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ABSTRACT

Context. Recent James Webb Space Telescope (JWST) discoveries have unveiled an abundance of faint and massive active galactic
nuclei (AGNs) at high redshifts (z = 4-9) that surpass the extrapolated bolometric and ultraviolet luminosity functions from previous
AGN campaigns by ten to one hundred times. The two main models that have been put forward to explain these observations corre-
spond to light seeds (%150 M,,) accreting in episodes of super Eddington, and heavy seeds (*10°~10° M) growing at the Eddington
limit. Future gravitational observatories such as the Laser Interferometer Satellite Antenna (LISA) will help disentangle these models
by reporting the black hole merger events from mid to high redshifts.

Aims. With this work, we aim to report the predicted merger rates in the heavy seed scenario in light of recent JWST data. In our
models we explore (i) instantaneous merging between BHs, and (ii) delayed merging after a dynamical timescale, as well as extreme
spin configurations (a = 0.99, a = —0.99) to bracket BH mass growth.

Methods. We used Delphi, a semi-analytical model that tracks baryonic physics over a hierarchical evolution of dark matter halos
through cosmic time within the first billion years of the Universe. We calibrated this model for it to simultaneously reproduce galaxy
and JWST-AGN observables.

Results. We show reasonable agreement with the bolometric luminosity function at z = 6, where BHs must accrete ten to one hun-
dred times more gas than in previous works calibrated to pre-JWST data. However, we underpredict (overpredict) the bright end
10%3 erg s™! (all luminosity range) at z = 7 (z = 5) by 1-3.2dex (0.22-1.6 dex). Regarding BH-BH merger events, the instantaneous
(delayed) models predict a total of 28.06 (19.61) yr™! for BHs at z > 5, which is within the range of merger rates reported in previous

literature.
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1. Introduction

The past few years have seen an enormous increase in the
number of active supermassive black holes (SMBHs; >10° M)
detected in the early Universe at redshifts z > 4. Samples
of active galactic nuclei (AGNs) collected using ground-based
facilities (Fan et al. 2006; Bafnados et al. 2016; McGreer et al.
2013; Giallongo et al. 2015; Niida et al. 2020) are now being
supplemented by both photometrically (Kokorev et al. 2024;
Akins et al. 2025a) and spectroscopically confirmed objects
(Harikane et al. 2023b; Dingetal. 2023; Yueetal. 2024;
Maiolino et al. 2024; Greene et al. 2023; Matthee et al. 2023;
Lin et al. 2024) being detected with the James Webb Space
Telescope (JWST) out to z ~ 10.4. The AGNs selected with
JWST instruments appear surprisingly abundant, reporting num-
ber densities that surpass the extrapolated faint end of the pre-
dicted bolometric and ultraviolet luminosity Functions (UVLFs)
pre-JWST by one to two orders of magnitude (Shen et al. 2020;
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Niida et al. 2020). The black hole (BH) masses of JWST-AGNS,
estimated to range between 10°-10° M, using single-epoch
measurements, appear overmassive against the stellar masses
of their galaxy hosts, deviating from predictions of local rela-
tions (Reines & Volonteri 2015). Debate persists on whether
scaling relations between BHs and their galaxy properties evolve
with redshift (Pacucci et al. 2023) or arise from a selection bias
effect that JWST instruments yield (Li et al. 2025). Nonethe-
less, single-epoch techniques for BH mass tracers have been
shown to be robust in low redshift (z < 0.1) AGNs (Bentz et al.
2013), which also assume virial equilibrium in their broad line
region, a condition that is not clearly satisfied for sources accret-
ing close or above the Eddington limit (Lupi et al. 2024; King
2024). Additionally, a subsample of JWST-AGNSs, categorized as
little red dots (LRDs) for their red colors and compact morphol-
ogy, showcase atypical spectral energy distribution (SEDs), with
an uncertain origin in their UV continuum (Akins et al. 2025a)
and a lack of X-ray emission (Ananna et al. 2024; Maiolino et al.
2025).
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Nevertheless, diverse theoretical models have been proposed
to explain the origin and fast assembly of SMBHs. Among them
are the formation of “heavy” BH seeds (10°~10° M) accreting
at the Eddington limit (Kokorev et al. 2023; Bogdan et al. 2023;
Natarajan et al. 2024; Dayal et al. 2025) or through episodes of
super Eddington rates, and the formation of light BH seeds
(<10% M) accreting at super Eddington rates (Lupi et al. 2016,
2024; Regan et al. 2019).

The study and detection of gravitational waves from BH-
BH mergers opens a new way to understanding the assem-
bly of SMBHs through merger events. The collaboration
from ground-based gravitational observatories LIGO-VIRGO-
KAGRA have so far detected approximately 90 merging sig-
nals from stellar mass BHs (<10>M,) in the local Uni-
verse (Abbott et al. (2020, 2021, 2023, 2024), and others).
Recent results from the second data release of the Pulsar Tim-
ing Array (EPTA Collaboration and InPTA Collaboration 2024),
which probes the nano-Hertz frequency of gravitational waves
using pulsars, report a large amplitude signal suggestive of a
cosmic GW background from SMBH binaries above 107 Mg
(SMBHBs) at low redshifts z < 1. Future gravitational wave
observatories will be aimed at detecting BH mergers in the inter-
mediate mass regimes 10°—107 M, at higher redshifts z > 2.
Among these are the Laser Interferometer Satellite Antenna
(LISA) (Amaro-Seoane et al. 2023), which would detect merg-
ers from 10°—107 M, BHs in their last stages of inspiraling and
subsequent merger up to z ~ 20, and the Einstein Telescope
(ET), which is sensitive to <10> M, BH binary systems at z > 2
(Punturo et al. 2010). Detecting signals of massive BH merg-
ers through cosmic time will provide valuable insight into the
growth history of BHs via mergers, and an even stronger con-
straining power on the theoretical models of BH formation and
growth (Valiante et al. 2018; Amaro-Seoane et al. 2023) than
what can currently be speculated based on their electromagnetic
emission.

So far, many theoretical predictions of BH merger rates
have been drawn using analytical, semi-analytical and cos-
mological hydrodynamical simulations. For the heavy seed
scenario specifically, they range between 0.02 to 244 yr~!
for z > 5 (Dayaletal. 2019; Sesanaetal. 2007, 2011;
Ricarte & Natarajan 2018; Barausse et al. 2020; Klein et al.
2016; Katz et al. 2020; Bonetti et al. 2019). In contrast, predic-
tions for light seeds are usually larger, given their more abun-
dant number densities as remnants of large pop III stars, with
merger rates that range between 26.11 to 140.45yr™! for z >
5 (Dayal et al. 2019; Ricarte & Natarajan 2018; Barausse et al.
2020; Klein et al. 2016; Sesana et al. 2007, 2011). However,
most of these predictions are based on models calibrated on pre-
JWST data. Therefore, we find it relevant to revisit these pre-
dictions using a semi-analytical model calibrated against JWST
observations for AGNs and galaxies. We use the semi-analytical
model code DELPHI, which tracks the hierarchical assembly
of dark matter halos and their baryonic components (including
stars and BHs) between z ~ 26—4.5. The advantage of semi-
analytical models lies in their computationally cheap calcula-
tions and their capability to track galaxy and BH growth, thus
exploring a wide parameter space. In contrast, hydrodynami-
cal cosmological simulations are restricted to seeding massive
BHs of ~10%*° M, (Salcido et al. 2016; Tremmel et al. 2018;
Katz et al. 2020; Volonteri et al. 2020) and are limited to the res-
olution of their dark matter particles (~10° M).

We adopted a ACDM model and considered the Planck 2018
results for the cosmological constants (Planck Collaboration VI
2020) (Qa, Qp, Qp, h, 03) = (0.6889, 0.3097, 0.04897, 0.677,
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0.811), where Q, is the dark energy density parameter, Q,,
is the total matter density (including dark and baryonic mat-
ter), (), is the baryonic matter density, & is the dimension-
less reduced Hubble constant (Hy = 100 hkms~' Mpc™!), and
og is the matter fluctuation amplitude. We used a Kroupa ini-
tial mass function (Kroupa 2001) between 0.1-100 M, with a
slope of —1.3 (=2.3) between 0.1-0.5 (0.5-100) M,,, and a mass-
weighted solar metallicity value of Z, = 0.0122 (Asplund et al.
2005). We express all magnitudes in this work in the standard
AB system (Oke & Gunn 1983).

This work is structured as follows: In Section 2 we explain
the theoretical framework and the models explored. In Section 3,
we show how our models compare to AGN observables. In
Section 4 we describe the emergence of the stellar to BH mass
relation and the merger rates implied for each model. Finally, in
Section 5 we discuss our results and conclusions.

2. The theoretical model

For this work we use DELPHI (Dark matter and the Emergence of
gal_axies in the ePocH of relonization), a semi-analytical model
that tracks galaxy and BH formation between z ~ 40—4.5. First
introduced in Dayal et al. (2014), since then has undergone many
modifications to explore predictions for gravitational waves from
BH mergers (Dayal et al. 2019) in the first billion years of cos-
mic time, the physical properties and growth of BHs in high-z
galaxies (Piana et al. 2020, 2021), metal and dust evolution in
high-z galaxies (Dayal et al. 2022; Mauerhofer & Dayal 2023;
Mauerhofer et al. 2025), as well as the impact on reionization
from BHs in light of JWST data (Dayal et al. 2025). From this
point onward we will refer to Dayal (2019) as D19.

We build our theoretical framework for gas, stellar, BHs, dust
and metal evolution as in Dayal et al. (2014, 2022, 2025), but
including the recent modifications proposed in Mauerhofer et al.
(2025), which adopts cold gas fractions and star formation effi-
ciencies drawn from the SPHINX?® simulation (Rosdahl et al.
2022).

2.1. Dark matter merger trees and gas assembly

The dark matter halo merger tree was constructed following the
Parkinson et al. (2007) algorithm, which describes a hierarchi-
cal assembly of halos based on the Extended Press-Schechter
theory. The merger tree used in this work has halos with masses
ranging between log(M) /M) = 8—14 starting at z = 4.5, with
100 halos per dex distributed uniformly in log-space, i.e., 600
trees in total. This merger tree evolves backward up to red-
shift 26, in fixed timesteps of A = 30 Myr. At each timestep,
a halo of mass M; can either fragment into 2 halos of mass
M,, where M,s < M, < M;/2, or lose a fraction of its
mass below the resolution limit (M). The lost fraction of dark
matter accounts for the contribution of unresolved halos, i.e.
smooth-accretion of dark matter (MS?11 ) from the intergalactic

medium. The mass resolution of this merger tree is 108 My,
Each halo at z = 4.5 is assigned a comoving number density
dN/dlogM;[cMpc~> dex™!] by comparing to the Sheth-Tormen
halo mass function (HMF) (Sheth & Tormen 1999) at that red-
shift. This number density is inherited by all the descendants of
the corresponding halo.

In the starting leaves of our merger tree (first-generation
halos resolved in the semi-analytical model), we begin with an
initial gas mass equal to the cosmological ratio between baryons
and dark matter as M’ j/ = (Qp /) M), Subsequently, the total gas
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mass inhereted by the descendant halo is computed as the left-
over gas after stellar and BH processes accompanied by a factor
of smoothly accreted gas from the intergalactic medium (Mg").
We find M by multiplying the smoothly accreted dark matter
mass (Mg ) with the cosmological ratio (€2,/€,).

2.2. Star formation, feedback and UV luminosity

The stellar mass produced within each timestep is computed as
the effective stellar efﬁciency (fi) times the initial gas mas, i.e.

. " :
M, = "M, where =min[feog - fi7 s £']. The fioa and
£ are the cold gas fract10n and the star formation efficiency

retrieved from SPHINX?’, respectively. Both quantities depend
on the mass and redshift of the halo, and are assigned accord-
ingly. More details on retrieval and tabulation of these values
from SPHINX? simulations can be found in Mauerhofer et al.
(2025). The term f,’, on the other hand, is the star formation
efficiency necessary to eject all remaining gas from the halo by
type II SNe (SNII) feedback:

02

) _ C

= e M
where v, is the halo rotational velocity, v is the supernova rate
(1.113 x 1072 Mg for a Kroupa initial mass function), and £
is a free parameter that sets the fraction of SNII energy fraction
coupling to gas. Halos where faiq - £2P"™ > < are SNII feed-
back limited, i.e., all their gas gets ejected after SNII; otherwise,
they are efficient star formers.

For each galaxy, the intrinsic UV luminosity between 1450—
1550 A (Lil‘}{,) comes from the SED calculated by convolving
its star formation history (assuming constant star formation for
the stellar mass formed within the 30 Myr timestep) using Star-
burst99 (SB99) stellar population synthesis code (Leitherer et al.
1999). We adopt the Geneva High mass loss tracks (Meynet et al.
1994), using metallicities of 0.001, 0.004, 0.008 and 0.02 Z,. For
each galaxy, we interpolate between these values based on its
gas-phase metallicity. The observed UV luminosity (L°bs) is esti-
mated assuming an internal extinction, corresponding to a homo-
geneous mixture of stars and dust: L‘L’}“ Lmt 1=¢ "where 74 is
the dust optical depth for a given galaxy (explalned in Sect. 2.4).

2.3. BH seeding, accretion, feedback and luminosities

Heavy BHs are seeded in all starting metal-free halos down to
redshift 12.8. We randomly draw the initial BH masses from a
log-uniform distribution in the 103~10° M, mass range. Once
seeded, BHs accrete the minimum gas mass between an Edding-
ton fraction ( fEdd) or a fraction of the remalmng gas after SNII
feedback (fBH). Hence, the accreted mass is determined as:

M55S =min[(1 — €(a)) frad Mpaa At,
(1 - &(a) foll M}] )

where Mgqyq is the Eddington mass accretion of the BH (Mgqq =
4nGm,, (e(a) c or)”' Mgy) and €.(a) the BH radiative effi-
ciency for a given dimensionless spin a (details in Sect. 2.5). We
decide not to split the gas into cold and hot components for BH
accretion as we do in star-forming processes, since SPHINX?’
does not include AGN physics, and letting BHs accrete from
a given component would give rise to inconsistencies with the
cold gas fraction sampled from SPHINX?. Both fizqq and fEH
are free parameters in our models that are implemented with

a Gaussian scatter in log-space with a 0.5 dex standard devia-
tion. These parameters can adopt two different values depend-
ing on whether the halo mass surpasses the critical threshold
M = 102 [Q,(1 + 2)° + Q1712 (M) (Bower et al. 2017).
In our framework, the accretion parameters are largest when
M, > Mzm. The physical reasoning behind M,Cf“ is that for
lower mass halos, star formation-driven outflows would prevent
the build-up of gas in the galaxy’s center, inhibiting the growth
of the nucleated BH. To reproduce the dispersion of the BH to
stellar mass relation found in observations, we apply a gaus-
sian scatter of 0.5 dex in log-space for the M;" threshold that
each halo needs to surpass. We chose this magnitude of disper-
sion (0.5 dex) because it is typically adopted in semi-analytical
models that reproduce early galaxy observables (Behroozi et al.
2019; Somerville et al. 2025). We defined the effective Edding-
ton fraction ( fE i d) as the ratio between the accreted gas mass

(M) and its Eddington mass accretion ((1 — €(a)) Mggq AY)
w1th1n the timestep.

The strength of BH feedback, i.e., the fraction of energy from
BH accretion coupled to winds, is regulated by a free parameter
(fBH), which affects the gas avallability in halos. The bolomet-
ric luminosity of BHs with fE i 2 1% is calculated as Lg, =

€(a) MBH ¢ (At x (1 - €(a))), where ¢ is the speed of light.
This luminosity decays instantaneously in the next Az. For lower
effective Eddington fractions ( fggd < 1%), models predict a tran-
sition from a UV bright, thin disk to a radiatively inefficient, opti-
cally thin accretion flow, where the bulk of the thermal energy
is carried into the BH rather than being radiated (Narayan & Yi
1994; Yuan & Narayan 2014), therefore their SED changes dras-
tically, with a decrease in the UV/optical regime (Esin et al.
1997; Chiaberge et al. 2006; Younes et al. 2012; Almeida et al.
2018). For this regime of inefficient accretion, we consider BHs
to be non-luminous. We find that neglecting inefficiently accret-
ing BHs ( feff < 1%) does not impact our results.

2.4. Dust, metal evolution and opacities

In our model, the interlinked evolution of metals and dust are
followed using the prescriptions detailed in Dayal et al. (2022)
and Mauerhofer & Dayal (2023). In brief, we employ a set of
coupled differential equations that describe the production, ejec-
tion, and astration of metals and dust, including the growth of
dust grains and their destruction into metals via SNII shocks;
we assume perfect mixing of metals, dust and gas. At early
times (z > 4.5), SNII are the primary drivers of dust pro-
duction (producing 0.5 M of dust per SNII); AGB (asymp-
totic giant branch) stars contribute negligibly (Dayal et al. 2010;
Lesniewska & Michatowski 2019). For metal production, we
consider the contribution of all SN and AGB stars between 2—
50 Mg, and use the metal yields results from Kobayashi et al.
(2020). We employ this mass constraint because stars below
2 M, end their life at longer timescales than the age of the Uni-
verse at z > 4.5, while stars >50 M, are assumed to collapse
into BHs without any metal yield. With the incorporation of cold
gas fractions, we calculate the destruction and growth of dust
grains in the warm and cold ISM, respectively, as detailed in
Mauerhofer & Dayal (2023).

Subsequently, we estimate UV opacity for both star for-
mation and BHs. Since dust and gas are perfectly mixed, we
equate their distribution to a sphere of radius 7gss = 7qust- Results
from the Atacama Large millimetre Array (ALMA) Rebels sur-
vey find a negligible evolution of the effective radii of [CII]
158 wm at a fixed UV luminosity in the 4 to 7 redshift range
(Fudamoto et al. 2022). We incorporate this information (tested
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in Mauerhofer & Dayal 2023) and calculate the evolution of the
gas radius as rgs = 4.5 4 % Fvir, Where A is the halo spin param-
eter with an average value of 2 = 0.04 (Dayal 2019), and ry;, is
the virial radius of the halo. The UV optical depth for star for-
mation is calculated as 7oy = 3 Mgyy[4ma s rﬁust]’l, where Mg

is the total dust mass, and @ = 0.05 ym and s = 2.25 gm cm™3
correspond to the size and density of a carbonaceous/graphite
dust grains, respectively (Todini & Ferrara 2001; Nozawa et al.
2003).

2.5. BH spins

In this work, we explore the maximal spin scenarios for all BHs
to bracket BH mass growth and understand its implications on
galaxy and AGN observables. We use the dimensionless defini-
tion of the spin a = Jpy/Jmax, Where Jpy is the angular momen-
tum of the BH and Jy,x = GMIZ3H /c its the maximum angular
momentum. If a > 0, we consider the BH to co-rotate with the
accreting material, whereas a < 0 corresponds to the counter-
rotating case. The radiative efficiency (e,) is defined as a func-
tion of the spin (Bardeen et al. 1972). For this work, we consider
three spins for all BHs: Extreme prograde/co-rotating scenario
a = 0.99 that yields €, = 0.263, extreme retrograde/counter-
rotating scenario a = —0.99 that yields €. = 0.037, and the
“canonical” spin a = 0.67 that yields the radiative efficiency
€ ~ 0.1 most commonly assumed in observational work (e.g.,
Ueda et al. 2014). Since BH accretion (M) scales as (1 —€.(a))
or (1-¢,(a))/€(a) depending on the accretion mode, the extreme
prograde and retrograde scenario will minimize and maximize
the accreted mass, respectively. On the other hand, the bolomet-
ric luminosity scales as €.(a)/(1 — €(a)) times My}, and there-
fore it is only on the mode of sub-Eddington accretion that the
luminosity scales with €.(a).

2.6. BH and galaxy mergers

Whenever two or more dark matter halos with galaxies and
BHs merge, we considered two plausible scenarios: (1) instan-
taneous merging, where DM halos, galaxies and BHs merge
instantaneously, and (2) delayed merging, where galaxies and
BHs merge after a dynamical friction timescale (Lacey & Cole
1993):

M, 0.3722

_ 3
Msal ln(Mh/Msat) ( )

ToF = fat Oorbit Tdyn

Here, M), is the mass of the main halo including all satellites,
M, is the halo mass of the merging satellite, T4y, is the dynami-
cal timescale that can be expressed as the half period of a circular
orbit for the virial radius of the halo (7 Ryi:/ Vyir = 0.1 m15(2)), far
is the efficiency of tidal stripping that we impose to be fy = 1,
and Oy, is the angular momentum of the satellite halo nor-
malized to a circularized orbit. From Cole et al. (2000) it is
found that @i; follows a lognormal distribution as In Ogpic =
—0.14 + 0.26. Hence we randomly draw values for each merger
assuming this distribution. In our prescription for delayed merg-
ing, satellite galaxies that are orbiting the main system will cease
star formation, and their BH (if present) will stop accreting
gas.

The dynamical friction timescale Tpr must be taken as a
lower (i.e. optimistic) limit on the actual time it takes BHs to
merge. This is because dynamical friction becomes inefficient
at separations of a few kiloparsecs and below (Begelman et al.
1980). Further, sinking from scales of a few to one kilo-
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Table 1. Models explored in this work.

Name model Merging timescale Spin (a) €
ins (fiducial) 0 0.67 0.99
del pr (Eq. 3)) 0.67 0.99
ins-sp099 0 0.99 0.263
del-sp099 7pr (Eq. (3)) 0.99 0.263
ins-sn099 0 -0.99  0.037
del-sn099 7pr (Eq. (3)) -0.99  0.037

parsec among the interacting BHs becomes a stochastic pro-
cess, and it is highly sensitive to the properties of the merg-
ing galaxies. These include their stellar mass ratios, stellar
masses, morphologies, (Tremmel et al. 2018; Biava et al. 2019;
Bortolas et al. 2021), and even the masses of the participating
BHs (Pfister et al. 2019). At separations below 100 pc scales,
orbital decay is driven by a combination of processes such as
dynamical friction against the stellar and/or gaseous density
profiles, stellar hardening, gas migration, or third-body inter-
actions (Escala et al. 2005; Haiman et al. 2009; Colpi 2014;
Dosopoulou & Antonini 2017; Bonetti et al. 2019). Finally, at
sub-pc distances (typically ~10~#—10"3pc for equal mass bina-
ries of 10°~107 M,,), gravitational wave driven inspiral domi-
nates and ultimately leads to coalescence (Amaro-Seoane et al.
2023). Naturally, accounting for all these sub-kiloparsec dynam-
ics would increase the delays of BH mergers, and reduce
the reported merger rates found in this work, an effect that
has been demonstrated in other semi-analytical models works
(Bonetti et al. 2019; Barausse et al. 2020).

Moreover, since BHs in our prescription merge instan-
taneously or after 7pp, we do not account for the possi-
bility that they become wanderers, BHs that never merge
with the main BH. A growing number of studies report that
wandering BHs can represent a significant fraction of the
total BH population (Ricarte & Natarajan 2018; Tremmel et al.
2018; Izquierdo-Villalba et al. 2020; Bellovary et al. 2021;
Di Matteo et al. 2023; Chen et al. 2022). For now, we limit this
work to the most optimistic scenario for BH mergers, in which
mergers occur as efficiently as our dark matter merger tree res-
olution allows. This assumption maximises the predicted BH
merger rate and facilitates the early growth of massive BHs, as
suggested by recent JWST results. Nonetheless, incorporating
more realistic sub-kiloparsec timescales remains a key goal for
future iterations of this model.

We considered the fiducial model as the one that assumes
instantaneous merging of galaxies and BHs and a canonical
radiative efficiency of € = 0.1, which yields a spin of a = 0.67
(see Section 2.5). A summary of the models explored in this
work can be found in Table 1.

3. Calibrating against observations

We calibrate the fiducial model against galaxy and AGN observ-
ables. The observables we consider are the UVLF of Lyman
Break Galaxies (LBGs) at redshifts z ~ 5—14 (Bouwens et al.
2022, 2021; Harikane et al. 2022, 2023a; Atek et al. 2015,
2018; Adamsetal. 2022, 2024; Donnanetal. 2022, 2024,
Bowler et al. 2017; Leung et al. 2023; Finkelstein et al. 2024;
Willott et al. 2024; Robertsonetal. 2024; Whitler et al.
2025), the stellar mass function (SMF) at z ~ 5-10,12
(Navarro-Carrera et al. 2024; Song et al. 2016; Duncan et al.
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Table 2. Best-fit free parameters for the fiducial model.

Parameter  Best-fitting values Description
bha 0.1 (5x1073)° Fraction of gas accreted by the BH after SNII feedback.
frdd® 1.0 (1073 Eddington fraction accreted by the BH.
fon 5x107 Fraction of BH feedback coupled to winds.
I 0.04 Fraction of SNII feedback coupled to winds

Notes. A detailed explanation on how we found these values can be found in Appendix B. These parameters are implemented with a 0.5 dex

scatter. ’Values in parenthesis correspond to the case when the halo lies below the critical threshold M,CIrit =

which also has a 0.5 dex scatter.

2014; Bhatawdekaretal. 2019; Stefanonetal. 2021;
Harvey et al. 2025), the BH mass function (BHMF) at
z ~ 5-6 (Kokorev et al. 2024; Matthee et al. 2023), and the
bolometric luminosity function at z ~ 5—8 (Kokorev et al. 2024;
Akins et al. 2025a). We deliberately exclude pre-JWST AGN
data, as they predict 10—100 times smaller number densities
for the (extrapolated) bolometric LF at the faint end compared
to JWST results. We also do not consider the ultraviolet LF,
given the undetermined contribution from their galaxy host
(Pérez-Gonzdlez et al. 2024; Rinaldi et al. 2025), or a possible
contribution from scattered unreddened UV light from the
AGN (Greene et al. 2023; Kocevski et al. 2024; Kokorev et al.
2024). In a future paper, we will explore the observed UV LF
compared to observations, assuming different attenuation laws
and Hydrogen column densities. For the next subsections, we
describe how we chose the best parameters for the fiducial
model to reproduce JWST observables. Afterward, we show
how our models compare to the bolometric LF and BHMF of
AGN:Ss. The errors for each model are calculated for each mass
(luminosity) bin, assuming a Poisson Error weighted by the
number density of the halos found at the corresponding bin,
following the formalism presented in Bohm & Zech (2013).
We refer the reader to Appendix B for details in the calibrated
galaxy observables.

3.1. Finding the best parameters for the fiducial model

To find the best parameters that simultaneously fit all observ-
ables, we perform a parameter exploration over all the free
parameters in Delphi, namely: {f;, fEH, fpaa(My < M™),
Seaa(My = M), [ (M), < M™), fB8(M), > M;™)). The range
of values explored is detailed in Table B.1, amounting to a total
of approximately 6200 models. For each run, we constructed the
SMF and UVLF for LBGs and the BHMF and the bolometric LF
for AGNs.

For each observable, we compute the chi-square statistic
against available observations at multiple redshifts (see Table
B.2). During this calculation, we avoid data points that are lower
or upper limits'. To characterize the overall performance for
each observable, we sum the chi-square values across all red-
shifts, resulting in a chi-square distribution (see Fig. B.1) per
observable (SMF, BHMF, UVLF of LBGs, and bolometric LF).

To select the best-fitting parameters, we pre-select all models
that fall within the 38th percentile of the chi-square distribution
for each observable. We choose this specific percentile because it
selects a small number (N = 6) of models that show good overall
performance across datasets. From this subset, we identify the

! For most cases, our selected model agree with the lower and upper
limits from observations.

1011.25[Qm(1 + Z)} + QA]_(“ZS M®,

model with the smallest total sum of chi-square values across all
observables as our best-fit model. The best parameters are shown
in Table 2.

3.2. Bolometric luminosity function

The bolometric luminosity function (bolometric LF) is shown in
Fig. 1 for z ~ 5-7 and 10. We remind the reader that only the
fiducial model (black solid lines) have been calibrated against
observational data. The shaded regions around each theoreti-
cal model show their Poisson errors, weighted by the number
density of BHs with a bolometric luminosity corresponding to
each bin. The del-sp099 and ins-sn099 models correspond to the
lower and upper bounds of BH growth and luminosity, respec-
tively. Observations pre-JWST are represented with the LF fits
from Shen et al. (2020), shown as the dot-dashed gray lines.
JWST observations at redshifts 5—10 come from Greene et al.
(2023), Kokorev et al. (2024), Matthee et al. (2023), Akins et al.
(2025a), Lin et al. (2024) and Kovécs et al. (2024).

We summarize how each observational work estimated
AGN bolometric luminosities, highlighting their key assump-
tions and caveats. Greene et al. (2023) selected high-z (z > 4)
AGN candidates via photometry based on the LRD criteria,
being compactness and a characteristic “v’-shaped SED. They
confirmed the presence of an AGN by detecting broad Ha
in their NIRSpec spectra. Assuming the observed UV corre-
sponds to scattered (or leaked) AGN emission, they correct for
dust using the observed UV slope and estimate the bolomet-
ric luminosities using standard relations (Greene & Ho 2005).
Kokorev et al. (2024) also used the LRD photometric criteria and
performed a two-component SED fitting, where the UV/optical
comes from the Sloan Digital Sky Survey (SDSS) composite
quasar SED Vanden Berk et al. (2001) and the NIR comes from
Glikman et al. (2006). In this template, they consider a dust red-
dened SED alongide a non-attenuated emission arising from
scattered light. The bolometric luminosity is derived using the
luminosity at 5100 A and the corresponding standard relations
(Greene & Ho 2005; Kaspi et al. 2000). Akins et al. (2025a)
photometrically selected compact red sources and fitted quasar-
only SEDs with up to 10% scattered, unattenuated UV emission.
Bolometric luminosities were derived from the monochromatic
luminosity at 3000 A of their best SED fit, using the bolometric
corrections from Richards et al. (2006). Lin et al. (2024) photo-
metrically searched for broad Ha in compact, red sources, from
which they estimated Ls;op (Greene & Ho 2005) and the cor-
responding bolometric luminosity (Richards et al. 2006). They
do not apply dust corrections due to their limited spectral cov-
erage, potentially underestimating the bolometric LF by 0.4—
0.8dex if Ay = 2-4. Finally, Kovacs et al. (2024) estimated
the bolometric LF using two of z ~ 10 galaxies (Kovdcs et al.
2024; Bogdanetal. 2023), identified via CHANDRA soft

A360, page 5 of 18



Ciceres-Burgos, P. F. V., et al.: A&A, 707, A360 (2026)

Shen+20, Bol LF === del -—==del-sn099 -—==del-sp099 A  Kokorev+24 Lin+24
ins ins-sn099 —— ins-sp099 x Greene+24 O Akins+24 Kovacs+24
-2r T T T T T m 2 T T T T T -
-3 -’ z~5 4 -3 » zZ~6 3
.—'|_| -4 = E -4 \\'\ = = E
[ N\ / 3 & SO =, 3
- - N -
Ej -5pF - -5 \\\ \\\ N 3
S f ] NN
m  -6F -6 \ \ \
| F = \ \ N\
) C 1 \\ \ N
Q 7k 4 -7 \ Y =
- . \ \ .
E o m \ \ d
M T T _al M T PR IR S L SRR | Loa 1
) 853 44 45 46 47
—_
B - T T -
aa)] m ]
\\_I/ = z~10 3
o)) ] ]
@) = f
— - -
ke ] ]
~~ = =
o ; E
o ] ]
P P L1 ]
46 47

log(Lgoi/ergs1)

log(Lgoi/ergs—1)

Fig. 1. Bolometric luminosity functions for AGNs for redshifts 5, 6, 7 and 10. The instantaneous models are shown as solid lines, while the delayed
models are shown as dashed lines. The shaded areas for each model correspond to their Poisson errors. The fiducial model (ins) and delayed (DEL)
are shown in black, the extreme retrograde are shown in pink and the extreme prograde in blue (del-sp099). Observations pre-JWST are represented
by the fits from Shen et al. (2020) (green dash-dot lines). JWST results are from Greene et al. (2023), Kokorev et al. (2024), Matthee et al. (2023),

Kovics et al. (2024), Akins et al. (2025a), Lin et al. (2024).

X-ray emission. The bolometric luminosities were derived using
Lusso et al. (2012) corrections.

To reproduce the JWST-AGN bolometric LF while main-
taining consistency with galaxy observables, our models require
accretion parameters of fgqq = 1 (1073) and fBH = 0.1 (5x1073)
in halos above (below) the critical threshold. It is important to
consider that in D19, the accretion parameter f2! did not have
two different values depending on the critical mass threshold, as
BH growth in low-mass halos was effectively suppressed. Hence,
our current prescription extends the framework by allowing low
mass halos to contribute on BH growth via accretion whenever
there is sufficient gas. Compared to D19, which was calibrated to
pre-JWST high-z AGN surveys, our accretion parameters above
the critical halo mass threshold are ~1-2 orders of magnitude
higherz. This means that BHs in large halos (M), > M;m) must
at least accrete 10% of the remaining gas after SNII feedback,
i.e. ~100 times more gas than in D19. At the same time, in our
updated framework, BHs in small halos (M) < Mzr") have to
accrete at least ~0.1% of gas after stellar processes. Both D19
and this work impose Eddington limited (fgqqa = 1) growth for
high mass halos (M) > M;“t). It is important to note that in
D19, the parameters for BH accretion and the critical halo mass
threshold (Mzri‘) for a given halo were not implemented with a
0.5dex gaussian scatter in log-scale, and hence we achieved a

2 If we were to use the former theoretical framework of DELPHI we
find that the accretion parameters must be ~2-3 orders of magnitude
higher.
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smoother transition between fractions that yield high (fgqq = 1
and fB" = 0.1) and low accretion (fggg = 1073 and fBH =
5% 107%).

Nonetheless, incrementing the parameters for BH accretion,
as well as setting heavy initial BH masses results in strong
BH feedback, which is counteracted by a weaker value of BH
feedback coupling onto winds (f2H = 5 x 107, of about an
order of magnitude lower than in D19, reporting f2H = 0.003.
Consequently, this elevated accretion accelerates the assembly
of heavy, 10°~10° M, accreting BHs, shining with luminosities
between 10%2-10% erg s~! which boosts the number densities of
BHs in this mass and luminosity regime. Additionally, the incor-
poration of SPHINX?? cold gas fractions and star formation effi-
ciencies results in a drastic diminution of SNII feedback limited
halos (i.e. halos with no gas after SN feedback). Before incorpo-
rating the values from SPHINX?, in DELPHI, 96.06% (99.92%)
of halos at redshift 5 (10) were completely devoid of gas follow-
ing stellar and BH feedback. After the update, this fraction has
significantly decreased to 0.11% (9.63%) for redshifts 5 (10).
This change primarily facilitates the growth of BHs in low-mass
halos by allowing continued gas accretion, thereby accelerating
their assembly.

We now discuss the evolution of the bolometric LF shown in
Fig. 1, moving from high to lower redshifts. Across all panels,
the interplay between BH accretion rates, spin configurations,
and merging prescriptions determines the shape and normaliza-
tion of the LF, though their relative importance evolves with red-
shift.
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At z = 10 (bottom-right panel), models with instantaneous
mergers (ins, ins-sn099, ins-sp099) reach higher number densi-
ties across the entire luminosity range compared to the delayed
models (del, del-sn099, del-sp099). This stems from the acceler-
ated BH growth by immediate BH-BH coalescence; this allows
them to grow even faster once their halos are massive enough
to retain gas after SNII feedback. Most BHs in this luminos-
ity regime (>10%**3 ergs™!) accrete in the figq-regulated mode,
where accretion scales with BH mass. Additionally, the impact
of spin is evident: more negative spins result in higher number
densities at the bright end >10***ergs™' (1042 ergs™!) of the
bolometric LF for instantaneous (delayed) models. The latter
is due to the low radiative efficiency and thus the higher mass
accretion rates that more negative spins yield (see Eq. 2). How-
ever, none of our models approach the high number density esti-
mated by Kovdcs et al. (2024), with even our upper bound model
(ins-sn099) underpredicting this prediction by more than 5 dex.
We interpret this rare, bright sources as outliers relative to the
AGN population our models aim to describe. At z = 7 (bottom-
left), spin strongly modulates the shape of the bolometric LF.
Models with extreme retrograde spin (ins-sn099, del-sn099)
yield the highest number densities at luminosities >10% ergs~!,
followed by the canonical and extreme retrograde spin. This
hierarchy reflects how more negative spins boosts accretion
rates and hence BH mass and luminosity. Instantaneous mod-
els remain consistently more number dense than their delayed
counterparts at fixed spin due to their enhanced merger-driven
growth and gas availability (supplemented from satellite galax-
ies). Interestingly, at fainter luminosities <10**8 erg s™!, extreme
prograde spin models (ins-sp099 and del-sp099) report slightly
higher number densities, as their slow growth via accretion
leads to an abundant population of low-luminosity BHs. When
compared to JWST data (Akinsetal. 2025a; Kokorev et al.
2024; Greene et al. 2023), models with extreme retrograde spin
(ins-sn099 and del-sn099) match the bright-end number densi-
ties *1079—107° cMpc =3 dex™! at 10¥—~10% erg s~!. The fiducial
model agrees well up to luminosities of 10% ergs~!, but under-
predicts brighter bins by 0.9-3.2 dex. Miss-matches on some
datasets are expected since the best-fit parameters are tuned
to match both galaxy and AGN observables simultanously. At
z = 6 (top-right), both spin and merging prescriptions, partic-
ularly at luminosities >10* ergs~!, determine the shape of the
LF. The order in which models reach higher number densities for
brighter luminosities remains consistent with that of z = 7, high-
lighting the sustained role of spin-enhanced accretion. At the
faint end, however, delayed and instantaneous models overlap
within uncertainties. This convergence is driven by the follow-
ing: delayed models maintain high accretion rates ( fggd > 0.5)

for small BHs (=10°~%> M) due to their weaker feedback retain-
ing more gas. Whereas, instantaneous models rapidly assemble
massive BHs ~107°78 M, which yield stronger feedback that
effectively restricts their gas supply, lowering accretion rates
( fggfd < 0.1) and thus populating the faint end of the bolo-
metric LF. Delayed models also benefit from increased merger
rates at this redshift, enabling BH growth via mergers as well as
further gas accretion from the gas provided by the incoming
satellite galaxy. The fiducial model shows its best match to
observations at 10¥ 4 erg s~!, slightly under-predicting the data
by up to 0.7 dex at brighter luminosities.

By z = 5 (top-left), the LF shows a narrowing gap between
delayed and instantaneous models at fixed spin, particularly in
the extreme retrograde case (ins-sn099 vs del-sn099), which are
nearly indistinguishable across 10**-#72ergs~!. This conver-
gence arises from the increasing merger rates that delayed mod-
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Fig. 2. Black hole mass functions at redshifts 5 and 6 for the fidu-
cial (solid black lines), DEL (dashed black lines), ins-sn099 (solid pink
lines), and del-sp099 (dashed blue lines). The thin lines represent all
BHs, while thick lines show BHs with Lpy > 10*ergs™ and fgf >
0.1. Observational constraints from Pre-JWST come from Willott et al.
(2010a) and Shankar et al. (2009), while JWST predictions are taken
from Kokorev et al. (2024), and Matthee et al. (2023).

els experience at lower redshifts, which grow their BHs via BH-
BH mergers as well as replenishes the available gas for further
accretion. Consequently, delayed models “catch up” to instanta-
neous ones in bolometric luminosities, especially for spin config-
urations that maximize accretion. Interestingly, while most mod-
els with the same merging prescription overlap at the faint end
(<10*ergs™!), ins-sn099 displays a distinct convex shape due
to the buildup of ~10° M, BHs from prolonged, high accretion.
Comparing to observations, the fiducial model now overpredicts
the data by 0.22—1.6 dex depending on the luminosity bin. This
suggests that models matching well at z = 6-7 may overesti-
mate the AGN population at later-epochs, possibly reflecting on
observational incompleteness of z = 5 AGNs, redshift evolution
of AGN obscuration, or model limitations of BH quenching at
later times (z < 6).

3.3. BH mass function

In Fig. 2, we show the BHMF for redshifts 5 and 6. The ins-
sn099 and del-sp099 models correspond to the upper and lower
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bounds of BH growth. The faint and thin lines correspond to the
mass function of all BHs, while for the fiducial and DEL model
we show the BHMF for BHs >10* ergs™! with fg‘gd > 10% in
the thick and saturated lines. The choice for the latter constraint
is motivated by the faintest luminosity and Eddington fractions
probed from spectroscopic JWST observations (Matthee et al.
2023; Greene et al. 2023).

Pre-JWST predictions for the BHMF come from
Shankar et al. (2009), while direct BHMF estimations are
from Willott et al. (2010a). The former derives the BHMF using
a reference model of BH evolution where BHs accrete at 0.6
Eddington fraction and a radiative efficiency of € = 0.065. They
calibrate the BHMF so it reproduces the bolometric luminosity
functions of AGNs available at that time. In the panel at redshift
5 we show Shankar et al. (2009) reference model for redshifts
4.5-5, while at redshift 6 we show their predictions between
redshifts 5.51-5.99. Meanwhile, the latter estimates the BHMF
so it can reproduce the luminosity functions in Willott et al.
(2010b), considering an intrinsic Eddington distribution for
z =~ 6 sources, an obscured fraction and a duty cycle of
~0.75. Regarding JWST observations, Matthee et al. (2023)
constructed the BHMF for redshift bins 4—6 using single-epoch
measurements of broad Ha in their LRD sample. Kokorev et al.
(2024) estimated the BHMF at redshift bins 4.5-6.5 for their
photometrically selected LRD sample using their bolometric
LF and assuming that all their sources are shining at the
Eddington limit. Finally, Taylor et al. (2025) constructed the
BHMF at redshift bins 3.5-6 by calculating the single-epoch
BH mass from their sources with detectable broad He in slitless
spectroscopy. Out of this sample, they find that ~30% satisfy
the LRD criteria. Given the complexity of SED modeling, they
decide not to incorporate corrections from dust attenuation.

At redshifts 5 and 6, we see a somewhat flat distribution
of BHs between 10°~10° M, masses for all displayed models.
This shape comes from the log-uniform distribution of BH seeds
seeded at starting halos down to redshift ~13. Through cos-
mic time, these BHs are starving or accreting at sub-Eddington
fractions in small halos (M) < Mzm), which easily eject all
their gas from stellar and BH feedback. In the high-mass coun-
terpart, the overall shape of the BHMF is mainly subject to
spin prescription, i.e., the accretion rate and the gas availabil-
ity. Meanwhile, in the case of models with canonical spin, we
see that the delayed and instantaneous models overlap within
error bars for BH masses below 108> M, (107 M) for redshifts 5
(6). Indeed, through instantaneous merging, the number density
of massive BHs (=108 M) are at least 0.3 dex more numerous
than the delayed, due to efficient merging and accretion from
the maximum amount of gas possible brought in by satellite
galaxies.

Comparing to JWST observations, we see that at redshift
6 (bottom panel of Fig. 2), the fiducial model finds good
agreement with the data points from Taylor et al. (2025), while
for Kokorev et al. (2024) we overpredict the number densities
by 0.7-1.27 dex. Even after masking by bolometric luminos-
ity (Lpos > 10* ergs™") and Eddington fraction (fggq > 10%),
we overpredict Kokorev et al. (2024) points by 0.26—1.11 dex.
Whereas at redshift 5, the masked BHMF of the fiducial agrees
with Taylor et al. (2025) between 109°—1072° M, and overpre-
dicts by 0.59-1dex at higher masses, while for Matthee et al.
(2023) and Kokorev et al. (2024) we overpredict the number
densities at all mass ranges by 0.43-1.19dex and 1-1.9dex,
respectively. Regarding pre-JWST observations, as expected, we
overpredict the number density by at least 1dex at all mass
ranges for redshifts 5 and 6.
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Although the fiducial model tends to overestimate most data
points, it is important to consider that the BHMF estimation
from Kokorev et al. (2024) does not account for the underly-
ing distribution of Eddington fraction, which is set to 1. There-
fore, assuming an average Eddington fraction of 10% would shift
these data points to the right by 1 dex, comfortably matching the
BHMF of the fiducial model. On the other hand, both BHMF
estimated from Matthee et al. (2023) and Taylor et al. (2025)
are built using single-epoch measurements of broad He, which
are uncertain to be valid for sources accreting above or close
to the Eddington limit (Lupi et al. 2024; King 2024). Addition-
ally, they do not correct for dust attenuation. Hence, the estima-
tions for BH masses may be underestimated. At the same time,
accounting for type II AGN may increase the number density by
up to 0.6 dex (Maiolino & Rieke 1995), if the proportion of type
IT over type I found at low-z stands at these high-z.

4. Emergence of black holes in the first gigayear

In this section, we describe and discuss the emergence of BHs
and their host galaxies from 0.125 Gyr (z = 26) up to 1.2 Gyr
of the Universe (z = 5), spanning the first billion years in cos-
mic time. We compare the configurations presented in this work
(see Table 1) and analyze their impact on the stellar to BH mass
relation, as well as their expected merger rates.

4.1. Stellar and BH mass relation

From observations we have BH and stellar masses
that range between log(Mpy/Ms) = [6-9.5] and
log(Msenar/Mo) = [7.5-11.6], and from redshifts 5 to 10.

Most BH masses were estimated using single-epoch measure-
ments of broad Ha (Harikane et al. 2023b; Maiolino et al. 2024;
Kocevski et al. 2023, 2024; Akins et al. 2025b; Rinaldi et al.
2025), HB (Yue et al. 2024; Kokorev et al. 2023; Furtak et al.
2024; Tripodi et al. 2025; Kocevskietal. 2024), or Mgll
(Pensabene et al. 2020) depending on the spectral cover-
age. Other works (Kovdcsetal. 2024; Bogdan et al. 2023)
derive BH masses from X-ray emission found in CHANDRA,
assuming an Eddington limited accretion and X-ray bolo-
metric corrections (Lusso et al. 2012; Duras et al. 2020). The
stellar masses for some of these observations are estimated
by SED fitting the photometric points of host-only images
(Harikane et al. 2023b; Ding et al. 2023; Yue et al. 2024), i.e.
on the residual images after subtracting the PSF contribution
of the quasar. Other stellar masses are derived from SED
fitting the photometric and/or spectroscopic data of the com-
plete source with (Maiolino et al. 2024; Kokorev et al. 2023;
Kocevski et al. 2023, 2024; Tripodi et al. 2025; Akins et al.
2025b; Rinaldi et al. 2025) and without (Bogdan et al. 2023;
Koviécs et al. 2024; Furtak et al. 2024) an AGN component. For
the case of Pensabene et al. (2020), they measure the dynamical
mass using the CII interstellar medium tracer from ALMA
observations.

Starting at redshift 10, in the right panel of Fig. 3, we see
galaxies and BHs in the fiducial model scattered along a slightly
shallower slope compared to the local relation for Elliptical and
Spheroidals (Reines & Volonteri 2015). Around 8.35% of galax-
ies Myenar < 108 Mo hold non-accreting BHs. These systems are
located in small halos that easily expel all their gas via SNII
feedback. The rest of these galaxies at this regime and higher
have sufficient gas (after stellar feedback) for their BH to accrete,
at a fraction that increases toward higher stellar masses. The
largest BHs (~107 M) at this time are located in the rarest and
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Fig. 3. Stellar to BH mass relation for the fiducial (shaded contours) DEL (line contours), ins-sn099 and del-sp099 models at redshifts 5, 7 and 10.
Here, we present the relation as contours from a smoothed 2D histogram, weighted by their associated number density. In all panels, we show the
scaling relations for local Elliptical and Spheroidals (solid black line) (Reines & Volonteri 2015), high redshift galaxies (z ~ 2.5) (Suh et al. 2020)
(dash-dotted black line), and the relation for high-redshift (z = 4-7) AGNs using only JWST sources (Pacucci et al. 2023) (dashed black lines).
Observations pre-JWST come from works of Pensabene et al. (2020), and the latest results from JWST from Maiolino et al. (2024), Harikane et al.
(2023b), Yue et al. (2024), Bogdan et al. (2023), Rinaldi et al. (2025), Tripodi et al. (2025), Larson et al. (2023), Kokorev et al. (2023), Akins et al.

(2025b) and Kovécs et al. (2024).

most massive halos (107'° cMpc~3). For DEL we find a similar
trend but with a shallower slope than the fiducial, scattered down
toward smaller BH masses. This results from BHs in the DEL
model having a slower growth via mergers, consequently result-
ing in smaller initial masses once they start accreting. Unlike
the fiducial model, the rarest halos in DEL achieve BH masses
that barely exceed 10° M. We also note how the addition of a
dynamical timescale for BH and galaxy mergers becomes more
impactful for growing massive BHs (>10°% M,,) rather than mas-
sive galaxies. This can be understood since star formation pro-
cesses occur in halos at all redshifts and mass ranges, as opposed
to BHs only being present in starting halos down to z = 13,
with efficient growth via accretion only at high mass systems
(My > M™).

The observational data points available at this extreme red-
shift are from Maiolino et al. (2024), and gravitationally lensed
galaxies (Bogdan et al. 2023; Kovdcs et al. 2024). The latter
two works report overmassive BHs with respect to their host
galaxy, comprising ~10% of the stellar component, as opposed
to =0.01% from local relation predictions (Reines & Volonteri
2015). We can only obtain systems such as the one from
Maiolino et al. (2024), while we fail to reproduce sources as
in Bogdanetal. (2023) and Kovdcs et al. (2024). Not even
our model with extreme retrograde (ins-sn099) can reach such
extreme sources. As mentioned in the previous sections, our the-
oretical framework aims to reflect upon the general population
of BHs rather than these extreme cases. Nonetheless, a poten-
tial mechanism that can help to reach these elevated masses is to
include prescriptions of Super-Eddington accretion (Lupi et al.
2024).

Around 300 Myr later, at z ~ 7, as shown in the middle panel
of Fig. 3, the fiducial model is scattered at a comparable slope
with local relations for Ellipticals and Spheroidals, reaching BH
masses of >10° M, in massive galaxies (>10'! M), located at

the rarest halos (<1071 cMpc=3). At this time, 1.14% of galaxies
below 10%2° M, harbor non-accreting BHs driven by growth via
mergers, while the rest additionally grow from accretion. Mean-
while, the DEL model is scattered at a slightly shallower slope
relative to the fiducial, growing BHs up to ~10%> M, in the rarest
halos (<1071° cMpc=3). The steady increase of merging halos in
the DEL model, allows the main system to increase its stellar, and
BH components (if a BH is present) from satellite galaxies. Fur-
thermore, as shown in previous work (Piana et al. 2020, 2021),
BH accretion becomes the main driver of BH growth in mas-
sive haloes that surpass the critical halo mass threshold. At this
stage, accretion contributes up to an order of magnitude more
mass than mergers. The extent to which accretion dominates
over mergers depends on the halo’s individual merger history
and its final mass at the end of the simulation. For instance, in the
fiducial, haloes that grow to log(M;/My) = 10.5—-11 by z = 4.5
host BHs that stochastically grow from mergers, with accretion
contributing an average of 37% of the total BH mass by z ~ 5. In
contrast, halos that reach log(M;,/My) = 12.5-13 (13.5-13.9)
by z = 4.5 host BHs whose masses are on average 98 (91)%
of their BH mass built through accretion events. We refer the
reader to Piana et al. 2020, 2021 for a detailed analysis of the
relative contributions of mergers and accretion across redshifts.
Notably, in the current model, where SN feedback-limited sys-
tems are far less common than in earlier versions of the DEL-
PHI, most satellite galaxies retain sufficient gas to further BH
accretion.

Regarding observations, we find the fiducial model in agree-
ment with only some JWST data points (Yueetal. 2024;
Maiolino et al. 2024; Harikane et al. 2023b; Kocevski et al.
2024; Larson et al. 2023; Tripodi et al. 2025), while for the rest
we are unable to reproduce such overmassive BHs at a given stel-
lar mass (Kokorev et al. 2024; Kocevski et al. 2024; Akins et al.
2025b). However, we do note that many of the data points that
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the fiducial does not reproduce are within the maximum limit of
BH growth from the extreme retrograde model (ins-sn099).

Roughly 500 Myr later, at redshift 5 (left panel of Fig. 3),
we note that BHs in galaxies above 10°% M, in the fiducial
model experienced significant growth with respect to the pre-
vious redshift. At this point, 2.24% of galaxies <10'%8! M,
have no gas after BH and stellar feedback. Meanwhile, most
BHs in galaxies with stellar mass above 10° M, lie below
the 0.69 dex scatter of the JWST high-z relation (Pacucci et al.
2023), but 7.05 x 1073 cMpc =2 (0.16%) of them are found above
the 0.55dex scatter of the local relation from Ellipticals and
Spheroidals (Reines & Volonteri 2015). Although these over-
massive BHs (103-10'" M) are a minority (<1% of the pop-
ulation), the sustained elevated accretion rates pose a compli-
cated scenario for these systems to agree with local (z = 0)
relations. Under our cosmological constants, at redshift 5 the
Universe has a comoving volume of 2111.765 Gpc, which means
that our most extreme BH sources >10'° M, associated to the
rarest number densities <107° cMpc~3 lead to a maximum num-
ber of ~2x107 overmassive sources. Therefore, additional mech-
anisms are required to quench effectively the BH growth in high
mass systems (Mgenar > 10'° M), than those already incor-
porated in the fBH parameter that regulates the wind coupled
energy.

Concerning the differences between the fiducial and DEL
model demographics, these are indistinguishable for stellar
masses below 10'° M, harbouring BHs >108 M, (also reflected
in Fig. 2). The increase of mergers in the DEL model allows small
galaxies to grow their BHs from mergers, whereas satellites
merging in large galaxies would additionally provide a reser-
voir of gas that boosts star formation and BH accretion. Again,
the fiducial agrees with some observations except those found
in Maiolino et al. (2024), Kocevski et al. (2024), which notably
deviates from local relations, while partially cross-matching
within the 0.69 dex scatter from the proposed relation from
Pacucci et al. (2023) for high-z JWST-AGNs. Nonetheless, our
model of extreme BH growth (ins-sn099) is able to cover the
overmassive BHs from Kocevski et al. (2024), while only par-
tially reaching those from Maiolino et al. (2024).

4.2. Merger rates in the first gigayear

In this section, we calculate the raw merger rates for BHs in all
the models explored in this work (see Table 1), i.e. without filter-
ing by the sensitivity of future gravitational observatories such as
LISA or ET. We compare our results with previous predictions
found in literature. We begin calculating the merger rates as a
function of redshift, using the following expression (Arun et al.
2009):

d°N _4nc di(2) =
dzdt © Az Z (Z)( ) ]

Here n(z) is the number density of mergers at redshift z (derived
from the host halo), and d; is the luminosity distance at a given
redshift. Since the merging timescale for galaxies and BHs solely
depends on the mass ratios between their dark matter halos,
varying the values for BH spin has no impact on the merger
rates as a function of redshift. Therefore we show the merger
rates as a function of z distinguished by the merging timescale
only.

In Fig. 4 we show in the upper panel, the cumulative raw
merger rates in units of yr~' up to redshift 5 for all BHs in
the instantaneous (solid line) and delayed models (dashed line),

“
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Fig. 4. Raw merger rates as a function of redshift. In the upper panel,
we show the cumulative merger events for BHs per year as a function of
redshift, and in the bottom are the merger rates at a given redshift bin.
Instantaneous models are shown as solid lines, while delayed models
are indicated with dashed lines.

while in the lower panel we show the merger rates for a given
redshift bin as a function of redshift (Eq. (4)). In the upper panel
we see that the instantaneous models reports a total of 28.06
merger events per year for z > 5, while the delayed reports 19.61
mergers per year. In the lower panel, we note that the delayed
models start to merge more frequently (>1 yr~') at redshift below
10.5, whereas the instantaneous report such frequencies as early
as redshift 14.

Merger rate predictions for heavy BH seeds are explored in
previous works in the literature (Sesana et al. 2007; Bonetti et al.
2019; Barausse et al. 2020; Klein et al. 2016; Dayal et al. 2019).
Most of these estimations are based on the formation of
heavy seeds from dynamical instabilities as presented in
Begelman et al. (2006) and Volonteri et al. (2008), where a
heavy seed is formed after the rapid growth of a quasi-star, or as
in Koushiappas et al. (2004), where large BHs form as a Direct
Collapse within halos with gas regions of low angular momen-
tum. Dayal et al. (2019), on the other hand, explores the for-
mation of DCBHs in Atomic Cooling Halos (ACHs) exposed
to a critical Lyman Werner (LW, at 11.2—-13.6eV) background.
We caution the reader that our seeding mechanism for BHs
only requires metal free starting halos found at reshifts ~13
and above. Hence, the number density of seeds is subject to
the resolved 10® M, halos in pur DM merger tree halo. For a
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Fig. 5. Merger rate events per year as a function of redshifted merged
BH mass for all of our models. Dashed lines correspond to the delayed
models (DEL, del-sp099, del-sn099), and the solid lines represent the
instantaneous (fid, ins-sp099, ins-sn099).

more detailed comparison between the number densities of the
BH seeds in other works, we refer to the Appendix A.

From Sesana et al. (2007), we found merger rates ranging
from 2 to 182yr~! at z > 5 when varying the efficiency of
metal enrichment and the prescriptions for heavy seed forma-
tion. Similarly, we find that Klein et al. (2016) obtains 3—88 yr~!
events at z > 5 considering delayed and instantaneous merg-
ing. Bonetti et al. (2019) finds agreement with the works men-
tioned, with a total of ~23 yr~! mergers for heavy seeds at z > 0
in their delayed model, including sub-kiloparsec evolution of
binary BHs within a stellar or gaseous environment, including
the interaction with a possible third BH. From Barausse et al.
(2020), we found merger rates ranging from 0.2-2441yr~! at
z > 5 in their models with SN feedback, while exploring dif-
ferent delay timescales and instantaneous merging. Katz et al.
(2020) report a range of 0.007-75yr™! events for BH seeds
in the 10°—10° My, mass range from the Illustris cosmological
simulation at z > 5, considering both post-processed delays
(Kelley et al. 2017) and no delays. D19 predicts merger rates of
at most 0.02 yr~! for heavy seeds at z > 5 in their model assum-
ing instantaneous merging and a LW background of 30 J;.
Finally, we compared the merger rates with the recent work from
Liu & Inayoshi (2025), which uses an analytical model to repro-
duce JWST LFs for AGNs at z = 5 using a mixture of heavy and
light BH seeds. They report merger rates for z > 5 of 0.1 yr~! for
heavy seeds and 32 yr~! for the mixture of seeds.

We calculated the merger rate as a function of redshifted
merged BH mass M, gy = (1 + z)Mgy. Here, Mgy corresponds
to the total mass of the BH merger and z the redshift at which the
merger event occurred.

&N
sz,BH dt B

@\ o
dmc > n(M.py) [yr™'] ©)

NeAM. gy I+z

where n(M,gy) is the number density associated to the red-
shifted merged BH mass. We show the redshifted observed
merged BH mass in Fig. 5 for all models presented in Table 1.
The dashed lines correspond to the delayed models, while the
solid lines are for the instantaneous models. Each curve is col-
ored according to its spin configuration.

We start discussing the distribution that each model predicts
on the observed redshifted BH mass shown in Fig. 5. For red-
shifted BH masses of M gy < 1057 M, models with the same
merging timescale, regardless of spin, exhibit overlapping dis-
tributions in merger rates. This agreement arises because these
small BHs reside in small systems, where accretion is limited,
making mergers the dominant growth channel. For M_ gy >
10%3 M, models begin to diverge. As expected, models with
extreme prograde reach lighter redshifted masses at the high
mass end, surpassed by the fiducial and the extreme retrograde.
For a given spin, models with an instantaneous prescription pop-
ulate toward heavier redshifted BH masses, compared to the cor-
responding delayed model. Moreover, the discrepancies between
instantaneous and delayed models at a given spin become
less pronounced toward more negative spins. For instance,
at a fixed merger rate of 1072 yr~!, the redshifted BH mass
reaches M_gy/Mo ~ 10372(108%3) for ins-sp099 (del-sp099),
~101052(101999) for the fiducial (DEL), and ~10'"-23(10'!15) for
ins-sn099 (del-sn099). Understandibly, accretion rates increases
toward negative spins, accelereting BH mass growth through
cosmic time, and partially compensating for the setback growth
that delayed merging yields.

When comparing our fiducial model against the previous lit-
erature (Sesana et al. 2007; Bonetti et al. 2019; Barausse et al.
2020; Kleinetal. 2016; Katz et al. 2020), we find that our
distribution of merger rates as a function of redshifted BH
mass show similarities among those who report relatively high
merger rates for heavy redshifted BH mass (Klein et al. 2016;
Katz et al. 2020; Barausse et al. 2020), with a prominent peak
around M, gy ~ 10° My, which extends to 10° M, for merger
rates of ~0.1 yr‘l. Nonetheless, it is not straightforward to draw
a detailed comparison among these works, since at times they
employ different signal to noise cuts corresponding to LISA’s
detectability, and consider merger rates down to redshift O.

5. Discussion and conclusions

In this work, we have addressed the merger rates of BHs in
the first gigayear of the Universe in light of the overabun-
dance of AGNs as reported from recent JWST discoveries
(Maiolino et al. 2024; Harikane et al. 2023b; Greene et al. 2023;
Kokorev et al. 2024; Matthee et al. 2023; Akins et al. 2025a;
Yue et al. 2024). We used DELPHI, a semi-analytical model, that
tracks the assembly of galaxies and BHs over a hierarchical evo-
lution of dark matter halos. In our models, we seeded heavy
BH seeds (10°—10° My,) for each starting halo down to redshift
~13, which accretes efficiently (at the Eddington limit) once the
halo surpasses a critical threshold (Bower et al. 2017). Heavy
seeds have become, among others (Lupi et al. 2024), one of the
leading models to explain the observed massive AGNs at high
redshifts (z = 4-10). In this work, we have explored models
with instantaneous and delayed merging (from dynamical fric-
tion using Lacey & Cole (1993)) between galaxies and BHs, as
well as different spin configurations: canonical (a = 0.67), max-
imal prograde (a = +0.99) and maximal retrograde (a = —0.99)
(see Table 1). We set the fiducial model as the one with instan-
taneous merging and canonical spin. For the fiducial model, we
explored the parameter space in DELPHI and selected the param-
eters (see Table 2) that simultaneously best fit the UVLE, SMF
for LBGs, and the BHMF as well as the bolometric LF of AGNs
from JWST discoveries. These optimised parameters were then
applied to the rest of the models explored in this work. Regarding
the BH accretion parameters that best-fit JWST-AGN observ-
ables, these are one to two orders of magnitude greater than
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previous versions of DELPHI intended to fit pre-JWST AGN
observables (Dayal 2019). However, this comparison comes with
the caveat that the theoretical framework from this model and
in Dayal (2019) are not equal since we introduced the cold gas
fractions and star formation efficiencies from SPHINX?’, as in
Mauerhofer et al. (2025).

The main takeaways from this work are the following:

— Under our theoretical framework, we find that the fiducial
model agrees with the bolometric LF at redshift 6, while
it underpredicts the number densities by 0.9-3.2 dex at the
bright end (>10% ergs™!) for redshift 7, and overestimates
by 0.22—1.6dex the number densities across all luminosi-
ties for redshift 5. Indeed, at z = 7, only the ins-sn099
model is capable of reaching such high number densities
(~107* cMpc =3 dex!) in the bright end as a result of its ele-
vated BH accretion. Regarding the BHME, the fiducial model
tends to overpredict JWST estimations at redshift 5 and 6,
except for those of Taylor et al. (2025). However, given the
selection criteria of these observations, we argue that they
do not represent the entirety of the BH population. On one
hand, Matthee et al. (2023) and Taylor et al. (2025) only con-
sidered a sample of broad Ha sources, while Kokorev et al.
(2024) assumed that all of their photometrically selected
sample are at the Eddington limit.

— Including a dynamical timescale impacts the capacity to
assemble massive BHs (=107 M,,) at early times. After red-
shift ~10, the merger rates for the delayed models become
more frequent, and BH accretion (related to the spin config-
uration) becomes the main driver for BH growth. Interest-
ingly, at redshift 5, the rapid BH accretion that the extreme
retrograde models yield, virtually erases the impact of adding
or not adding a delayed timescale (seen at Fig. 1).

— We find that the total number of merger rates for redshifts
above 5 is 19.61 to 28.06 yr~! for the delayed and instanta-
neous model, respectively. These values are within the range
found in previous work on heavy seed mergers (Sesana et al.
2007; Klein et al. 2016; Barausse et al. 2020; Dayal et al.
2019; Bonetti et al. 2019; Katz et al. 2020; Liu & Inayoshi
2025). However, we caution that our delayed timescales are
conservative and do not comprise the sub-kiloparsec dynam-
ics of interacting BHs. Regarding the merger rates as a func-
tion of redshifted mass, we report a distribution that favors
larger masses, which peaks around 10® Mg, and reaches the
heaviest masses for models with the most negative spins.

There are still many uncertainties to address in both theory
and observations. Regarding our models, we must bear in mind
that by choosing conservative timescales for BH mergers, we
report optimistic estimates of merger events per year. Indeed,
in a model that comprises the full complexity of the sub-
kiloparsec evolution between BHs, such as the interactions from
local gas (Escala et al. 2005; Dotti et al. 2006), neighboring stars
(Sesana & Khan 2015; Vasiliev et al. 2015; Pfister et al. 2019),
and gravitational recoil (Haiman 2004; Izquierdo-Villalba et al.
2020), we expect a decrease in the number of BH merger events
throughout cosmic time (Barausse et al. 2020; Bonetti et al.
2019). For instance, Dosopoulou & Antonini 2017 finds that
low-mass ratio binaries (M,/M; < 1073) are expected to sink
at longer timescales than one Hubble time. In the case of the
fiducial model, the mass ratio of the BH mergers starts with a
median value of 0.31 at z ~ 16, which stochastically decreases
to 0.09 at z ~ 5. Taking into account that the percentage of low-
mass ratio binaries fluctuates between 7 x 107% at z ~ 13 to
15.16% at z ~ 5, we reiterate our optimism in the results. Cer-
tainly, given that we use the instantaneous model with the canon-
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ical spin as the fiducial model, we are in a sense minimizing the
accretion parameters for BHs to approach JWST observations.
On the other hand, incorporating effects from third body interac-
tions (Bonetti et al. 2018), or BH accretion in satellite galaxies
that are yet to merge with the main system (which in this work is
set to zero), may counteract the slower BH mass assembly from
mergers that a more complex model would yield.

Additionally, our models do not account for the fact that BHs
may experience different accretion histories depending on their
location within the galaxy. In numerical studies, for example,
it has been observed that off-nuclear BHs found in low-density
environments would experience fewer accretion events in con-
trast to when nucleated (Bellovary et al. 2021).

From our results, we also acknowledge the need for a more
efficient mechanism to quench massive BHs >10%° M, since,
in our framework, BHs are allowed to grow as long as gas is
available after star formation processes. Indeed, this work limits
AGN feedback to a mechanical ejection of gas, with a strength
that is fractionally equal for all systems (f2H = 5 x 107). In
turn, we have rare systems (<1078 cMpc~> dex~!) harboring BHs
of >10'° My, that keep growing due to the large gas reservoir that
their halos retain. A careful treatment of BH feedback may also
avoid the overestimation we find in the bolometric LF at redshift
5. Additionally, a more diverse impact of BH feedback, would
also help reproduce overmassive BHs, such as those reported in
Maiolino et al. (2024), Kocevski et al. (2024). We can also try to
reach these overmassive BHs by carefully implementing a phys-
ically motivated seeding mechanism for direct collapse (DC)
BHs. In principle, heavy seeds from the DC channel take place
in halos where early fragmentation onto stars must be avoided
(Agarwal et al. 2014). This process is possible due to the expo-
sure to Lyman Werner radiation (11.2-13.6eV) supplemented
by first generation stars. This radiation photodissociates molec-
ular hydrogen (H;) and creates atomic cooling halos (ACHs),
which are the birth sites for DCBHs. A heavy seed formed by
the DC channel may be characterized by a slower assembly of
their stellar component, which can explain these overmassive
BH to stellar mass sources (Visbal & Haiman 2018), compared
to local relations. However, the seeding mechanism for heavy
seeds from the DC channel reports extremely low number densi-
ties across redshifts (x107288—-107%2 cMpc~?), too low to repro-
duce JWST observations in this work (10726—107*72 cMpc~3).
Nonetheless, we must take into account how representative these
overmassive BHs are to the underlying population, and whether
the majority appear overmassive due to selection biases intro-
duced from JWST instruments (Li et al. 2025).

Finally, for a more accurate depiction of BH population
through cosmic time, in future work we must also address the
spin evolution as a function of their accretion and merger his-
tory. This work is now limited to bracketing the maximal and
minimal growth of BHs given the two extreme spin scenarios
(a = +£0.99).

Regarding observations, there is an ongoing debate on the
true nature of LRDs sources, namely, whether they are compact
starburst galaxies (Pérez-Gonzdlez et al. 2024), dust-obscured
AGNs (Matthee et al. 2023; Greene et al. 2023; Kokorev et al.
2024) or a mixture of both (Rinaldi et al. 2025). Indeed, stud-
ies based on photometrically selected LRDs have found that
SED fitting using Quasar or galaxy only templates can show a
good fit to their data (Akins et al. 2025a; Kokorev et al. 2024).
Photometric selection of sources may not only be prone to
misidentification of their nature, but can also result in an inter-
loper at lower redshifts (Salvato et al. 2018). Regarding a plau-
sible mixed nature, Rinaldi et al. (2025) found that 30% of their
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photometrically selected sample of LRDs show non-compact
morphology in the UV rest-frame, where half of these show two
distinctive sources while the other showcases asymmetries sug-
gestive of ongoing or recent merger activity. When spectroscopy
is available and a broad Balmer emission line is detected, stud-
ies can estimate the BH mass using local relations (z < 0.3)
derived from reverberation mapping (Bentz et al. 2013). It is
debatable whether this relation stands for these high-z sources
(z > 4), since it is unknown whether the broad-line region is
virialized when AGNs accrete close to or above the Edding-
ton limit (Lupi et al. 2024; King 2024). Unfortunately, stud-
ies of reverberation mapping for high-z sources are incredi-
bly challenging due to the (1+z) lag increase, while other trac-
ers for BH mass are minimal. Recently, Abuter et al. (2024)
compared the dynamical measurement of the BH mass from
bright quasars (log(Lp,) = 47.2-47.9erg sHhatz ~ 2, to
BH single-epoch mass estimates from different broadened emis-
sion lines (CIV, HB, and He), finding a mass overestimation
of 0.43-1.2dex compared to the dynamical method. There is
a possibility that BH masses for high-z AGNs may be overes-
timated from the single-epoch method. An AGN-only solution
for LRDs is also questioned due to their mostly non-detected
X-ray counterparts (Ananna et al. 2024; Maiolino et al. 2025).
However, there are theoretical efforts that explain weak X-ray
emission as being a consequence of low spinning (a ~ 0)
and mildly super Eddington accretion 1.4 < fgqqg < 4, which
can lead to strong winds that artificially broaden the broad line
regions (boosting estimations for BH masses), as well as large
covering fractions (Pacucci & Narayan 2024). Along this line,
Taylor et al. (2025) found that stacking the spectra of sources
with detected broad Ha by those that enter the LRD criteria com-
pared to those that do not, systematically report larger FWHMs
(2188f§g kms~!) compared to the latter (1768f{§7g kms™"). Alter-
natively, Inayoshi & Ichikawa (2024) suggest that BHs from
LRDs may be maximally prograde spinning, and hence the
elevated radiative efficiency (¢ = 0.42) would imply smaller
BH masses. Given that the majority of the observables we
aim to reproduce fall under the LRD criteria, showcasing an
SED (Akins etal. 2025a) that differs greatly from a typical
AGN (Shen et al. 2020), a more detailed analysis for the UVLF
will be shown in a follow-up paper. Finally, it is important to
acknowledge that the estimated number densities for JWST-
AGN could be biased due to cosmic variance. The effect of
cosmic variance worsens with increasing redshift and decreas-
ing survey area. For high redshift surveys (z > 4) Ucci et al.
(2021) found that CV is negligible when considering a sur-
vey that covers an area >1000 arcmin?, which is not satisfied
by any of the works that have reported number densities for
JWST-AGNSs.

6. Data availability

The calibrated observables for AGNs and galaxies, as well as
the merger rate events as a function of redshift and redshifted
BH mass for all models explored, can be found here.
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Appendix A: Number densities of BH seeds

In this work, we seed heavy BHs on all starting metal-free halos
from our DM merger tree until redshift 12.8. Due to this deci-
sion is that the number density is subject to the resolution of
the DM merger tree, and spans from 107472 — 10712cMpc—3
between redshifts 26 to 13. In Fig A.1 we show our number den-
sities (orange circles) compared to other numerical and semi-
analytical simulations for light and heavy BH seeds. Shown
as squares and diamonds are the analytical and numerical pre-
dictions for physically motivated heavy BH seeds formed via
the Direct Collapse method (Dijkstra et al. 2014; Habouzit et al.
2016; Dayal et al. 2019). In squares (diamonds) are the pre-
dictions from assuming a critical LW radiation of 300(30).J5;.
Using semi-analytical simulations Dijkstra et al. (2014) (shaded
in gray) focuses on finding the abundance of halos that may form
a DCBH, which satisfies (i) a virial halo temperature (7 iyia1)
above 10*K, (ii) low gas metallicity of Z < Z;; = 107317, to
prevent premature fragmentation, and (iii) a LW exposure above
a given threshold, able to photodissociate molecular hydrogen.
Additionally, they explore the impact of metal pollution via
galactic outflows (SNe and young stellar winds), as well as
“genetic” enrichment from galaxy progenitors. We show their
predictions from their fiducial models. Similarly, in hydrody-
namical simulations, Habouzit et al. (2016) (empty diamonds)
searches for eligible regions where DCBHs can form, requiring
the criteria of (i), (if) and (iii) and exploring different strengths of
SNe feedback in three sets of numerical boxes with side lengths
of 1, 10, and 142 cMpc. The data points we show for the lat-
ter work correspond to the number densities of halos in the
10cMpc with a prescription of weak SNe feedback. Similarly,
the D19 (shaded orange) seeds heavy BHs in halos that satisfy (i)
Tyirir = 10*K, (ii) no metals Z = 0, and (iii) the > 0.5 probabil-
ity of the halo being radiated by a LW threshold above 30 or 300
Jerir- They also seed light BHs (150M) in metal-free starting
halos until redshift 13 (orange stars), a prescription that aligns
with the one used in this work for heavy seeds. However, we
note that the number density from both our prescriptions of light
seeds in D19 and our heavy seeds do not coincide as they should.
This is because the HMF they use to calibrate they DM merger
tree is a factor 2.6 greater than the one used in this work. Finally,
we show the number density predictions from Devecchi et al.
(2012) for PopIIl BHs (empty stars) and BHs from the runaway
collisions of Nuclear stellar clusters (empty triangles). These
number densities are calculated using a semi-analytical prescrip-
tion, that accounts for the metal enrichment from first genera-
tion stars, and the subsequent transition toward Popll and Popl
stars, while for the formation of BHs via NSCs are tracked using
the Toomre parameter of instability in disk-like structure. We
retrieve the data points for NSCs assuming an average mass of
700 M, as in Latif & Schleicher (2019). By comparing against
these different works, we note right away how the physically
motivated number densities predictions from BHs via the DC
mechanism are too rare in comparison with this work. Indeed,
to achieve similar observables as reported by JWST-AGNS, it is
needed a mechanism of heavy seed formation that is much more
abundant than the DC model. Nonetheless, our required number
densities have comparable values as those reported by the run-
away collisions of NSCs, however, the mass range that the latter
method provides ranges between 10> — 10° My, barely overlap-
ping with the mass range from our initial BH mass prescription
(10° — 10°M,,). Indeed, under the assumption that all reported
JWST-AGN observations are accurate, and that these come from

A Atttk A At ' i
0 W&A&rAﬁAA Tk ﬁm&mw%
b Amﬂr**
M A%
iy ¢ 07 %
~ -2 o0 AAO ¥ i
i 00 @ A AO
I& o ¢ o YN
= o <><> <><><> " °
Q
§ T 0 o
g O Vo, .
e -6} o " g |
- |
g‘ © This work u ]
- O JLw,crit:BO-]zl =
-8r O I, crit=30015, (] i
A NsC m
Y poplll m
> 10 15 20 25
Redshift

Fig. A.1. Number densities for different BH seeds by comoving mega-
parsec. The orange circles are the case for seeding all pristine halos at
redshift above > 13. The diamond shaped markers correspond to the
DCBH scenario assuming the minimum Lyman-Werner radiation sce-
nario, in white are Habouzit et al. (2016) and on gray Dijkstra et al.
(2014), the squares are the maximal Lyman-Werner threshold form
Dijkstra et al. (2014), the white stars are the semi-analytical calculation
of NSC BH seed from Devecchi et al. (2012) assuming an average mass
of 700M,.

heavy seeds, it will be necessary to explore theoretical models
that can allow for these to be more common.

Appendix B: Choosing the best-fitting parameters

In this section, we present the references used (Table B.1) to
determine the optimal parameters of our fiducial model (see
Section 3.1), the values explored in our analysis, as well as the
UVLF (Fig. B.3) and SMF (Fig. B.2) for our galaxy observables.

‘We note that for the UVLF of Lyman break galaxies (LBGs)
(Fig B.3), the fiducial model agrees with observations for most
redshifts except for those above z>11, and at z~5. At z~5, we
see that galaxies with Myy <-20.5 underestimate the number
densities found in observations by approximately 0.4 dex. We
argue that this comes as a result of the elevated BH accretion and
feedback found in massive galaxies, which compete with the gas
mass budget for star formation. Regarding our predictions for
the UVLF at z>11, we find a systematic underestimation of the
number densities for bright galaxies with Myy <-18. In order to
boost galaxy luminosities, previous work from Mauerhofer et al.
2025 explored that by modifying the initial mass function as a
function of redshift and metallicity, or the star formation effi-
ciencies as a function of redshift, can result in a better fit to these
extreme redshift datasets.
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Table B.1. Grid of (free) parameters explored in this work

Table B.2. References used for the chi square calculation of each
observable.

Parameter Explored values

feaa(My < MY {1075,5 x 1075,107%,5 X
1074,1073,5 x 1073,102,5 x

1072,0.1,0.5, 1}

Observable redshifts References used

UVLF of LBGs 5-14 Bouwens et al.
(2022, 2021, 2023),

Jeaa(My = M1

Harikane et al.

BH(M, < M) {10°,5 x  10°,10°%5 X

1074,1073,5 x 1073}

(2022,
2023a, 2024),

acc

1072,1072,5x 1072,

BI(M, = M {105 x 10%,10°,5 X

0.1,0.5,1}

Pérez-Gonzilez et al.
(2023), Ateket al.

b7 {10%,5x 107,103

,5x 1073}

(2015, 2018),

fx {102,4x1072,6 x 1072}

Oesch et al. (2018),
Adams et al.
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X2 of a given observable

(2022),

Donnan et al.
(2022, 2024),
Bowler et al.
(2017),

Willott et al.
(2024),

Naidu et al. (2022),
McLeod et al.
(2024),

Robertson et al.
(2024),

Whitler et al.
(2025),

Leung et al. (2023),
Adams et al.
(2024), Casey et al.
(2024)

SMF of LBGs 5-10,12  Navarro-Carrera et al.
(2024), Song et al.
(2016),

Duncan et al.
(2014),
Bhatawdekar et al.
(2019),

Stefanon et al.
(2021),

Harvey et al.
(2025)

BHMF of JWST AGNs 5,6 Kokorev et al.
(2024),
Matthee et al.
(2023), Taylor et al.
(2025)

bolometric LF of JWST AGNs  5-8¢ Kokoreyv et al.
(2024), Akins et al.
(2025a)

Notes. “When we use the — sign on the second column of redshifts, we
refer to all inclusive redshifts separated by bins of Az = 1. For example,
5-8=1{5,6,7,8).

Fig. B.1. Chi square histogram from the parameter exploration for a
given observable. From top to bottom: JWST bolometric LF, JWST
BHME, UVLF LBGs, and SMF. For each, we show in blue the mod-
els that are within the 50th percentile, and as a red vertical dashed line
the model that satisfies our criteria of best overall fit
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Fig. B.2. Stellar mass function of the fiducial model for redshifts 5, 6, 7, 8, 10 and 12. Observational data comes from Duncan et al. 2014;
Song et al. 2016; Bhatawdekar et al. 2019; Stefanon et al. 2021; Navarro-Carrera et al. 2024; Harvey et al. 2025.
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Fig. B.3. UV luminosity function of the fiducial model for redshifts 5 to 14. Observational data come from Bouwens et al. (2022, 2021, 2023),
Harikane et al. (2022, 2023a, 2024), Pérez-Gonzalez et al. (2023), Atek et al. (2015, 2018), Oesch et al. (2018), Adams et al. (2022), Donnan et al.
(2022, 2024), Bowler et al. (2017), Willott et al. (2024), Naidu et al. (2022), McLeod et al. (2024), Robertson et al. (2024), Whitler et al. (2025),
Leung et al. (2023), Adams et al. (2024), Casey et al. (2024).
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