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ABSTRACT

Context. Recent results from combined cosmological probes indicate that the dark energy component of the Universe could be
dynamical. The simplest explanation envisages the presence of a quintessence field rolling into a potential, where the dark energy
density parameter Qpr = Qu + Q, results from the contribution of the ground-state energy, (25, and the scalar field energy, Q..
Provided that Qpr ~ 0.7, negative values of Q4 can be consistent with current measurements from cosmological probes and could
help explain the large abundance of bright galaxies observed by the JWST at z > 10, largely exceeding the pre-JWST expectations in
a A cold dark matter universe.

Aims. We aim to explore the extent to which such a scenario can also account for the early presence of massive black holes (BHs)
with masses of Mgy 2 107 M, observed at z > 8 and for the large over-abundance of active galactic nuclei (AGNs) with respect to
pre-JWST expectations. Our aim is not to provide a detailed description of BH growth, but rather to compute the maximal BH growth
that can occur in cosmological models with negative Q2 under the simple assumption of Eddington-limited accretion onto initial light
BH seeds with masses of M,,.; ~ 10?> M,, that originated from Pop III stars.

Methods. To this aim, we developed a simple analytic framework to connect the growth of dark matter halos to the maximal growth
of BHs within the above assumptions.

Results. We show such models can account for present observations assuming values of Q, =~ —1, simultaneously boosting both
galaxy and AGN number counts without invoking any additional physics. This would allow us to trace the observed excess of bright

and massive galaxies and the early formation of massive BHs and the abundance of AGNs to the same cosmological origin.
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1. Introduction

In recent years, major observational breakthroughs, largely
provided by the James Webb Space Telescope (JWST),
have severely challenged the canonical A cold dark matter
(ACDM) scenario for the formation of cosmic structures.
These observations revealed a significant excess of mas-
sive galaxies at z 2 6 (Labbé et al. 2023; Xiao et al. 2024;
Casey etal. 2024) and of star forming, UV-bright galax-
ies at z = 10 (Castellano et al. 2022; Finkelstein et al.
2022; Atek etal. 2022; Whitler et al. 2022; Robertson et al.
2024; Finkelstein et al. 2023; Pérez-Gonzalez et al. 2023;
Donnan et al. 2022; Harikane et al. 2023a; Bouwens et al. 2023;
McLeod et al. 2023; Adams et al. 2024; Finkelstein et al. 2024,
Pérez-Gonzélez et al. 2025) over the pre-JWST models of
galaxy formation in the ACDM scenario.

Such a fast growth of the galaxy stellar mass content
seems to be accompanied by an even faster growth of the
mass, Mpy, of the supermassive black holes (SMBHs) hosted
in high-redshift galaxies, which is thought to originate from
the accretion of gas onto initial black hole (BH) seeds (see
Volonteri et al. 2021 for a review). BH masses as high as Mgy ~
10783 Mo, as inferred from the broadening of Balmer lines,
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have now been found at z ~ 6-8.5 (Kokorev etal. 2023;
Harikane et al. 2023b; Maiolino et al. 2024a; Furtak et al. 2024;
JuodZbalis et al. 2024), while at higher redshifts of z > 10 the
observations of high-ionisation lines (Maiolino et al. 2024a) and
X-ray detections (Bogdan et al. 2024; Kovdcs et al. 2024) have
led to BH masses as high as My = 109279 M, being inferred.

These high masses pose a crucial challenge for theoret-
ical models of BH seeding and growth due to the lack of
cosmic time available for their assembly (see reviews by
Inayoshi & Ichikawa 2024 and Fan et al. 2023). For instance,
the assumption that the initial BH seeds are constituted by the
remnants of metal-free Pop III with a mass of M.z, ~ 10% M,
(Carr & Rees 1984; Abel et al. 2002) and that the accretion is
Eddington-limited seems to be excluded since in the ACDM
framework there is not sufficient time to build up such high BH
masses by z ~ 8, even if assuming continuous accretion through-
out the available cosmic time.

In addition to the large masses of high-redshift BHs,
the demography of the BHs in the accreting phase, that is,
the active galactic nuclei (AGNs), is also at variance with
pre-JWST expectations (Harikane et al. 2023b; Maiolino et al.
2024a; Juodzbalis et al. 2025; Scholtz et al. 2025; Akins et al.
2024), with a number density of AGNs exceeding the pre-
JWST measurements of the quasar abundance by more than
one order of magnitude, at least at intermediate luminosities.
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Indeed, the AGN population revealed by the JWST includes
previously unseen, heavily reddened, and extremely compact
(R, < 100pc) objects at 4 < z < 10, known as ‘little red dots’
(LRDs; Matthee et al. 2024; Furtak et al. 2023; Labbe et al.
2025; Kokorev et al. 2024; Greene et al. 2024; Akins et al. 2024;
Kocevski et al. 2025). Their compact size and peculiar spectra
suggest that their emission is presumably dominated by obscured
AGNs, an interpretation supported by the detection of broad
emission lines in possibly spectroscopically confirmed candi-
dates (and even by a direct measurement of the accreting BH
mass; see JuodZbalis et al. 2025), although alternative explana-
tions exist (Ananna et al. 2024) that suggest that their properties
might be —at least partially— explained in terms of stellar emis-
sion (see Baggen et al. 2024).

Within the context of ACDM, all of the above observa-
tions call for the presence of different additional astrophysi-
cal processes that must be at work at high redshifts (z > 8).
While several approaches have been proposed to produce an
accelerated early phase of star formation and UV emission
with respect to the pre-JWST expectations —such as stochas-
tic star formation (Shen et al. 2023; Sun et al. 2023; Gelli et al.
2024) reduced dust attenuation (Ferrara 2024), lower metal-
licity stellar populations, or a top-heavy initial mass function
(Trinca et al. 2024a; Yungetal. 2023), clumpy star forma-
tion (Somerville et al. 2025) and/or weaker supernova feedback
(Dekel et al. 2023)— the presence of massive BHs at high red-
shifts z > 8 and the large number density of AGNs are gener-
ally explained in terms of additional assumptions for the initial
BH seeds and for the accretion properties of AGNs. Theoretical
models that have been employed to investigate the high-redshift
growth of BHs (Trinca et al. 2024b; Porras-Valverde et al. 2025;
LaChance et al. 2025; Cammelli et al. 2024; Dayal & Maiolino
2026; McClymont et al. 2026; Quadri et al. 2025) can simul-
taneously reproduce the over-massive nature and high space
densities of the observed AGNs by invoking episodic super-
Eddington accretion (Madau et al. 2014; Volonteri et al. 2015)
and/or assuming the existence of heavy seeds with masses
of Myeq ~ 10° My (Bromm & Loeb 2003; Begelman et al.
2006). Such seeds should form from the direct collapse of gas
clouds in atomic-cooling halos with virial temperatures 7 ~
10* K characterised by a pristine gas composition to avoid frag-
mentation and irradiated by a Lyman-Werner radiation intense
enough to dissociate H, molecules and avoid star formation.
Their formation thus requires rather peculiar and rare condi-
tions (see e.g. Schauer et al. 2017; Latif et al. 2022). As for
the super-Eddington accretion, its plausibility and effective-
ness within realistic conditions provided by the large-scale cos-
mological environment are subject to intense ongoing studies
(see e.g. Zhu et al. 2022; Ni et al. 2022; Bhowmick et al. 2022;
Lupi et al. 2024).

All the above conditions for star formation and BH growth
at high redshifts require substantial modification of the pre-
JWST picture of galaxy formation of SMBH evolution at high
redshifts, z ~ 10, while essentially preserving the canoni-
cal picture of gradual gas conversion into stars at lower red-
shifts and of BH growth through Eddington-limited accretion
(see e.g. Laietal. 2024). However, an alternative possibil-
ity is that the tension between the abundance and masses of
high-redshift galaxies and BHs observed by the JWST and
the ACDM predictions originates in the assumed cosmologi-
cal model. While the need for the introduction of substantial
change or for more exotic physics affecting the early evolu-
tion of galaxies and BHs does not constitute conclusive evi-
dence that the underlying cosmological model has to be revised,
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a growing body of independent observational evidence from
cosmological probes suggests that the standard cosmological
model, with dark energy (DE) described by a cosmological con-
stant, A, may be incomplete. In particular, the recent measure-
ments (Adame et al. 2025; Lodha et al. 2025b; Calderon et al.
2024; Abdul Karim et al. 2025; Andrade et al. 2025) of baryon
acoustic oscillations (BAOs) by the Dark Energy Spectro-
scopic Instrument (DESI), when complemented with Planck
cosmic-microwave-background (CMB) data and type Ia super-
nova (SNIa) distance modulus measurements (Scolnic et al.
2022; Brout et al. 2022; Rubin et al. 2025; Abbott et al. 2024,
Sanchez et al. 2024; Vincenzi et al. 2024) yield evidence for
a time-evolving, dynamical dark energy (DDE; Adame et al.
2025; Abdul Karim et al. 2025; Lodha et al. 2025a), with a con-
fidence level ranging from ~30 to 40 depending on the SNIa
sample used in the constraints (Adame et al. 2025). The prefer-
ence for DDE models compared to ACDM is robust with respect
to the different parameterisations for the time evolution of DE
(Lodha et al. 2025a; Giare et al. 2024).

The most straightforward interpretation of these results is
that the DE is provided by the dynamics of a quantum field,
¢, rolling over a potential V(¢), which would yield a time-
changing equation-of-state (EoS) parameter: w = [¢?/2 —
V(®)]/[¢*/2 + V(¢)] (Peebles & Ratra 1988; Ratra & Peebles
1988; Wetterich 1995; Caldwell et al. 1998). The vacuum state
of such a field corresponds to a cosmological constant, A,
while the total DE density, ppg = px + pa, is contributed
by a dynamical part with an energy density of p, and by the
contribution of the ground-state p,. The observed low-redshift
(z £ 1) accelerated expansion of the Universe (Riess et al. 1998;
Perlmutter et al. 1999) only requires the total DE density, ppg,
to be positive, leaving possibilities for positive and negative
values of A. Although the commonly explored combinations of
cosmic parameters generally assume positive p,, corresponding
to a de Sitter (dS) vacuum, the resulting scenarios have a
number of drawbacks: constructing a stable, positive vacuum
energy (a dS vacuum) is notoriously difficult within string
theory (Danielsson & Van Riet 2018; Vafa 2005; Palti 2019;
Grafa & Herrdez 2021); when Q4 > 0 is assumed, the present
cosmological constraints yield phantom-crossing behaviour of
the EoS parameter, w, which evolves from values w < -1 at
z 2 1 to values w > —1 at later times, thus implying a phantom
phase, which would imply a negative kinetic contribution, ¢?, to
the EoS parameter w (Ludwick 2017) and violate the null energy
condition (Vikman 2005; Carroll et al. 2005; Nojiri et al. 2005;
Oikonomou & Giannakoudi 2022; Trivedi 2024).

On the other hand, cosmological models characterised by
a composite DE sector with a negative cosmological constant
(NCC) of A < 0 —corresponding to potentials (V(¢)) featur-
ing a negative minimum, that is, an anti-dS (AdS) vacuum-—
appear naturally within string theory (see Maldacena 1998;
specific string-inspired models with an NCC are described in
Murai & Takahashi 2025; Svrcek 2006; Luuetal. 2025). In
fact, they have been proposed as attractive alternatives that
can satisfy the late-time acceleration constraints while remain-
ing consistent with the other standard cosmological observa-
tions (Cardenas et al. 2003; Poulin et al. 2018; Dutta et al. 2020;
Visinelli et al. 2019; Ruchika et al. 2023; Di Valentino et al.
2021; Calderén etal. 2021; Senetal. 2022; Malekjani et al.
2024; Adil et al. 2024; Mukherjee et al. 2025; Wang et al. 2025).
Indeed, recent studies have shown that such models can enhance
high-redshift structure formation, making them promising can-
didates for explaining the JWST galaxy excess (Adil et al. 2023;
Menci et al. 2024a,b; Chakraborty et al. 2025).
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Motivated by such findings, we explored the impact of
assuming a DDE cosmology with an NCC on the early formation
of massive BHs and on the demography of AGNs. Specifically,
we investigated whether NCC models alone can account for the
recent JWST observations without introducing super-Eddington
accretion phases or an initial population of heavy BH seeds;
we did so to assess whether such cosmological scenarios could
constitute a viable, unified solution to all the issues raised by
the high-z observations of the JWST. Following the same line
as our earlier works, we adopted a simple description to relate
the stellar properties of galaxies to their dark matter (DM) halo,
which is known to provide an excellent statistical description
of the galaxy population at z < 8, while assuming initial BH
seeds with masses of My..; ~ 10> My, originating from Pop III
stars, and Eddington-limited accretion. Under such conditions,
we then computed the maximal growth (corresponding to contin-
uous accretion at the Eddington rate) of massive BHs assuming
NCC cosmologies, and we computed the corresponding maxi-
mal masses of high-redshift SMBHs and the impact on the AGN
demography. The paper is organised as follows. In Sect. 2, we
describe the NCC DE models and their impact on the Universe
expansion and on the growth of cosmic structures. In Sect. 3, we
recall how the abundance of DM halos is derived in such cos-
mological models and how we relate the DM halo mass of the
host galaxies to the SMBH masses and to the AGN accretion
rate while assuming continuous accretion at the Eddington limit
and BH seeds with masses of 10> M. Based on such a model,
in Sect. 4 we compare the growth of BH masses and the AGN
abundance at z > 5 with recent JWST observations. Section 5 is
devoted to a discussion, while in Sect. 6 we present our conclu-
sions.

2. Dark-energy models

We considered a DE sector consisting of a cosmological con-
stant, A = 0, with an associated vacuum energy density of
pa = A/81G —which can be positive or negative— correspond-
ing to a dS or anti-de Sitter (AdS) vacuum, respectively. On top
of this, we considered a DE component with an energy density of
px(a) > 0, which evolves with the expansion factor a = 1/(1+2).
Rather than focusing on a specific model for the evolving DE
component, we parametrise the time evolution of its EoS param-
eter, w,(a), using the widely adopted Chevallier—Polarski—Linder
form (Chevallier & Polarski 2001; Linder 2003):
wx(2) = wo + wa(l — a), ey
where wy describes the behaviour of DE in the local Universe,
and the value of w, describes its evolution back in cosmic time.
This parametrisation captures the EoS behaviour in several phys-
ical DE models as discussed in Linder (2003, 2006, 2008b,a) and
Scherrer (2015, see also Perkovic & Stefancic 2020 for a com-
parison among different parametrisations proposed in the litera-
ture) and allowed us to compare them with earlier works.

The energy density of the evolving DE component thus
evolves according to the following:

—3(1+w0+wu)e[—3wa (1-a)] , (2)
where Q, = p,(1)/pco is the density parameter of the evolving
DE component and p¢g is the critical density. Assuming a spa-
tially flat Friedmann—Lemaitre—Robertson—Walker universe, the
evolution of the Hubble rate (with respect to its present value,
Hy) in the matter-dominated era is governed by the following

px(a) = Qupc0a

equation:

EZ(a) = HZ(a)/HZ — Qm a73 + QA + Qxa73(l+w0+wa)e[7311)0(170)],
(3)

where (Q,, is the matter density parameter, Qx = A/3 is the den-
sity parameter associated with the cosmological constant, and
Q,, +Qp +Q, = 1 holds. The density parameter of the combined
DE sector is Qpg = Q, + Q4. Although Q4 can be negative, the
density parameter associated with the total DE density has to be
Qpg =~ 0.7 to be able to drive the observed cosmic acceleration
at low redshift: z < 1.

We notice that, in order to agree with observations, more
negative values of Qa need to be compensated by more
negative values of w,, moving towards the phantom regime
(Visinelli et al. 2019; Sen et al. 2022; Adil et al. 2023). These
considerations lead to upper limits of the order of unity in [Q,],
corresponding to a negative vacuum energy density <107'?* in
Planck units. Although this may seem to represent the usual
problem related to the small absolute value of the cosmologi-
cal constant, recent studies (Demirtas et al. 2021, 2022) have
shown that super-symmetric AdS, vacua of the above magnitude
naturally arise in the framework of string theory.

3. Method

We built a flexible and transparent analytic model that can
provide upper limits to the growth of galaxies and their cen-
tral SMBHs associated with DM structure formation in a DDE
framework. The steps we followed in our procedure are listed
below.

— We first generated a sample of host halo masses extracted
from the halo mass function at an initial redshift of z; = 20.

— We then grew each central DM halo above 3.50 of the pri-
mordial density field along its main progenitor branch using
analytical recipes.

— Within each DM halo, we grew a BH via mergers and accre-
tion. An upper limit to the growth of BHs due to mergers was
obtained assuming that the fractional increase via mergers
is directly linked to the fractional growth in host DM mass,
while the growth via accretion is assumed to be a continuous
process at the Eddington limit.

— From our mock sample of central DM haloes and their BHs,
we built the mean BH mass-halo mass relation, which we
then used to convert the halo mass function into a BH mass
function.

— From the BH mass function, we then derived the AGN lumi-
nosity function, which is a straightforward step as in our
approach all BHs are continuously accreting (duty cycle
equal to unity) at the Eddington limit.

— For completeness, we also computed the implied galaxy UV
luminosity function at z > 10 from our models.

The last step allowed us to make a direct comparison with current
data on the z ~ 5—6 AGN luminosity function, although the most
revealing comparisons are the ones at z > 7. We note that in
principle it would be more straightforward to carry out a direct
comparison with the BH mass function, but current estimates are
mostly available at z < 6, a time at which the effects of a DDE
wear off. We also stress that for the conversion from halo-to-
BH mass function we did not include any scatter as we already
assumed a strictly maximal growth for each BH, given that in our
modelling even the tiniest growth in the DM host halo induced
parallel growth in the central BH, and the latter grew further via
constant Eddington-limited accretion. We remind the reader that
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we did not include any super-Eddington accretion as our aim
was to understand whether a strictly Eddington-limited accretion
starting from Pop III BH seeds could be a viable model with
which to match the newest high-z AGN data in the context of
NCC cosmologies.

3.1. Abundance of collapsed objects

The abundance of collapsed objects in the Universe is described
by the mass function dN(M)/dM. We briefly recall its compu-
tation in NCC cosmologies for different values of Q4 following
the lines in Menci et al. (2022).

We based our work on the Press & Schechter approach
(Peacock 1999; Padmanabhan 2002; Dodelson 2003) that relates
the mass distribution to the properties of the linear perturba-
tion density field. These are enclosed in the variance o(M, a)
of matter density fluctuations smoothed on the comoving scale
corresponding to the mass scale M. In terms of the linear power
spectrum of matter density fluctuations, Py(k,a), computed at
the cosmic expansion factor a, the variance is

o?(M,a) = f " dk K> Py (k,a)W?*(k, R), 4)

2w 2 0
where W(k,R) = 3[sin(kR) — kR cos(kR)]/(kR)? is the Fourier
transform of the real-space spherical top-hat window function
of radius R = (3M/47p)'3, and p is the mean comoving back-
ground matter density. The linear power spectrum, Py (k,z), of
matter density fluctuations as a function of wave number, k, at a
given expansion factor, a, can further be expressed as

Pr(k,2) = Pok™ T*(k)D*(a), ®)

where Py is a normalisation constant, which is fixed using the
present-day mass variance (og) on a scale of 8 i~! Mpc; T (k) is
the CDM matter transfer function; and D(a) is the linear growth
factor normalised to one at present cosmic time. Assuming that
halos form when the linear perturbations reach critical linear
overdensity, d., for collapse, the mass function takes the general
form

dN  p dinv
dM ~— M2 d InM

Vi), (6)
where v = 6./0(M, a) is the critical height of density perturba-
tions relative to the r.m.s. value of the perturbations. In the fol-
lowing, we adopt the Sheth and Tormen (Sheth & Tormen 1999)
mass function

=2
v IO = A(% * 1) Fa )
v T
where the parameters A = 0.32, a = 0.71, and ¢ = 0.3 are related
to the physics of collapse.

The growth factor, D(a), plays a major role in determining
the extension to large masses of the mass distribution. The faster
the growth of density perturbations, the larger the probability of
rare, high-mass overdensities reaching the threshold for collapse.
The evolution of the growth factor is governed by the following
equation (see e.g. Adil et al. 2023 and references therein):

.3 E@], 3 Q. .
§ +[;+E(a)}5— §=0 (8)

2 B3 E2(a) ’

where ’ indicates a derivative with respect to the scale factor a,
and E(a) = H(a)/H, denotes the normalised expansion rate in
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Eq. (3). The equation shows how the growth of perturbations
through gravitational instability is counteracted by a Hubble fric-
tion term due to the expansion of the Universe. For each cho-
sen set of cosmological parameters determining expansion rate
Eq. (3), we numerically solved Eq. (8).

Inspection of Egs. (3) and (8) immediately shows the effect
of introducing a negative A. At early times, a — 0, the term
related to matter density, €, a3, dominates over all other terms,
so H(a) (and hence D(a)) is almost independent of the other
cosmological parameters. Analogously, in the late time regime
a — 1 the expansion rate in Eq. (8) —and hence the growth fac-
tor D(a)— reduces to exactly the ACDM case since Q, + Q) =
1 - Q, =~ 0.7, and again assuming an NCC has no effect on
the growth of perturbations. However, at intermediate redshifts,
z ~ 10-20, the value of Q4 appreciably affects H(a); Eq. (3)
shows that for decreasing values of 5 (and particularly for neg-
ative values), a slower expansion rate of H(a) is obtained, result-
ing in larger growth factors in Eq. (8). Thus, at such redshifts,
we expect a larger abundance of massive objects compared to
ACDM, as shown in Fig. 1 in Menci et al. (2024b).

Extending the above Press & Schechter approach to derive
the whole growth history of the DM halos through subsequent
merging of DM condensations (see e.g. Lacey & Cole 1993),
it is possible to derive the mass growth of the main branch in
a DM growth history due to accretion and merging of haloes.
This reads as (Neistein et al. 2006; see also Liu et al. 2024,
Correa et al. 2015)

1 aM _ \/2 1 d[6./D(1)]
M@ dt N7 \Jo2(M]q) - o2(M) da

®

where ¢ can be computed to be in the g = [2.1-2.3] range for
flat cosmologies, with an uncertainty that is an intrinsic property
of the extended Press & Schecter theory. The comparison with
up-to-date N-body simulations (Liu et al. 2024) showed that the
above predictions match the simulation results with typical val-
ues for the residuals <0.2. The authors of Correa et al. (2015)
showed that in the high-redshift regime of interest to us, the
above rate can be written as
1 dM

M dr = A f(Mo) E(a),
leading to an exponential growth of the halo mass (as already
obtained by Wechsler et al. 2002). When the mass, M, is
expressed in units 10'2 M, the normalisation takes the value
A = 10*hyr™', and f(My) = 1/+Jo2(My/q) — 2(My) depends
on the final mass, My, of the parent halo at z = 0. We verified
that our mass-growth histories (computed with small time steps
according to the prescriptions in Neistein et al. 2006) agree with
those obtained in the above-mentioned papers.

(10)

3.2. The growth of BHs and stars in the host dark matter
halos

To compute the growth of the BHs and stellar mass hosted in the
evolving DM halos, we adopted a simplified approach; the aim
was not to achieve detailed and precise predictions for the abun-
dance of SMBHs, but rather to derive the maximal BH growth
that can be achieved in different NCC cosmologies under the
most conservative assumptions for the physics of BH accretion
and star formation. To this aim, we first considered a grid of halo
masses, M, at the initial redshift z; = 20, for which we computed
the growth of the halos according to Eq. (9). This allowed us to
represent the average mass growth of each mass bin. Following
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an approach widely used in the literature (see e.g. Volonteri et al.
2003; Barausse 2012; Dayal et al. 2019), we populated all halos
collapsing from the large >3.50 peaks of the primordial den-
sity field (Madau & Rees 2001; Volonteri et al. 2003); in the
ACDM case, this corresponds to populating halos with masses
of M > 1.1h7" 107 Mg [(1 + z)/20]73/2 (Volonteri et al. 2003).

Since we were interested in computing the maximal BH mass
growth in the light-seeds scenario, we started from BH seeds
with masses of My, = 10> M. From this initial mass, BHs
can grow both by accretion and merging. Since our aim was to
derive the maximal SMBH growth that can be achieved in differ-
ent NCC cosmologies, we assumed continuous accretion at the
Eddington limit:

an

M 1 4xG Mpg(t
o= () 13 Mo,
Edd

da a OTEC

where G is the gravitational constant, m,, is the proton mass, ot
is the Thomson scattering optical depth, €, is the BH radiative
efficiency, and c is the speed of light. The BH mass accreted in
the time step Aa (in terms of the expansion factor a) as Mpgy(a +
Aa) = Mpg(a) + (1 — €)M, (a) - Aa, where we assume a fiducial
value €, = 0.1 for the radiative efficiency of accreting BHs. This
allowed us to compute the BH mass in each DM halo at the next
time step.

In the spirit of maximising the BH growth in a given cosmo-
logical scenario, we assumed an instantaneous merging scenario.
We assumed that BH masses merge following the same relative
rate of their host halos given by Eq. (9), that is, that BH merg-
ing promptly follows that of their host halos. After updating the
BH masses hosted in each DM halo after the above assumption,
we iterated the procedure to obtain the average BH mass, Mgy,
hosted in halos with a DM mass of M at a cosmic epoch of ¢, up
to a final time corresponding to zy = 4. This procedure is strictly
valid for the main branch of the merging histories of DM halos.
However, here we focused on the high-redshift evolution of DM
halos (and SMBHs hosted therein), through which, due to the
extremely rapid merging events, the mass growth of halos can
be described on average by the continuous mass accretion onto
a main branch in Eq. (9).

As for the average star formation rate associated with DM
halos, we adopted a phenomenological representation of our
knowledge of galaxy formation before the JWST era, thus
assuming that the same physical processes that shape the baryon
conversion into stars at z < 10 also drive star formation at higher
redshifts. Following the approach in Menci et al. (2024b), the
DM mass, M, is related to the star formation rate of galaxies by
m, = €(M) f, M, where f, is the cosmic baryon fraction. The
efficiency e(M) for the conversion of baryons into stars is taken
from Mason et al. (2015, see their Fig. 1). This is a redshift-
independent relation characterised by a maximal efficiency at
masses M ~ 10'> My, and constitutes a phenomenological rep-
resentation of our knowledge about galaxy formation before the
JWST era. The star formation rate is related to the UV lumi-
nosity L through the relation i1, /Mg yr~' = kyy L/ ergs™ Hz™!
with kyy = 0.7 10728 assuming a Chabrier initial mass function
(Madau et al. 2014), such that L « e(M) M. From the star forma-
tion rate above, the stellar mass, m.., associated with a DM halo,
M, can be computed analytically. Instead of performing time
integration of 7z, over the progenitors, we adopted a simple phe-
nomenological approach to that proposed by Behroozi & Silk
(2015) based on observed average relations. Measurements of
the M.-M relation at z = 4—10 show that their relation can be
approximated as a power law M, = M, (M/M;,)* for the DM

masses of M < 5x10'! My, considered here (see Behroozi & Silk
2015; Behroozi et al. 2019, 2020). As noted by Behroozi & Silk
(2015), this implies that the stellar and DM specific accretion
rates are related by M,/M = a M/M. The stellar mass, M., can
then be computed from M, and from the DM specific accretion
rate in Eq. (9) from the observed values of @, which are within
the @ = [1-1.5] range (Behroozi & Silk 2015; Behroozi et al.
2019, 2020). The uncertainties in M, associated with the above
range of values for @ were considered when we derived the stel-
lar mass, M.. In the following, all distributions dN(X, z)/dX =

[dN(M, z)/dM] (dM/dX) of any of the above observables X (i.e.

the UV luminosity of galaxies, their star formation rate, stel-
lar mass, BH mass, and AGN luminosity) were derived from
the DM halo mass function Eq. (6) after connecting the halo
mass M to the observable X following the modelling described
above.

3.3. The cosmological framework

In our previous papers (Menci et al. 2024a,b), we showed that
quintessential models (with wy > —1 and w, > 0) with negative
Q, can provide a solution to the excess of both massive galax-
ies at z 2 6 and of luminous galaxies at z > 10 observed by
the JWST. This is due to the accelerated growth of cosmic struc-
tures, as seen in Fig. 1 in Menci et al. (2024b). In addition, such
models do not lead to the crossing of the phantom regime, so w
remained in the non-phantom regime, w > —1, throughout the
cosmic history.

Since our aim here was to show that such cosmologies can
provide a simultaneous solution to both the above excess and to
the early growth of SMBHs at high redshifts (without invoking
heavy seeds or super-Eddington accretion), in the following we
focus on such combinations. We further restricted the parame-
ter space by requiring their consistency with the existing cos-
mological constraints. To this aim, we considered the following
datasets:

— (i) The latest data release from the Atacama Cosmol-
ogy Telescope ACT DR6 (Louisetal. 2025) with a
Planck,.,; likelihood from the Planck PR3 data release
(Aghanim et al. 2020, for details of the data combination, see
Mukherjee et al. 2025 and references therein).

— (i1) The DESI-BAO DR2 (Abdul Karim et al. 2025) mea-
surements for the 0.1 < z < 4.2 redshift range.

— (iii) The DES-SN5YR (Abbott et al. 2024; Séanchez et al.
2024) sample for SNIa luminosity measurements in the 0.1 <
z < 1.13 redshift range complemented by low-z SNIa mea-
surements in the 0.025 < z < 0.1 redshift range.

We did not consider constraints from re-ionisation. Although
recent works in the literature (Chakraborty et al. 2025) have
shown that the measurements of the cosmic re-ionisation his-
tory may significantly restrict the parameter space of DDEs with
a NCC, strongly limiting their boost to structure formation, the
modeling of re-ionisation is still affected by appreciable uncer-
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