arXiv:2605.31077v1 [astro-ph.GA] 29 May 2026

DRAFT VERSION JUNE 1, 2026
Typeset using IANTEX twocolumn style in AASTeX7.0.1
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ABSTRACT

In a recent paper, Chen et al. developed a framework for modeling the seeding and growth of
supermassive black holes (BHs) in the context of ACDM cosmogony. Here, we use a set of physically
motivated criteria to select a population of predicted BHs and link them to Little Red Dots (LRDs)
discovered by JWST. We show that the LRD population at high redshift (z) emerges naturally from
a subset of BHs with super-Eddington accretion during nuclear bursts. The model suggests that the
observed LRDs are the “tip of the iceberg” of a much larger population of less luminous BHs in the same
subset. The model makes specific predictions for the LRD population, such as the mass distributions
of their BHs and host galaxies/halos, and the piece-wise redshift evolution of their number density.
The cosmological context of the model also allows us to link the observed LRD population to their
progenitors (their BH seeds) and lower-z descendant BHs, galaxies and halos. Most LRDs at z ~ 5
are seeded at z 2 20 through direct-collapse BHs or pair-instability supernovae from Pop-III stars,
and have grown to Mpy =~ 105-107 Mg through nuclear bursts by their observed redshift. LRDs are
predicted to have diverse descendants, ranging from compact dwarf galaxies to brightest cluster galaxies
(BCGs) at z = 0. These predictions are consistent with current observations and can be further tested.
The success of this model indicates that the results presented here provide a robust foundation for
building detailed models of the LRD population.
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1. INTRODUCTION

Recent JWST observations unveiled a population of
Little Red Dots (LRDs) at high redshift (z), character-
ized by compact morphology, a peculiar V-shape spectral
energy distribution (SED), the presence of broad emis-
sion lines, and a number density much higher than that
of known quasars (e.g. J. Matthee et al. 2024; V. Kokorev
et al. 2024; J. E. Greene et al. 2024; P. G. Pérez-Gonzdlez
et al. 2024; H. B. Akins et al. 2025; I. Labbe et al. 2025;
C.-H. Chen et al. 2025; Z. Li et al. 2025). Follow-up multi-
wavelength observations showed that LRDs are deficient
in X-ray, infrared, submillimeter and radio emission (M.
Yue et al. 2024; K. Perger et al. 2025; H. B. Akins et al.
2025; J. E. Greene et al. 2026). These observed prop-
erties of LRDs are distinct from known populations of
active galactic nuclei (AGNs) and galaxies, making their
existence an interesting problem for galaxy formation
and black hole (BH) growth in the ACDM cosmogony.

Much effort has been put into understanding the nature
and origin of LRDs. Hypotheses that have been proposed
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and examined include changing the properties of dust to
accommodate the peculiar shape of the observed SED
(Z. Li et al. 2025); invoking scattered light from the
AGN and young stellar population to explain the rest-
frame UV part of the SED (J. E. Greene et al. 2024; 1.
Labbe et al. 2025; K. Inayoshi et al. 2026); associating
the central BH with a stellar-like envelope (A. de Graaff
et al. 2025; D. Kido et al. 2025; R. P. Naidu et al. 2025a;
K. Inayoshi et al. 2026); linking LRDs to the formation
of BH seeds (M. C. Begelman & J. Dexter 2026; J. F. W.
Baggen et al. 2026) to produce the rest-frame red part
of the SED; assuming the gas column density to be in
the Compton-thick regime to produce the lack of X-ray
emission (H. Liu et al. 2025; X. Ji et al. 2025a; R. P. Naidu
et al. 2025a); and assuming self-interacting dark matter
to transport heat outward so as to produce collapsed
central objects in dark matter halos (F. Jiang et al. 2025;
Z. Wang et al. 2026; M. G. Roberts et al. 2026). These
efforts provide important insights into the parameter
space that could be relevant to the formation of LRDs.
However, a self-consistent and coherent scenario in the
context of the current structure-formation paradigm is
still lacking.
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The main challenge in modeling the formation of LRDs
from first principles comes from the complex interplay
among processes operating in the high-z universe and
the large dynamic ranges involved. For example, the
interpretation based on ongoing seeding events invokes
strong heating to suppress the fragmentation of gas and
star formation prior to the observed epochs of LRDs
(e.g. J. F. W. Baggen et al. 2026; see also T. H. Greif
et al. 2011; J. H. Wise et al. 2019; M. A. Latif et al.
2022 for alternative heating mechanisms). However, at
z =~ 5 when LRDs are abundant, previous star forma-
tion may already have enriched the intergalactic medium
(IGM; e.g. Fig. D4 of Paper-1V; D. Spinoso et al. 2023),
which makes the effectiveness of such heating question-
able. The solution with a gas envelope and nuclear star
formation surrounding the BH may be able to repro-
duce the observed SED (e.g. A. de Graaff et al. 2025; D.
Kido et al. 2025; R. P. Naidu et al. 2025a; K. Inayoshi
et al. 2026), but complex baryon cycles, associated with
the expected bursty star formation for small galaxies
at high 2z (K. El-Badry et al. 2016; J. Stern et al. 2021;
P. F. Hopkins et al. 2023; Y. Asada et al. 2024; Q. Ma
et al. 2026), make the depletion and replenishment of
gas highly uncertain. Modeling these processes using
current cosmological hydrodynamical simulations suffers
from uncertainties in sub-grid implementation, such as
artificial seeding of BHs and simplified treatment of BH
accretion and feedback (e.g. D. Sijacki et al. 2007; R.
Weinberger et al. 2017; S. Koudmani et al. 2024; H. Li
et al. 2025). Idealized and zoom-in simulations (e.g. K.-Y.
Su et al. 2023; P. F. Hopkins et al. 2024; A. Sivasankaran
et al. 2025) may miss the cosmological context and lack
the power to make statistical predictions.

Recently, Y. Chen et al. (2025a, hereafter Paper-IV)
constructed a physical framework to seed and grow BHs
together with their host galaxies and halos within the
ACDM cosmogony. This model is based on the two-phase
scenario of galaxy formation proposed by H. Mo et al.
(2024, hereafter Paper-1), with key extensions needed
to account for the seeding and early growth of BHs.
The model tackles the aforementioned challenge by self-
consistently modeling the complex interplay among pro-
cesses relevant to BH seeding and growth, and uses semi-
analytical approximations with multi-layer numerical
refinements to achieve the resolution needed to cover the
full structure hierarchy from large-scale structures to the
surroundings of BHs. As shown in Y. Chen et al. (2024,
hereafter Paper-II), Y. Chen et al. (2025b, hereafter
Paper-IIT) and Paper-IV, the model not only reproduces
a wide range of observed properties of BHs and their host
galaxies/halos, but also predicts the evolution histories
of BHs from their seeding times to z = 0. It is therefore
interesting to study whether the model can yield a pop-
ulation of objects that resemble the observed LRDs. In
particular, the cosmological context of the model allows
us to investigate not only the physical mechanisms that
give birth to LRDs but also their fates and links to other

objects at lower-z. As we show, our model predicts a
branch of BHs that are in super-Eddington accretion
during nuclear bursts. A subset of these BHs closely re-
semble the observed LRDs in accretion rates and in BH
mass to stellar mass ratios, and the model can be used
to predict their number density, their host galaxy /halo
and descendant properties.

This paper is organized as follows. In §2, we summarize
the model of galaxy formation and BH growth, and we
define the selection criteria for LRDs. In §3, we present
model predictions for LRDs, their host galaxies/halos,
and their descendants. In §4, we summarize our results
and discuss their implications.

2. THE METHOD

Here we first provide a brief description of the model of
galaxy formation and BH growth developed in Paper-I1V.
We then define criteria to select LRDs from the predicted
properties of BHs and host galaxies.

2.1. The model of galaxy formation and black hole
growth

The model takes halo merger trees from TNG100-1-
Dark (A. Pillepich et al. 2018; D. Nelson et al. 2019). The
simulation, the same as used in Paper-IV, has a periodic
box of 75 h~Mpc on a side and a particle mass of 6.0 x
10 h~'My. The cosmology adopted in the simulation
is a flat ACDM cosmology ( Planck Collaboration et al.
2016), with parameters of h = 0.6774, Q¢ = 0.3089,
Qpr o = 0.6911, Qo = 0.0486, and a Gaussian initial
power spectrum specified by ng = 0.9667 and og = 0.8159.
The same cosmology is assumed in our analysis.

The sample of simulated subhalos used here is selected
to have Mpao > 1090 Mg at z = 0 for a central subhalo
and at the time of infall for a satellite subhalo. The
assembly history of each subhalo is constructed directly
from the simulation above a mass limit of 5 x 108 A~*M.
An extension algorithm is applied to trace the assembly
history of each halo further back to a mass of My, ~
10° Mg (see Appendix D1 of Paper-1V), so that processes
leading to the formation of the first-generation stars and
BH seeds in the halo can be modeled. This eliminates
the need for artificially assigning massive BH seeds to
halos (e.g. R. S. Somerville et al. 2008; R. A. Crain et al.
2015; R. Weinberger et al. 2017), which is crucial as
LRDs may be powered by BHs of relatively low mass.
The use of simulated halos also allows us to model the
environments of individual halos.

A seeding procedure is applied to each assembly history
to identify the epoch of first collapse of the halo gas and
to determine the properties of first-generation stars and
BH seeds formed in the collapsed gas (see §2.3 of Paper-
IV). The key components of the seeding procedure can
be summarized as follows.

. An environmentally modulated criterion for gas collapse.

Here internal coolants (H and Hj) are evaluated to iden-
tify the halo mass My, at which gas in a pristine halo
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Figure 1. Selection of LRDs. Each dot represents
a BH produced by the model at z = 5 in the planes of a,
BHAR (Mgn) versus BH mass, and b, BH-mass fraction
(fsBr = Mpu/M,) versus BH mass. In each panel, contours
from inner to outer encompass 68%, 95% and 99.7%, respec-
tively, of all BHs. Orange line indicates the typical Mpu
or fpm of the bursty branch. The default selection criterion
for LRDs is marked by red shading enclosed by red solid
lines, and LRDs so selected are shown by red dots. BHs
passing the selection for MBH but not for fgu are shown
by blue dots. Red dashed and dotted lines in a show
alternative selection criteria with varied thresholds of BHAR.
The figure shows that the observed LRDs are the tip of the
branch shaped by nuclear bursts (see §2.2 for details).

can effectively cool and collapse. Three environmental ef-
fects that can advance or delay the collapse are included:
the Lyman-Werner (LW) radiation produced by other
galaxies, which can dissociate Ho and thus delay the
collapse; the dynamical heating due to fast halo accre-
tion in the early Universe, which can heat the halo gas
and thus also delay the collapse; the enrichment of the
IGM, which can feed coolants into the halo and thus can
advance the collapse.

. A feedback-regulated initial mass function (IMF). Here,
the feedback from the first Pop-III star cluster formed
in the collapsed gas of a pristine halo is evaluated to

2.

3.

determine the resulting mass of individual stars in the
cluster.

. A ‘multi-flavor’ stellar evolution. Here, the evolution of

individual stars in the first cluster is followed according
to their initial masses. The mass of the most massive
star in the cluster determines whether a core-collapse
supernova (CCSN), a pair-instability supernova (PISN),
or a direct collapse black hole (DCBH) can occur. The
most massive BH remnant in the cluster is then defined
as the seed of the central BH, while other stars constitute
the initial stellar component of the host galaxy.

Thus, for each halo, the output of the seeding procedure
is the initial M, of the galaxy, the Mpy of the BH
seed, as well as the flavor (DCBH, PISN or CCSN) that
represents the evolution pathway of the most massive
star in the first star cluster.

A growing procedure then starts with the initial con-
ditions set by the seeding procedure to model the post-
seeding growth of the BHs and their host galaxies (see
§2.4 of Paper-IV). The key feature here is the multi-
channel growth of BHs, with each channel representing
a way to generate dynamical hotness, to remove the
angular-momentum barrier, and to feed baryons to the
central BH. These channels can be summarized as fol-
lows.

. The bursty mode, which appears as rapid BH growth

via super-Eddington accretion associated with intense
starbursts in the dense gaseous nucleus formed under a
global disturbance of the host galaxy. The gas density
of such a nucleus can reach a ‘supernova-free’ thresh-
old, ngyr = 103° cm ™3, corresponding to a dynamical
timescale of tqyn snf = 0.75 Myr that is too short for the
feedback of massive stars to be important. The conse-
quence of the formation of such a nucleus is a “nuclear
burst” characterized by super-Eddington accretion of
the central BH, intense star formation that grows the
nuclear star cluster (NSC), and strong BH feedback that
disperses the nucleus. The trigger of a nuclear burst is
modeled once the host halo temporarily experiences an
excursion of fast assembly that brings in a large amount
of matter so as to disturb the gravitational potential
of the host galaxy significantly. The duration of a nu-
clear burst is < tdayn,snr before the mode is quenched and
another excursion is triggered.

The continuous mode, in which the BH continuously cap-
tures sub-clouds seeded and amplified by the turbulence
in the self-gravitating gas cloud (SGC; see Paper-I for
the concept) formed during the fast assembly phase of
a halo. The associated star formation in the SGC is to
build an extended, dynamically hot stellar component
(bulge) of the host galaxy. In contrast, the collapse of
the gas in the slow phase of a halo is expected to form
a dynamically cold disk in which the growth of the BH
ceases.

The merger mode, in which two galaxies and their central
BHs merge to form a new galaxy and a new central BH.
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These channels are not mutually exclusive at a given
time during the post-seeding growth of a BH. However,
the dominating channel transits sequentially from the
bursty mode, via the continuous mode, to the merger
mode over the lifetime of a BH (see §3.2 of Paper-1V).
As will be shown in §3.1, the transition of the dominant
channel is the key to explaining the observed evolution
in the number density of LRDs over cosmic time. The
product of the growing procedure is the properties of BHs
and their host galaxies/halos, as well as the contribution
of each growth channel to the total growth, from the
seeding epoch to z = 0.

Since the duration of a nuclear burst is much shorter
than the simulation snapshot interval, we assume that
it occurs over a random duration [t,t + tqyn snf], Where ¢
is sampled uniformly from the time interval spanned by
the snapshot in which the trigger is identified. The black
hole accretion rate (BHAR, denoted as Mpy) during the
burst is then calculated as the ratio between AMpy and
tdyn,snf'

Fig. 1a shows the distribution of individual BHs pre-
dicted by the model at z = 5 in the Mpy-Mpy plane. A
prominent multi-modal distribution can be seen. The
dominant branch of the distribution, which is defined by
the continuous mode and contains most of the BHs in our
sample (see the contours), extends from Mgy ~ 102 Mg,
to 10° My and exhibits a positive correlation between
MBH and Mpy. The lower branch represents the pas-
sive population in which BH growth is halted either
as the host galaxy becomes a satellite or the host halo
temporarily makes an excursion to slow assembly. Of
particular interest is the upper branch, which represents
the population of nuclear bursts and is characterized by
Mpy ~ 10 X Mgqq, with the Eddington accretion rate
defined as

Mpnu

=922 x 107 2x

Mpn €\ ! 1
(1061\4@) (ﬁ) Moyr™. (1)

Here, ts, = 0.450 Gyr is the Salpeter timescale, and
e ~ 0.1 is the radiative efficiency (e.g. F. Yuan & R.
Narayan 2014; R. Weinberger et al. 2017).

Fig. 1b shows the distribution of BHs in the fgy-
Mgy plane, where BH-mass fraction fgg = Mpna/M, is
defined as the ratio of BH mass to stellar mass of the host
galaxy. The multi-channel growth of BHs can also be
seen in this distribution. The frequent triggers of nuclear
bursts in the early Universe can lead to a high BH-mass
fraction of fgy =~ 0.1 — a consequence of the supernova-
free nature of nuclear bursts and ineffective BH feedback
due to photo-trapping at high accretion rate. The scatter
of fpu in this regime is large, due to the stochastic
nature of the triggers and the rapid growth in individual
bursts. In contrast, the continuous mode can sustain a
lower fpp with a smaller scatter due to the continuous

Mgaq =
61rtLSaL1

capturing of sub-clouds and the regulation of BH growth
by both stellar and BH feedback. The dominant channel
of the BH growth makes a transition from the bursty
mode to the continuous mode at Mgy ~ 105-107 Mo,
above which BHs are massive enough to generate strong
feedback to effectively quench the bursty mode.

2.2. Little red dots as black holes in super-Eddington
accretion

We use the following set of criteria to select LRDs from
the predicted BH population at any given z.

. The BH must accrete at a super-Eddington rate, Mgy >

MEdd. This criterion is motivated by theoretical con-
siderations (e.g. A. de Graaff et al. 2025; D. Kido et al.
2025; R. P. Naidu et al. 2025a; H. Liu et al. 2025; K.
Inayoshi et al. 2026; A. Trinca et al. 2026) that such an
accretion is able to produce a gas envelope around the
BH to explain the observed SED of LRDs. This selection
also separates the LRD candidates from the dominant
sub-Eddington branch in Fig. 1a, making the selected
sample a distinct population rather than an extension of
other BHs in the Mpp-Mpp plane.

. The BH has a sufficiently high BHAR, MBH > MBH’min,

so that it is luminous enough to be observed and identi-
fied as an LRD.

. The BH-mass fraction is sufficiently high, fpy =

Mgu/M, > fBHmin, SO that the stellar component of
the host galaxy is not too bright to obscure the spectral
features of the BH.

The value of MBH’min depends on the detection lim-
its of current observations. Here we take MBH:min =
0.1 Mgyr—! as the default to match the observed num-
ber density of LRDs at z = 4 (see §3.1). We also
use alternative criteria, with MBH’min = 0.05 M@yf1
and 0.2 Muyr~! to demonstrate the dependence on this
threshold (see §3). These choices are also consistent
with some other evaluations in the literature (e.g. M. C.
Begelman & J. Dexter 2026; K. Inayoshi et al. 2026).

The other threshold, fgH min, can be estimated using
the condition that the total radiation from the BH dom-
inates over that of the stellar component of the host
galaxy so that AGN features are not overwhelmed by
stellar lights. As suggested by the model implemented
here (see Appendix C5 of Paper-1V), the bolometric lu-
minosity (Lgg) of a BH in super-Eddington accretion is
limited to around the Eddington level,

M
Lpn ~ Lpaa = 3.28 x 10 L, ( BH) . (2)
Mg
We estimate the bolometric luminosity of a stellar popu-

lation younger than a few Myr using FSPS (C. Conroy
et al. 2009; C. Conroy & J. E. Gunn 2010), as

M
L, ~10°L * 3
o (i) 0
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where a Chabrier IMF (G. Chabrier 2003) and a solar
metallicity are assumed. The requirement of Lgy > Ly
then leads to a condition of Mpp/M, > 0.0304. We
thus set our default threshold of fpp min = 3%. We will
discuss the effects of varying this threshold in §4.

Fig. 1 shows the boundaries of the default selection
criterion (red solid lines) and regions enclosed by these
boundaries (red shading) predicted at z = 5. BHs passing
only the first two conditions are highlighted in blue, while
those also passing the third one are highlighted in red.
Alternative criteria with varied thresholds of Mgy are
also indicated (red dashed and dotted lines). The final
sample at z = 5 based on the default criterion contains 41
LRDs in the simulation box, allowing a reliable analysis
of the population. All modeled LRDs fall in the massive
tip of the bursty branch in the Mpy-Mgy plane. This
pinpoints the bursty mode as the physical origin of LRDs,
and indicates that the observed LRD population is the
tip of an iceberg whose main body is hidden below the
waterline set by the current detection limit. This also
explains why LRDs are not identified prior to JWST,
as the tip level can only be reached with the JWST
sensitivity. This is also consistent with the fact that
no truncation is detected in the luminosity function of
LRDs at the faint end (e.g. J. E. Greene et al. 2024; V.
Kokorev et al. 2024; I. Labbe et al. 2025).

As shown in the following, our selection criterion is
capable of reproducing key properties of the LRD popu-
lation, such as the sharp drop of the number density at
z < 4, the compact morphology, the blue UV part of the
V-shape SED, and the stable UV-to-optical luminosity
ratio, without fine-tuning the model. More importantly,
our model treats the formation of LRDs within the same
cosmological context as the formation of other popula-
tions of galaxies and BHs, and can make predictions that
can be tested by observations.

3. MODEL PREDICTIONS
3.1. The evolution of number density

Fig. 2 shows the predicted number density (n) of
LRDs as a function of z based on our default selec-
tion (solid red curve). For comparison, we show the
observational results from Y. Ma et al. (2026) and V.
Kokorev et al. (2024), and the empirical prediction by K.
Inayoshi (2025). The number density of LRDs predicted
by our model recovers the piece-wise evolution found
in observations: a plateau at z 2 4 where the number
density reaches a few times 1075 cMpc™ and a sharp
drop at z < 4.

The transition of BH growth and star formation from
the bursty mode to the continuous mode (see §2.1 and
Fig. 1b) provides a natural explanation for the observed
drop of the number density of LRDs at z < 4. In the
ACDM paradigm, halos with lower My, at lower z are
expected to have slower assembly (F. Dong et al. 2022;
W. Jiang et al. 2025), so that their excursions to nuclear
bursts are rarer and star formation via the continuous
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Figure 2. Number density of LRDs as a function

of redshift. Here we show the predicted number density
(n) of LRDs selected by our default criterion (red solid)
and the criteria with alternative thresholds of Mgy (red
dashed and dotted). The curve with shading represents
the median and 16""-84"™ percentile range of n among 100
random samples for the durations of nuclear bursts (see §2.1).
For comparison, we show the observations by Y. Ma et al.
(2026) and V. Kokorev et al. (2024), and empirical result of
K. Inayoshi (2025). Three dotted lines associated with the
purple band indicate the expected number density if 100%,
30% and 10%, respectively, of the selected candidates in Y.
Ma et al. (2026) are LRDs. The model recovers the piece-wise
evolution of LRD number density found in observations, and
ties the physical origin of this evolution to the hierarchical
nature of halo assembly that is determined by the ACDM
cosmology (see §3.1 for details).

mode becomes more important. Consequently, halos that
satisfy the three conditions for LRDs are increasingly
rarer at lower z. Our model thus ties the evolution of
LRD number density to the halo assembly that is deter-
mined by the ACDM cosmology.

Fig. 2 also shows the predicted number density of LRDs
based on alternative selection criteria with Mgy doubled
or halved (red dashed and dotted curves). There is a fac-
tor of ~ 3 change in the predicted number density. This
implies that dn /dMpy ME;I_QI‘S at Mgy ~ 0.1 Mgyr—!
for the BH growth driven by the bursty mode, and fur-
ther supports the conclusion reached in §2.2 that a large
population of LRDs is still hidden below the current
detection limit.

3.2. The progenitors and descendants of LRDs

The complete coverage of our model from the seed-
ing epoch to z = 0 allows us to predict the properties
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Figure 3. Distribution of properties of LRDs, their progenitors and descendants. The sample shown consists of
LRDs at z = 5 with the default selection (see §2.2 and Fig. 1). 100 random samples for the durations of nuclear bursts (see §2.2)
are drawn and averaged to suppress the sampling noise. The properties shown are Mgu of the BH, M, of the host galaxy and
Mhalo of the host halo. For satellites, Mnalo takes the infall value. The distributions are shown at three stages of their evolution:
a—c, the seeding epochs (mostly z 2 20; identified backward in time through the main branch of merger tree); d—f, the “observed”
epoch (z = 5); and g—i, the present day (z = 0; identified forward in time through descendant chain of merger tree). At seeding,
sub-populations of seeds formed via DCBH, PISN, or CCSN are shown in total or separately. At z = 5, we show the distributions
of the total mass and of those contributed by the bursty and continuous modes separately. At z = 0, we show the total sample of
descendants, and sub-populations according to how an LRD is connected to its descendant: one includes descendants that grew
from LRDs (i.e., LRDs lie on their main branches); the other includes descendants that accreted LRDs through mergers (i.e.,
LRDs lie on their side branches). Within each sub-population at z = 0, the subset of descendants that are central galaxies is also
indicated (dashed). These archaeological and futurological views pinpoint the venues for the progenitors and descendants of
LRDs to be found in observations (see §3.2 for details).

2. the “observed” stage, taking z = 5 as the representative,
at which BHs are selected as candidates of the observed

of LRDs, their progenitors at earlier epochs, and their
descendants at later epochs, in a self-consistent cosmo-

logical context. Fig. 3 shows the predicted distributions
of LRDs selected by the default criterion at three stages
of evolution:

. the seeding stage, at which the BH seeds of LRDs are
formed as a result of the first collapse of gas in their host
halos (see §2.1 for the seeding procedure);

LRD population;

. the evolved stage, taking z = 0 as an example, at which

LRDs have evolved into descendants to be observed in
the local Universe.

At each stage, we show the distributions of Mgy of LRDs,
M, of their host galaxies, and My, of their host halos.

At seeding epochs, the BHs of LRD progenitors span a
wide range of Mgy, from ~ 10 Mg, to ~ 10* My, (Fig. 3a,
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the gray histogram), indicating that diverse environmen-
tal processes (see §2.1) are operating to delay the gas
cooling in the “mini-halos” and to elevate the mass of
the first-generation stars formed in the collapsed gas.
Although not shown here, the seeds of most LRDs are
predicted to form at z 2 20. The early formation of these
seeds, together with the predicted late occurrence of the
IGM enrichment (see Fig. D4 of Paper-1V), implies that
the seeds of LRDs are almost exclusively products of
Pop-I1I stars. The top-heavy IMF assumed for Pop-III
stars in the seeding procedure also implies that the initial
M, of the host galaxy is only a few times Mpy (Fig. 3b).
Star formation efficiencies in the seeded mini-halos are as
low as M, /Myaio ~ 1073 (Fig. 3c), due to the dispersal
of gas by the feedback from the first star cluster in the
shallow potential well of such a mini-halo.

The stellar evolution implemented in the seeding pro-
cedure allows us to divide the seeds of LRDs into sub-
populations of different flavors (formation pathways).
The colored histograms in Fig. 3a show the distribu-
tions of seeds with CCSN, PISN and DCBH flavors,
respectively. Most seeds are born as DCBHs from (su-
per)massive progenitor stars with masses up to ~ 10* M.
A significant fraction of seeds are born as remnants of
secondary stars after the most massive one in the first
cluster is destroyed by a PISN. This produces a signifi-
cant mass gap and bimodality in the overall distribution
of Mgy. Only a small fraction of seeds are born as rem-
nants of CCSN from low-mass progenitor stars, indicating
that the origin of LRDs is quite different from that of
stellar-mass BHs observed in the local Universe. The dis-
tribution of seed mass Mgy falls in the intermediate-mass
BH (IMBHs) regime, which disfavors the interpretation
that LRDs are powered by BHs formed directly from the
first collapse in their host halos (e.g. J. F. W. Baggen
et al. 2026). Instead, our model suggests that it is post-
seeding growth, mainly through episodic nuclear bursts,
that raises BH seeds to supermassive status. We note
that the high masses of DCBH seeds are a prediction
of our model, rather than a condition assumed to allow
these BHs to reach the masses required to power LRDs.

At z =5, the LRD population in our default selection
have BHs with Mgy ~ 10°-10° M, (gray histogram in
Fig. 3d). Decomposing the total Mgy into contribu-
tions from the bursty and continuous modes (colored
histograms in Fig. 3d) reveals that the bursty mode dom-
inates the BH growth. The My, of the host halos are
about ~ 101°-10! M, (Fig. 3f), comparable to those of
dwarf galaxies in the local Universe (e.g. Z. Zhang et al.
2025). This predicted range of My, justifies our choice
of simulation and halo sample to represent potential
hosts of LRDs. The low M), implies a relatively weak
clustering of LRDs in space, a conclusion that is con-
sistent with recent observations (M. Carranza-Escudero
et al. 2025).

The M, of LRDs is predicted to be ~ 105-107> M,
(Fig. 3e), roughly an order of magnitude higher than

Mgy, consistent with the high BH-mass fraction, fgyg ~
0.1, expected from the growth driven by the bursty mode
(see Fig. 1b). Indeed, decomposing the total M, into
contributions from the bursty and continuous modes
(colored histograms in Fig. 3e) shows that the bursty
mode contributes significantly to the total M, of LRDs,
while the contribution of the continuous mode is only
marginally higher than that of the bursty mode. Our
model thus suggests that LRDs are transitional objects in
which the continuous mode of star formation is about to
take over the burst mode, and that the extended stellar
components are about to be built up in the host galax-
ies. The dominance of nuclear bursts in the growth of
LRDs may thus provide an explanation for their observed
compact morphology.

Young stellar populations formed via nuclear bursts in
an LRD are expected to produce a blue UV component
in the SED (J. E. Greene et al. 2024; I. Labbe et al. 2025,
e.g.). This, together with the red optical component
produced by the BH in super-Eddington accretion, offers
a compelling explanation for the observed V-shape SED
of LRDs. In addition, the stable fgy ~ 0.1 produced by
the bursty mode (see Fig. 1b) implies a near-constant
optical-to-UV luminosity ratio (Lept/Luyv). Such a con-
stant luminosity ratio is found in recent observations,
and the value of fgy ~ 0.1 predicted by our model also
aligns with those inferred from the SEDs of LRDs (e.g.
K. Inayoshi et al. 2026).

The descendants of LRDs at z = 0 show a broad
distribution of Mgy (Fig. 3g), reflecting the diverse evo-
lutionary pathways of LRDs after the observed epoch.
Some LRDs merge into massive galaxies covering a wide
range in Mgy, My, and My, from dwarf galaxies to
the brightest cluster galaxies (BCGs) in massive clusters
(red solid in Fig. 3g—i). Other LRDs evolve along more
isolated pathways, growing as the main progenitors of
their descendants and dominating the lower ends of the
mass distributions (blue solid in Fig. 3g—i). The typical
Mgy of these low-mass descendants is ~ 106 Mg, only a
factor of three higher than the typical Mgy of LRDs at
z = 5, implying that their BHs have experienced little
growth since z = 5 and their NSCs are predicted to
contain a significant fraction of ancient stars formed via
nuclear bursts at high z. However, the total M, of these
low-mass descendants is ~ 2-3 dex higher than that of
the LRDs at z = 5, implying that extended stellar compo-
nents have been built up in the descendants. About half
of the low-mass descendants remain isolated (blue dashed
in Fig. 3g-i); the other half are satellites, susceptible to
tidal forces that may strip their extended stellar masses.
This implies a diverse, environment-driven morphology
for the descendants, ranging from nucleated dwarfs with
extended stellar components, if they remain isolated, to
compact objects such as ultra-compact dwarfs (UCDs) or
globular-like star clusters, if most of the extended stellar
masses have been stripped away.
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We note that the predicted properties and evolution
of LRDs depend on the selection criterion, which itself
varies between observational studies. In addition to the
dependence of the number density on the luminosity
threshold controlled by Mpy min (see §3.1 and Fig. 2),
the threshold fsu min also has a noticeable impact on
the prediction. For example, removing the fgy threshold
leads to a larger number of LRDs, higher Mpy and M,,
and a higher fraction of M, in their extended stellar com-
ponents. The Mgy of LRDs may thus reach ~ 107 M, if
those having larger stellar components are included in the
sample (e.g. blue points in Fig. 1). Despite such uncer-
tainties in sample selections, our predictions are broadly
consistent with observations: the predicted Mgy ~ 10°—
10" Mg, for LRDs aligns with those reported by J. E.
Greene et al. (2026); the existence of young, extended
stellar components in the host galaxies aligns with re-
cent stacking analysis that reveals extended, wavelength-
dependent emission around LRDs (Y. Zhang et al. 2025);
the co-existence of NSCs and extended stellar compo-
nents suggests a bimodal origin of the rest-frame UV
emission, which may explain the observed dichotomy in
the distribution of UV half-light radii of LRDs (A. P.
Cloonan et al. 2026).

4. SUMMARY AND DISCUSSION

In this paper, we have applied the model of galaxy
formation developed in Paper-IV to study the physical
origin of LRDs, to interpret their observed properties,
and to make predictions for their progenitors and descen-
dants over the cosmic time.

Our key finding is that LRDs emerge as a “tip-of-
iceberg” population of BHs in super-Eddington accretion,
associated with the ongoing formation of compact NSCs
and with extended stellar components that are about to
be built in their host galaxies (§2; Fig. 1). The emergence
of this population is driven by nuclear bursts triggered by
global disturbances, such as mergers or close encounters,
which can remove the angular-momentum barrier, funnel
gas inward to form a gas-rich, compact, supernova-free
nucleus, and sustain the super-Eddington BH growth
and nuclear star formation over a short timescale of
< Myr. The origin of such global disturbances is tied to
excursions to a fast phase in the assembly histories of
host halos, suggesting that the LRD population may be
a natural consequence of hierarchical structure formation
in the ACDM cosmology.

Our model is among the first to self-consistently in-
clude the formation of seeds and the BH-galaxy-halo
co-evolution within a cosmological context, allowing the
emergence of the LRD population as a natural outcome of
the ACDM paradigm, rather than a result of fine-tuning.
In fact, none of the model prescriptions or parameters
was designed or tuned according to the observations of
the LRDs. The strength of the halo excursion required
to trigger a nuclear burst is set to the same value that
separates the two phases of ACDM halos (see Eq. C3 of

Paper-1V and §2 of Paper-I); the efficiency of star forma-
tion in nuclear star bursts is set by the free-fall timescale
and the BH accretion there is modeled on-the-fly using
a turbulence-modified Bondi accretion plus a turbulent
and magnetized accretion disk (see Appendix C of Paper-
IV); the mass loading of AGN feedback in nuclear bursts
is determined by the Eddington-level luminosity and a
typical outflow velocity of 103 kms~! (see Appendix C5
of Paper-1V).

The LRD population predicted by our model repro-
duces a broad range of observations, and our model can
make predictions for many more properties of the LRD
population themselves, as well as their progenitors and
descendants (§3; Figs. 2 and 3). This allows the pre-
scriptions implemented in the model to be tested by
observations targeting different evolution stages of LRDs
and the differences from other models to be explicitly
examined. We discuss some of these aspects below.

Although the BH* scenario has previously been sug-
gested and accepted as a promising interpretation of
LRDs, our model provides a physical framework to ex-
plain how the conditions required for BH* formation are
created in the galaxy formation context. Our model dif-
fers from other models that interpret LRDs as (DC)BHs
formed in the first collapses of the halo gas (J. F. W.
Baggen et al. 2026). For example, the LRDs at z = 5
predicted by our model are seeded at z 2 20 and have
since gone through ~ 10 episodes of nuclear bursts (see
Fig. 9 of Paper-IV) interspersed with phases of continu-
ous growth. Our model differs from that suggested by
K. Inayoshi et al. (2026) in the following aspects: the
shining phase of an LRD in our model is a violent and
bursty event, episodically triggered by global disturbance,
asynchronous with the evolution of their host galaxies,
and lasting for < 1 Myr, instead of a secular process over
2 10Myr in the nuclear region extrapolated from the
host galactic disk; the observed LRDs in our model are
objects with significant post-seeding growth, instead of
nascent BHs embedded in nascent star-forming galaxies;
the depletion of gas in nuclear regions is mostly driven by
the feedback from the accreting BHs, rather than stellar
feedback.

A unique consequence of episodic bursts in our model
is that the LRDs currently observed are just the tip of
the iceberg shaped by bursty-mode growth (see Fig. 1la).
Observations with improved sensitivity are thus expected
to reveal many more BHs below the waterline of the cur-
rent detection limit. Another consequence is that the
companion NSC of an LRD should harbor a significant
fraction of ancient stars formed through previous nuclear
bursts since z 2 20 and, at the same time, possess a
large fraction of young stars with age < 1Myr formed
during the ongoing burst. This prediction may be tested
by observations that can resolve individual stellar pop-
ulations through SED or spatial decompositions. The
“about-to-be-built” extended stellar components in the
host galaxies of LRDs also suggest that some observed
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LRDs may already have built up extended stellar com-
ponents that can be revealed by stacking analysis and
by deep imaging observations (e.g. Y. Zhang et al. 2025;
A. P. Cloonan et al. 2026).

The complete coverage of the evolution history of the
LRD population by our model allows us to seek ob-
servational evidence for both the seeding and growing
processes through archaeology of their descendants at
lower z. For example, the mass gap of the BH-seed mass
function produced by PISNe may lead to a bimodal dis-
tribution of galaxies in their post-seeding star formation,
provided that the effects of BH feedback depend on BH
mass. Observations targeting galaxies at z = 10 (e.g.
R. Maiolino et al. 2024; S. Tacchella et al. 2023; X. Ji
et al. 2025b; A. Bogdén et al. 2023; R. P. Naidu et al.
2025b; S. Carniani et al. 2024; E. Curtis-Lake et al. 2023),
before the evolution of BHs and their host galaxies con-
verges due to self-regulation (see §3.3.2 and Fig. 11 of
Paper-IV), may be able to identify such a bimodality.
Another implication of the model is that LRDs seeded
after PISNe should be associated with stars enriched by
the ejecta of PISNe. The peculiar abundance patterns
of PISN enrichment, as seen in a small set of stars dis-
covered in the local Universe (e.g. Q.-F. Xing et al. 2023;
A. Skiladéttir et al. 2024), may thus be used to link the
descendants of LRDs to their seeding pathways.

As shown by the blue histogram in Fig. 3g—i, our
model predicts that a significant fraction of the LRD
population gained only modest amounts in mass and the
stellar mass of the descendants matches that of dwarf
galaxies in the local Universe. These descendants are pre-
dicted to harbor BHs with Mgy similar to those of LRDs
and to have a significant fraction of M, formed during
the early bursty growth. In particular, the absence of
large amounts of growth suggests that such a descendant
should contain a compact component formed through
early nuclear bursts, reminiscent of an ultra-compact

dwarf (UCD) or the central part of a nucleated dwarf
(e.g. K. Wang et al. 2023). We will present a detailed
analysis of the connection between LRDs and present-day
compact dwarf galaxies in a forthcoming paper.
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