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ABSTRACT

The James Webb Space Telescope recently uncovered a population of massive black holes (BHs) in the first billion
years after the Big Bang. Among these high-redshift BH candidates, observations have identified a class of active
galactic nuclei candidates, dubbed Little Red Dots (LRDs), with extraordinarily compact gas reservoirs and peculiar
spectral features. LRDs clearly emerge at redshift z < 8 and their abundance declines by z < 5. Recent theoretical
studies have explored the link between LRDs and the formation of heavy BH seeds in the early Universe, such as direct-
collapse BHs (DCBHs). Here we present results from preliminary runs for the MELIORA cosmological hydrodynamical
simulations, where we implement an accurate model for DCBH formation, accounting for the Lyman-Werner radiation
field and mass-inflow rates in the target host haloes. We aim to test whether or not DCBH formation could lead
to systems resembling those hypothesized for LRDs. We find that the population of newly formed DCBHs in the
simulations exhibits a steep decline at z < 6, akin to the emergence of LRDs, primarily driven by reduced inflows.
The birth of DCBHs is associated with a significant gas compaction event, followed by a phase of intense luminosity
in the 200 Myr after their birth, and subsequently by the formation of the first Poplll stars in these very haloes.
If these DCBHs nurseries are associated with LRDs, then it could explain their weak emission from X-rays and hot

dust.
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1 INTRODUCTION

In the recent years, observations with the James Webb Space
Telescope (JWST) have revealed a population of faint, broad-
line active galactic nuclei (AGN) at z > 5 (Onoue et al. 2023;
Kocevski et al. 2023; Harikane et al. 2023; Akins et al. 2024;
Barro et al. 2024; Furtak et al. 2024; Greene et al. 2024;
Killi et al. 2024; Leung et al. 2024; Maiolino et al. 2024;
Matthee et al. 2024b), powered by BHs with masses of about
10° — 107 Mg. A significant fraction of these AGN have com-
pact morphologies (with effective radii < 100 — 300 pc; e.g,
Furtak et al. 2023; Baggen et al. 2024; Casey et al. 2024;
Labbe et al. 2025) and red rest-frame optical colours. These
sources have been dubbed Little Red Dots (LRDs; Matthee
et al. 2024b), and they are characterised by peculiar spectral
energy distributions (SEDs). Specifically, they have V-shaped
SEDs, with a red slope in the rest-frame optical and a blue
slope in the rest-frame ultraviolet (UV). The population of
LRDs outnumbers that of z < 9 quasars by 1 dex, making
the practically ubiquitous in the early Universe, but it dra-
matically declines after z < 6 (e.g., Kocevski et al. 2024).
The low-redshift decrease in the LRDs reported abundance
is not associated with selection effects, contrary to the possi-
bly incomplete samples at z > 9 (see Inayoshi 2025).

LRDs are thought to reside in relatively low-mass haloes
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(Mhato S 10! Mg), and constitute a non-negligible fraction
of the entire galaxy population (about 1 per cent; see, e.g.,
Matthee et al. 2024a; Arita et al. 2025; Pizzati et al. 2025),
with abundances of order 107°—107* cMpc™? (e.g., Harikane
et al. 2023; Akins et al. 2024; Greene et al. 2024; Kokorev
et al. 2024; Maiolino et al. 2024; Matthee et al. 2024b; Lin
et al. 2025).

The origin of their SEDs is still debated, with the most
popular scenarios involving either dusty star formation (e.g.,
Baggen et al. 2024; Barro et al. 2024; Williams et al. 2024) or
a reddened AGN (e.g., Onoue et al. 2023; Akins et al. 2024;
Labbe et al. 2024; Ubler et al. 2024; Li et al. 2025; Volonteri
et al. 2025). However, LRDs may not trace an homogeneous
population with a common explanation for their origin and
appearance, possibly related to varied and non-homogeneous
selection criteria (e.g. Hviding et al. 2025). The broad emis-
sion lines (1000 — 2000 km/s; Greene et al. 2024; Kocevski
et al. 2024; Taylor et al. 2024) observed in LRDs are consis-
tent with a scenario involving an AGN (or a very dense stellar
cores; see Baggen et al. 2024). However, LRDs seem to lack
hot dust thermal emission (~ 1 — 3 pm; e.g., Pérez-Gonzalez
et al. 2024; Setton et al. 2025), expected from a dusty torus in
the vicinity of the BH, as typically observed in high-redshift
AGN. Furthermore, LRDs have unexpectedly weak of X-
ray detections given the expected AGN luminosities (e.g.,
Ananna et al. 2024; Lambrides et al. 2024; Yue et al. 2024).
Their X-ray spectrum and emission lines also suggest that
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Figure 1. Schematic illustration of the scenario that we explore with this work. A gas compaction event, associated with increasing gas
density and shrinking of effective size of the gas reservoir, funnels material towards the central regions of atomic-cooling haloes. After a
intermediate phase of super-massive star, a DCBH forms. Intense accretion onto the newborn DCBH results in a short-lived AGN phase,
with a high bolometric luminosity. After < 200 Myr, the first PoplII stars start to form and the AGN luminosity decreases. In the short
period of time when we can observe the emission from both the AGN and PopllI stars, this system could resemble a LRD. As gas increases
in size and becomes more diffuse, and inflows become less efficient, the AGN phase ends.

LRDs might be associated with high hydrogen columns den-
sities of BHs accreting above their Eddington limit (e.g., In-
ayoshi et al. 2024; Lambrides et al. 2024; Pacucci & Narayan
2024; Madau 2025). Recent theoretical work suggest that the
emergence of LRDs, as well as their spectral properties, can
be mostly explained as early growth phases of massive BH
seeds in the early Universe (see Inayoshi 2025; Inayoshi &
Maiolino 2025) or their super-massive stars progenitors in
the early Universe (Begelman & Dexter 2025). The heaviest
seeds (with masses of about 10* — 10° M) are thought to
form via isothermal monolithic collapse of high density gas
cores in pristine, atomic-cooling halos (e.g., Loeb & Rasio
1994; Eisenstein & Loeb 1995; Haiman et al. 1996; Koushi-
appas et al. 2004; Begelman et al. 2006; Lodato & Natara-
jan 2006; Latif et al. 2013a; Johnson et al. 2014; Choi et al.
2015), after an intermediate stage of supermassive-star that
accretes mass with sustained rates of ~ 0.01 —1 Mg yr~* for
a few Myr (e.g., Begelman et al. 2008; Begelman 2010; Latif
et al. 2013b; Prieto et al. 2013; Matsukoba et al. 2019; Nandal
et al. 2023; Prole et al. 2024b). For these direct-collapse black
holes (DCBHs) to form, their host haloes must have low gas-
phase metallicities (Z/Z¢ < 107° — 107%; e.g., Clark et al.
2008; Omukai et al. 2008; Latif et al. 2016; Chon & Omukai
2020) and low Hy fractions (e.g., Bromm & Loeb 2003). These
haloes are expected to experience intense UV radiation in
the Lyman-Werner (LW) band!, from nearby star-forming re-
gions (e.g., Omukai 2001; Johnson & Bromm 2007; Dijkstra
et al. 2008; Shang et al. 2010; Johnson et al. 2011; Wolcott-
Green et al. 2011; Agarwal et al. 2012; Safranek-Shrader et al.
2012; Latif et al. 2013c; Regan et al. 2014; Luo et al. 2020).
Alternatively, the formation of heavy seeds could be favoured

1 These photons are in the energy range 11.2 - 13.6 eV, that can
photo-dissociate Ha. The LW flux is usually given in units of J21 =
102! erg s7! cm~2 sr—! Hz~!. Here, we will use Jiw to refer to
the average intensity in the LW band. Some authors use instead
the intensity at the energy of 13.6 eV.
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by, e.g., high relative (streaming) velocities between pristine
gas and dark matter (Schauer et al. 2019), rapidly assembling
halos (Wise et al. 2019), converging flows (Latif et al. 2022),
and halo mergers (Prole et al. 2024a). Furthermore, recent
observations and numerical studies claim that heavy seeds
could originate from primordial BHs (e.g., Dayal & Maiolino
2025; Maiolino et al. 2025a; Prole et al. 2025).

Numerical simulations offer a powerful framework to give
predictions based on different models for the formation of
early BHs and their host galaxies. Large-volume simulations
typically adopt a rather simplistic approach for BH seeds,
e.g., spawning fixed mass BHs in selected massive haloes.
This is the case for simulations such as, e.g., llustris (Genel
et al. 2014; Vogelsberger et al. 2014b,a; Sijacki et al. 2015)
and EAGLE (Crain et al. 2015; Schaye et al. 2015). How-
ever, some simulations do include criteria for DCBH forma-
tion that account for gas density, metallicity, and UV radia-
tion field (e.g., Chon et al. 2016; Tremmel et al. 2017; Chiaki
et al. 2023; Regan 2023; Bhowmick et al. 2024a,b; Jeon et al.
2024). Different simulations and semi-analytical models yield
different properties of DCBHs, mainly due to differences in
their modelling of either radiation or distribution of metals
(Habouzit et al. 2016).

In this paper, we explore the possible connection between
LRDs and newly formed DCBHs, making use of a new set of
cosmological hydrodynamical simulations. We present results
from preliminary runs from the MELIORA simulations (see
Cenci et al., in preparation), where we implement an accurate
set of criteria and a novel model for the formation of DCBHs
in a cosmological volume.

This paper is structured as follows. In Section 2, we in-
troduce the MELIORA simulations analysed in this work and
summarize the physics models, including our new DCBH for-
mation model. In Section 3 and 4, we discuss our results, in
particular the evolution of the population of newly-formed
DCBHs and the properties of their host haloes around the
DCBH formation time. In Section 5, we discuss the impli-
cations of our results in relation to the observed spectra of



LRDs. Finally, in Section 6, we summarize our findings and
conclusions.

2 METHODS

In this section, we describe the relevant properties of the sub-
set of the MELI®RA simulations that we analyse in this work,
and summarize the physical models we employed, especially
our new model for DCBH formation in cosmological runs
(see Section 2.8). For a more detailed description of the full
simulation suite, we refer the reader to our upcoming method
paper (Cenci et al., in preparation).

2.1 Simulations

In MELI®RA, we simulate a cosmological volume with periodic
boundary conditions, evolved to a final redshift of z = 4. For
this work, we make use of preliminary runs with a volume of

(5 cMpc)®.

Initial conditions are generated at z = 100, with the
MUIti Scale Initial Conditions (MUSIC; Hahn & Abel 2011)
code. We assumed cosmological parameters €, = 0.272,

Qp =1 - Qn = 0.728, O = 0.045, h = 0.704, os = 0.81,
ns = 0.967, consistent with results from the Wilkinson Mi-
crowave Anistropy Probe (WMAP-7; measurements taken
over 7 years of observations; Komatsu et al. 2011). We em-
ployed a Eisenstein & Hu (1998, 1999) transfer function for a
cold dark matter cosmology, that includes perturbations due
to several baryon effects.

Gravity and hydrodynamics in MELIORA are solved with
the adaptive mesh refinement rRAMSES code® (Teyssier 2002).
RAMSES is fundamentally based on a fully threaded oct-tree
structure (e.g., Kravtsov et al. 1997; Khokhlov 1998).

The MELI®RA simulations start from a minimum refine-
ment level lref,min = 8 (coarse level), corresponding to a
coarse resolution of Axmax ~ 20 kpc and a dark matter mass
resolution of mpy =~ 2 x 10° Mg. We adaptively refine the
grid to a maximum refinement level #;ef max = 16, achieving
a maximum spatial resolution (i.e., the physical cell size at
lref max) as high as Axmin =~ 76 pc. Refinement is allowed
over the the entirety of the simulated volume. The criterion
for mesh refinement follows a quasi-Lagrangian approach: for
a given cell, refinement is triggered if

Mpwm + St M, > 8mpwm , (1)
Qp,

where Mpwm and My, are the total dark matter and baryon
(gas + stars) mass in the cell, respectively. Additionally, a
cell is refined if its size is larger than twice the characteristic
Jeans length computed from the cell’s temperature and den-
sity. Each refinement level consists of a characteristic cell size
that is half of that of the previous coarser level. The cells con-
taining sink particles (representing, e.g., BHs) are enforced
to get refined to the maximum refinement level that is cur-
rently allowed. To keep an approximately constant physical
scale-length for grid cells at the finest refinement level, we
allow for an additional refinement level (above lref,min) every
time the scale factor doubles.

2 The publicly available repository for RAMSEs can be found at:
https://bitbucket.org/rteyssie/ramses/src/master/.
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Table 1. Summary of the DCBH formation criteria used in the
sub-set of MELIORA simulations that are used in this work. The lo-
cally adjusted thresholds J ﬁ{,{}y loc and M ﬁf}fo . are given by Equa-
tions (6) and (7), respectively.

Simulation label MO002 MO004
Mstar = 0 v v 4
n > ngp v v v
logyo Z/Z6 < —4 <-4 <-6
Jiw [J21] > JfW 0e > 100 >100
Min Mg /yr] >ME o >01 0 >1

FEuler equations for gas dynamics on the grid are solved
with a unsplit, second-order MUSCL-Hancock scheme (van
Leer 1979) and the Harten-Lax-Van Leer-Contact (HLLC
Toro et al. 1994; Toro 1999) approximate Riemann solver.
The dynamics of collisionless particles (dark matter, stars,
and BHs) is solved for using a particle-mesh (PM) method
with cloud-in-cell (CIC) interpolation. Time-steps of finer lev-
els in the mesh hierarchy are updated twice for every up-
date step in the next coarser levels. For stability, time-steps
are limited following the Courant—Friedrichs-Lewy condition,
with a Courant number of 0.8.

2.2 Clump finder

Haloes in our simulations are associated with gas den-
sity clumps, that are identified throughout the simula-
tions with the built-in clump-finder routines of RAMSES
(Bleuler & Teyssier 2014; Bleuler et al. 2015). Gas cells
with a mass density above the density threshold ppeax =
80 perit,m are assigned to the nearest density peak, fol-
lowing the steepest-ascent path. Here perit,m = 1.88 X
1072Q, A% (1+2)° [g/cm?] is the critical matter density
of the Universe at the given redshift. Saddle points between
peaks, where density is larger than psaddie = 200 perit, m, are
also identified in order to merge the non-relevant structures
to their nearby clumps. When the peak-to-saddle density ra-
tio is below a relevance threshold xciump = 3, the peaks are
merged together. Otherwise, both peaks survive and be con-
sidered as independent clump structures.

2.3 Gas cooling and heating

The equation of state of gas in MELI®RA is that of an ideal
gas with a adiabatic index vy = 5/3 (monoatomic gas). Gas
cooling follows the model by Sutherland & Dopita (1993),
accounting for cooling by H, He, and metals, down to 10* K.
At temperatures < 10* K, we include fine-structure, infrared
line cooling through the analytical approximation of the cool-
ing rates by Rosen & Bregman (1995) (based on the results
by Dalgarno & McCray 1972). We assume an initial average
gas-phase metallicity Zo = 0. After redshift zyeion = 8.5, we
consider gas heating from a uniform UV background from
high-redshift reionization sources, following the model by
Haardt & Madau (1996). In order to mimic the effect of
gas heating in star-forming regions, and prevent excessive
spurious fragmentation, we impose a polytropic temperature
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floor Thoor = To (n/nsp)“*1 of the high-density inter-stellar
medium, where k = 1.6 and Ty = 10® K. At high densities,
above the density threshold for star formation, nsr, this pre-
scription results in an artificially increased thermal pressure
that prevents gas from cooling to lower temperatures (e.g.,
Springel & Hernquist 2003).

2.4 Star formation

Star formation in MELIORA takes place in gas with hydrogen
density above a fixed threshold nsp = 1 cm 3. A gas cells
that satisfy this density criterion form stars with an expected,
average star-formation rate density p, following the Schmidt
(1959) law:

m:mi, (2)

where p is the cell’s gas mass density, tg = /37/32Gp is
the local free-fall time, and eg is the local star formation
efficiency per free-fall time. While often taken as a fix pa-
rameter independent of redshift, here eg is estimated based
on the local properties of the inter-stellar medium, follow-
ing the turbulence-regulated model by Federrath & Klessen
(2012) and Padoan & Nordlund (2011) (see also Hennebelle
& Chabrier 2011).

Over a time-step At, a gas cell with a p. > 0 forms a
star particle that represents a population of a number N,
of stars, that follows a Poisson statistics, and limited such
that every gas cell can convert up to maximum 90 per cent
of their available gas mass into stars. The minimum resolved
stellar mass in the simulations used in this work is m.,o ~
10* Mg. The newly formed star particles have a total mass
my = N, my o and inherit momentum (p.) and metallicity
(Z,) from their parent gas cell.

Star particles with metallicity Z/Zs < 10™* are classified
as PopllI stars, whereas Popll stars have larger metallicities
(see, e.g., Maio et al. 2011). PoplII stars in MELIORA form
with a Salpeter-like initial-mass function (IMF) (Salpeter
1955; Miller & Scalo 1979; Kimm et al. 2017), whereas other
stars form with a Kroupa (2001) IMF.

2.5 Stellar feedback

We collectively consider feedback from type II and type Ia su-
pernovae (SNe), that deposit thermal energy, kinetic energy,
and the metals in the surrounding medium. Furthermore, we
distinguish between feedback from Poplll and Popll stars.
Star particles that are older than 10 Myr undergo SN explo-
sions that eject a fixed fraction ngn = 0.2 of their mass. This
is numerically equivalent to assuming that 20 per cent of the
stars simultaneously go off as SNe in the coeval population
represented by simulated star particles. The ejected mass is
instantaneously deposited in the 27 neighbouring father cells,
with a metal yield of Ysn = 0.1. Therefore, when triggering
SN events, a star particle ejects a mass Mej = 1sn M, with a
metallicity Zo; = Z, + Ysn(1—Z,). Furthermore, SNe release
a total energy of Esx = 10°! erg per 10 M of ejected mass.
In our simulations, we do not resolve the radius of SNe rem-
nants at the end of the Sedov—Taylor phase and the energy
(Fsn) that is released is instantaneously deposited as thermal
energy into nearby gas. In MELI®ORA, PopllII star particles can
go off as SNe after only 3 Myr (approximately the average
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lifetime for a 40 Mg PopllI star; see Schaerer 2002, 2003).
We assume an ejecta mass fraction of ngn = 0.35, with a total
energy release of 10°! erg per 10 Mg of ejected mass and a
metal yield of Yan = 0.2 (see Wise et al. 2012; Kimm et al.
2017, and references therein).

Massive young stars likely reside in dense gas that can
efficiently cool, quickly radiating away the thermal energy
deposited by SN feedback (e.g., Katz 1992). However, non-
thermal processes (e.g., unresolved turbulence, magnetic
fields, and cosmic rays) can store additional energy that dis-
sipates over time-scales that are typically longer than the
gas cooling time-scale. In order to mimic the effect of non-
thermal pressure terms, we turn off the cooling for gas around
star particles for a dissipation time-scale tqiss = 20 Myr (see,
e.g., Gerritsen 1997; Thacker & Couchman 2000; Thacker &
Couchman 2001; Stinson et al. 2006; Teyssier et al. 2013),
of the order of the life-time of massive (> 10 Mg) stars. In
MELI®RA, we use the same dissipation time-scale for both
PoplI and PoplII star particles.

2.6 Lyman-Werner radiation

The total (unattenuated) Lyman-Werner (LW) flux Jrw,; at
the centre of the i-th halo is computed accounting for a uni-
form LW background flux (J & ; following Incatasciato et al.
2023) and the LW flux received from star forming regions
around the target halo:

stars -2
bk My,n |ri — Puonl
Juw,i = Jow + E A (103 M@) ( TTpe ) . (3)

Here m, , and 7., are the mass and position vector of
the n-th star particle, respectively. The factor A, , includes
the dimming of the LW flux with increasing stellar age ¢,
(Schaerer 2003; Lupi et al. 2021). For the n-th star particle,
we have:

_ fem exp[—tun/ (300 Myr)]

(14 tn/ (4 Myr) ]2
where f, . = 15 for PoplII stars, and f. . = 3 otherwise (e.g.,
Greif & Bromm 2006; Agarwal et al. 2014).

We correct the LW fluxes of Equation (3) for attenua-
tion and shielding, by estimating the molecular gas fraction
and column density of haloes along the line-of-sight of every
source.

A

)

(4)

2.7 Mass-inflow rates

We estimate the instantaneous mass-flow rate Ml onto the
central region (where we expect DCBHs to form) of the i-th
halo as follows:

Mg = =37 72 (5)

where my, v, and r, = |r; — 7| are the mass, radial com-
ponent of velocity, and distance, respectively, of the gas in
the n-th cell, with respect to the centre of the i-th halo.

2.8 Black hole formation

At each time-step, for all haloes identified in a given simula-
tion, we also evaluate the physical conditions around the den-
sity peak, within a spherical accretion radius racer = 4 AZmin,



where Axmin is the size of a cell at the highest refinement level
in the simulation.

A given halo is considered a candidate DCBH-formation
site if all of the following criteria are met:

e The average density, n, around the halo’s peak exceeds
the threshold density for star-formation, ngr: 7 > ngr.

e The average gas-phase metallicity, 7Z , around the halo’s
peak below a defined threshold, Z “'*: Z < Z "',

e The effective Lyman-Werner flux, Jiw, at the halo’s

peak must exceed a critical value, J': Jow > Jar.

e The mass-flow rate, Mm, toward the halo’s density peak
must exceed a critical value, M;&"%: M, > M,S".

e The halo must not have formed stars: Mgiar = 0.

We do not consider any DCBH formation criterion that
evaluates the spin of the dark matter halo, because the halo
spin is not clearly coupled to the angular momentum of
baryons on smaller scales (e.g., Dubois et al. 2012b; Bonoli
et al. 2014). Furthermore, a low-spin criterion is generally
less restrictive criterion compared to requiring a minimum
LW flux (Bhowmick et al. 2022).

In Table 1, we summarize the criteria used for DCBH for-
mation in the sub-set of MELIORA simulations that we use in
this work, where we assume different values for the relevant
critical thresholds mentioned above. Specifically, simulation
MO000 assumes locally adjusted minimum thresholds for both
Jrw and Min and a fixed maximum metallicity threshold. In-
stead, simulations M002 and MO004 use fixed thresholds for
all criteria. We use a fixed critical Juw = 100 J21 for both
simulations, to compare to previous works on DCBH forma-
tion (e.g., Habouzit et al. 2016; Yue et al. 2017; Bhowmick
et al. 2024b; O’Brennan et al. 2025), and explore the theoret-
ical range of critical inflow rates using two fixed thresholds at
0.1 Mg yr~! (in M002) and 1 Mg yr~ " (in M004). Addition-
ally, in simulation M004, we use a lower maximum metallic-
ity of 1075 Z for DCBH formation. These three simulations
were specifically chosen to report results from a reasonable
variety of scenarios for DCBH formation. Different combi-
nations of critical thresholds and criteria are explored in the
full suite of MELI®RA simulations, with higher resolution and
larger simulated volumes.

2.8.1 Local critical Lyman-Werner fluz

Assuming fully neutral (i.e., mean molecular weight p = 1.22)
monoatomic medium (adiabatic index v = 5/3) in a virial-
ized halo, we can give an estimate for the local, critical LW
flux J ﬁ{,{} loc above which the LW flux prevents Hy from effi-
ciently forming in a target halo (see, e.g., Schauer et al. 2019;
Kulkarni et al. 2021; Lupi et al. 2021, and references therein):

EW,IOC — ¢ 1+2 2 ( n )2 M 4 (6)
100 2\ 10 cm-3 1085M, )
where n and M are the average hydrogen density and to-

tal mass (dark matter + baryons) of the target halo at red-
shift z, respectively. Dense-enough haloes in our simulations
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have masses ranging from approximately 10° to 10'° Mg,
implying a vast range of critical LW fluxes. The quantity
€Hy = tcrf)’(iff,HQ/tH is the minimum Hs cooling time-scale
cool,H, allowed for DCBH formation, in units of the Hub-
ble time-scale tg. In MELIORA, we assume en, = 1. In order
to be considered a candidate DCBH-formation site we ask the
target halo to satisfy Jfit > Jf{;{,t loc OF 100 J21, depending
on the simulation (see Table 1).

2.8.2 Dynamical heating

Dynamical, compressional heating can counteract cooling and
prevent Hs formation for halo mass-growth rates above a lo-
cal threshold value Mﬁf}foc (see, e.g., Yoshida et al. 2003;
Wise et al. 2019; Lupi et al. 2021, and references therein).
Furthermore, sustained inflow rates onto the central regions
of DCBH-forming haloes are required to fuel the accretion of
the intermediate protostar phase and overcome the action of
radiative feedback (e.g., Hosokawa et al. 2012, 2013; Schle-
icher et al. 2013; Chon et al. 2018). Following, e.g., Lupi et al.
(2021), for a target halo at redshift z we have:

Micnr,iltoc [ 1+z 3/2 M -1/2 €Hy J LW - -
wor - (o) (o) () @
where n, M, Jiw are the average hydrogen density, total
mass (dark matter + baryons), and received LW flux of the
target halo at redshift z. In order to be considered a candi-
date DCBH-formation site, the target halo must satisfy either
M, > anr’ifoc, 0.1 Mgyr ! orl Mgyr~!, depending on
the simulation (see Table 1).

2.8.3 Seed mass

Unlike most state-of-the-art simulations (e.g., Illustris, EA-
GLE; but see Habouzit et al. 2017), the initial mass of DCBHs
in MELI®ORA is determined by local properties of their host
haloes, rather than being set to a fixed value.

All clumps that satisfy the above criteria are flagged as
DCBH-formation sites. To emulate DCBH formation over
the timescales during which the formation site is expected to
experience intense UV radiation, strong inflows, and accre-
tion during the intermediate supermassive star phase, at each
time-step At, we assign the DCBH-formation site a Poisson
probability Pgu of forming a DCBH sink particle that time-
step (e.g., Bellovary et al. 2011; Dunn et al. 2018):

PBH =1- exp (—At/tﬂ) 5 (8)

where tg = \/37/32G p is the local free-fall time in the halo.

Here p is the average gas mass density in the cells around the

DCBH-formation site, computed within 7acer. For densities

above the star-formation threshold of MELI®RA, we have that

tg S 70 Myr. We then draw a uniform random number x €

[0,1] and, if z < Pgu, we form a DCBH sink particle with
seed

initial mass Mg © given by:

Magd = {2.74 + 2.21 log,, (%)

w0t flgy (22 Lot

where M is the mass-inflow rate computed as in Equation (5),
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and (- )p represents the volume-weighted average computed
using a cloud-in-cell (CIC) interpolation over the 8 nearest
father cells around the DCBH-formation site. Equation (9)
above is derived as the average fit to the results of Umeda
et al. (2016); Woods et al. (2017); Haemmerlé et al. (2018) for
the final mass of accreting (non-rotating) supermassive stars
in pristine cores (see also Woods et al. 2019, for a review)
with a second-order polynomial.

A swarm of cloud particles is spawned around every sink
particle, spaced by Az/2 and within a sphere of radius
Teloud = 4Ax, where Az is the local cell size. The role of
cloud particles is purely numerical. They serve to constantly
probe the average physical properties of gas around BHs, to
then allow us to calculate the relevant quantities used for,
e.g., our BH growth schemes (see, e.g., in Equation 10 be-
low).

2.9 Black hole growth

DCBHs in the MELI®RA simulations grow due to both black
hole mergers and gas accretion, that will affect the evolution
of their mass and spin.

The black hole mass growth rate due to gas accretion is
estimated starting from the Bondi-Hoyle-Lyttleton (Hoyle &
Lyttleton 1939; Bondi & Hoyle 1944; Bondi 1952) solution:

M — 47 G? M]_%H (P)py /B (10)

[Jost — ()l + (@) ]

where Mgu, and vsn are the black hole mass and velocity, re-
spectively, whereas v, cs, and p are the velocity, sound speed,
and mass density of gas in the cells surrounding the sink
particle, respectively. With (-)p we represent the volume-
weighted average with CIC interpolation over the 8 nearest
father cells around the sink particle, within r¢ouq. The cor-
rection factor agp is introduced to extrapolate the average gas
quantities to their value far from the black hole (see Krumholz
et al. 2004; Dubois et al. 2010).

Furthermore, we limit the accretion rate Mg to the Edding-
ton critical accretion rate Mggq = 47 G Mpn mu/ (€ o c),
where o7 is the Thomson scattering cross-section, and ¢, is
the radiative efficiency of the accretion process. To summa-
rize, the mass-flow rate towards the black hole is Maccr =
min{MB,MEdd} and the effective black hole mass-growth
rate Mpg = 1-e) Mocer. Over a time-step At, the black
hole mass grows of MBH At and a mass ]\LCCr At is removed
from the gas in the cells within raccr from the sink particle.
The amount of mass removed from each cell follows the same
volume-weighted scheme as the one used to compute average
physical quantities in the vicinity of the sink particle.

From the disc mass-flow rate, Maccr, we can estimate the
bolometric luminosity produced in the accretion process as
follows:

Lpot = € Macer 02 . (11)
In this work, we assume an effective radiative efficiency €, =
0.1 when calculating bolometric luminosities and accretion

rates..
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2.10 Black hole feedback

We include two modes of BH feedback that are effective
in different regimes, characterised by their Eddington ratio
AEdd = Maccr/MEdd: a ‘radio mode’ for low Agaq < 0.01
and a ‘quasar mode’ for higher Ag4qq. In the quasar mode, we
isotropically inject thermal energy in the medium surround-
ing the BH, at a rate proportional to the BH bolometric lu-
minosity, EAGN = €q Lvol, with a coupling efficiency ¢q = 0.9
(Booth & Schaye 2009; Dubois et al. 2012a). In the radio
mode, we transfer momentum to the gas around the BH, as
a bipolar outflow with jet velocity of vje, = 10* km/s (with
a mass-loading factor nxin = 100 of the jet on unresolved
scales; see, e.g., Omma et al. 2004; Cattaneo & Teyssier 2007;
Dubois et al. 2009, 2010). Kinetic energy and momentum are
spread over a cone of aperture f.one = 90 deg, aligned with
the average angular momentum of the gas around the BH.

3 DECLINING POPULATION OF NEWBORN
DCBHS

In the next sections, we analyse the results from the three
simulations introduced above (M000, M002, and M004; see a
summary in Table 1). We primarily focus on the evolution of
the population of newly-formed DCBHs and the properties
of their host haloes around the time of DCBH formation.

DCBHs in MELI®RA form with initial masses in the range
10* — 10° Mg. By redshift z = 7, we form about 300 DCBHs
(with a corresponding abundance of 2.44 chch) in sim-
ulation M000, whereas in M002 and MO004 we only form 8
(0.064 cMpc™?) and 3 (0.024 cMpc™?), respectively. This
differences owe to different formation criteria employed in
the different simulations. Specifically, simulation MO000O al-
lows for enhanced DCBH formation in haloes with masses
< 10% Mg, where the critical LW flux (Equation 6) is sig-
nificantly smaller than in higher mass haloes. Depending on
the total received LW flux, the critical inflow rate could also
reduce in low mass haloes (see Equation 7).

In Figure 2, we show the abundance of newborn DCBHs
(i.e. with ages agepn < 100 Myr) as function of redshift, in
different simulations (middle panel), and the fraction of new-
born DCBHs compared to the total number of DCBHs that
are present in the simulated volume at a given redshift, in
different simulations (right panel). In simulation M000, both
the abundance and fraction of newly formed DCBHs exhibits
a clear, steep decline at z < 6, indicating that DCBH for-
mation becomes significantly less efficient at lower redshifts.
Interestingly, this behaviour is akin to that observed in the
emergence of LRDs (left panel; Kocevski et al. 2024). In sim-
ulations M002 and M004, no new BHs are formed after z ~ 6
and z ~ 5, respectively, albeit our low statistics introduces
a large uncertainty when constraining their abundance at
z < 8, especially in M004. The different simulations yield dif-
ferent overall abundances but consistent fractions of newborn
DCBHs, especially at z > 7. Simulations with more stringent,
fixed thresholds for DCBH formation (i.e. M002 and M004;
see Table 1) could have a declining population of newborn
DCBHs already at z 2 9. However, the volume of our simula-
tions does not allow us to measure instantaneous abundances
below 8 x 1072 ¢cMpc~3, making it more difficult to under-
stand the behaviour of these simulations when no DCBHs
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Figure 2. Left panel: redshift distribution of all LRDs reported by Kocevski et al. (2024) (see also Figure 1 of Inayoshi 2025). The
filled, purple histogram shows the sub-set of LRDs with spectroscopically confirmed redshift (zspec). Middle panel: abundance of newborn
DCBHSs (npew—pH; BH age < 100 Myr) as function of redshift, in different simulations. Right panel: fraction of newborn DCBHs compared
to the total number of DCBHs present in the simulated volumes at the same redshift, as a function of redshift. Data points are the median
values with bootstrapped (16-th to 84-th percentiles) errorbars. The formation of DCBHs appear to be significantly less efficient at z < 6,
as the fraction of newly formed DCBHs declines steeply. This behaviour is akin to that observed in the emergence of LRDs (Kocevski et al.
2024; Inayoshi 2025). Different simulations yield different overall abundances but consistent fractions of newborn DCBHs. Simulations
with more stringent, fixed thresholds for DCBH formation (i.e. M002 and MO004) possibly display a declining population of newborn

DCBHs already at z > 7. The volume of our simulations limits the measurable instantaneous abundances to > 8 x 10~3 cMpc ™2, making
it more difficult to understand the behaviour of the simulations when no DCBHs from.
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Figure 3. Mass-inflow rates (Min) in all haloes (whether they host a DCBH or not) in our simulations, as a function of redshift, in
different simulations. We show these results for three different halo mass bins, increasing from left to right. Data points are the median
values with bootstrapped (16-th to 84-th percentiles) errorbars. In general, the median mass-inflow rate of haloes of a given mass decreases
at lower redshifts, displaying a steep decline at z < 6 (especially at halo masses M1, < 108 Mg) that correlates with the decline in the
fraction of newborn DCBHs. In this context, different simulations produce very similar results. In general, the less efficient formation of
DCBH at low redshifts is due to haloes being progressively more metal-enriched, with less dense gas, more stars, and inefficient inflows
(see Appendix A for details on the evolution of physical properties of haloes, other than inflow rates).

from. Here, abundances are computed as the number density
of newborn BHs averaged over the simulation outputs within
the given redshift bin. Consequently, the reported values can
lie below the limiting instantaneous measurable abundance
in the simulated box. In simulation M004, there is about one
newly formed BHs in every considered redshift bin within
z = 5 — 11. Therefore, we can only provide an interpolation
between redshift bins with at least one new BH forming (see
absent data points at z ~ 7 —8). Furthermore, DCBHs could
form at z > 12, however, our sample is likely incomplete at
higher redshifts, due to the relatively small volume of the sim-
ulations presented here. Larger volumes will be simulated to
fully probe the cosmic number density of DCBHs (see Cenci
et al., in preparation).

Any change in the population of newborn DCBHs corre-

lates, by construction, with changes in the physical state of
gas in the target haloes for their formation. In general, low-
redshift haloes are more metal enriched, have more stars,
and their central gas density is lower than in high-redshift
haloes (see Appendix A). As a result, we expect the forma-
tion of DCBHs to become highly inefficient at low redshift.
Furthermore, mass-inflow rates are significantly reduced go-
ing to lower redshifts. In Figure 3, we show the median mass-
inflow rates in all haloes, as a function of redshift, in different
simulations, and in three different halo mass bins. On aver-
age, the mass-inflow rate of all haloes decreases with redshift,
with a steeper decline at z < 6, that is especially evident for
halo masses Mhaio < 108 Mg. This feature in the evolution of
inflows correlates with the decline in the fraction of newborn
DCBHs that we see in Figure 2.
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Figure 4. Fraction of all DCBHs of a given age (i.e. time since
their formation; BH age) in the simulated volume that have a bolo-
metric luminosity Ly > 1043 ergs™! (i.e. classified as AGN), in
different simulations. Data points are the median values with boot-
strapped (16-th to 84-th percentiles) errorbars. In general, DCBHs
do exhibit an AGN phase in the < 200 Myr after their formation.
The overall AGN fraction and the characteristic time-scales asso-
ciated with the AGN phase do differ in different simulations.

Our results suggests that the decline in the fraction of
new DCBHs (or, equivalently, in the DCBH-formation rate)
is associated with the decreasing efficiency of inflows within
haloes. This behaviour is likely associated with rapidly de-
creasing gas fractions and reduced cold accretion in our sim-
ulations, at z < 6 (see, e.g., Sargent et al. 2014; Miettinen
et al. 2017; Liu et al. 2019). Inflow rates within low-mass
haloes can correlate with the accretion rates from larger scales
onto haloes, and the reduced inflows would allow for an ef-
fective increase in the gas-phase metallicity of haloes (e.g.,
Davé et al. 2012; Lilly et al. 2013; Bassini et al. 2024), hence
hindering the formation of DCBHs. Furthermore, increasing
metallicities enhance the effect of feedback in driving outflows
and therefore reducing the effective inflow rates within haloes
(e.g., Muratov et al. 2015; Bassini et al. 2023). The relatively
low inflow rates within low-mass haloes at z < 6 can still be
above the assumed critical thresholds, and all DCBH forma-
tion criteria may be important in determining the evolution
of the abundance of newly-formed DCBHs. In Appendix A,
we show how central gas densities decrease and, on average,
gas-phase halo metallicities increase, with redshift, effectively
reducing DCBH formation. Understanding the causal connec-
tion between the decline in DCBH formation and the physical
state of galaxies is beyond the scope of this work. A com-
prehensive analysis of the halo and galaxy properties in our
simulations is deferred to a companion paper (Cenci et al., in
preparation).

4 BEFORE AND AFTER DCBH FORMATION

In Figure 4, we show the fraction of DCBHs in our simu-
lations that is classified as AGN (i.e. with bolometric lumi-
nosities Lo > 10*® ergs™!) as a function of the time since
the DCBH formation (BH age). All DCBHs contributing to
this AGN fraction are accreting close to their Eddington limit
(< 10** ergs™! for DCBH masses < 10° Mg). In general, a
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non-negligible fraction of DCBHs is in a luminous AGN phase
only in the ~ 100 — 200 Myr after their formation, depending
on the simulation.

Most LRDs have bolometric luminosities > 10%® ergs™
(e.g., Harikane et al. 2023; Akins et al. 2024; Greene et al.
2024; Kokorev et al. 2024; Maiolino et al. 2024; Matthee
et al. 2024b; Ubler et al. 2024; Lin et al. 2025). However,
only DCBHs during their AGN phase, representing a small
fraction of all DCBHs in our simulations, have such high lu-
minosities. Furthermore, we do not model super-Eddington
accretion in our simulations, imposing a limit on the maxi-
mum luminosity of accreting DCBHs (about 10** ergs™" for
a BH mass ~ 10° Mg). In particular, if we only consider
luminous newborn DCBHs with Ly, > 10%* erg sfl, their
abundance would be at least factor < 1072 lower than the
one reported in Figure 2, in reasonable agreement with the
reported abundance of LRDs (e.g., Kocevski et al. 2024).

In Figure 5, we show the time evolution of the properties
of the host haloes of newborn DCBHs, in a period of time
prior to and after DCBH formation. In particular, we show
the evolution of their inflow characteristic time-scale, average
hydrogen density, half-mass radius, and stellar mass fraction.
In general, prior to DCBH formation, haloes experience a
clear gas compaction event (typically associated with intense
inflows; akin to low-redshift starbursts; e.g., Dekel & Burkert
2014; Lapiner et al. 2023; Cenci et al. 2024a,b; McClymont
et al. 2025a,b), characterized by short inflow time-scales (of
order of the local free-fall time), increasing gas densities, and
decreasing gas half-mass radii. After the formation of the
DCBH, inflows rapidly become less efficient (with inflow time-
scales a factor 10 longer than the local free-fall time), density
decreases, and the gas reservoir grows in size. Furthermore,
the first PopllII stars form in DCBH-host haloes in the 100 —
200 Myr after DCBH formation.

In Figure 6, we show the typical size of the gas reservoir
around DCBHs (in terms of gas half-mass radius, R{a,) of
different ages. In the < 200 Myr after DCBH formation, we
have gas half-mass radii of about 100 — 200 pc, consistently
to what is inferred for most LRDs (e.g, Furtak et al. 2023;
Baggen et al. 2024; Casey et al. 2024; Labbe et al. 2025).
However, we note that these length-scales are close to the
spatial resolution (i.e. maximum grid refinement scales) of
our simulations and we are thus unable to resolve possibly
more compact configurations. After DCBH formation, the gas
reservoirs become more extended in size.

1

5 SPECTRUM OF DCBH NURSERIES

In our simulations, PoplII stars form < 200 Myr after DCBHs
do, when a (small) fraction of the latter are still in their AGN
phase. Emission from both newly-formed PoplII stars and the
AGN contribute to the intrinsic SED of these systems. To re-
produce the characteristic shape of observed spectra of LRDs,
we likely need strong dust obscuration, to primarily attenu-
ate the emission from the AGN. However, haloes around our
newly-formed DCBHs are practically pristine in terms of av-
erage metallicities, by construction (where DCBHs form be-
fore their host galaxies), resulting in very low attenuation in
the UV. Rayleigh scattering effectively reduces the UV con-
tribution from the AGN only for extremely high HI column
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Figure 5. Evolution of the properties of haloes hosting DCBHs, prior to and after their formation, as function of the BH age (time
since the DCBH have formed), in different simulations. Data points are the median values with bootstrapped (16-th to 84-th percentiles)
errorbars. In the upper left panel, we show the evolution of the ratio between the inflow time-scale (tinfiow = Mgas/Min; i.e. the ratio
between the total gas mass available and the mass-inflow rate in the halo) and the local free-fall time-scale (¢g). In the uppper right
panel, we show the evolution of the average hydrogen number density (7ig) in the halo. In the bottom left panel, we show the evolution of
the gas half-mass radius (R{2};), where the trend for each halo was normalized by R{%. at the time of DCBH formation (R§o, (0); i.e.
when BH age = 0). For BH age = 0, the data points do not meet at R%Zﬁ/R%Zﬁ(O) = 1, but rather at a larger value, due to the choice of
binning in BH age. In the bottom right panel, we show the evolution of the stellar mass fraction (Mstar/Mpary; i.e. stellar mass over total
baryonic mass). The general picture is that efficient inflows are associated with a gas compaction event and the formation of a DCBH.
Subsequently, on average, inflows get less efficient, gas becomes more diffuse, and the first Poplll stars can form.

densities. Figure 7 shows a simple® SED for a 3 x 10° Mg Furthermore, we consider a dust extinction law (e.g., Temple

zero-age Poplll stellar population (Schaerer 2002), and an et al. 2021):

optically thick, geometrically thin, standard accretion disc A 800 A

around a 3 x 10” Mg BH accreting at the Eddington limit Tdust = ﬁ {Rv + 6.2 + <T>} , (13)
. v

(Shakura & Sunyaev 1973). We account for effective UV at-
tenuation of the accretion disk emission from Rayleigh scat-
tering with an optical depth (see, e.g., Lee 2013):

(12164 ! N
seatt = Arest 4 x 1023 cm—2

with an extinction ratio Ry = 2.7 (typical value derived
for the Small Magellanic Cloud and low-metallicity systems;
e.g., Prevot et al. 1984; Calzetti et al. 2000), and Ay =
(Z)Z5) (Nui/1.8 x 10°" cm™?) (e.g., Bohlin et al. 1978),
given by the neutral hydrogen column density Nur and gas-
phase metallicity Z = 107°% Z5. Dust extinction only plays a
minor role in the overall attenuation, compared to Rayleigh
scattering, for Z <107% Zg.

The total optical continuum emission from the majority
of DCBH nursery systems would be relatively faint (AB
magnitude > 30) and possibly below the average sensi-
tivity limit of JWST. However, deep JWST surveys (e.g.,
NGDEEP,GLIMPSE, Bagley et al. 2023; Fujimoto et al.
2025), and possibly the addition of strong lensing, should be

(12)

3 Here we do not include the contribution from either emission
lines or scattered light from the AGN, that could boost the overall
emission of the systems we considered (e.g., Leung et al. 2024). Fur-
thermore, the PopllIl stars may form following a different initial-

mass function, that could also affect the shape and magnitude of
the predicted SED (e.g., Trussler et al. 2023).

able to observe them. In our simulations, only < 2 per cent
of DCBHs reach masses > 3 x 107 Mg, in the 200 Myr after
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Figure 6. Estimated probability density function (PDF) for the
half-mass radius (R}o];) of gas in haloes that host a DCBH, for dif-
ferent BH ages, in all simulations. The red shaded area represents
the 16th-to-84th percentiles range of estimated effective radii for
the LRDs by Akins et al. (2024, F444W NIRCam filter). In gen-
eral, newly-formed DCBHs (BH age < 200 Myr) are embedded in
dense gas reservoirs with half-mass radii < 100 — 200 pc.
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Figure 7. Illustration of the spectral energy distribution (SED)
expected from the multi-temperature alpha-accretion disc (black
lines; Shakura & Sunyaev 1973) around a 3 x 10° Mg BH ac-
creting at the Eddington limit (bolometric luminosity Lpo =
4 x 10*% erg/s) and a population of 3 x 105 Mg zero-age PoplII
stars (blue line; Salpeter initial-mass function; Schaerer 2002)
in a DCBH ‘nursery’ at z = 6. Attenuation is computed con-
sidering the contribution from Rayleigh scattering and dust ex-
tinction for different neutral hydrogen column densities (Nyp =
0, 10%°, and 1026 c¢cm~—2; for the dashed, dotted, and solid black
line, respectively) and a gas-phase metallicity Z = 1076 Zg
(see main text for details). For comparison, we show the av-
erage SED from the sample of LRDs from Barro et al. (2024)
(2 = 5.5, and 7.5), re-normalized by the value of our total (stars -+
AGN with Ny = 1026 cm~2) SED at 0.4 um.
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their formation, growing close to their Eddington limit. As a
result the abundance of luminous DCBH nurseries could be
in agreement with that reported for LRDs (as discussed also
in Section 4 concerning the AGN fraction).

We consider different atomic hydrogen column densities,
Ner = 0, 10%%, and 10?® cm 2. Such high column densities
imply strong extinction in the soft X-ray spectrum (e.g., Ricci
et al. 2014) and would possibly explain the lack of X-ray
detections (e.g., Ananna et al. 2024; Juodzbalis et al. 2024;
Yue et al. 2024; Maiolino et al. 2025b). Precise observations of
polarization features around the Lyman-« emission can probe
Rayleigh-scattered light off neutral hydrogen gas surrounding
these AGNs (e.g., Dijkstra & Loeb 2008; Chang et al. 2017).

If the AGN is embedded in a dense (ng > 10° cm™®)
and compact (< 200 pc) neutral hydrogen reservoir, scat-
tering and dust extinction can help reproduce the V-shaped
SED typical of LRDs, in the presence of young PoplII stars.
This scenario is in general consistent with the inferred den-
sities in the nuclei of LRDs. By analysing the absorption of
Balmer lines, a number of authors derive hydrogen densities
of > 10® cm™? in the core of LRDs (Juodzbalis et al. 2024;
Ji et al. 2025; Naidu et al. 2025; Taylor et al. 2025). More-
over, Inayoshi & Maiolino (2025) showed that a Balmer break
feature can originate in AGN spectra if the latter are embed-
ded in extremely dense hydrogen cores, possibly featuring
strong outflows. At these densities, assuming temperatures
of T > 10* K, fragmentation in the nucleus can happen on
mass-scales of < 10° Mg, possibly favouring the formation
massive PoplIlI stars. Finally, inflows form a quasi-isotropic
and dense gas reservoir would enforce super-Eddington accre-
tion onto newborn DCBHs (e.g., Regan et al. 2019; Sassano
et al. 2023; Lupi et al. 2024; Kao et al. 2025), as expected for
some LRDs (e.g., Inayoshi et al. 2024; Madau 2025).

6 SUMMARY AND CONCLUSIONS

In this work, we explore the connection between Little Red
Dots (LRDs) and direct-collapse black hole (DCBHs) that
have recently formed. We employ preliminary runs from
the upcoming MELI®RA suite of cosmological simulations,
where we implement a new accurate model for DCBH for-
mation. Specifically, we form DBHs at centre of simulated
haloes that are dense and pristine (gas-phase metallicity
< 107% — 107™* Zg), experience intense Lyman-Werner ra-
diation and mass-inflow rates, and have not formed stars yet.
In the following, we summarize our findings and conclusions:

() The population of newly-formed DCBHs in our sim-
ulations swiftly declines at z < 6 (see Figure 2), akin to
the emergence of LRDs (Kocevski et al. 2024). Overall,
low-redshift haloes are less likely eligible for DCBH for-
mation, due to their lower central gas densities and higher
metallicity than high-redshift haloes. Furthermore, below
z =~ 6, haloes in our simulations experience significantly
reduced mass-inflow rates (see Figure 3).

(i¢) DCBHs exhibit an active phase with Ly > 10*3 ergs™?!
in the < 200 Myr after their formation, when they accrete
close to their Eddington limit. Less than 2 per cent of our
DCBHs can grow to > 3 x 10" Mg during their active phase.



(313) In the 200 Myr prior to the formation of a DCBH,
haloes experience efficient inflows where neutral gas free-falls
towards their centre, that is associated with the increase in
the central neutral gas density and a decrease in the effective
size of the gas reservoir (see Figure 5). After the DCBH has
formed, the first Poplll stars also form, the gas reservoir
becomes more diffuse and inflows less efficient.

(iv) Rayleigh scattering off neutral hydrogen with extremely
high column densities (Ny > 10%° ecm™2 —10%¢ cm™?) around
newly-formed DCBHs could account for the expected UV at-
tenuation and weak X-ray emission (see Figure 7).

The continuum emission from the first PoplIl stars con-
tributing to the SED of DCBH nurseries can be distinguished
from that of more evolved galaxies with observations with the
JWST medium-band NIRCam filters (e.g., Fujimoto et al.
2025). Furthermore, accurate modelling of the SED of young
and actively accreting DCBHs (see, e.g., Natarajan et al.
2017, 2024; Inayoshi et al. 2022; Nakajima & Maiolino 2022)
will be crucial to potentially distinguish the DCBH nursery
systems studied in this work among the population of LRDs.

DCBH nurseries arise in the 100 Myr after the formation of
DCBHs, characterised by a dust-free, extremely dense, and
compact neutral hydrogen envelope, surrounding a newborn
DCBH, that accretes close to (or possibly exceeding) its Ed-
dington limit. Our results suggest that a fraction of observed
LRDs at z > 4 could be associated with such DCBH nurseries
(as similarly proposed by Inayoshi 2025), or an even earlier
stages of DCBH formation (Begelman & Dexter 2025). How-
ever, LRDs may not trace an homogeneous population and
it is currently hard to assess to what extent newly-formed
DCBHs can contribute to the population of LRDs. With
larger and higher-resolution simulations (MELI®RA; Cenci et
al., in preparation) we will be able to better probe the physi-
cal state of the nuclei of DCBH hosts and understand whether
or not these system could correspond to the observed popu-
lation of LRDs.
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APPENDIX A: EVOLUTION OF PHYSICAL
PROPERTIES OF HALOES

In this section, we show the evolution of physical properties
of haloes in the simulations used in this work, to comple-
ment the results shown in Figure 3. Specifically, we show
the average evolution of the average central gas density (Fig-
ure Al) and gas-phase metallicity (Figure A2) within the
haloes in three different mass bins. On average, low-redshift
haloes have both lower central gas densities and higher metal-
licities. Our prescription for the formation of direct-collapse
black holes (DCBHs) is based on both density and metallicity,
as well as mass-inflow rates and other local halo properties
(see Section 2.8). Therefore, the efficiency of DCBH forma-
tion over cosmic time is generally affected by the evolution of
these quantities, with higher metallicities and lower gas densi-
ties and inflow rates contributing in hindering DCBH forma-
tion. In M000 and M002, we do not allow for DCBH formation
if haloes have gas-phase metallicities Z > 10™* Z4, while in
MO004 we do not for DCBHs in haloes with Z > 107° Z.
Furthermore, the central gas density threshold below which
a halo is not eligible for DCBH formation is fixed at 1 cm ™3
in all the simulations presented here. This naturally re-
sults in a lower fraction of eligible haloes for DCBH for-
mation according to our density and metallicity criteria at
lower redshift and especially in simulation M004. Despite the
mean metallicity of haloes becoming significantly larger than
the maximum metallicity thresholds for DCBH formation at
lower redshifts, most haloes still satisfy the metallicity crite-
rion for DCBH formation. Specifically, the majority (about
> 85 — 90 per cent, depending on the simulation) of haloes
with total masses Myao < 108 Mg at z ~ 6 have metallici-
ties below the critical threshold, while only about 50 per cent
of more massive (Mpalo > 10% Mg) haloes do. Based on the
minimum density criterion, about 10, 80, and 97 per cent of
haloes are still eligible for DCBH formation at z ~ 6, from
the lowest to the highest mass bins, respectively.
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MNRAS 000, 1-13 (2024)


https://ui.adsabs.harvard.edu/abs/1984A&A...132..389P
http://dx.doi.org/10.1093/mnras/stt1730
https://ui.adsabs.harvard.edu/abs/2013MNRAS.436.2301P
http://dx.doi.org/10.48550/arXiv.2410.06141
https://ui.adsabs.harvard.edu/abs/2024arXiv241006141P
http://dx.doi.org/10.1051/0004-6361/202348903
https://ui.adsabs.harvard.edu/abs/2024A&A...685A..31P
http://dx.doi.org/10.48550/arXiv.2506.11233
http://dx.doi.org/10.48550/arXiv.2506.11233
https://ui.adsabs.harvard.edu/abs/2025arXiv250611233P
http://dx.doi.org/10.21105/astro.2210.04899
https://ui.adsabs.harvard.edu/abs/2023OJAp....6E..12R
http://dx.doi.org/10.1088/0004-637X/795/2/137
https://ui.adsabs.harvard.edu/abs/2014ApJ...795..137R
http://dx.doi.org/10.1093/mnras/stz1045
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.3892R
http://dx.doi.org/10.1051/0004-6361/201322701
https://ui.adsabs.harvard.edu/abs/2014A&A...567A.142R
http://dx.doi.org/10.1086/175303
https://ui.adsabs.harvard.edu/abs/1995ApJ...440..634R
http://dx.doi.org/10.1111/j.1365-2966.2012.21852.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.1159S
http://dx.doi.org/10.1086/145971
https://ui.adsabs.harvard.edu/abs/1955ApJ...121..161S
http://dx.doi.org/10.1088/0004-637X/793/1/19
http://dx.doi.org/10.1093/mnras/stac3608
https://ui.adsabs.harvard.edu/abs/2023MNRAS.519.1837S
http://dx.doi.org/10.1051/0004-6361:20011619
https://ui.adsabs.harvard.edu/abs/2002A&A...382...28S
http://dx.doi.org/10.1051/0004-6361:20021525
https://ui.adsabs.harvard.edu/abs/2003A&A...397..527S
http://dx.doi.org/10.1093/mnras/stz013
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.3510S
http://dx.doi.org/10.1093/mnras/stu2058
https://ui.adsabs.harvard.edu/abs/2015MNRAS.446..521S
http://dx.doi.org/10.1051/0004-6361/201321949
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..59S
http://dx.doi.org/10.1086/146614
http://dx.doi.org/10.48550/arXiv.2503.02059
https://ui.adsabs.harvard.edu/abs/2025arXiv250302059S
https://ui.adsabs.harvard.edu/abs/1973A&A....24..337S
http://dx.doi.org/10.1111/j.1365-2966.2009.15960.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.402.1249S
http://dx.doi.org/10.1093/mnras/stv1340
https://ui.adsabs.harvard.edu/abs/2015MNRAS.452..575S
http://dx.doi.org/10.1046/j.1365-8711.2003.06206.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.339..289S
http://dx.doi.org/10.1111/j.1365-2966.2006.11097.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.373.1074S
http://dx.doi.org/10.1086/191823
https://ui.adsabs.harvard.edu/abs/1993ApJS...88..253S
http://dx.doi.org/10.48550/arXiv.2409.06772
https://ui.adsabs.harvard.edu/abs/2024arXiv240906772T
http://dx.doi.org/10.48550/arXiv.2505.04609
https://ui.adsabs.harvard.edu/abs/2025arXiv250504609T
http://dx.doi.org/10.1093/mnras/stab2586
https://ui.adsabs.harvard.edu/abs/2021MNRAS.508..737T
http://dx.doi.org/10.1051/0004-6361:20011817
https://ui.adsabs.harvard.edu/abs/2002A&A...385..337T
http://dx.doi.org/10.1093/mnras/sts563
https://ui.adsabs.harvard.edu/abs/2013MNRAS.429.3068T
http://dx.doi.org/10.1086/317828
https://ui.adsabs.harvard.edu/abs/2000ApJ...545..728T
http://dx.doi.org/10.1086/321739
http://dx.doi.org/10.1086/321739
http://dx.doi.org/10.1007/978-3-662-03915-1_10
https://doi.org/10.1007/978-3-662-03915-1_10
https://doi.org/10.1007/978-3-662-03915-1_10
http://dx.doi.org/10.1007/BF01414629
https://ui.adsabs.harvard.edu/abs/1994ShWav...4...25T
http://dx.doi.org/10.1093/mnras/stx1160
http://dx.doi.org/10.1093/mnras/stx1160
http://dx.doi.org/10.1093/mnras/stad2553
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.5328T
http://dx.doi.org/10.1093/mnras/stae943
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531..355U
http://dx.doi.org/10.3847/2041-8205/830/2/L34
https://ui.adsabs.harvard.edu/abs/2016ApJ...830L..34U
https://ui.adsabs.harvard.edu/abs/2016ApJ...830L..34U
http://dx.doi.org/10.1093/mnras/stu1536
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444.1518V
http://dx.doi.org/10.1038/nature13316
https://ui.adsabs.harvard.edu/abs/2014Natur.509..177V
http://dx.doi.org/10.1051/0004-6361/202451963
https://ui.adsabs.harvard.edu/abs/2025A&A...695A..33V
http://dx.doi.org/10.3847/1538-4357/ad3f17
https://ui.adsabs.harvard.edu/abs/2024ApJ...968...34W
http://dx.doi.org/10.1111/j.1365-2966.2012.21809.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.427..311W
http://dx.doi.org/10.1038/s41586-019-0873-4
https://ui.adsabs.harvard.edu/abs/2019Natur.566...85W
http://dx.doi.org/10.1111/j.1365-2966.2011.19538.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.418..838W
https://ui.adsabs.harvard.edu/abs/2011MNRAS.418..838W
http://dx.doi.org/10.3847/2041-8213/aa7412
https://ui.adsabs.harvard.edu/abs/2017ApJ...842L...6W
http://dx.doi.org/10.1017/pasa.2019.14
https://ui.adsabs.harvard.edu/abs/2019PASA...36...27W
http://dx.doi.org/10.1086/375810
https://ui.adsabs.harvard.edu/abs/2003ApJ...592..645Y
https://ui.adsabs.harvard.edu/abs/2003ApJ...592..645Y
http://dx.doi.org/10.3847/1538-4357/aa6627
https://ui.adsabs.harvard.edu/abs/2017ApJ...838..111Y
http://dx.doi.org/10.3847/2041-8213/ad7eba
https://ui.adsabs.harvard.edu/abs/2024ApJ...974L..26Y
http://dx.doi.org/10.1016/0021-9991(79)90145-1
https://ui.adsabs.harvard.edu/abs/1979JCoPh..32..101V

14 Cenci et al.

cosmic time  [Gyr] cosmic time  [Gyr] cosmic time  [Gyr]
1.4 1.0 0.8 0.6 0.4 1.4 1.0 0.8 0.6 0.4 9o 1.4 1.0 0.8 0.6 0.4
. MO0 _ M000 ’ MO0
0.57 % Mo02 151 2 wmoo2 5= MO002
oo —le— Moo4 —fe— M004 2.07 A= Moo4
i
o 1.0
200
= 1.8
I 0.51
= 05 161
EO 0.0
~1.01 10830 (Mpaio/Ma) < 7.5 7.5 < logiy (Mao/Mo) <8 | 147 10810 (Mato/Mo) > 8

4 5 6 7 8 9 10 11 12 4 7 8 9 10 11 12 4 7 8 9 10 11 12
redshift redshift redshift

ot
D
t
[=2]

Figure A1l. Average central (peak) hydrogen gas number density (n) in all haloes in our simulations, as a function of redshift, in different
simulations, in three different halo mass bins. Data points are the median values with bootstrapped (16-th to 84-th percentiles) errorbars.
In general, the median 7y of haloes within a given mass bin decreases at lower redshifts. Haloes with central densities below 1 cm ™3 are
not eligible for DCBH formation in our simulations. From the lowest to the highest mass bins, about 10, 80, and 97 per cent of haloes
still have peak densities compatible with DCBH formation at z ~ 6.
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Figure A2. Gas-phase metallicity (Z) in all haloes in our simulations, as a function of redshift, in different simulations, in three different
halo mass bins. Data points are the mean values with bootstrapped (16-th to 84-th percentiles) errorbars. On average, the metallicity of
haloes of all masses increases at lower redshifts. Haloes with metallicities Z > 104 Zg in M000 and M002, and haloes with Z > 10~6 Z
in M004 are not eligible for DCBH formation. Despite the larger mean metallicity at lower redshift, the majority (= 85 — 90 per cent,
depending on the simulation) of haloes with masses < 103 Mg at z ~ 6 still have metallicities below the critical threshold, while only
about 50 per cent of more massive haloes do.
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