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ABSTRACT

The James Webb Space Telescope (JWST) has discovered a new population of objects, the Little

Red Dots (LRDs), characterized by V-shaped spectra indicative of strong breaks around the Balmer

limit and compact morphology that gave them their name. A popular explanation is that they are

a sub-population of active galactic nuclei/supermassive black holes (AGN/SMBHs) predominantly

found in the high-redshift Universe (z ≳ 3). Similarly, direct collapse black holes (DCBHs), theorized

to form from collapsing massive, extremely metal-poor gas clouds, have been invoked to explain high-

redshift quasars, the most massive AGN sub-population. Here, we employ the semi-analytical code

A-SLOTH to produce a population of DCBHs and compare them against observed LRD demographics

and properties. Specifically, we compare the DCBH-seeded SMBH population against the standard

stellar-remnant seeds and find that DCBH models agree better with observed LRD population statistics

and host halo properties. Furthermore, for the most extreme and earliest LRD detections, interpreted

to be systems with an AGN but little stellar component, DCBHs are able to reproduce the observed

spectral shape and properties under multiple scenarios - high dust attenuation or AGN surrounded

by dense gas - that have been proposed to explain the unique shape of LRD spectra. Even when

super-Eddington accretion, invoked previously to explain the nature of LRDs, is enforced on stellar

remnant seeds, the spectral characteristics of extreme LRDs cannot be reproduced. We emphasize

the importance of gas-metallicity observations as an additional dimension besides the widely used

SMBH-stellar mass ratios to further constrain the progenitors of LRDs.

Keywords: Early universe — Galaxy formation — Supermassive black holes — Active galactic nuclei

— Theoretical models

1. INTRODUCTION

The supermassive black holes (SMBHs) observed

throughout the Universe must have formed earlier in cos-

mic history. With masses up to ≳ 108 M⊙ in the local

Universe, these extreme objects most likely did not form

initially with their immense masses, but instead formed

as lower-mass black hole (BH) seeds and accreted bary-

onic material from the nearby environment, growing in

junehyoungjeon@utexas.edu

mass and producing large amounts of radiation as active

galactic nuclei (AGN; A. Soltan 1982; T. M. Heckman

& P. N. Best 2014; R. C. Hickox & D. M. Alexander

2018). More specifically, observations show that most

galaxies in the local Universe host such SMBHs at their

centers (e.g., J. Kormendy & L. C. Ho 2013). Then, to

better understand how the SMBHs with their extreme

properties and the galaxies that host them came to be,

observations at early times/high redshifts are crucial,

and with the launch of the James Webb Space Telescope

(JWST) a multitude of new AGN at z ∼ 5 − 10 have

been discovered (e.g., D. D. Kocevski et al. 2023, 2025;
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X. Ding et al. 2022; R. L. Larson et al. 2023; J. Matthee

et al. 2024; M. Onoue et al. 2023; L. J. Furtak et al.

2024; Á. Bogdán et al. 2023; I. Juodžbalis et al. 2023;

S. E. I. Bosman et al. 2024; J. E. Greene et al. 2024;

V. Kokorev et al. 2023, 2024a; S. Fujimoto et al. 2024;

R. Maiolino et al. 2024; A. J. Taylor et al. 2025a; J.

Chisholm et al. 2024; R. P. Naidu et al. 2025).

Among such high redshift AGN observations, an in-

triguing population of objects termed Little Red Dots

(LRDs) has been discovered. These ubiquitous and

compact objects with multiple unambiguous permitted

broad lines (which are very difficult to produce ex-

cept from strong gas outflows or rotation caused by an

AGN), visual morphology that match their name, and

distinct V-shaped spectra (D. D. Kocevski et al. 2023;

J. Matthee et al. 2024; I. Labbe et al. 2024; B. Wang

et al. 2024; V. Kokorev et al. 2024b), were not detected

before JWST. One possible explanation for their physi-

cal nature is that their rest-optical emission is powered

by dust-obscured AGN (E. Durodola et al. 2024; H.-L.

Huang et al. 2024; V. Kokorev et al. 2024a), although no

dust continuum has been detected yet from LRD popu-

lations (e.g., M. E. De Rossi & V. Bromm 2023; M. Xiao

et al. 2025; D. J. Setton et al. 2025; C. M. Casey et al.

2025; H. B. Akins et al. 2024). Other scenarios, such as

extremely dense stellar clusters, have also been proposed

to explain LRDs (G. C. K. Leung et al. 2024; C. A. Guia

et al. 2024; P. G. Pérez-González et al. 2024; J. F. W.

Baggen et al. 2024), but it is not clear whether such ex-

tremely compact stellar configurations could be stable.

Surprisingly, the vast majority of newly discovered high-

z AGN are X-ray weak (D. D. Kocevski et al. 2023; J.

Matthee et al. 2024; H. B. Akins et al. 2024), with typi-

cally only upper limits established so far, reminiscent of

the Compton-thick AGN (S. Fujimoto et al. 2022). Al-

though there are a few possible exceptions (e.g., D. D.

Kocevski et al. 2025), this situation is in stark contrast

to lower redshift typical AGN and quasars (e.g., A. King

2025; F. Pacucci & R. Narayan 2024).

Within the LRDs, there are select cases that are par-

ticularly puzzling, such as the “BH star” MoM-BH*-1

object (R. P. Naidu et al. 2025), showing the remark-

able Balmer break strength of ∼2 AB magnitudes, which

cannot be reproduced by any stellar populations, and

is thus thought to be a system with just the central

SMBH surrounded by dense, dust-free gas. The ex-

tremely dense gas is able to imprint signatures in the

observed spectrum similar to that of a stellar population

(K. Inayoshi & R. Maiolino 2025). Furthermore, the ex-

tremely dense gas may cause electron scattering, which

is also nicely aligned with the exponential line profile ob-

served in the deep spectra taken for LRDs (V. Rusakov

et al. 2025)1. A lower redshift LRD named “The Cliff”

has also been observed with similarly remarkable Balmer

break stength as MoM-BH* (A. de Graaff et al. 2025),

and such an unusual LRD has now been reported to ex-

ist even out to z = 9.3, CAPERS-LRD-z9 (A. J. Taylor

et al. 2025b). It remains mysterious how such a massive

(∼ 107.5 M⊙ assuming local scaling relations) BH could

have formed so early in cosmic history.

In this work, we explore whether heavy direct collapse

black holes (DCBHs) can be the progenitors of systems

like the peculiar MoM-BH*-1 and CAPERS-LRD-z9 ob-

jects, and in turn a subset of the LRDs. DCBHs have

first been proposed to explain the massive SMBHs in-

ferred to power luminous quasars (log MBH/M⊙ > 8)

in the early Universe (z ≳ 6), already prior to JWST

observations (e.g., X.-B. Wu et al. 2015; E. Bañados

et al. 2018; A. Smith & V. Bromm 2019; T. E. Woods

et al. 2019; K. Inayoshi et al. 2020; K. Zubovas & A.

King 2021; X. Fan et al. 2023). They are predicted to

form from the runaway collapse of a massive, extremely

metal-poor (Z ≲ 10−3 Z⊙; S. Chon & K. Omukai 2024)

gas cloud, involving one or a few supermassive stars as

an intermediate, short-lived stage (e.g., V. Bromm & A.

Loeb 2003; M. C. Begelman et al. 2006; G. Lodato & P.

Natarajan 2006). This scenario, resulting in a larger BH

seed mass (∼ 104−106 M⊙), relies on the rare conditions

that suppress low-temperature gas cooling mechanisms,

allowing the cloud to collapse without fragmenting to

form a large number of ordinary/low-mass stars (e.g.,

G. Lodato & P. Natarajan 2007; J. L. Johnson et al.

2013; J. H. Wise et al. 2019; L. Haemmerlé et al. 2018,

2020; Y. Luo et al. 2020).

As DCBHs start with a larger initial mass, they are

subject to weaker timing constraints in growing to the

observed high-z SMBH masses (e.g., Z. Haiman & A.

Loeb 2001; J. L. Johnson & V. Bromm 2007). In ad-

dition, this seeding model could also naturally explain

the inferred “overmassive” systems, where the BH to

stellar mass ratio is much higher than in the local Uni-

verse, by forming a massive SMBH in an environment

with initially few stars (E. Durodola et al. 2024; J. Jeon

et al. 2025a). Many JWST -discovered AGN, includ-

ing the LRDs, when considering their inferred BH and

stellar masses, exhibit such overmassive configurations,

subject to uncertainties in mass measurement method-

ology (e.g., Á. Bogdán et al. 2023; V. Kokorev et al.

2023; F. Pacucci et al. 2023; P. Natarajan et al. 2024;

A. J. Taylor et al. 2025b). Similarly, objects like MoM-

1 The exponential profile results in lower full width at half-
maximum of broad lines, which may indicate that the LRD BH
masses have been overestimated.
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BH*-1, inferred to host no stars, but an AGN residing in

dense gas, could be interpreted as a natural consequence

of the DCBH formation scenario2.

Therefore, we aim to compare DCBH models against

existing LRD observations to assess whether DCBHs

could be the progenitors of LRDs and systems like MoM-

BH*-1. We specifically utilize the A-SLOTH (Ancient

Stars and Local Observables by Tracing Halos) code

(T. Hartwig et al. 2022, 2024; M. Magg et al. 2022;

B. Liu et al. 2025), a semi-analytic model (SAM) de-

signed to investigate the formation and evolution of the

first stars, and particularly tuned to high-redshift con-

straints. We have developed SMBH/AGN formation

and growth models, including DCBH seeds, to be used

in the A-SLOTH framework to study the co-evolution

of the SMBH, stellar, and halo populations, with a cali-

bration approach to reproduce existing high-z BH mass

function (BHMF) observations (J. Jeon et al. 2025b;

A. J. Taylor et al. 2025a).

This paper is organized as follows. In Section 2,

we introduce A-SLOTH and our custom-designed pre-

scriptions to incorporate the DCBH physics into the

SAM. We compare our model predictions with various

LRD observations in Section 3, such as their overall de-

mographics and spectral properties. In Section 4, we

broadly assess the plausibility of explaining LRDs with

heavy DCBH seeds. We summarize and conclude in Sec-

tion 5.

2. METHODOLOGY

We use the semi-analytical A-SLOTH framework to

explore the formation and evolution of a heavy DCBH

seed population. A-SLOTH is designed to model

high-redshift galaxy formation, based on halo merger

trees from N-body simulations or the Extended Press-

Schechter (EPS) formalism (H. Parkinson et al. 2008).

The code has been calibrated to reproduce the cosmic

star formation rate density at z ∼ 4.5 − 13.3, the op-

tical depth to Thomson scattering, and properties of

the Milky Way (T. Hartwig et al. 2024), and is focused

on the state-of-the-art modeling of the first stars, so

that BH formation and evolution in early cosmic his-

tory can be more accurately followed. Here, we extend

the investigation of early BH seeding and growth in J.

Jeon et al. (2025b), briefly summarizing the relevant A-

SLOTH modeling below. We refer the reader for full de-

tails to the public A-SLOTH release papers (T. Hartwig

2 Primordial black holes (PBHs), formed through collapsing over-
densities soon after the Big Bang, could provide an alternative
pathway for early massive SMBH formation (see e.g., B. Liu &
V. Bromm 2022; P. Dayal 2024; S. Zhang et al. 2025b).

et al. 2022; M. Magg et al. 2022), and for the BH physics

prescriptions to J. Jeon et al. (2025b). The models in

this work are again calculated with the EPS approach,

to be able to explore a comprehensive parameter space

with a reasonable computational cost and time.

2.1. Black hole seeding

For our investigation, we consider two BH seed for-

mation channels: light seeds originating from Popu-

lation III (Pop III) stellar remnants (∼ 100M⊙) and

heavy DCBH seeds from collapsing massive clouds,

likely involving a supermassive star (SMS) progenitor

(∼ 105 M⊙). Other scenarios for heavy seed formation

have been proposed, such as SMBH formation through

runaway collisions of (proto-)stars or BHs in dense stel-

lar clusters (e.g., L. Zwick et al. 2023; B. Reinoso et al.

2023; R. S. Klessen & S. C. O. Glover 2023; B. Gaete

et al. 2024). We do not consider this channel in this

work as we focus on producing BH*-like sources, which

are predicted to have little to no stars.

Our specific process of assigning BH seeds to halos is

as follows: Each halo in the merger tree is checked to see

if any of the halo’s progenitors hosted a BH previously.

If no progenitors hosted a BH or if the halo is the very

first progenitor, we evaluate the halo properties and de-

termine whether it should be seeded with a BH and if so

what kind. When a massive (> 40 M⊙) Pop III star in

the halo dies and its mass is outside the pair-instability

supernova range (producing no remnants), such that it

falls within the 40 M⊙ < M∗ < 140 M⊙ orM∗ > 260M⊙
mass windows, a light seed of the same mass as the dy-

ing Pop III star is assigned at the halo center. We do

not consider Pop II stars for simplicity, and as they will

typically result in much lower-mass (∼ 5− 10 M⊙) BHs

(A. Stacy et al. 2016; M. Volonteri et al. 2021; M. A.

Latif et al. 2022; F. Sassano et al. 2021).

For heavy seeds, we consider multiple criteria based

on the halo virial temperature, metallicity, and Lyman-

Werner (LW) feedback to capture the dense, hot, and

metal-poor conditions required for DCBH formation,

and ensure that the gas in the halo is not able to cool and

fragment too quickly to form star clusters (V. Bromm &

A. Loeb 2003; K. Ardaneh et al. 2018; J. H. Wise et al.

2019; S. Chon et al. 2021). Specifically, we require that

the halo virial temperature is above the atomic cooling

limit, 104 K, to be able to host gas that can collapse

(nearly) isothermally even in the absence of H2 cool-

ing. We further require that the metallicity of the star-

forming gas in the halo be smaller than the critical value

of Z < Zcrit = 2 × 10−4 Z⊙ (e.g., B. Liu & V. Bromm

2020a) to suppress efficient metal cooling. Finally, for

the LW background, we require its flux to be greater
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than a critical level, JLW > Jcrit, so that LW radiation

can dissociate H2 even in dense, collapsing gas, thus dis-

abling molecular cooling and preventing low-mass star

formation.

We set Jcrit = 300, in units of 10−21 erg s−1 cm−2

Hz−1 sr−1, and we consider both global and local LW

contributions. The global LW background is expressed

as (in the same units)

Jglobal = 102−z/5 , (1)

and is generally subdominant to the local background,

but we include it for completeness, based on T. H. Greif

& V. Bromm (2006). The local LW flux within a given

halo provides the main contribution, and is calculated

from considering stars above 5M⊙ that are capable of

producing LW radiation (11.2− 13.6 eV) efficiently. We

determine the LW photon production rate of each mas-

sive star based on the stellar mass from the fitting for-

mula in Y. Deng et al. (2024, see their equ. 8), further

assuming for simplicity that the high-mass stars are lo-

cated on average at 0.1 times the virial radius away

from the halo center. Thus, for a given halo, its LW

flux is the sum of the global background and the lo-

cal component, produced by the massive stars in the

halo. Our model represents the optimistic DCBH seed-

ing scenario where the local massive stars have formed

in the progenitor halos, whose mergers heat the gas to

∼ 104 K, triggering prompt DCBH formation within

∼ 1 Myr in the post-merger halo, before the gas reser-

voir is destroyed by feedback (see J. Sullivan et al. 2025

for a pessimistic scenario). If all the above criteria are

met, regarding virial temperature, metallicity, and LW

radiation, a heavy seed of mass 105 M⊙ forms at the

halo center (e.g., F. Becerra et al. 2018a,b). The me-

dian cold gas mass in halos right after DCBH formation

is ∼ 5× 104 M⊙, of the same order as the initial DCBH

mass. This agrees with the theoretical scenario that

DCBH formation should take up most of the available

cold gas in the host halo (J. H. Wise et al. 2019).

If any of the halo’s progenitors contains a BH, the

halo inherits at its center the BH from the most mas-

sive progenitor. If the most massive progenitor hosts

multiple BHs, the other BHs are also inherited at their

respective positions. If multiple progenitor halos host

BHs, the BHs from the less-massive progenitors are all

inherited as well, but placed at random (apocenter) dis-

tances from the halo center. In assigning distances,

we follow the spatial distribution of Pop III remnants

derived from high-resolution simulations (B. Liu & V.

Bromm 2020a,b) for lower mass BHs (MBH < 105 M⊙),

and the locations of nuclear star clusters (NSCs), af-

ter halo mergers, found in previous A-SLOTH imple-

mentations (B. Liu et al. 2024) for higher mass BHs

(MBH ≥ 105 M⊙). We have adopted the NSCs as trac-

ers of post-merger massive BH locations, as NSCs are

thought to reside in the satellite halo centers, similar

to the massive BHs (C. Partmann et al. 2025; A. Askar

et al. 2023; N. Chen et al. 2024). Finally, the BH orbits

are assigned random eccentricities drawn from a uniform

distribution in [0, 1) (B. Liu et al. 2024). Given the or-

bits of BHs in the (post-merger) halo, we follow their

evolution by dynamical friction, as described in Sec. 2.3

below.

2.2. Black hole accretion

At each timestep, we update the BH mass and location

through accretion and dynamical friction. These steps

are crucial to be able to model BH evolution, but we

lack direct information on the gas distribution near the

BH in SAMs. Therefore, we introduce some additional

assumptions to determine the accretion rate.

We first constrain the accretion rate to be limited by

the available cold gas mass in the halo as

δMBH = min
(
fdutyṀaccδt,Mcold

)
, (2)

where fduty is the duty cycle for active accretion onto

the SMBH (F. Pacucci et al. 2023; S. Lai et al. 2024).

In principle, the duty cycle is a free parameter, but has

been calibrated in previous work to reproduce existing

observations (see J. Jeon et al. 2025b).

To determine Ṁacc, we consider the fiducial limit of

accretion, the Eddington rate, as a baseline to represent

optimistic BH growth scenarios:

ṀEdd = 2.7×10−3

(
MBH

105 M⊙

)( ϵr
0.1

)−1

M⊙ yr−1 . (3)

We then parameterize the actual rate with the Edding-

ton ratio fEdd as follows:

Ṁacc = fEddṀEdd . (4)

Here, ϵr = 0.1 is the radiative efficiency, and we al-

low the Eddington ratio fEdd to be larger than 1, corre-

sponding to super-Eddington accretion. This parameter

has been calibrated to be around 1.5 with fduty = 0.8

in previous work to match the most extreme, highest

redshift (z ∼ 10) AGN (J. Jeon et al. 2025b). We note

that evaluating the Eddington accretion rate does not

require direct knowledge about the gaseous environment

near the BH, and is mainly dependent on the current BH

mass. We use this accretion implementation to model

the most extreme SMBHs that the Universe may pro-

duce.
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For a more physically detailed model, tied to the con-

ditions in the surrounding gas, we use the Bondi-Hoyle

formalism (H. Bondi & F. Hoyle 1944):

ṀBondi = α
4π(GMBH)

2ρg
c3s

, (5)

where ρg is the gas density, cs the sound speed, and α

the boost factor, which is a free parameter. The boost

factor accounts for the enhanced gas density in the halo

inner regions near the central BH that is not well cap-

tured in cosmological simulations (J. Jeon et al. 2023),

or with idealized halo profile models (A. Trinca et al.

2022). We here set it to unity, given that A-SLOTH ex-

plicitly models the cold gas in the halo with near-CMB

temperatures (C. Safranek-Shrader et al. 2016). For ρg,

we only consider the cold gas mass Mcold as contributing

to BH accretion, and assume that it is confined to the

halo scale-radius, Rs = Rvir/cDM, of the Navarro-Frenk-

White (NFW) dark matter halo profile (J. F. Navarro

et al. 1996). Here, cDM is the halo concentration pa-

rameter (T. Hartwig et al. 2022), given by the fitting

functions from C. A. Correa et al. (2015). We approxi-

mate the cold gas density distribution as an isothermal

sphere with a flat core (A. Trinca et al. 2022)

ρ(r) =
ρ0

1 + (r/rcore)2
, (6)

where rcore = 0.012Rvir is the halo core radius and ρ0
the normalization density. This density is set so that

the integral of Equation (6) up to the scale radius Rs

equals the total Mcold.

We evaluate this expression at the BH Bondi ra-

dius, rB = GMBH/c
2
s, where the sound speed is cs =√

kBT/µmH, with kB being the Boltzmann constant,

T the gas temperature, mH the atomic hydrogen mass,

and µ the mean molecular weight of the gas. To approx-

imate the gas temperature, we use the halo viral tem-

perature plus an effective contribution expressing the

heating from BH feedback, Tvir + δTfeed, when the av-

erage metallicity is below Zcrit. If the latter is above

Zcrit, we instead employ the cold gas temperature at

the given redshift plus the BH feedback contribution,

Tcold + δTfeed, reflecting the fact that at high redshifts,

the cold gas in the halo should be able to efficiently

cool to temperatures lower than the halo virial temper-

ature. The cold gas temperature Tcold is set to the cos-

mic microwave background (CMB) temperature (e.g.,

C. Safranek-Shrader et al. 2016). Such cold gas near

the CMB temperature has been found in high-resolution

simulations even at lower redshifts of z ∼ 5− 6 (B. Liu

& V. Bromm 2020a; J. Jeon et al. 2023). Invoking the

thermodynamics of the CMB to impose a temperature

floor (see also J. L. Johnson & V. Bromm 2006) provides

a robust upper bound on accretion.

The additional heating from BH feedback, expressed

in the equivalent δTfeed, is described in Section 2.4. We

further limit the accretion rate to a multiple of the Ed-

dington value (Equ. 3) as

Ṁacc = min
(
ṀBondi, fEddṀEdd

)
. (7)

Using the Bondi-Hoyle equation has the advantage of

adapting the BH growth to the physical conditions in its

environment. However, unlike for the Eddington model,

idealized estimates have to be used for the cold gas den-

sity and temperature, as such information is not directly

available in SAMs. We calibrate fduty = 0.5 for the

Bondi-Hoyle accretion models (J. Jeon et al. 2025b).

With Ṁacc being thus determined, an equivalent mass

is removed from the cold gas reservoir of the halo. Ac-

cretion is only applied to the primary BH, which is as-

sumed to reside in the halo center, where the dense and

cold gas is also located. The other BHs are assumed to

not accrete for simplicity, following previous work show-

ing that wandering BHs that do not reside in the dense

central region generally do not accrete efficiently and

remain dormant (J. Jeon et al. 2023; E. Ogata et al.

2024).

2.3. Black hole dynamics and mergers

If a BH is not at the center of a halo after mergers,

we follow its inspiral and update its location and ec-

centricity at each (star formation) timestep using the

dynamical friction prescription from stars and DM in

B. Liu et al. (2024, equations 2-4). For a more com-

plete description of the treatment of dynamical friction,

we refer the reader to M. Arca-Sedda et al. (2015); M.

Arca-Sedda (2016); B. Liu et al. (2024).

We define a merging radius, rmerge, so that if a BH

wanders inside rmerge of the central BH, we assume that

the two BHs have merged, updating the mass of the

central BH accordingly and removing the merged BH

from subsequent tracking. The merging radius is set to

rmerge =
GMBH

v2vir
, (8)

where vvir is the halo virial velocity. We ignore the de-

lay time of BH mergers proceeding under gravitational

wave emission, and the gravitational recoil after merger.

Thus, we model the optimistic case where BH mergers

occur efficiently and do not remove the product from the

host galaxy.

2.4. Black hole feedback
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We implement BH feedback through thermal energy

injection, resulting from BH accretion. The energy in-

jected to the nearby cold gas at each timestep δt is de-

termined as

δEBH = ϵwϵrṀaccc
2δt , (9)

where Ṁacc is the effective BH accretion rate, and

ϵw = 0.02 the radiation-thermal coupling efficiency (M.

Tremmel et al. 2017). This injected energy is converted

to an equivalent increase in gas temperature in the vicin-

ity of the BH according to

δTfeed = (γ − 1)
δEBHµmH

kBMgas
, (10)

where γ = 5/3 is the polytropic index of the gas, and

Mgas the combined mass of the cold and hot gas in the

halo. This temperature is used in determining the sound

speed for the Bondi-Hoyle accretion rate of Equation 5

(see Section 2.2 above).

3. RESULTS

We compare our model outputs with various LRD

observations, specifically considering two classes of BH

populations: heavy DCBH seeds, and light stellar-

remnant seeds that are accreting at Eddington/super-

Eddington rates. For the heavy seed models, we consider

4 cases - the Eddington-limited case, super-Eddington

limited growth (up to 1.5 times Eddington), forced

super-Eddington growth (where all DCBHs accrete at

super-Eddington rates when gas is available with fedd =

1.5), and the case imposing a higher LW flux threshold

for DCBH formation (up to Jcrit = 3000− 10000). The

default heavy DCBH case used for our analysis is the

Eddington-limited model, unless stated otherwise. For

the light seeds, we consider 2 cases - super-Eddington

limited (up to 1.5 times) and forced super-Eddington

growth (fedd = 1.5). The default model for light seeds

is the super-Eddington limited case unless stated other-

wise.

Model details and choices of fedd and fduty can be

found in Table 1 of J. Jeon et al. (2025b), with the ad-

dition here of the higher LW threshold models, which are

otherwise identical to the Eddington-limited case. We

show that within our model uncertainties, DCBH sce-

narios agree better with select LRD population statis-

tics, system properties, and spectral energy distribu-

tions, compared to the alternative extreme case of super-

Eddington light stellar remnant seeds. We note that

other recent studies have argued that super-Eddington

BHs can explain LRD properties (e.g., E. Lambrides

et al. 2024; F. Pacucci & R. Narayan 2024; A. King

2025; P. Madau & F. Haardt 2024; K. Inayoshi et al.

2024; K. Inayoshi 2025), which can be compatible with

our work by invoking super-Eddington accretion onto

heavy seeds (see Section 3.3). We emphasize that LRDs

may not originate from a single class of objects or path-

ways, but through a combination of various origins.

3.1. DCBH population statistics

Comparing the population statistics for our BH seed

models with the constraints from LRD observations,

Figure 1 summarizes the model predictions for the heavy

and light seed populations from the default models com-

pared against the LRD mass function at z = 4 − 5.5.

We impose the additional criteria to only include light

seeds that accrete at Eddington rates or above, labeled

“light seed (super-)Eddington BHs”. As can be seen, the

light seed model lies above the observed BHMF, imply-

ing that if every (super-)Eddington accreting system be-

came an LRD, their abundance would be overproduced.

Conversely, the heavy seed population matches the LRD

BHMF well. Furthermore, we compare the number den-

sity of observed LRDs (D. D. Kocevski et al. 2025; V.

Kokorev et al. 2024b; M.-Y. Zhuang et al. 2025) against

that of massive (> 106 M⊙) BHs in our models. We here

only include the more massive objects, reflecting the sen-

sitivity limit of existing LRD observations at ∼ 106 M⊙,

but this limit may be extended to lower masses in future

JWST surveys that exploit gravitational lensing (J. Jeon

et al. 2025b). Similar to the BH mass function, while the

heavy-seed population largely matches the LRD number

densities, (super-)Eddington light seeds overpredict the

observations.

However, measuring BH masses for LRDs can be diffi-

cult, since spectroscopic observations and relationships

between spectral properties and SMBH masses cali-

brated at lower redshifts need to be used, while their

accuracy at higher redshifts is uncertain (A. E. Reines

et al. 2013; A. E. Reines & M. Volonteri 2015; J. Matthee

et al. 2024; A. J. Taylor et al. 2025a). In addition, ob-

servational incompleteness for fainter LRDs may also

affect the observed number density, as reflected in the

large measurement uncertainties. Recent observations

indicate that LRDs may be more common at lower red-

shifts than previously thought (F. Loiacono et al. 2025).

This may explain why at lower redshifts (z ∼ 5), the

heavy seed population also tends to overproduce the

LRD number density.

A complementary comparison can be made with the

LRD bolometric luminosity function (LF), which, as-

suming a bolometric correction, can be applied to pho-

tometrically selected LRDs and thus to a larger sam-

ple (V. Kokorev et al. 2024a; H. B. Akins et al. 2024).

In addition, as observations are more sensitive to the
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Figure 1. LRD population demographics: mass function at z = 4− 5.5 (top) and (massive) BH number density (bottom). We
show models for heavy seeds, heavy seeds with a stricter LW flux criterion for formation, and (super-)Eddington light seeds
(i.e., light seeds accreting at or up to 1.5 times the Eddington limit), compared against observations. We include the observed
broad line LRD BHMF at z = 4− 5.5 (J. Matthee et al. 2024) and the broad line AGN (BLAGN) BHMF at z = 3.5− 6 (A. J.
Taylor et al. 2025a). We also plot in open circles the approximate total BHMF based on the TRINITY model (H. Zhang et al.
2023), which includes obscured and dormant SMBHs. The LRD BHMF at the lowest mass bin (∼ 107 M⊙) is shown as an open
circle as only three objects were included. For the number density, we include measurements from D. D. Kocevski et al. (2025);
V. Kokorev et al. (2024b); M.-Y. Zhuang et al. (2025). The heavy seed models largely agree with the LRD observations, but
the (super-)Eddington light seed model overproduces the observed BHMF. Furthermore, strengthening the criteria for heavy
seed formation does not significantly affect the results. Specifically, applying a higher LW flux threshold does not affect the
formation and number density of the most massive DCBH-seeded BHs, which form in the most biased and massive halos (see
Fig. 7).

brighter objects, the LRD LF observations may be more

complete at higher luminosities. Figure 2 compares our

model predictions with observed LRD bolometric LFs.

For our models, we approximately evaluate the bolomet-

ric luminosity from SMBH accretion, as follows:

LBH = ϵrṀaccc
2 , (11)
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Figure 2. The SMBH bolometric LF models at z = 4.5−6.5 (top) and z = 6.5−8.5 (bottom), compared with LRD observations.
For the lower redshift bin, we consider models for heavy seeds, including the case of heavy seeds with a stricter LW flux criterion
for formation, and (super-)Eddington light seeds. For the higher redshift bin, we additionally show models with forced super-
Eddington accretion onto heavy and light seeds. We include various observed LRD LFs (V. Kokorev et al. 2024b; J. E. Greene
et al. 2024; H. B. Akins et al. 2024). At z = 4.5 − 6.5, the DCBH heavy seed LF agrees well with the observed LRD LF,
while (super-)Eddington light seeds overproduce the LF, similar to Fig. 1. However, at z = 6.5− 8.5, while heavy seeds largely
agree with the LF shape, both BH seed models cannot reach the highest luminosities. Those luminosities (near 1047 erg s−1)
can only be reached by forcing super-Eddington accretion onto heavy or light seeds, which in turn overproduces the LRD LF.
This may indicate that a combination of a very small fraction of efficiently accreting heavy seeds are needed to produce the
brightest objects, while most of the heavy seed population grows at a slower rate (J. Jeon et al. 2025b). All models lie above
the observed lowest luminosity bin near 1044 erg s−1. This may be due to observational incompleteness for fainter objects, or
loss of lower-mass sources due to dynamical effects that are missed in the SAM (see main text).

with the same definitions of the symbols as above. We

specifically carry out comparisons for two different red-

shift bins, z = 4.5 − 6.5 and z = 6.5 − 8.5, following

V. Kokorev et al. (2024b). In the lower redshift bin, the

heavy seed LF is largely consistent with various LRD LF

observations (H. B. Akins et al. 2024; V. Kokorev et al.

2024a; J. E. Greene et al. 2024), whereas the (super-

)Eddington light seeds generally lie above the observed
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values. Both populations overproduce the lowest lumi-

nosity bin at ∼ 1044 erg s−1 of V. Kokorev et al. (2024b).

This may be due to observational incompleteness, or

the reduction in source abundance, missed in our mod-

eling, when lower mass (and therefore less luminous)

SMBHs may wander away from halo centers and thus

remain dormant (J. Jeon et al. 2023; M. Mezcua & H.

Domı́nguez Sánchez 2020; A. E. Reines et al. 2020).

In the higher redshift bin, the trend changes. While

heavy DCBH seeds still agree with the observed LRD LF

quite well, the subset of (super-)Eddington light seeds

from the default model fall below the observations. Ev-

idently, the highest luminosity observations, near 1047

erg s−1, cannot be reached by either seed model, unless

for the extreme case of forced super-Eddington growth.

These models assume that every heavy or light seed will

grow at 1.5 times the Eddington rate as long as its host

halo contains a sufficient supply of cold gas. However,

for such extended periods of high accretion, the LRD LF

is strongly overproduced. To reconcile these discrepan-

cies, we can consider a scenario where the early Universe

contains a general population of heavy seeds, while a

very small fraction of them are able to accrete efficiently

for extended periods of time, thus being able to produce

the highest luminosity objects, without overproducing

the number densities (e.g., J. Jeon et al. 2025b).

We note that the heavy seed abundance is not strongly

constrained. Although we consider an optimistic heavy

seeding model, by changing the criteria for heavy seed

formation (e.g., the critical LW flux), their abundance

can decrease significantly (J. Jeon et al. 2025b). How-

ever, such changes do not affect our overall results. For

both Figs. 1 and 2, we furthermore show cases where

we require a higher LW flux to form heavy seeds (also

undergoing Eddington-limited growth as in the default

model). In comparison to observations, the results are

not significantly different from the default model. This

is because current SMBH observations capture the more

extreme and luminous objects at high redshifts. We

show in Appendix A that currently observed LRDs have

estimated host halo masses that match the most massive

and biased halos in our models. Therefore, even when

tightening the heavy seeding criteria, the most extreme

host systems can still form heavy seeds, such that our

results at the brightest end are hardly changed.

Although the above comparison shows that the over-

all population statistics of DCBHs agree better with

LRD observations than light (super-)Eddington BH seed

models, this does not rule out the latter as LRD progen-

itors. As argued above, not every (super-)Eddington

stellar remnant BH seed can evolve into an LRD, since

that would overproduce the observed population. How-

ever, a subset of light seeds could still become LRDs,

due to select factors not shared by the whole seed pop-

ulation, such as their particular host environments pro-

ducing the compact and red nature of LRDs. Below, we

therefore further compare the properties of the heavy

and light seed models with LRD system properties.

3.2. DCBH system properties

To further assess the plausibility of DCBH heavy seeds

as LRD progenitors, we next consider their host halo’s

gas content in greater detail. Figure 3 compares the host

halo total and cold gas masses for heavy DCBH and light

(super-)Eddington seeds. We show the average, median,

and maximum masses for total and cold gas. Somewhat

counter-intuitively, we find that, on average, the light

seeds have higher total and cold gas masses, especially

at early times. This could be due to heavy DCBH seeds

being able to accrete the available gas more efficiently,

so that at high redshifts, before the halos become more

massive, the gas mass is lower in heavy seed systems. We

do find that soon after formation, heavy DCBH seeds

tend to reside in halos with lower gas mass than light

stellar remnant seeds. For the maximum gas masses,

no significant difference exists in the two SMBH seed

populations. Thus, considering only the overall amount

of available gas is not adequate to discern the nature

of the BH seed (J. Jeon et al. 2025a), whereas the gas

properties near the BH, where dense gas is expected to

reside for MoM-BH* like systems, are more crucial.

As described in Section 2.2, we model the gas distri-

bution in SMBH host halos with a sub-grid approach,

as A-SLOTH does not directly provide spatially resolved

information within the halos. To assess the differences

between the heavy and light seed systems, we specifically

approximate the halo gas distribution with Equation (6)

and use ρ0 as the gas density at halo center.

Figure 4 shows the distribution of ρ0 vs. halo gas mass

for select SMBH seed cases. The heavy seed host halos

include both a larger fraction of lower and higher ρ0 sys-

tems compared to light seed hosts. The lower ρ0 heavy

seed systems correspond to lower gas mass reservoirs,

while the higher ρ0 systems show a peak at Mgas ∼ 106

M⊙. For forced super-Eddington growths, there is a

larger number of low ρ0 and low gas mass systems, most

likely due to the central SMBH efficiently accreting the

cold gas. Therefore, while heavy seeds induce a low

central gas density for gas-poor systems due to higher

accretion efficiency, they can also exhibit high gas den-

sities for sufficiently massive systems. We note that the

high-ρ0 cases with ≳ 103 cm−3 correspond to high red-

shift (z ≳ 13) systems, so that at lower redshifts, when
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Figure 3. Global gas supply of LRD hosts. The host halo total (left) and cold (right) gas mass, for heavy DCBH and light
(super-)Eddington seed models. We plot the average, median, and maximum masses for each population of BH seeds. For both
the total and cold gas reservoirs, the light (super-)Eddington seed case exhibits slightly higher masses for all categories. Thus,
heavy DCBH seeds are more efficient in accreting available cold gas. However, the maximum gas mass for the two kinds of
SMBH seeds shows no significant difference, indicating that, rather than the overall gas supply, its distribution near the central
SMBH is more important in governing BH growth trajectories, and how extreme objects like MoM-BH* could emerge.

the halos are larger, such high densities may not be able

to be maintained even in more gas-rich systems.

To see how such a high-density system may evolve,

we show individual evolutionary tracks of objects that

reached the highest ρ0 value for the four models, re-

spectively. The track for the light seeds is shorter be-

cause the less massive stellar remnants experience more

merger events and do not survive as long before being in-

corporated into more massive descendants, as the heavy

DCBH seeds. We find that the heavy DCBH seed and

forced Eddington growth systems go through phases of

rapid gas inflow and depletion. The increase in gas mass

occurs through halo accretion and mergers, while the

decrease in gas mass is due to multiple factors such as

star formation, SMBH accretion, and outflows. At later

times, as the halo becomes more massive, the outflows

become less strong and the extreme systems settle on an

evolutionary track with smaller changes in ρ0 and a con-

sistent increase in the halo gas mass. The rapid changes

in the gas mass may be necessary to reproduce gas-rich

objects such as MoM-BH* at z ∼ 8, because long after

the first BH seeds have formed, the system still holds

dense gas with a small stellar mass. In contrast, for

light seeds without extreme accretion, the system does

not experience such rapid excursions in ρ0−Mgas space,

but the gas mass also increases over time, reflecting halo

growth.

To gain further insight into the global properties of

the SMBH host systems, for the seeding and growth

pathways considered here, we also examine the host halo

metallicities. Metal enrichment in A-SLOTH is modeled

through supernova outflows, with specific yields linked

to the halo stellar population mix (see section 2.5 in T.

Hartwig et al. (2022) for more details). In Figure 5, we

show MBH/M∗ ratios vs. average metallicities for sys-

tems within the z = 5 − 10 range. As expected, heavy

seeds form more overmassive systems than light seeds,

as DCBHs initially form as massive BHs (∼ 105 M⊙)

in star-poor environments. The forced super-Eddington

growth cases produce an overabundance of extremely

overmassive systems, which likely do not exist in reality

(J. Jeon et al. 2025b). The spread in average metallicity

is similar between the light and heavy BH seed popu-

lations, but heavy seeds show a distinct lack of over-

massive systems (MBH/M∗ ≳ 10−2) with high metal-

licity (Z ≳ 10−2Z⊙), compared to the light seed mod-

els. As can be seen, the forced super-Eddington light

stellar-remnant systems span a particularly large range

in metallicity, as they also sample evolutionary stages

with lower metallicity.

A key lesson here is that metallicity is a promising di-

agnostic to disentangle the seeding and growth pathways

of LRDs and other AGN at high redshifts, in effect pro-

viding an additional dimension in the evolutionary pa-
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Figure 4. Distribution of the central halo gas density ρ0 (assuming an isothermal halo profile) and the total gas mass for
heavy seeds, (super-)Eddington accreting light seeds, and forced super-Eddington growth heavy and light seeds. The overall
distributions for the two seeds are similar, except that the heavy (DCBH) seed models include systems with a lower central
density (≲ 10−3 cm−3) at low gas masses (≲ 10 M⊙) and higher central density (∼ 104 cm−3) at intermediate gas masses (∼ 106

M⊙). We note that the high central density systems (> 103 cm−3) occur at high redshifts (z ≳ 13). Thus, the presence of
heavy seeds can induce high gas densities at early times, but also low densities due to their efficient accretion. We also show in
the blue lines the evolutionary tracks of individual systems that reached the highest ρ0 values. The redshifts at the beginning
and end of the tracks are indicated. For the more extreme cases of heavy seeds and forced super-Eddington growth, there are
rapid phases of gas mass and ρ0 changes throughout the halo’s evolution due to gas accretion and outflow. At later times, when
the halo is more massive and outflows are not as strong, the track settles down to a phase of increasing gas mass. For light
seeds without forced super-Eddington accretion, such rapid changes are not seen, and many objects experience mergers, so that
they survive for a shorter period of time. The periods of rapid gas inflow, increasing the central density and gas mass, may be
necessary to produce objects like MoM-BH*, which are predicted to be gas rich with low stellar mass at z ∼ 8, long after the
primordial conditions of the first BH seed formation.



12

Figure 5. Metallicities of SMBH hosts at high-redshift. MBH/M∗ vs. the average metallicity for host halos of heavy DCBH
seeds, (super-)Eddington light seeds, as well as forced super-Eddington heavy and light seeds for z = 5−10. For comparison, we
show select cases of lensed SMBH observations within this redshift range, Abell2744-QSO1 (R. Maiolino et al. 2025), MoM-BH*
(R. P. Naidu et al. 2025), and CAPERS-LRD-z9 (A. J. Taylor et al. 2025b). While the overall shape of the distribution looks
similar for both seed models (other than the light seeds with forced super-Eddington accretion), heavy seeds in general reside in
more overmassive systems. Similarly, the observations also prefer heavy seeds to produce overmassive and metal-poor systems
(or the extreme case of light seeds with forced super-Eddington growth). Thus, metallicity measurements of high-z AGN could
be a key diagnostic of their origins. We also show individual evolutionary tracks for the same objects as in Fig. 4 (blue lines),
again indicating their starting and ending redshifts. For the heavy and forced Eddington seeds, they initially form in metal-free
systems. We therefore indicate their first timesteps as dashed lines, originating at extremely low (or zero) metallicity values.
The chosen tracks represent the extreme systems that reached the highest central density values in Fig. 4.
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rameter space of the first SMBHs. We show in compar-

ison select observations of overmassive broad-line AGN

within a similar redshift range, specifically Abell2744-

QSO1 (R. Maiolino et al. 2025), MoM-BH* (R. P. Naidu

et al. 2025), and CAPERS-LRD-z9 (A. J. Taylor et al.

2025b). We note that the first example (QSO1) has an

unusually low metallicity, challenging all existing mod-

els (see R. Maiolino et al. 2025 for further discussion),

and the metallicity values for the other two examples

are taken from photoionization modeling best-fit val-

ues. The standard light seeds have difficulty reproduc-

ing the observational constraints, not able to produce

highly overmassive and metal-poor systems simultane-

ously, while the heavy seeds and forced super-Eddington

accretion can produce such objects.

We again show the individual evolutionary tracks of

the same objects as in Fig. 4. The heavy seed track

starts overmassive, then evolves to be less so, but re-

verses trend and eventually grows to be more overmas-

sive again by z ∼ 6. This is likely due to the accelerated

growth experienced by this heavy seed at a rate that is

higher than that of star formation at later times. How-

ever, only a few extreme cases of heavy seeds follow such

a track, like the object represented here, as it formed in

the highest central-density region of Fig. 4. The light

seed evolves to be less overmassive, but its host system

also becomes less metal-enriched on average. This may

be due to pristine gas inflow to the halo. For the forced

super-Eddington case, the system grows to be extremely

overmassive, as expected for extended periods of efficient

SMBH accretion, but such extreme growth may only be

realized for rare cases.

From the discussion above, we further note that when

we force the BH seeds to grow at a super-Eddington

rate, the light seeds can also produce the extreme over-

massive and metal-poor systems, making the distinction

with heavy seed origins difficult. This arises because

the cold gas, which enables BH accretion, is also the

fuel for star formation. To sustain super-Eddington ac-

cretion, the cold gas in the halo must be provided to

the BH, which in turn leaves little gas for stars to form

and enrich the halo, resulting in a system with a mas-

sive SMBH, but low stellar mass. However, the light

seed system at first is not extremely overmassive with

MBH/M∗ ∼ 0.01, as a previous stellar population must

exist unlike the heavy DCBH systems which can be ex-

tremely overmassive (MBH/M∗ ≳ 1) soon after forma-

tion. Therefore, searching for fainter objects (at earlier

evolutionary stages) is important to distinguish different

SMBH formation channels (J. Jeon et al. 2025b).

In the context of LRDs, the MoM-BH* object has a

low inferred metallicity ([Fe/H]∼ −2), based on pho-

toionization modeling (R. P. Naidu et al. 2025). If

MoM-BH* is an AGN with no significant population of

stars, this is consistent with the heavy DCBH scenario.

Super-Eddington light seed models, while being able to

produce the metal-poor and overmassive system, would

still have difficulty in producing a near-starless system

where the total emission is dominated by the AGN (see

Section 3.3), given that Pop III stars must have formed

prior to the emergence of a stellar remnant. Thus, sys-

tems like MoM-BH* may more naturally arise from a

heavy seed origin, while presenting remaining challenges

to all models, including the DCBH one.

3.3. Model spectra

As an additional signature, we derive select model

spectra, based on the A-SLOTH outputs, to compare

against high-redshift LRD spectroscopic observations

with JWST. We first use Synthesizer (C. C. Lovell

et al. 2025; W. J. Roper et al. 2025), designed to

produce synthetic spectra from simulations and SAMs.

Within Synthesizer, we use Cloudy version C23.01 (M.

Chatzikos et al. 2023) for photoionization modeling.

From A-SLOTH, we chose the extreme cases of forced

super-Eddington growths onto heavy and light seeds to

compare against extreme objects like CAPERS-LRD-z9

(A. J. Taylor et al. 2025b) and MoM-BH* (R. P. Naidu

et al. 2025), inferred to be AGN embedded in dense

gas with limited stellar components. We specifically

consider the most massive SMBH at z ≃ 10 to match

the high redshift of CAPERS-LRD-z9 and considering

that current high-redshift observations are likely biased

towards the most massive/brightest BHs (T. R. Lauer

et al. 2007; J. Li et al. 2025), using the modeled SMBH

properties and the host galaxy stellar mass as inputs.

The heavy seed has the mass MBH ∼ 3×108 M⊙ and the

light seed MBH ∼ 3.5× 106 M⊙. For the AGN spectra,

we utilize the QSOSED spectral model (A. Kubota & C.

Done 2018), and for the stellar spectra the Binary Pop-

ulation and Spectral Synthesis (BPASS, version 2.2.1)

package (E. R. Stanway & J. J. Eldridge 2018; J. J. El-

dridge et al. 2017). We consider both Pop III and II stel-

lar populations within the SMBH host system. For Pop

II stars, we assign their metallicity to the halo average

metallicity, whereas for Pop III, we assume a near-zero

metallicity value.

We infer the conditions of the interstellar medium

(ISM), including any dust attenuation, near the SMBH

and within its host galaxy with a sub-grid approach (see

Section 2.2), as they are not directly provided with SAM

outputs. We initially consider the high dust attenuation

scenario proposed to explain the red spectrum (in the

rest-frame optical) of the LRDs (E. Durodola et al. 2024;



14

Figure 6. Synthetic spectra produced with Synthesizer (C. C. Lovell et al. 2025; W. J. Roper et al. 2025) under high dust
attenuation (top), and with Cloudy (M. Chatzikos et al. 2023) under dense gas conditions (bottom) for our A-SLOTH SMBH
seed models. We produce spectra at z = 10.1 for the extreme cases of forced super-Eddington growth onto the BH seeds for
extended periods, to compare against select extreme objects like CAPERS-LRD-z9 (A. J. Taylor et al. 2025b) and MoM-BH*
(R. P. Naidu et al. 2025). We consider both the heavy and light seed cases under the same assumed environmental conditions
(see Section 3.3), and compare them against the normalized spectra (at 0.35 µm) of CAPERS-LRD-z9 and MoM-BH*. The
heavy seed, with its higher mass (∼ 3 × 108 M⊙) and luminosity, is able to produce the distinct red shape of the BH*-like
objects and the strength of the Balmer break under both dust attenuation and dense gas scenarios. In contrast, the light seed
(∼ 3.5× 106 M⊙), even if it is accreting at super-Eddington rates, cannot produce such extreme red spectra with strong Balmer
breaks. Therefore, for LRDs to exist at z ∼ 9 − 10 as observed, and if BH*-like objects are progenitors of LRDs (R. P. Naidu
et al. 2025), the super-Eddington heavy seed scenario offers a more compelling origin, as it is able to reproduce the red spectra
more easily than light seed models, which predict AGN that are not as massive and luminous at early times.

H.-L. Huang et al. 2024; V. Kokorev et al. 2024a). For

ISM dust attenuation, we assume a large V-band value

of AV = 5, with a power-law extrapolation according to

Aλ ∝ λ−1.3. The metallicity for the selected systems is

low (Z ∼ 10−1.5 Z⊙), so to achieve such high dust at-

tenuation, we assume that their galaxies are extremely

compact to have high dust concentration following the

LRD observations (J. F. W. Baggen et al. 2024). Fur-

thermore, we assume a blackbody dust emission with a

temperature of 100 K. We further assume that the stars

experience attenuation from their birth clouds (S. Char-

lot & S. M. Fall 2000). We perform spectral modeling

for the light and heavy seed scenarios under the same

assumptions regarding gas, ISM, and dust properties.

The resulting spectra are shown in Figure 6. First,

exploring the case of significant dust attenuation (top

panels), we have chosen the free environmental parame-

ters (most importantly, the dust attenuation and emis-

sion) so that the heavy seed case is able to repro-

duce the observed spectral shape of high-redshift LRDs.

The distinctly red spectral shape of CAPERS-LRD-

z9 and MoM-BH*, including its strong Balmer break,

can be reproduced by the dust-attenuated heavy seed

model, when normalized to match the synthetic spec-
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trum. Here, the red spectral portion is produced by the

highly-accreting SMBH, whereas the bluer part of the

spectrum is generated by the stellar population. In con-

trast, the light seed is not luminous enough, compared

to its host’s stellar population, so that the spectrum is

not as extremely red and thus cannot reproduce the ob-

servations.

Next, we test the second scenario proposed to explain

the red LRD spectra, involving dense gas surrounding

the AGN (R. P. Naidu et al. 2025; K. Inayoshi & R.

Maiolino 2025). For this case, we directly use Cloudy

to model the spectrum. In addition, we use Yggdrasil

(E. Zackrisson et al. 2015) to model the Pop III compo-

nent, as Cloudy does not directly vary the metallicity

of the stellar population. The AGN and Pop II input

spectra remain the same as before3. In the dense gas

scenario, following K. Inayoshi & R. Maiolino (2025),

we assume that high-density gas of 108 cm−3 surrounds

the central AGN, with contributions from nebular emis-

sion with a covering fraction of 0.9. Such a gas density

is much larger than the derived ρ0 values presented in

Fig. 4, where we assumed an isothermal halo gas profile.

Therefore, in this case we implicitly assume that the

small-scale gas density near the central SMBH is much

higher than the larger-scale, core gas density of the halo.

We also include a turbulent gas velocity of 300 km s−1,

and low dust attenuation following the Small Magellanic

Cloud (SMC) reddening law (K. D. Gordon et al. 2003;

A. J. Taylor et al. 2025b) with AV = 0.5. As in the

high-dust attenuation scenario, we apply the same gas

conditions for the heavy and light SMBH seeds. The

bottom panels of Fig. 6 show the resulting Cloudy

spectra. Again, the heavy seed case is able to repro-

duce the red spectrum and strong Balmer break of LRD

observations. In contrast, the light seed models, involv-

ing an AGN component that is too faint, are unable to

reproduce these characteristic LRD spectral features.

Consequently, for the observed LRDs at z ∼ 9 − 10,

and if MoM-BH*-like objects are progenitors of LRDs

(R. P. Naidu et al. 2025), the heavy seed scenario pro-

vides a more robust explanation compared to the light

stellar remnant seeds, even if they are accreting at super-

Eddington rates. We acknowledge that there are mul-

tiple free parameters involved in the spectral modeling,

especially related to environmental conditions, that can

be varied to produce different spectral shapes. Specif-

ically, we require high dust attenuation or high gas

density to produce such a red spectrum and strong

3 As Pop III is subdominant to the more massive Pop II stellar
component, this change in the input spectral library has no sig-
nificant impact on the resulting spectrum.

Balmer breaks. Under sustained super-Eddington ac-

cretion over extended periods, as assumed in our forced

super-Eddington cases, it is not known how likely these

environmental conditions are. Furthermore, the stellar

component could be made fainter, if the galaxy is in

a quenched phase, which may be possible even at high

redshifts (e.g., A. Weibel et al. 2025), or if dust ob-

scures the galaxy while not affecting the central AGN

as strongly (S. Fujimoto et al. 2022). Then, the less

bright light stellar remnant seeds could still reproduce

the red spectra. Therefore, our results indicate that the

observations of select high-z LRDs could be explained

under the extreme conditions of super-Eddington accre-

tion onto heavy seeds, and of the presence of the dense

gas environment that supports such extreme accretion4.

4. FEASIBILITY OF DCBH PATHWAY

We have argued above that the DCBH population can

better explain aspects of the observed LRDs, and we

will here consider the broader context for this scenario.

Assuming that they are indeed powered by AGN, LRDs

are a subset of the total observed AGN population (A. J.

Taylor et al. 2025a; R. Maiolino et al. 2024). Thus, it

would not be surprising if LRDs similarly originated in

a subset of all SMBH seeds, such as the DCBH class.

In support of this idea, we recall that Figs. 1 and 2

show that the heavy seed population agrees better with

select LRD population statistics, including number den-

sity, BHMF, and LF, compared to the more common

and numerous highly-accreting light seed SMBHs. We

emphasize again that if all (super-)Eddington accreting

light seeds were to form LRDs, the observations would

be overproduced, while the less common heavy seed sys-

tems agree surprisingly well with the observed LRD de-

mographics.

When considering the overall gas supply, all models

exhibit a very similar behavior, whether hosting heavy

or light seeds (as summarized in Figs. 3 and 4), with the

slight exceptions discussed above. Similarly, for the halo

masses, all models span a wide range (Fig. 7). However,

there is a clear difference in the tracks for individual

systems that reached highest gas densities, comparing

heavy and light seeds, if the latter do not experience

forced super-Eddington growth (see Fig. 4). We note

that the large excursions in gas supply found for se-

lect model galaxies early in their evolution could ac-

count for objects like MoM-BH* and CAPERS-LRD-

4 If DCBHs initially form in starless/star-poor systems, super-
Eddington accretion may not be necessary to produce the red
spectrum, as the DCBH will not have to outshine the existing
stellar population, different from the case of stellar-remnant BHs.
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z9, with their inferred sub-dominant or absent stellar

components. Given that they are observed at a time

much later than what is expected for first star forma-

tion (z ∼ 30), such rapid resupply of gas during a sub-

sequent stage may explain their properties. In such a

setting, star formation may be hampered by the highly

accreting AGN, even as the halo accretes additional gas

from the cosmic environment. Furthermore, no previous

history of significant star formation would be necessary

to produce an AGN, unlike in the case of light stellar

remnant seeds experiencing less aggressive growth (see

top-left panel in Fig. 4).

We note that when super-Eddington accretion onto

the BH seeds is forced throughout their evolution, as

opposed to allowing the accretion to react to changing

gas conditions in the host centers, effectively implying

a 100% duty cycle, the halo gas properties discussed

above could also be reproduced by the light seed sce-

nario. This highlights the need to further constrain the

fraction of BHs that are accreting at super-Eddington

rates, together with the corresponding duty cycles for

heavy and light seeds, both from the observational and

theory/simulation side. For instance, it is shown by M.

Kiyuna (2025) with analytic arguments supported by

toy-model simulations that rapid growth of light seeds

stalls at ∼ 104 M⊙ due to the forward acceleration effect

caused by the ionized bubble around the BH.

Another promising observational indicator of the

physical nature of LRD progenitors, regarding the

SMBH seeding and growth pathway, is their metallic-

ity (see Fig. 5). Heavy DCBHs are born overmassive

with a massive SMBH and little to no stellar mass. In

contrast, light stellar remnant BH systems already host

a stellar population. Thus, these models experience

markedly different metal enrichment histories, where

heavy seed systems exhibit extremely overmassive and

metal-poor configurations not seen in light seed models.

The recently observed Abell2744-QSO1 lensed AGN at

z = 7.04 (R. Maiolino et al. 2025) is an intriguing test

case, as QSO1 is highly overmassive while also showing

near-pristine metallicity.

This combination of properties challenges both heavy

and light seed models5, motivating the consideration of

an alternative PBH origin, at least for rare cases such

as QSO1 (see the above reference for a detailed discus-

5 When comparing specific observations with our model predic-
tions in Fig. 5, one should keep in mind that the figure presents
cumulative properties over a significant redshift range, and is not
restricted to the corresponding redshift of a given observation.
Any overlap between symbols and model contours in the figure
may thus be spurious, as they show the properties at different
times.

sion). We note that in our modeling, a DCBH seed forms

through the direct collapse of the progenitor SMS, with-

out releasing any metals into the surrounding (e.g., M.

Shibata & S. L. Shapiro 2002; C. Reisswig et al. 2013).

The heavy-seed metallicities may thus be higher than

what is predicted here, if the SMS progenitor were to

contribute to local SN enrichment (e.g., D. Nandal et al.

2024). We also assume that there is no explosion during

the collapse, while simulations have shown that rotating

SMSs can undergo powerful explosions by shock heating

driven from a torus around the DCBH (S. Fujibayashi

et al. 2025), or via general-relativistic instabilities (K.-

J. Chen et al. 2014). Such explosions may temporarily

quench star formation and BH growth, prolonging the

starless/star-poor phase.

In interpreting our results, a number of caveats should

be borne in mind. Our conclusions are based on the A-

SLOTH SAM, so that our predictions depend on the

accuracy of the SAM prescriptions and their (empirical)

calibration. We use an optimistic heavy seeding sce-

nario (J. Jeon et al. 2025b) that may inflate their num-

ber. However, for the existing LRD observations, only

the most massive end of the DCBH distribution is ob-

served, where resulting number densities do not strongly

depend on the detailed DCBH seeding conditions (see

Section 3.1). Moreover, we use EPS trees for our mod-

els due to computational efficiency, while using halo

merger trees from full cosmological N-body simulations

may produce more accurate halo statistics and merger

histories. In our models, however, SMBHs mainly grow

through accretion and not mergers, such that approxi-

mating halo merger trees with the EPS formalism is jus-

tified for our heuristic exploration of parameter space.

Another limitation of our SAM-based modeling is the

idealized approach to determining the internal halo gas

structure, where we assumed an isothermal profile to

estimate the central gas density. Any conclusions here

are clearly tentative and need to be further validated

with high-resolution cosmological hydrodynamics simu-

lations (e.g., M. Sanati et al. 2025; R. Weinberger et al.

2025). Finally, our spectral modeling is exploratory in

nature, with quantitative features that depend on uncer-

tain model inputs, to be followed up with a dedicated

study in future works as well.

5. SUMMARY AND CONCLUSIONS

In this work, we used A-SLOTH, a SAM cali-

brated to reproduce key high-redshift observations, to

model the formation and evolution of a population of

SMBHs/AGN in the early Universe, considering heavy

DCBH and light stellar-remnant seeds (under multiple

modes of accretion-driven growth). In comparing with
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results from recent JWST LRD observations, we con-

sider them as a population, as well as focusing on select

cases with extreme properties. We find that the LRD

population statistics is better matched by the heavy

seed models, in particular their observed overmassive

nature. Similarly, the extreme properties inferred for

CAPERS-LRD-z9 (A. J. Taylor et al. 2025b) and MoM-

BH* (R. P. Naidu et al. 2025) may be more naturally

explained by the DCBH formation channel. Sustained

super-Eddington accretion on light seeds may also be

able to reproduce aspects of the rapidly growing JWST

phenomenology, but this scenario encounters multiple

challenges, as discussed above (see also A. Sacchi & A.

Bogdan 2025).

The emergence of SMBHs in the high-z Universe pro-

vides a fundamental stress test for the ΛCDM model

of cosmological structure formation, further accentuat-

ing the challenge posed by the abundance of massive,

UV-bright galaxies, discovered by JWST at early cosmic

times (M. Boylan-Kolchin 2023). A related key question

is whether the bottom-up hierarchy of proceeding from

low-mass building blocks can be reversed during the for-

mation of the first SMBHs, as would be the case for

heavy DCBH seeds (as well as for some PBH scenarios,

e.g., B. Liu & V. Bromm 2023). This is the broader sig-

nificance of our proposed scenario, where the Universe

can form DCBHs in the most massive and biased ha-

los, thus reproducing select observed LRD population

and system properties. We note that multiple distinct

scenarios have been proposed to explain LRD sources,

other than the pathway discussed here, including but

not limited to binary SMBHs (K. Inayoshi et al. 2025),

binaries resulting from PBHs (S. Zhang et al. 2025a),

or low-spin halos (F. Pacucci & A. Loeb 2025). They

might even not be AGN but rather dense stellar clus-

ters (G. C. K. Leung et al. 2024; C. A. Guia et al. 2024;

P. G. Pérez-González et al. 2024; J. F. W. Baggen et al.

2024), or supermassive stars (L. Zwick et al. 2025).

Near-future observations can help to confirm or refute

this proposition through metallicity measurements, as

we predict that LRDs, if their origins are heavy DCBHs,

should be metal-poor while being overmassive at early

times (e.g., R. Maiolino et al. 2025). New high-redshift

metallicity measurements with JWST could be forth-

coming with updated metallicity calibrations (e.g. M.

Hirschmann et al. 2023). In addition, SMBH popula-

tions will be better constrained in the future with gravi-

tational wave observations through pulsar timing arrays

(G. Agazie et al. 2023; EPTA Collaboration et al. 2023;

D. J. Reardon et al. 2023; H. Xu et al. 2023; G. Hobbs

& S. Dai 2017; J. D. Romano & N. J. Cornish 2017),

and the Laser Interferometer Space Antenna (LISA; T.

Robson et al. 2019), which can probe possible massive

DCBH seeds at high-z. Future X-ray missions, such as

Athena (D. Barret et al. 2013) and AXIS (C. S. Reynolds

et al. 2023; N. Cappelluti et al. 2024), will be able to de-

tect much fainter AGN, compared to existing optical and

near-IR surveys, possibly detecting X-ray signatures of

LRDs, most of which are currently undetected in X-ray

bands (D. D. Kocevski et al. 2025; M. Yue et al. 2024;

I. Juodžbalis et al. 2023).

The remarkable population of LRDs may thus pro-

vide the ideal laboratory to disentangle the seeding and

growth pathways for the first SMBHs, thus breaking the

current degeneracies in physically quite distinct models

that can all explain the SMBH phenomenology observed

later on in cosmic history (e.g., A. J. Taylor et al. 2025a).

Upcoming JWST surveys promise to unravel the deep

mystery of what came first, stars or black holes, as well

as elucidating the crucial initial steps of galaxy forma-

tion.
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APPENDIX

A. LRD HOST HALO MASSES

In Figure 7, we examine how the SMBH host halo mass evolves, showing Mhalo as a function of redshift. We further

show the evolutionary tracks for the individual cases with the highest ρ0 from Fig. 4. In general, the heavy DCBH

seeds reside in more massive halos (≳ 107 M⊙) compared to light stellar remnant seeds, especially at higher redshifts

(z ≳ 15). This is likely due to the virial temperature constraint imposed on DCBH formation (see Section 2.1). We

show in comparison observational estimates of LRD host halo masses from clustering analysis and abundance matching

(X. Lin et al. 2025; M. Carranza-Escudero et al. 2025), which align with the more massive and biased halos, hosting
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Figure 7. Host halo mass against redshift, Mhalo vs. z, for heavy DCBH seeds, (super-)Eddington light seeds, as well as forced
super-Eddington heavy and light seed models. In comparison, we show the estimated halo masses of LRDs from abundance
matching and clustering analysis (X. Lin et al. 2025; M. Carranza-Escudero et al. 2025). We also show the select individual
tracks that reached the highest central density values in Fig. 4. In general, the heavy DCBH population resides in higher mass
halos (≳ 107 M⊙) compared to the light stellar seed hosts, even at higher redshifts (z ≳ 15). All models can match the current
observational constraints on LRD host halo masses, which align with the more massive and biased population of halos at ∼ 1011

M⊙. We thus conclude that current observations identify the most biased hosts for LRDs.
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massive (≳ 106 M⊙) and luminous (≳ 1044 erg s−1) SMBHs, with respect to the general host halo population within

our models. Therefore, current LRD observations are likely identifying the most massive and biased host systems.
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Bañados, E., Venemans, B. P., Mazzucchelli, C., et al. 2018

Nature, 553, 473

Baggen, J. F. W., van Dokkum, P., Brammer, G., et al.

2024 ApJL, 977, L13

Barret, D., Nandra, K., Barcons, X., et al. 2013, in

SF2A-2013: Proceedings of the Annual meeting of the

French Society of Astronomy and Astrophysics, ed.

L. Cambresy, F. Martins, E. Nuss, & A. Palacios,

447–453

Becerra, F., Marinacci, F., Bromm, V., & Hernquist, L. E.

2018a MNRAS, 480, 5029

Becerra, F., Marinacci, F., Inayoshi, K., Bromm, V., &

Hernquist, L. E. 2018b ApJ, 857, 138

Begelman, M. C., Volonteri, M., & Rees, M. J. 2006

MNRAS, 370, 289
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Haemmerlé, L., Mayer, L., Klessen, R. S., et al. 2020 SSRv,

216, 48



20
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Pérez-González, P. G., Barro, G., Rieke, G. H., et al. 2024

ApJ, 968, 4

Reardon, D. J., Zic, A., Shannon, R. M., et al. 2023 ApJL,

951, L6

Reines, A. E., Condon, J. J., Darling, J., & Greene, J. E.

2020 ApJ, 888, 36

Reines, A. E., Greene, J. E., & Geha, M. 2013 ApJ, 775,

116

Reines, A. E., & Volonteri, M. 2015 ApJ, 813, 82

Reinoso, B., Klessen, R. S., Schleicher, D., Glover, S. C. O.,

& Solar, P. 2023 MNRAS, 521, 3553

Reisswig, C., Ott, C. D., Abdikamalov, E., et al. 2013

PhRvL, 111, 151101

Reynolds, C. S., Kara, E. A., Mushotzky, R. F., et al. 2023,

in Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 12678, UV, X-Ray, and

Gamma-Ray Space Instrumentation for Astronomy

XXIII, ed. O. H. Siegmund & K. Hoadley, 126781E

Robson, T., Cornish, N. J., & Liu, C. 2019 Classical and

Quantum Gravity, 36, 105011

Romano, J. D., & Cornish, N. J. 2017 Living Reviews in

Relativity, 20, 2

Roper, W. J., Lovell, C., Vijayan, A., et al. 2025 arXiv

e-prints, arXiv:2506.15811

Rusakov, V., Watson, D., Nikopoulos, G. P., et al. 2025

arXiv e-prints, arXiv:2503.16595

Sacchi, A., & Bogdan, A. 2025 arXiv e-prints,

arXiv:2505.09669

Safranek-Shrader, C., Montgomery, M. H., Milosavljević,
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