.
Integrating MSMBH over t ∈ [0, 1]Gyr yields total mass

growths of ≃3.9, 0.45, and 0.057 times the initial SMBH mass
for 105, 106, and 107M⊙, respectively. The cumulative growth
scales approximately as t (also see N. C. Stone et al. 2017).
These values represent upper limits, as relaxation-driven
ejections are neglected.

5. Flaring Events

The SMBH disrupts MS stars, while giant-star TDEs are
typically partial and involve only envelope stripping
(N. N. Navarro & T. Piran 2025). The characteristic flare
timescale is the fallback time (S. Gezari 2021, Equation (4)),
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corresponding to the orbital period of the most bound debris.
We adopt the shock-powered emission model of J. Krolik et al.
(2025), in which stream self-intersections near the apocenter
produce radiation with efficiency (J. Krolik et al. 2025,
Equation (10))
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A complete predictive theory of TDE emission remains
uncertain (e.g., A. Mummery et al. 2025).
Owing to their large radii, giant-star TDEs produce longer,

dimmer flares; we therefore restrict our analysis to MS TDEs.
Dense cores, naked cores, and WDs can only be disrupted by
intermediate-mass BHs (K. Maguire et al. 2020).
In the efficient-cooling limit (tcool ≪ t0), the peak luminosity

equals the dissipation rate (J. Krolik et al. 2025, Equation
(16)),

L
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4
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( )

×
×

×

well below LEdd ≃ 1.2 × 1045 erg s−1(MSMBH/10
6M⊙). For

inefficient cooling (tcool ≫ t0), Lpk ∼ LEdd and the flare
duration is t0 ≃ m�c

2/Lpk (J. Krolik et al. 2025, Equation (18)).
Figure 2 shows the peak luminosities and rest-frame decay

times of MS TDEs in the efficient-cooling limit, colored by
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stellar mass, alongside observed transient classes and six
extreme flares (M. J. Graham et al. 2026; J. T. Hinkle et al.
2025). The most luminous events arise from the most massive
MS stars. As the stellar population evolves, the maximum MS
mass decreases while stellar radii increase near turnoff,
producing a late-time turnover since t R0

3 2/ . TDEs of
∼30–150M⊙ MS stars by 10

6–107M⊙ SMBHs are consistent
with ENTs, while lower-mass systems fall in the ANT regime.

6. Integration over Cosmological Volume

We focus on the redshift range z < 6. Assuming a constant
SMBH mass function with comoving number density nSMBH,
we weight three representative SMBH masses by
w Mj jSMBH,

2 and normalize ∑jwj = 1. Our choice of equal
SMBH mass per unit logarithmic SMBH mass bin in the
examined mass range is motivated by E. Gallo & A. Sesana
(2019) and J. E. Greene et al. (2020). The source-frame loss-
cone rate density for class A is

R
n

w
t M

10 Mpc 10 yr

20 Gpc yr , 5

k j
j

k j
lc
A SMBH

2 3
1

5

1

3
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A
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5 1

3 1

( )

( )

( )
( )

×
= =

including both captures and inspirals, and assuming a uniform
time prior over which index k runs.
The observer-frame rate follows from integrating over

comoving volume and applying cosmological time dilation
(K. Kritos & J. Silk 2025, Equation (27)). Assuming Rlc

A( ) is
constant over 0 � z � 6,

R
R

z dV z

20 Gpc yr

1

6.9 10 Mpc

1.4 10 yr , 6

z

z

lc
A lc

A

3 1
0

6
1

com

11 3

4 1

( ) ( )

( )

( )
( ) +

×
× ×

=

=

scaling linearly with nSMBH. Rates are summarized in Table 1.

The total SMBH mass growth over z ∈ [0, 6] is

n
w

dt M t

M
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which is on the same order as Sołtan’s estimated mass
density (8 × 1013M⊙Gpc

−3; A. Soltan 1982), implying gas
accretion dominates SMBH growth but loss-cone effects
contribute at the ∼25% level.
We find an MS TDE rate of ≈5 × 103 Gpc−3 yr−1 at 4 � z

� 6, with only a small detectable fraction (e.g., UVEX;
S. R. Kulkarni et al. 2021), while inspirals are negligible in all
classes. For comparison, the local TDE rate density is
∼15–200 Gpc−3 yr−1 (S. van Velzen & G. R. Farrar 2014),
below theoretical z ∼ 0 expectations (N. C. Stone &
B. D. Metzger 2016), while recent candidates at z > 1 (Y. Gu
et al. 2025) imply rates of ∼20–80 Gpc−3 yr−1 at
z ∼ 1 (M. J. Graham et al. 2026). In addition,
R R: 30MS giant . Finally, stellar remnants capture at intrinsic

Figure 1. Temporal mass accretion rates from captures onto 105 (dotted), 106
(solid), and 107 M⊙ (dashed) SMBHs, decomposed by stellar type via loss-
cone contributions. Abbreviations: MS (main sequence); WD (white dwarf);
NS (neutron star); BH (black hole). Points with error bars indicate mean values
and standard deviations from 10 realizations. The inset displays the duty cycle
of MS (red) and giant (blue) stars.

Figure 2. Peak luminosity versus characteristic rest-frame timescale of
astronomical transients, with peak absolute magnitudes normalized to a solar
V-band magnitude of 4.83; M L L2.5 log 4.83pk 10 pk( )/= . Tidal disruption
flares of MS stars by SMBHs of 105 (crosses), 106 (circles), and 107 M⊙
(diamonds) are shown as colored symbols, with the color bar indicating stellar
mass. Five distinct sets correspond to five evolutionary times (bold labels).
The six red symbols denote observed flares with Lpk > 1045 erg s−1. Gray
dotted horizontal lines mark the Eddington luminosities for the labeled SMBH
masses. Abbreviations: ENTs (extreme nuclear transients); SLSNe (super-
luminous supernovae); ANTs (ambiguous nuclear transients); TDEs (tidal
disruption events); ccSNe (core-collapse supernovae); Ia SNe (Type Ia
supernovae) following the Phillips relationship.

Table 1
Capture and Inspiral Loss-cone Density and Volume-integrated Rates over

0 � z � 6 for Different Stellar Classes

A Rcapture Rcapture Rinspiral Rinspiral
(Gpc−3 yr−1) (yr−1) (Gpc−3 yr−1) (yr−1)

MS 5.4 × 103 3.8 × 106 4.7 × 10−6 4.4 × 10−2

giant 1.5 × 102 1.1 × 105 1.6 × 10−7 3.3 × 10−3

WD 8.6 × 101 6.0 × 104 4.9 × 10−8 1.5 × 10−3

NS 1.5 × 101 1.0 × 104 1.1 × 10−10 9.9 × 10−7

BH 2.2 × 101 1.5 × 104 2.8 × 10−7 1.9 × 10−2
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rates of hundreds per year, and about two BH-EMRIs every
century, producing GW sources, which we discuss next.

7. Gravitational-wave Background

We compute the characteristic GW strain of each capture,
hc( f ), at the observer-frame frequency f, using Equation (17) of
M. Bonetti & A. Sesana (2020), including the first 100 harmonics.
Merger-ringdown and spin effects are neglected. Example
individual sources at z ∼ 5 are shown in the inset of Figure 3
together with the sensitivities of LGWA (J. Harms et al. 2021) and
LISA (P. Amaro-Seoane et al. 2017). Captures originate from
highly eccentric (e ≃ 1−) orbits that rapidly circularize and merge
within M M28 min 10 10 km sSMBH

6 1 3( )( )/ / (R.M.O’Leary
et al. 2009). We find that ≃54% (≃1.3%), ≃7.9% (≃0.6%), and
≃3.3% (≃0.5%) of all BH, NS, and WD captures, respectively,
have signal-to-noise ratio (SNR) > 10 in LISA (LGWA).
The cumulative contribution of captures produces a

stochastic GW background (SGWB), whose dimensional
energy density over an observation time Tobs we approximate
as (E. Belgacem et al. 2025, Equation (3.83))
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where A = {WD, NS, BH} and h0 is the reduced Hubble’s
constant. The sum is over undetectable NA

˜ captures with
SNR < 10, by convention.
The resulting SGWBs are shown in Figure 3 (thick lines).

The WD capture background peaks at dHz and are observable

with an SNR > 10 when compared with the corresponding
LGWA Power-Law integrated Sensitivity (PLS; P. Ajith et al.
2025) and LISA PLS (K. Schmitz 2020) for Tobs = 4 yr. For
comparison, we also show the background from massive BH
mergers under two seeding scenarios (M. Çalışkan et al. 2025).
While the BH and NS backgrounds have SNR < 10 within
4 yr, there are still thousands of captures within z < 6 with
LISA. Finally, the SGWB from inspirals is undetectable.

8. Formation of the Black Hole Star

We adopt a BH-star framework in which the SMBH is
embedded in a dense cocoon of gas and stars. This model
satisfies spectral constraints on LRDs and enables rapid SMBH
growth via bursty, super-Eddington gas accretion (V. Kokorev
et al. 2025; K. Kritos & J. Silk 2025). The buildup of dense gas
cocoons produces extreme Balmer breaks, Balmer absorption,
and Hβ emission, and resembles the phenomenon of BH
stars (A. de Graaff et al. 2025; R. P. Naidu et al. 2025; see
also D. Nandal & A. Loeb 2026; V. Rusakov et al. 2025;
M. C. Begelman & J. Dexter 2026).
Feedback-regulated growth yields universal scalings:

momentum conservation gives MBH ∝ σ4,

f
GM c v

G

4
, 9s

Edd
SMBH

es

4
( )=

while energy conservation implies MSMBH ∝ σ5. The SMBH
radius of influence, rinfl ∼ 10–30 pc, defines the Bondi radius.
Accretion-disk sizes inferred from reverberation mapping

are typically parsec scale. The Eddington feedback region is
set by requiring a unit Thomson optical depth,

n m M G M M , 10e T p g T g
1 2 3 6 1 2

200
6( ) ( ) ( )/=

using G Mg g
6 3 2= and stellar-mass form factors (P. Diener

et al. 1995). This defines a dense central core at radii
∼1–10 au, consistent with CLOUDY models of inverted LRD
spectra and inferred gas densities nH ∼ 108 cm−3 (A. J. Taylor
et al. 2025).
Observations and theory favor Comptonization-regulated

feedback (R. Gilli et al. 2022): momentum-driven regulation
dominates at high redshift, while energy-driven feedback with
momentum boosting becomes important at low redshift,
enhancing early star formation and later driving massive
outflows (T. Costa et al. 2014; J. Silk et al. 2024).

9. Conclusions

We modeled stellar feeding onto SMBHs in NSCs,
including TDEs and compact-object captures. Stellar plunges
contribute only a sizable fraction to SMBH mass growth;
however, gas accretion still dominates at all redshifts.
Main-sequence TDEs dominate the electromagnetic output.

Disruptions of massive (∼30–150M⊙) stars by 106–107M⊙
SMBHs naturally reproduce the luminosities and timescales of
ENTs, while giant-star TDEs are negligible. We predict an
intrinsic MS TDE rate of ∼5 × 103 Gpc−3 yr−1 at 4� z � 6. A
fraction of these are expected to be observed with the
LSST (M. Karmen et al. 2026).

Figure 3. Total dimensionless gravitational-wave (GW) energy density from
BH (black), NS (yellow), and WD (cyan) captures within z < 6 as a function
of the observed GW frequency. The comoving SMBH number density is
assumed constant at 10−2 Mpc−3. Gray curves indicate the PLS of LISA and
LGWA with an SNR = 10 and Tobs = 4 yr. Also shown are the GW
backgrounds from mergers of massive BHs under the light- and heavy-seed
scenarios (M. Çalışkan et al. 2025). The inset shows the characteristic strain
for a few z ∼ 5 captures.
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Compact-object captures produce thousands of detectable
LISA sources within z < 6 and generate a stochastic GW
background, dominated by WD captures at dHz frequencies.
Stellar feeding is therefore an inevitable byproduct of dense,

rapidly growing high-redshift nuclei; insufficient for SMBH
growth, but observable through extreme TDEs and GWs,
providing a direct probe of BH-star systems and early SMBH
assembly.
Our data and code are publicly available on Zenodo:

DOI:10.5281/zenodo.18471816
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Appendix
Extended Tables of Loss-cone Rates

This Appendix presents capture loss-cone rates and
associated uncertainties for each stellar type at the five
different epochs onto a 105 (Table 2), 106 (Table 3), and
107M⊙ (Table 4) SMBH.

Table 2
Capture Loss-cone Rates onto MSMBH = 105 M⊙ in yr

−1 at Evolution Time t for Different Stellar Types

Stellar Type t

1 10 100 1000 10,000
(Myr) (Myr) (Myr) (Myr) (Myr)

MS (6.7 ± 1.2) × 10−4 (7 ± 2) × 10−4 (5.3 ± 1.0) × 10−4 (4.3 ± 0.5) × 10−4 (3.4 ± 0.6) × 10−4

giant 0 (2.0 ± 1.3) × 10−5 (1.8 ± 0.3) × 10−5 (3.1 ± 1.2) × 10−5 (6.7 ± 1.3) × 10−6

WD 0 0 (8 ± 4) × 10−7 (1.3 ± 1.3) × 10−5 (3 ± 2) × 10−5

NS 0 0 (2.2 ± 0.7) × 10−6 (2.3 ± 0.8) × 10−6 (3 ± 2) × 10−6

BH 0 (5.2 ± 0.7) × 10−6 (1.9 ± 1.8) × 10−6 (1.9 ± 1.8) × 10−6 (1.9 ± 1.8) × 10−6

Note. Rates of naked cores are zero. Error bars are standard deviations estimated over 10 realizations. Total number of stellar objects within the influence radius is
N� = 301, 550. Abbreviations: MS (main sequence); WD (white dwarf); NS (neutron star); BH (black hole).

Table 3
Same as Table 2 with MSMBH = 106 M⊙

Stellar Type t

1 10 100 1000 10,000
(Myr) (Myr) (Myr) (Myr) (Myr)

MS (8 ± 3) × 10−4 (6 ± 4) × 10−4 (3.8 ± 0.2) × 10−4 (3.8 ± 0.2) × 10−4 (2.4 ± 0.2) × 10−4

giant 0 (0.5 ± 0.5) × 10−5 (1.4 ± 0.2) × 10−5 (2.0 ± 1.3) × 10−5 (5.3 ± 1.0) × 10−6

WD 0 0 (1.2 ± 0.2) × 10−6 (1.0 ± 0.3) × 10−5 (2.6 ± 0.6) × 10−5

NS 0 0 (4 ± 2) × 10−6 (3 ± 2) × 10−6 (3 ± 2) × 10−6

BH 0 (9 ± 4) × 10−6 (1.1 ± 0.7) × 10−5 (1.1 ± 0.7) × 10−5 (1.1 ± 0.7) × 10−5

Note. Total number of stellar objects within the influence radius is N� = 3, 015, 502.

Table 4
Same as Table 2 with MSMBH = 107 M⊙

Stellar Type t

1 10 100 1000 10,000
(Myr) (Myr) (Myr) (Myr) (Myr)

MS (4.9 ± 0.2) × 10−4 (4.3 ± 0.4) × 10−4 (3.5 ± 0.2) × 10−4 (3.0 ± 0.1) × 10−4 (2.29 ± 0.06) × 10−4

giant 0 (1.0 ± 0.4) × 10−5 (7.4 ± 1.6) × 10−6 (1.2 ± 0.1) × 10−5 (3.2 ± 0.6) × 10−6

WD 0 0 (1.9 ± 0.2) × 10−6 (1.49 ± 0.07) × 10−5 (4.2 ± 0.3) × 10−5

NS 0 0 (3.8 ± 0.2) × 10−6 (3.8 ± 0.2) × 10−6 (3.9 ± 0.4) × 10−6

BH 0 (1.7 ± 0.6) × 10−5 (1.9 ± 0.7) × 10−5 (1.8 ± 0.5) × 10−5 (2.0 ± 0.3) × 10−5

Note. Total number of stellar objects within the influence radius is N� = 30, 155, 026.
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