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ABSTRACT

Little Red Dots (LRDs) uncovered by the James Webb Space Telescope have been proposed as
candidate galaxies hosting embedded accreting direct-collapse black holes (DCBHs), (yet the relative
ultraviolet (UV) emission of their host galaxy remains highly uncertain and diverse across the pop-
ulation. Using a large-scale cosmological hydrodynamical simulation from the MELI®RA suite, we
investigate the contribution of PopllI stars and accreting DCBHs in LRD candidates at z > 8.5, in
the rest-frame 0.2 — 0.6 ym band. We find that the UV emission from the host galaxy evolves rapidly
over the first ~ 30 Myr following DCBH formation, reflecting the build-up of stellar mass and metal
enrichment. This evolution consists of a rapid transition from initially BH-dominated systems, with
negligible stellar mass, low metallicity, and high accretion rates, to progressively more developed hosts
in which rapid star formation enhances the UV output and metallicity increases. After ~ 30 Myr, the
stellar continuum typically overwhelms the accreting DCBH contribution, producing bluer colours and
more extended stellar distributions. As a result, UV-bright LRDs are predicted to host older DCBHs,
have higher gas-phase metallicities, lower BH-to-stellar mass ratios, and lower Eddington ratios. The
short-lived nature of the LRD phase places strong constraints on their emergence over cosmic time.
Overall, our results suggest that DCBH ages can be constrained from the host galaxy contribution to
the UV-optical spectrum of LRDs, relative to that of the accreting DCBH, and support the picture in
which a DCBH evolutionary sequence is systematically encoded in emission line properties, gas-phase
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metallicities, and accretion states.

1. INTRODUCTION

The James Webb Space Telescope (JWST) has un-
covered an abundant population of compact, optically
red sources dubbed ‘Little Red Dots’ (LRDs; Matthee
et al. 2024), in the first billion years of cosmic history
(z ~ 2 —11). LRDs are characterised by red rest-
optical colours and comparatively blue rest-ultraviolet
(UV) slopes, with a ‘V-shaped’ UV-optical continuum in-
flection around the Balmer limit. Furthermore, LRDs ex-
hibit broad Balmer emission (with FWHM 2 2000 km/s;
Greene et al. 2024; Barro et al. 2024; Kocevski et al.
2025; Taylor et al. 2025a), likely tied to faint broad-line
active galactic nuclei (AGN) powered by accreting mas-
sive black holes (BHs). LRDs are relatively ubiquitous in
the early Universe, with a population that outnumbers
that of z < 9 quasars by an order of magnitude, to then
swiftly decline below z < 6 (e.g., Kocevski et al. 2025;
Inayoshi 2025; Cenci & Habouzit 2025). To explain their
peculiar spectra, commonly invoked scenarios involve ei-
ther 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; Kocevski et al. 2023; Labbe

et al. 2024; Ubler et al. 2024; Li et al. 2025a; Volonteri
et al. 2025). Alternative explanations for the origin of
LRDs include BH-stars (Naidu et al. 2025), quasi-stars
(Begelman & Dexter 2026; Roman-Garza et al. 2026),
and self-gravitating disks accreting around supermassive
stars (Zwick et al. 2025). However, LRDs may not trace
a homogeneous population sharing a common physical
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origin and appearance, possibly due to varied selection
criteria (e.g. Hviding et al. 2025).

Multi-wavelength studies reveal that LRDs are intrin-
sically X-ray weak (e.g., Ananna et al. 2024; Yue et al.
2024; Tortosa et al. 2026; Rusakov et al. 2026), sug-
gesting either extremely high hydrogen column densities
(e.g., Maiolino et al. 2025) or BHs accreting above their
Eddington limit (e.g., Inayoshi et al. 2024; Lambrides
et al. 2024; Pacucci & Narayan 2024; Madau 2025). Fur-
thermore, LRDs have a clear deficit of both hot and
cold dust, disfavouring dust-obscured starbursts as the
dominant power source (e.g., Pérez-Gonzdlez et al. 2024;
Setton et al. 2025). Recent studies argue that the char-
acteristic turnover around Balmer break wavelengths in
LRDs is physically linked to n = 2 hydrogen levels rather
than to an arbitrary intersection of smooth, unattenu-
ated components (Inayoshi & Maiolino 2025). Individual
LRDs further show that dense gas absorption around a
strong ionising source can mimic a stellar Balmer break
(Naidu et al. 2025; de Graaff et al. 2025; Kokorev et al.
2025; Taylor et al. 2025b).

In general, the relative BH and stellar contributions
in LRDs remain uncertain and can vary strongly across
the population. Virial methods applied to broad Balmer
lines yield BH masses Mgy ~ 1079 My and moderate
Eddington ratios in some datasets (e.g., Greene et al.
2024), while X-ray stacking and population-level spec-
tral analyses favour lower BH masses, Mgy ~ 1057 M,
hosted by ~ 108~% M, galaxies and accreting at higher
Eddington ratios (e.g., Ananna et al. 2024; Naidu et al.
2025; Sun et al. 2026). Crucially, radiative transfer
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Schematic illustration of the evolutionary sequence of LRD candidate DCBHs. We show idealized rest-frame UV-optical

composite SEDs of PopllI stars (blue curves) and an enshrouded accreting DCBH (black curve), for different BH-to-stellar mass ratios.
Immediately after DCBH formation (early LRD phase), the stellar mass is negligible and the UV continuum is weak, yielding BH-dominated
emission and red UV-optical colours. As the system evolves over the first ~ 30 Myr (late LRD phase), rapid star formation increases the
stellar UV output, progressively reducing the host-to-core contrast. At later times (> 30 Myr; post-LRD phase), stellar emission dominates
the UV-optical SED and the system exits LRD-like colour selection, also exhibiting an extended (R. > 100 pc) stellar mass distribution.
The monotonic evolution of the UV-optical balance provides a physically motivated age sequence for high-z LRD candidates and links their

observed diversity to different stages of early DCBH growth.

through dense gas can systematically bias standard AGN
estimators, with electron scattering and non-virial line
broadening implying BH masses well below values de-
rived with virial methods (e.g., Inayoshi & Maiolino 2025;
Rusakov et al. 2026). Furthermore, updated corrections
on bolometric luminosities may further reduce the in-
ferred contribution from an accreting BH (e.g., Greene
et al. 2026). The possible contribution of reprocessed
light to the rest-frame optical continuum, and the re-
lation between stellar and dynamical masses can affect
the inferred Mpp /M, ratio (e.g., Maiolino et al. 2026; de
Graaff et al. 2025; Greene et al. 2026).

Most likely, LRDs represent an heterogeneous popula-
tion, with substantial diversity in UV slopes, line ratios,
and inferred host+4core decompositions. The rest-frame
UV and optical continua in LRDs may instead trace two
physically distinct emission channels: a host component
(i.e. emission from stars) dominating the UV, and a
compact, reprocessed AGN component dominating the
rest-frame optical. Variations in the relative contribu-
tion of these two components can generate a sequence
of diverse spectra. Recent spectroscopic and panchro-
matic studies imply that LRDs are likely a heterogeneous
population. Using JWST-NIRSpec spectra and available
MIRI photometry, Pérez-Gonzalez et al. (2026) argue
that LRDs are spectroscopically heterogeneous and that
their UV-optical diversity can be organized primarily as
a changing host contribution rather than a single uniform
physical class. A similar picture emerges from the diver-
sity of line profiles. Matthee et al. (2026) find that the
Ha profiles vary systematically with UV-optical colour
and strength of the Balmer break: bluer sources have
cores with relatively narrow lines, while redder sources
show a blue-shifted absorption. Such trends suggest that
the continuum diversity is coupled to changes in gas

column density, covering factor, and outflow geometry,
rather than being solely a consequence of different stel-
lar population ages or dust reddening. Reported trends
between Balmer break strength, absorption features, and
diversity of line profiles are qualitatively consistent with
this picture (e.g., de Graaff et al. 2025), with increas-
ing [OIII] strength marking the emergence of a more
developed, metal-enriched, star-forming host around the
AGN.

The physical origin of the first BHs remains a cen-
tral open problem for modern astrophysics. Heavy seeds
channels, such as direct-collapse black holes (DCBHs),
provide a plausible theoretical route to rapid early
growth, but their predicted observational signatures de-
pend largely on the coupling between accretion physics
and the evolving properties of their host galaxy. Major
uncertainties in DCBH modelling stem from the stringent
environmental requirements for their formation. These
include a nearly pristine gas supply, and either intense
Lyman-Werner (LW) radiation or sufficiently high mass
inflow rates to prevent small-scale fragmentation. By
modelling DCBH formation in cosmological hydrody-
namical simulations, Cenci & Habouzit (2025) show that
the demographics of newly formed DCBHs, set by the
physical conditions in their host nursery haloes, can
naturally reproduce the observed redshift evolution in
the emergence of LRDs (see also Jeon et al. 2026, who
reached similar conclusions). In this picture, LRDs cor-
respond to the first 10 — 100 Myr after DCBH forma-
tion, during which a residual compact, dense, and quasi-
pristine gaseous cocoon both enshrouds the accreting BH
and suppresses the escaping X-ray emission. Recent work
by Baggen et al. (2026) argues that more than about
40 per cent of LRDs are consistent with having an UV-
bright companion at an average projected physical sep-
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aration of < 5 kpc. The fraction raises to 85 per cent
for the brightest LRDs in their sample. These findings
further support the scenario where some LRDs may be
associated with young DCBHs, where monolithic collapse
is favoured by intense LW flux from the companion.

In this work, we focus on the possibility that a subset
of high-z LRDs are young systems hosting newly formed
DCBHs. In this scenario, the red optical continuum
is primarily associated with an accreting, enshrouded
DCBH, while the UV emission is increasingly supplied
by the first stellar populations assembling in the host
galaxy. The observed UV diversity of LRDs may there-
fore encode an evolutionary sequence, in which the host
contribution grows rapidly during the first few tens of
Myr after DCBH formation. We use the MELI®RA sim-
ulations to test whether the growth of newborn DCBHs
and their host galaxies produces a predictable evolution
of high-z LRDs.

2. METHODS

The MELIORA suite of simulations aim to implement
and test different models for the formation of DCBHs in
a cosmological framework, based on local properties of
their host haloes and their large-scale environments. In
this section, we describe the relevant properties of the
one simulation from the MELI®RA suite that we use in
the present work. We summarize the employed physics
models, including our new model for DCBH formation
(see Section 2.8). For a more detailed description of the
full simulation suite, we refer the reader to upcoming
methods papers (Cenci et al., in preparation).

2.1. The Simulation

For this work, we make use of a preliminary run part
of the MELI®RA suite, consisting of a cosmological vol-

ume of (10 cMpc)® with periodic boundary conditions,
evolved to a provisional final redshift of z = 8.5.

Initial conditions are generated at z = 100, using
the MUIti Scale Initial Conditions (MUSIC; Hahn &
Abel 2011) code. We assumed cosmological parame-
ters O = 0.272, Q4 = 1 — Q= 0.728, O, = 0.045,
h = 0.704, 0 = 0.81, ng = 0.967, that are consistent
with results from the Wilkinson Microwave Anisotropy
Probe (WMAP-7; measurements taken over 7 years of
observations; Komatsu et al. 2011). We employed 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 MELI®RA are solved
with the adaptive mesh refinement RAMSES code!
(Teyssier 2002). RAMSES is fundamentally based on a
fully threaded oct-tree structure (e.g., Kravtsov et al.
1997; Khokhlov 1998).

The MELIORA simulations start from a minimum re-
finement level frefmin = 9 (coarse level), correspond-
ing to a coarse resolution of Az, ~ 20 kpc and a
dark matter mass resolution of mpy ~ 2 x 10° Mg.
We adaptively refine the grid to a maximum refinement
level 4o max = 19, achieving a maximum spatial reso-
lution (i.e., the physical cell size at fyef max) as high as
Axpmin ~ 19 pc. Refinement is allowed over the entirety

I The publicly available repository for RAMSES can be found at:
https://bitbucket.org/rteyssie/ramses/src/master/.

of the simulated volume. The criterion for mesh refine-
ment follows a quasi-Lagrangian approach: for a given
cell, refinement is triggered if

m

Q
Mpy + My > 8mpw , (1)
Qp

where Mpyr 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 char-
acteristic Jeans length computed from the cell’s temper-
ature and density. Each refinement level consists of a
characteristic cell size that is half of that of the previous
coarser level. The cells containing sink particles (rep-
resenting, e.g., BHs) are enforced to get refined to the
maximum refinement level that is currently 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) €very time the
scale factor doubles.

Euler equations for gas dynamics on the grid are solved
with an unsplit, second-order MUSCL-Hancock scheme
(van Leer 1979) and the Harten-Lax-Van Leer-Contact
(HLLC Toro et al. 1994; Toro 1999) approximate Rie-
mann 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) in-
terpolation. Time-steps of finer levels in the mesh hi-
erarchy are updated twice for every update 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 RAM-
SES (Bleuler & Teyssier 2014; Bleuler et al. 2015). Gas
cells with a mass density above the density thresh-
old ppeak = 80 perit, m are assigned to the nearest den-
sity peak, following the steepest-ascent path. Here
Perit, m = 1.88x 107290, h? (1 + z)3 [g/cm3] is the crit-
ical matter density of the Universe at the given red-
shift. Saddle points between peaks, where density is
larger than psaddic = 200 perit, m, are also identified in or-
der to merge the non-relevant structures to their nearby
clumps. When the peak-to-saddle density ratio is below
a relevance threshold Xciump = 3, the peaks are merged
together. Otherwise, both peaks survive and are consid-
ered 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 an adiabatic index v = 5/3 (monoatomic
gas). Gas cooling follows the model by Sutherland & Do-
pita (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 analyti-
cal approximation of the cooling rates by Rosen & Breg-
man (1995) (based on the results by Dalgarno & McCray
1972). We assume an initial average gas-phase metallic-
ity Zg = 0. After redshift z.c;on = 8.5, we consider gas
heating from an uniform UV background from high-z
reionization sources, following the model by Haardt &
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Madau (1996). In order to mimic the effect of gas heat-
ing in star-forming regions, and prevent excessive spuri-
ous fragmentation, we impose a polytropic temperature
floor Thoor = T (n/ngp)” " of the high-density inter-
stellar medium, where x = 1.6 and Ty = 10% K. At high
densities, above the density threshold for star formation,
nsr, this prescription 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 ngp = 1 cm™3.
Gas cells that satisfy this density criterion form stars
with an expected, average star-formation rate density p,

following the Schmidt (1959) law:

pr=en L, (2)
te

where p is the cell’s gas mass density, tg = 1/37/32G p
is the local free-fall time, and eg is the local star for-

mation efficiency per free-fall time. While often taken
as a fixed parameter independent of redshift, here eg
is estimated based on the local properties of the inter-
stellar medium, following 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 Poisson statistics, and limited
such that every gas cell can convert up to a 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* M. The newly formed star
particles have a total mass m, = N,m, o and inherit
momentum (p,) and metallicity (Z,) from their parent
gas cell.

Star particles with metallicity Z/Zs < 10~ are clas-
sified as PopllII stars, whereas Popll stars have larger
metallicities (see, e.g., Maio et al. 2011). PoplII stars in
MELI®RA 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 supernovae (SNe), that deposit thermal energy, kinetic
energy, and metals in the surrounding medium. Further-
more, we distinguish between feedback from PoplIIl and
Popll stars. Star particles that are older than 10 Myr un-
dergo SN explosions that eject a fixed fraction ngy = 0.2
of their mass. This is numerically equivalent to assum-
ing 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 de-
posited in the 27 neighbouring father cells, with a metal
yield of Ygn = 0.1. Therefore, when triggering SN events,
a star particle ejects a mass Mqj = nsn My, with a metal-
licity Zej = Z, + Ysn(1— Z,). Furthermore, SNe release
a total energy of Esy = 10°! erg per 10 M, of ejected
mass. In our simulations, we do not resolve the radius of
SNe remnants at the end of the Sedov—Taylor phase and

the energy (Esn) that is released is instantaneously de-
posited as thermal energy into nearby gas. In MELIORA,
PoplII star particles can go off as SNe after only 3 Myr
(approximately the average lifetime for a 40 Mgy PopIII
star; see Schaerer 2002, 2003). We assume an ejecta mass
fraction of nsy = 0.35, with a total energy release of
10°! erg per 10 My, of ejected mass and a metal yield of
Ysn = 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 en-
ergy deposited by SN feedback (e.g., Katz 1992). How-
ever, non-thermal processes (e.g., unresolved turbulence,
magnetic fields, and cosmic rays) can store additional
energy that dissipates 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 dissipa-
tion time-scale tgiss = 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 lifetime of massive (> 10 M) stars. In MELIORA, we
use the same dissipation time-scale for both Popll and
PopllII star particles.

2.6. Lyman-Werner radiation

The total (unattenuated) Lyman-Werner (LW) flux
Jiw,: at the centre of the i-th halo is computed account-
ing for an uniform LW background flux (J IE’\I;‘V; following
Incatasciato et al. 2023) and the LW flux received from
star forming regions around the target halo:

stars m |T' _r | -2
J R ka *,1 i *,1 )
LW, i w T Zn: A <103 Mg I kpe

3)
Here m, , and 7, , are the mass and position vector of
the n-th star particle, respectively. The factor A, , in-
cludes the dimming of the LW flux with increasing stellar
age t, (Schaerer 2003; Lupi et al. 2021). For the n-th star
particle, we have:

A, = fam €xp[—tsn/ (300 Myr) ]
’ [1+ tun/ (4 Myr)[*/?

where f, , = 15 for Poplll 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 frac-
tion and column density of haloes along the line-of-sight
of every source.

; (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:

My, = =y =20t (5)

where my,, vy, and r, = |r; — 7| are the mass, radial
component of velocity, and distance, respectively, of the
gas in the n-th cell, with respect to the centre of the i-th
halo.
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2.8. Black hole formation

At each time-step, for all haloes identified in a given
simulation, we also evaluate the physical conditions
around the density peak, within a spherical accretion ra-
dius racer = 4 AZmin, where Az s 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: N > NSF.

e The average gas-phase metallicity, Z, around the
halo’s peak must be below a defined threshold,
ZCI‘lt: 7 < ZCI‘lt.

e The effective Lyman-Werner flux, Jrw, at the
halo’s peak must exceed a critical value, Jab:

Jw > JE{;{};

e The mass-flow rate, Mi,, toward the halo’s den-
sity peak must exceed a critical value, Mt
M, > Miﬁrit.

e The halo must not have formed stars: M, = 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 compared to requiring a mini-
mum LW flux (Bhowmick et al. 2022). Different com-
binations of critical thresholds and criteria are explored
in the full suite of MELI®RA simulations, with different
resolutions and volumes.

2.8.1. Local critical Lyman-Werner fluzx

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

TR _ (1+z>2 ( n )2 ( M )4
100 J21 2 10 cm—3 108 M@ ’

(6)
where n and M are the average hydrogen density and
total mass (dark matter + baryons) of the target halo
at redshift z, respectively. Dense-enough haloes in our
simulations have masses ranging from approximately 10°
to 10'% Mg, implying a vast range of critical LW fluxes.
The quantity ey, = tgggl‘)m /ty is the minimum Hy cool-

ing time-scale ;oM ; allowed for DCBH formation, in

units of the Hubble time-scale tg. In MELI®ORA, we as-
sume ep, = 1. In the simulation used in this work, we

crit

ask the target halo to satisfy Jit > J &t
for DCBH-formation.

to be eligible

2.8.2. Dynamical heating

Dynamical, compressional heating can counteract cool-
ing and prevent Hs formation for halo mass-growth rates
above a local threshold value M £t (see, e.g., Yoshida
et al. 2003; Wise et al. 2019; Lupi et al. 2021, and ref-
erences therein). Furthermore, sustained inflow rates
onto the central regions of DCBH-forming haloes are re-
quired to fuel the accretion of the intermediate protostar
phase and overcome the action of radiative feedback (e.g.,
Hosokawa et al. 2012, 2013; Schleicher et al. 2013; Chon
et al. 2018). Following, e.g., Lupi et al. (2021), for a
target halo at redshift z we have:

M it 1+2 3/2 M -1/ Jow -t
Mo/yr ( 10 > (108M®) (Jf\%t> 7

(7)
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 candidate DCBH-formation site, the target halo must

satisfy Mi, > Mg,

2.8.3. Seed mass

The formation sites of DCBHs are expected to experi-
ence intense LW flux and mass inflow rates over a finite
period of time of a few Myr. To account for this, as well
as the accretion phase preceding the collapse of super-
massive stars (i.e. the immediate progenitors of DCBH),
DCBHs in MELI®ORA are spawned stochastically in haloes
that are eligible for DCBH formation, according to the
criteria listed above. At each coarse time-step At, we
consider a Poisson probability Pgy of forming a DCBH
sink particle at the centre of the given halo over that
time-step (similarly to, e.g., Bellovary et al. 2011; Dunn
et al. 2018):

Ppu =1 —exp (-At/tg) (8)

where tg = 1/37/32G p is the local free-fall time in the
halo. For star-forming gas we have tg < 70 Myr. Here
p is the average gas mass density in the cells around the
halo centre. We draw a random number z € [0, 1] from
an uniform distribution and, if x < Py, we spawn a sink
particle representing a new DCBH forming in the simula-
tion. Unlike most state-of-the-art simulations (e.g., Illus-
tris, EAGLE; but see Habouzit et al. 2017), the seed BHs
in MELIORA have a mass M3, that is determined by
the local properties of their host haloes. Specifically, we
compute Mged as a function of the local inflow rate, fol-
lowing the predictions of recent theoretical models (e.g.,
Umeda et al. 2016; Haemmerlé et al. 2018; Woods et al.
2017, 2019):

Meed 2
—=0 =274 4+ 221X + 064X 9
105 Mo + + NG
where we defined:

Mg yr! (10)

Min
X = logy, V >BH‘|
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Here ( Mi, )pu is the average mass inflow rate in the
vicinity of the BH formation site. Around the DCBH
formation site, we also spawn a swarm of cloud particles,
spaced by Az /2 and distributed within a sphere of radius
Tcloud = 4Ax, where Az is the local gas cell size. Cloud
particles are implemented purely with a numerical pur-
pose, to probe the average properties of gas surrounding
BH particles. With (- )y we indicate a volume-weighted
average computed using a cloud-in-cell (CIC) over the 8
nearest father cells around the sink particle, within r¢jouq-

2.9. Black hole growth

DCBHs in the MELIORA simulations grow due to both
black hole mergers and gas accretion, which 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:

. 47 G? M e
MB _ BH <p>BH/ B =5 (11)

[ 1ot — @)gul” + (@pn

where Mpy, and vy are the black hole mass and ve-
locity, respectively, whereas v, cg, and p are the velocity,
sound speed, and mass density of gas in the cells sur-
rounding the sink particle, respectively. With (-)py we
represent the volume-weighted average with CIC inter-
polation over the 8 nearest father cells around the sink
particle, within r¢ouq. The correction factor ap is intro-
duced 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 Eddington critical accretion rate Mpgq =
47 G Mg mu/ (€ o7 ¢), where or is the Thomson scat-
tering cross-section, and €, is the radiative efficiency
of the accretion process. To summarize, the mass-flow
rate towards the black hole is Mycer = min{ Mg, Mgaq}
and the effective black hole mass-growth rate Mgy =

(1 — &) Macer. Over a time-step At, the black hole mass

grows by Mpyg At and a mass Meer At is removed from
the gas in the cells within r,.., from the sink particle.
The amount of mass removed from each cell follows the
same volume-weighted scheme as the one used to com-
pute average physical quantities in the vicinity of the sink
particle.

From the disc mass-flow rate, M,..;, We can estimate
the bolometric luminosity produced in the accretion pro-
cess as follows:

Lyol = & Mycer . (12)

In this work, we assume an effective radiative efficiency
€, = 0.1 when calculating bolometric luminosities and
accretion rates.

2.10. Black hole feedback
We include two modes of BH feedback that are effec-
tive in different regimes, characterised by their Edding-

ton ratio Agqq = Maccr/MEdd: a ‘radio mode’ for low
AEdd < 0.01 and a ‘quasar mode’ for higher Agqq. In the

quasar mode, we isotropically inject thermal energy into
the medium surrounding the BH, at a rate proportional
to the BH bolometric luminosity, Eaan = €q Lbol, With
a coupling efficiency e = 0.1 (Booth & Schaye 2009;
Dubois et al. 2012a). In the radio mode, we transfer mo-
mentum to the gas around the BH, as a bipolar outflow
with jet velocity of vjer = 10% km/s (with a mass-loading
factor niin, = 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.on. = 90 deg, aligned
with the average angular momentum of the gas around
the BH.

2.11. SED modelling

We consider a composite spectral energy distribu-
tion (SED) consisting of contributions from an accret-
ing DCBH and PopllII stars. The DCBH emission is
computed assuming a multi-blackbody spectrum from
an optically thick, geometrically thin, a-accretion disc
(Shakura & Sunyaev 1973) surrounding a Schwarzschild
black hole, given its mass and instantaneous mass-flow
rate throughout the disc from the simulation output.
The latter is estimated via the accretion rate in Equa-
tion (11). The host-galaxy contribution is modelled us-
ing zero-age Poplll stars spectra (from Schaerer 2002),
for varying DCBH-to-stellar mass ratios from the sim-
ulation. We account for effective UV attenuation from
Rayleigh scattering with an optical depth (see, e.g., Lee
2013):

1216 A\* Ny
Tcatt = Arest 4x10%¥cm=2) ° (13)

Furthermore, we consider the following dust extinction
law (e.g., Temple et al. 2021):

Av 800 A
vV 24 (== 14
1.086 Ry [RV o2 ( A )} (14

with an extinction ratio Ry = 2.7 (typical value derived
for the Small Magellanic Cloud and low-metallicity sys-
tems; e.g., Prevot et al. 1984; Calzetti et al. 2000), and
visual extinction given by the local neutral hydrogen
column density Ny and gas-phase metallicity Z (e.g.,
Bohlin et al. 1978):

Ay = (Z/Zg) (Nmi/1.8 x 10" em™2) . (15)

Dust extinction only plays a minor role in the over-
all attenuation, compared to Rayleigh scattering, for
Z < 107% Z5. We assume that the accreting DCBH
is enshrouded in a dense reservoir with column density
Nur ~ 5 x 10% ecm~2 (similar to, e.g., Pacucci et al.
2026) and pristine gas-phase metallicity Z ~ 5x107° Z,
whereas for PoplIl stars we assume they reside in a more
diffuse environment with Ny ~ 1029 cm~2 and metal-
licity given by the simulation output (typically, Z 2
1x107° Z5). In this work, we primarily focus on an esti-
mate for the UV-optical colour of our sources given by the
emergent luminosity ratio Amag = logyy Ls100/ L2500,
between the emission? at 0.51 ym and 0.25 pm. In or-

Tdust =

2 With L5100 and Lasgo we indicate the luminosity A Ly evalu-
ated at a wavelength of A = 5100 A and A = 2500 A, respectively.
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F1G. 2.— Evolution of the UV-optical colour Amag = log;y Ls100/L2500 for simulated DCBH+host systems at z > 8.5 in MELIORA, as a

function of the DCBH age (time since formation). Here, we only consider accreting DCBHs with bolometric luminosity Ly > 1040 ergs—!.

1

The black dashed lines trace the median trend of Amag as a function of DCBH age, with bootstrapped (16th to 84th percentiles)
uncertainties. From left to right panels, we colour-code the data points by the BH-to-stellar mass ratio (Mpp/M.), Eddington ratio
(fBda), and gas-phase metallicity (Z). Immediately after the DCBH forms, the UV continuum is weak (high Amag) because stellar mass
is negligible and the accretion flow onto the DCBH is just igniting. As the system ages, sustained star formation rapidly boosts the host’s
UV luminosity and promotes metal enrichment, driving a steady decline in Amag over the first ~ 30 Myr. The rapid evolution of Amag
implies that LRDs associated with newborn DCBHs are necessarily short-lived. In general, the relative UV-to-optical emission provides an
age sequence for LRD-candidate DCBHs in their first ~ 30 Myr after their formation.

MELI®RA 3 <500 Myr Lo > 107 erg/s
50{ 2> 85 B carly LRD )
late LRD

post LRD

stacked counts

logyy (R./pc)

logyo (Mpn/M,)

2
40 10
30
1
20 10
10
100
0,
40 41 42 43 -5 —4 -3 -2 —1
logyg (Lbol/erg Sil) logyy (Z/Z)

F1G. 3.— Stacked histograms for (from left to right) the BH-to-stellar mass ratio (Mpy /M), total extent of the stellar mass distribution
(R«), bolometric luminosity (Lyo1), and gas-phase metallicity (Lpo)), associated with DCBHs in the early, late, and post LRD phases.
In general, newborn DCBHs in early and late LRDs at z > 8.5 in
MELI®RA naturally exhibit more compact stellar components, higher bolometric luminosities, and larger BH-to-stellar mass ratios than in
post LRDs. As the DCBH ages and stars form within their host galaxy, the BH-to-stellar mass ratio rapidly decreases. Early and late
LRDs have sizes below ~ 100 pc, before expanding significantly in the > 30 Myr after DCBH formation. Bolometric luminosities of early
and late LRDs are often as high as ~ 10%3 ergs—!, to then decrease with DCBH age.

Here, we only consider accreting DCBHs with Ly > 1040 1

der to show data for non-LRD candidates in the simu-
lation, where the emission of the DCBH accretion disc
is drowned in that of Poplll stars, we separately com-
pute Ls19p and Lasgg only accounting for the luminosity
of the accretion disc and PopllII stars, respectively. This
results in simulated sources with Amag < 0. Although
the inclusion of bound-free (n = 2) Balmer continuum
absorption introduces a more abrupt spectral break near
Arest =~ 0.37 pm, it does not affect our results or conclu-
sions. Emission lines

We focus on the evolution of Amag in simulated haloes
hosting DCBHs in relation to DCBH ages, defined as the
time since DCBH formation in the simulation. While the
absolute values of Amag depend on the assumed metal-
licity and HI column density around the DCBH, the qual-
itative evolutionary trends remain robust to variations in

ergs™ .

these parameters, provided that Ngr > 10%° ecm~2. Our
conclusions are therefore based on the relative evolution
of UV-optical colour, whereas a quantitative comparison
with observed LRDs will require dedicated calibration.

3. RESULTS

We estimate the relative contribution of PoplIl
stars and the accreting DCBH in LRD candidates in
MELIGRA (at z > 8.5), via the colour proxy Amag
logyg L5100/ Lasoo between the rest-frame emission at
0.51 pgm and 0.25 pym. Figure 2 shows the evolution of
Amag as a function of the age of DCBHs in the simula-
tion.

Immediately after DCBH formation, the absence of a
significant stellar population results in weak UV emis-
sion, while accretion onto the DCBH is already in place,
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yielding large Amag values. As the system evolves over
the first few Myr, sustained star formation rapidly en-
hances the UV luminosity, while metal enrichment in-
creases dust opacity and suppresses the direct UV contri-
bution from the AGN;, leading to a monotonic decrease in
Amag with BH age. The transition from BH-dominated
to host-dominated emission is accompanied by a grow-
ing dispersion in Amag, possibly driven by variations in
star formation efficiency, metal production, and accre-
tion histories. Within this framework, we identify three
main phases that LRD candidates may undergo:

(i) Early LRD phase (DCBH age < 10 Myr; with
median Amag 2 1 in our model): immediately af-
ter DCBH formation; characterised by negligible
stellar mass and weak UV emission from the host,
pristine low gas-phase metallicities, and high Ed-
dington ratios (possibly super-Eddington) for the
accreting DCBH.

(i4) Late LRD phase (10Myr < DCBH age <
30 Myr; with median 1 2 Amag 2> 0 in our model):
sustained star formation rapidly increases the UV
luminosity of the host, while progressive metal en-
richment enhances dust opacity. This phase is char-
acterized by declining Eddington ratios, decreasing
BH-to-stellar mass ratios of order unity, and rising
gas-phase metallicities.

(#i¢) Post LRD phase (DCBH age > 30 Myr; with me-
dian Amag < 0 in our model): the stellar popula-
tion dominates the UV output, while the accreting
DCBH contributes primarily at longer wavelengths.
In this regime, Amag can reach much lower values
and the system eventually no longer satisfies the
conditions required for LRD selection. These ob-
jects represent a more evolved stage of early DCBH
growth.

In Figure 3, we show the stacked histograms of the
BH-to-stellar mass ratios, sizes of the stellar component,
bolometric luminosities, and gas-phase metallicities, for
DCBHs at z > 8.5 in MELIORA, for the three different
LRD phases defined above. Overall, the increasing con-
tribution of the host galaxy, as measured by the decreas-
ing BH-to-stellar mass ratio from early to post LRDs
in MELIORA, is associated with: (¢) higher metallicities,
primarily due to enrichment from PoplII stellar evolu-
tion; (#7) reduced bolometric luminosities for the accret-
ing black hole, as a result of BH feedback; (7i7) increased
sizes of the stellar component, that become larger than
the characteristic ~ 100 pc size of LRDs.

We predict that LRDs with strong UV emission trace
a more evolved phase of early BH growth, while UV-
faint systems correspond to younger BHs shortly after
formation. These results suggest that the relative UV
contribution in LRDs provides a physically motivated
observational proxy for DCBH age during the first few
tens of Myr of evolution. The rapid evolution of Amag
over < 30 Myr implies that the LRD phase is intrinsi-
cally short-lived (consistent with the findings of Pérez-
Gonzalez et al. 2026), placing strong constraints on both
the emergence rate of LRDs and their redshift distribu-
tion.

early LRD

late LRD post LRD

MELI®RA
z > 8.5

<N Lo > 10% erg/s
“[F Lyo > 10%7 erg/s
O~ Lpo > 10" erg/s

fraction of LRDs among DCBHs

3 SRELEERS L WL _-%::;,_.ﬁ —_—
1.5 2.0 2.5

log;o (DCBH age / Myr)

F1a. 4.— Fraction of DCBHs of a given age that are selected
as LRD candidates in MELIORA, i.e. that have (i) compact stellar
sizes R« < 100 pc, (i7) large UV-optical colours with Amag > 0,
and (##4) bolometric luminosity above three different thresholds
Lpor > 10%2,10%27 10%3 ergs—! (dotted, dashed, and solid lines,
respectively). Data points mark the median LRD fraction, with
bootstrapped (16th to 84th percentiles) uncertainties. In general,
the fraction of LRD candidates selected among newborn DCBHs
decreases with DCBH age, consistently reaching zero for ages cor-
responding to the post-LRD phase.

We perform a linear regression over the combined
early+late LRD phases, restricting the sample to DCBHs
with ages tgg < 30 Myr and Amag > 0, and obtain:

tBH 10.04 Ls100 40.07
lo — = —0.27"54 lo —— 4+ 137" s . (16
210 Myr 0.04 10810 Lasoo 0.06 - (16)
Similarly, we find:
Mgy 0.03 Ls100 0.08
logg ——20 = 1191003 15 5100 g 7540.08
g10 M, Lpovss 0.03 10810 Lasoo 0.07
(17)

where Lpoi =  Lpoiaz 108 ergs™!. The quoted
best-fitting (median) parameters and uncertainties
(16th—84th percentiles) are obtained via bootstrap re-
sampling over individual DCBH histories, such that each
bootstrap realisation removes or resamples entire BH
evolutionary tracks rather than individual snapshots.
The combined BH+stellar luminosities are computed as-
suming a dust attenuation and scattering model; how-
ever, our results are sensitive to the specific choice of
dust law and column density. The most robust use of
the relations above is likely differential rather than ab-
solute: LRDs with larger Ls190/Las00 should preferen-
tially correspond to younger and more BH-dominated
systems, while the more UV-bright sources should trace
later stages in which the stellar component has grown.
The abundance of newborn DCBHs (DCBH ages <
100 Myr) in MELIGRA, at 8 < z < 15, ranges from
10! — 1073 cMpc 2, depending on the specific DCBH
formation model employed in the simulation (see Cenci
& Habouzit 2025). For the simulations used in the
present work, the abundance of newborn DCBHs with
Lpor > 10%0 ergs™! is about 1073 chc_3 at all red-
shifts z < 15. In Figure 4 shows the fraction of
DCBHs of a given age that are selected as LRD can-
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didates in MELI®RA, i.e. that have (i) compact stellar
sizes R, < 100 pc, (i7) large UV-optical colours with
Amag > 0, and (4i7) bolometric luminosity above three
given thresholds Ly > 10%2,10%27,10%% ergs~!. In gen-
eral, the fraction of LRD candidates selected among new-
born DCBHs steeply decreases with DCBH age, from
about 90 per cent (40 per cent) for early LRDs, to <
20 per cent (< 10 per cent) for late LRDs, with a bolo-
metric luminosity threshold of 1042 ergs=* (10%3 ergs™1).
Using a threshold Ly, > 1040 ergs~! yields an LRD frac-
tion that is qualitatively the same as that with Lyo >
10%%2 ergs™!. As a result, DCBH with ages < 30 Myr,
with a duty cycle of about 30 per cent for newborn
DCBHs, we expect an abundance of about 10™4 ¢Mpc ™3,
in line with some reported abundances for LRDs (e.g.,
Kocevski et al. 2025).

4. DISCUSSION AND CONCLUSIONS

In this work, we use the MELI®RA cosmological simu-
lations to explore whether young, accreting DCBHs and
their host galaxies can reproduce the UV-optical diver-
sity of high-z LRD candidates. In the following, we sum-
marize the main implications of this scenario and high-
light its key caveats, observational predictions, and fu-
ture tests.

4.1. BH-to-stellar mass ratios

Newborn DCBHs in our model are expected to have
very high BH-to-stellar mass ratios, because the seed
forms before the host has assembled a substantial stellar
component. This makes our scenario most applicable to
the youngest and most BH-dominated subset of LRDs,
rather than to the full observed population. Systems
with large inferred stellar masses or low Mgy /M, ratios
may instead correspond to, e.g., later evolutionary stages
or different seeding channels.

The inferred BH-to-stellar mass ratios of LRDs remain
debated, but some recent studies point toward at least a
sub-population of LRDs with overmassive BHs relative
to their hosts (e.g., Jones et al. 2025; Juodzbalis et al.
2025; Li et al. 2025b; Matthee et al. 2025). These mea-
surements are particularly relevant for heavy-seed mod-
els, although they remain sensitive to virial mass calibra-
tions, AGN-host decompositions, and assumptions about
the origin of the broad-line widths. Recent stacked-
SED analyses (e.g., Pérez-Gonzdlez et al. 2026) suggest
a range of host/AGN ratios, indicating significant diver-
sity and selection biases in LRD samples. Heavy-seed
(such as DCBH) models predict extreme early BH dom-
inance, but their brief lifetimes and obscuring cocoons
make them rare and hard to identify.

4.2. SED modelling

Pérez-Gonzalez et al. (2026) interpret LRDs as com-
pact galaxies hosting an intermediate—mass BH (within
the theoretical DCBH mass range) together with an in-
tense starburst. Their SED modelling combines stellar
population templates with an AGN component (accre-
tion disc plus dusty torus). They infer BH-to-stellar
mass ratios of ~ 1 per cent and report strong broad
Fell emission and Wolf-Rayet features, indicative of
very young stellar populations embedded in dense gas.

By contrast, Pacucci et al. (2026) model LRDs as iso-
lated DCBHs without any accompanying galaxy, simu-
late super-critical accretion onto a 10° My BH forming
in a pristine halo, compute the emergent spectrum via
full radiative transfer. The resulting spectrum exhibits a
characteristic V-shaped SED with a pronounced Balmer
break. Crucially, this model reproduces observed LRD
spectra without invoking any stellar contribution, with
intrinsically mild dust attenuation and negligible X-ray
emission. In this framework, the LRD turnover arises
purely from reprocessed AGN light (see also, e.g., Greene
et al. 2024; Labbe et al. 2024), with the Balmer break
dominated by bound-free absorption and no prominent
hot-dust bump. Current observations are insufficient to
discriminate between these two broad scenarios. While
the models of Pérez-Gonzalez et al. (2026) and Pacucci
et al. (2026) represent rather opposite interpretations for
the physical origin of LRDs, they are affected by substan-
tial uncertainties in dust content, the stellar initial-mass
function, and the BH accretion state.

Future targeted observations of far-infrared/sub-mm
bands, diagnostic nebular-line ratios, and deep X-ray
stacking will be essential to break this degeneracy. Our
model lies between these two extremes, as we allow for
the presence of a stellar component in addition to the
prominent contribution from the DCBH. Within our
framework, these two interpretations may correspond to
different stages of the same early evolutionary sequence.
At the earliest times, the DCBH is embedded in a dense,
nearly pristine cocoon and the stellar component is neg-
ligible, making the system closer to a DCBH-only SED.
The host then rapidly contributes to the UV light and
metal enrichment, and the system moves toward a mixed
AGN-+stellar phase. Eventually, the stellar component
dominates the UV continuum and the source no longer
satisfies the LRDs’ colour selection. The SED diversity of
LRD may therefore reflect both intrinsic differences be-
tween individual objects and rapid time evolution during
the first ~ 10-30 Myr after DCBH formation.

Our SED modelling is deliberately simplified. We do
not perform full radiative transfer through a multi-phase,
anisotropic medium, nor do we model the detailed ge-
ometry of the obscuring gas, nebular emission, resonant
absorption, or dust formation. Consequently, the abso-
lute values of Lsi00/Laso0 should not be interpreted as
precise predictions for observed LRD colours. A quanti-
tative calibration of the proposed DCBH evolutionary
sequence will require dedicated radiative transfer and
forward-modelling through JWST filters, and we defer
this task to future work.

4.3. Interpretation

We propose that, for at least a subset of LRDs, the rel-
ative contribution of the host galaxy and the enshrouded
accreting BH evolves rapidly during the first ~ 10-30 Myr
after DCBH formation, producing an age sequence en-
coded in Ls100/L2500. Furthermore, this evolution is sys-
tematically associated with trends in emission line prop-
erties (as reported by, e.g., de Graaff et al. 2025; Matthee
et al. 2026), gas-phase metallicities, and BH accretion
state.

The earliest LRD phase that we define is intrinsically
rare because it lasts only a few Myr. However, the prob-
ability that a DCBH is selected as an LRD may be high-
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est during this short interval, when the DCBH is still
embedded in the compact gas reservoir associated with
the DCBH formation event and the stellar UV contribu-
tion remains weak. Later stages can last longer, but the
growing host galaxy progressively dilutes the red AGN
continuum and lowers the probability of satisfying strict
LRD colour and morphology cuts. While older systems
naturally move toward mixed AGN+stellar interpreta-
tions, earlier LRDs may resemble the DCBH-only spec-
tra proposed by Pacucci et al. (2026), with prominent
Balmer breaks and weak nebular emission (as observed
in sources like, e.g., Naidu et al. 2025). Finally, some of
the compact, UV-bright descendants of early LRD sys-
tems (in their late or post LRD phases) could be nat-
urally associated with the population of so-called Little
Blue Dots (LBDs Brazzini et al. 2026).

Merger-driven BH formation channels may produce
heavy seeds in environments that are already enriched
and dynamically complex (e.g., Mayer & Bonoli 2019;
Mayer et al. 2024). Such systems may still follow a qual-
itatively similar decline in the AGN contribution as the
host grows, but they would not necessarily exhibit the
same pristine early phase or metallicity evolution pre-
dicted by our simulation.

An important alternative, or complementary, interpre-
tation is that part of the observed LRD diversity is driven
by projection effects rather than BH age. If the ob-
scuring medium is clumpy, flattened, or otherwise non-
spherically symmetric, different viewing angles can pro-
duce different UV-optical colours at fixed intrinsic BH
age. This picture is qualitatively consistent with re-
cent interpretations in which LRD spectral diversity re-
flects variations in the geometry, covering factor, and col-
umn density of dense gas around the accreting BH (e.g.,
Brazzini et al. 2026; Matthee et al. 2026).

4.4. Future directions

A key future test of our evolutionary picture will be to
connect the UV-optical colours of high-z LRDs to their
resolved morphology, AGN-host decomposition, and gas-
phase metallicity. In our scenario, UV-brighter and bluer

systems should correspond to later stages, in which the
stellar component has grown, metal enrichment has pro-
gressed, and the host galaxy begins to extend beyond the
compact DCBH-forming region. In general, deep JWST
imaging could test whether rest frame UV sizes, colour
gradients, or the incidence of nearby UV-bright compan-
ions correlate with Lsi00/Losoo. Similarly, rest frame
optical emission line diagnostics could reveal whether
bluer LRDs preferentially show stronger metal lines and
higher inferred metallicities, as expected if they trace
more evolved host galaxies. Strongly lensed systems
are particularly valuable, possibly enabling deep spec-
troscopy and spatially resolved constraints on the host
and AGN components. For instance, recent studies of
lensed or magnified LRDs were able to constrain the low
gas-phase metallicities of some systems (e.g., Maiolino
et al. 2026; Kokorev et al. 2025; Tripodi et al. 2025).

Since the simulation used in this work is currently
evolved only to z ~ 8.5, our conclusions are mostly re-
stricted to the earliest, high-z LRD candidates will need
to be extended to lower redshifts. In addition, the cur-
rently simulated volume of (10 cMpc)? is relatively lim-
ited, which may prevent us from sampling the rarest en-
vironments and the most massive BHs expected at these
epochs. This work should be interpreted as a first explo-
ration of the early phases of DCBH growth in represen-
tative high-z environments. Future work carried out as
part of the MELIORA simulation project, including larger
volumes and evolution to lower redshift, will be essential
to assess whether this evolutionary picture can extend to
more massive systems and to the broader LRD popula-
tion at later cosmic times.
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