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ABSTRACT

Aims. James Webb Space Telescope (JWST) observations have opened a tantalising new window onto possible black holes as early as
redshifts of z ~ 10.4. Using local relations for calibration, these systems show a number of puzzling properties including black holes
as massive as Mpy>10% My, in place at z ~ 10, unexpectedly high black hole-to-stellar mass ratios of Mgy /M. 2 0.1 and, for some
of them, extremely low metallicities. These pose a serious challenge for “astrophysical” seeding and growth models that we aim to
explain with “cosmological” primordial black holes (PBHs) in this work.

Methods. We present PHANES (Primordial black holes accelerating the assembly of nascent early structures), an analytic framework
that follows the evolution of dark matter halos, and their baryons in the first billion years, seeded by a population of PBHs with seed
masses between 10%° —10° My, In addition to a fiducial model where black holes are considered non-spinning (s = 0), we also explore
two “maximal” scenarios where black holes show maximally prograde (s = +1) or retrograde (s = —1) spins.

Results. PBH seeded models yield a black hole mass function that extends between 10'2~1125(10°7-725) M, at z ~ 5(15) for the
different models considered in this work. Interestingly, PBH-seeded models (with s = 0 or —1) naturally result in extremely high
values of Mgy/M. 2 0.25 at z ~ 5 — 15. For a typical stellar mass of M, = 10° My, we find an average value of Mgy /M. ~ 0.4(1.6)
for s = 0(-1) at z = 5, providing a smoking gun for PBH-seeded models. Showing Eddington accretion fractions that range over
two orders of magnitude (fggq ~ 0.01-1), another particularity of PBH-seeded models is their ability of producing systems with high
black hole-to-stellar mass ratios that are extremely metal poor (Z < 1072Z,). Yielding a PBH-to-dark matter fraction <107 and a
stellar mass function that lies four orders of magnitude below observations, our model is in accord with all current cosmological and

astrophysical bounds.
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1. Introduction

The James Webb Space Telescope (JWST) has been unprece-
dented in shedding light on the emergence of black holes well
within the first billion years of the Universe. Indeed, various
spectroscopic surveys have revealed a large population of active
galactic nuclei (AGN) in the early universe (z > 4). How-
ever, these are much fainter and more numerous than the lumi-
nous quasars found by pre-JTWST surveys (e.g. Ubler et al. 2023;
Harikane et al. 2023; Maiolino et al. 2024a; Juodzbalis et al.
2024, 2025; Tayloretal. 2025a; Kovacs etal. 2024). About
10-30% of these have compact morphologies and red optical col-
ors, and have been dubbed “Little Red Dots” (LRD, Matthee et al.
2024; Kocevski et al. 2025; Hainline et al. 2025; Greene et al.
2024; Furtak et al. 2024; Tripodi et al. 2024; Taylor et al. 2025b;
Kokorev et al. 2023). LRD results are being supplemented by
Euclid observations (Euclid Collaboration: Bisigello et al. 2026),
that find such systems to be far rarer at z < 4 than the ubiquity
shown higher redshifts of z > 5.

* Corresponding author: pdayal@cita.utoronto.ca

These JWST observations have yielded a number of unex-
pected surprises: firstly, the luminosity function of AGN spec-
troscopically identified by JWST, including LRDs, is about one
or two orders of magnitude higher the extrapolation of the lumi-
nosity function of pre-JWST discovered quasars at z ~ 5 — 7,
and make up a few percent of the galaxy population at these
epochs (Greene et al. 2024; Kokorev et al. 2024; Kovécs et al.
2024; Akins et al. 2025b; Matthee et al. 2024; Maiolino et al.
2024a; Juodzbalis et al. 2025; Kocevski et al. 2025). The situa-
tion is even more dramatic for faint AGN with bolometric lumi-
nosities of 10*13749 erg s=! whose host galaxies may contribute
as much as 18-30% to the ultra-violet (UV) luminosity function
even at z ~ 5 (Scholtz et al. 2025). Secondly, extending local
calibration relations to high-redshifts, the broad components of
the Balmer lines, coming from the Broad Line Region of the
AGN, have been used to infer black holes as massive as Mgy ~
108%M, at z ~ 6 — 8.5 (Kokorev et al. 2023; Furtak et al.
2024; Tripodi et al. 2024; JuodZbalis et al. 2024; Akins et al.
2025a), with X-ray detections implying Mgy ~ 107°32M,
as early as z ~ 10 — 10.4 (Bogddn et al. 2024; Kovdics et al.
2024; Napolitano et al. 2025). Such high masses pose a serious
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challenge to astrophysical seeding and growth mechanisms.
Thirdly, many of the black holes observed at z ~ 4 — 10 are
severely over massive compared to the underlying stellar mass
(M..), with black hole-to-stellar mass ratios as high as Mgy /M, ~
0.1-1. This result is independent of the method used for infer-
ring black hole masses, i.e. when using the broad Balmer lines
(Kokorev et al. 2023; Maiolino et al. 2024b; Kocevski et al.
2025; Furtak et al. 2024; Kovécs et al. 2024; Bogdén et al. 2024;
JuodZbalis et al. 2024; Akins et al. 2025a; Taylor et al. 2025b;
Maiolino et al. 2025b; JuodZbalis et al. 2025), when using X-
ray luminosities (Bogdan et al. 2024; Napolitano et al. 2025),
and with direct, dynamical measurements (Newman et al. 2025).
These ratios are more than one to two orders of magnitude
higher than those inferred for local and low-redshift black
holes whose masses are measured directly or via reverberation
mapping (Vestergaard & Osmer 2009; Volonteri & Reines 2016;
Suh et al. 2020). Fourthly, the accreting black holes revealed
by JWST are extremely weak, and generally undetected, in
both the X-rays and radio, with upper limits much lower than
expected from a standard local AGN spectral energy distribu-
tion (SED); this applies to any JWST selection of AGN, be
it type 1, type 2 or LRDs (Maiolino et al. 2025a; Yue et al.
2024; Ananna et al. 2024; Mazzolari et al. 2025, 2026). Finally,
the JWST is beginning to reveal early systems with puzzlingly
low metallicities of Z < 0.01Z, with a black hole-to-stellar
mass ratio higher than ~0.1 (Maiolino et al. 2025b). Naturally,
crucial caveats remain in the inference of black hole masses
(e.g. King 2024; Lupi et al. 2024), stellar masses (Wang et al.
2024, 2025a; Narayanan et al. 2025), measurement uncertain-
ties, evolving kinematics and gas densities (Baggen et al. 2024),
and observational biases (Volonteri et al. 2023; Li et al. 2025).
However, as discussed in Juodzbalis et al. (2025), such uncer-
tainties are unlikely to explain the observed puzzling and intrigu-
ing properties of the new population of accreting black holes
discovered by the JWST, at least at the order of magnitude level.
Such caveats notwithstanding, a burgeoning body of theo-
retical works aim at explaining these observations exploring a
combination of seeding and growth mechanisms. As of now,
three key astrophysical origins of black hole seeds are usu-
ally explored which include: (i) “low-mass” seeds (~10>Mg)
from metal-free stars at high-redshifts (e.g. Abel et al. 2002;
Bromm et al. 2002); (ii) “Intermediate-mass” seeds (~10>~* M)
forming in dense, massive stellar clusters through pathways
including dynamical interactions (Devecchi & Volonteri 2009),
the runaway merger of stellar mass black holes (Belczynski et al.
2002), the growth of stellar mass black holes in conjunction
with mergers (Leigh et al. 2013; Alexander & Natarajan 2014),
stellar collisions (e.g. Rantala & Naab 2025) or gas-accretion
driven mechanisms (Natarajan 2021); and (iii) “heavy direct
collapse black hole seeds” (DCBHs; ~10° My) that can form
in very low metallicity clouds photodissociated by UV radia-
tion fields, via supermassive star formation (e.g. Loeb & Rasio
1994; Begelman et al. 2006; Habouzit et al. 2016). Theoreti-
cal analyses also suggest a continuum of seed masses rather
than bimodal distributions (Regan & Volonteri 2024). Different
aspects of the puzzling black hole observations from the JWST
are solved with varying combinations of heavy seeding mech-
anisms (Bogdan et al. 2024; Kovics et al. 2024; Maiolino et al.
2024b; Natarajan et al. 2024; Bhowmick et al. 2024; Jeon et al.
2025), episodic super-Eddington accretion (Schneider et al.
2023; Volonteri et al. 2025; Hu et al. 2025), extremely efficient
accretion and merger-driven growth of either light (Furtak et al.
2024) or intermediate-heavy seeds (Dayal et al. 2025), and
rapidly spinning black holes (Inayoshi & Ichikawa 2024).
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The puzzling nature of these early black holes has also
revived an interest in the cosmological seeding mechanism
offered by primordial black holes (PBHs) generated soon after
the Big Bang (Hawking 1971; Carr & Hawking 1974; Carr 2005;
Carr & Green 2024). PBHs can accelerate the formation of early
individual structures through the “seed effect” which dominates
for PBHs making up a small mass fraction of dark matter. In
this case, the Coulomb effect of a single black hole gener-
ates an initial density fluctuation that can grow through grav-
itational instability (e.g. Hoyle & Narlikar 1966; Carr & Rees
1984; Carr & Silk 2018). Generating structures earlier than pos-
sible in the Cold Dark matter (CDM) paradigm, these PBHs have
already shown to naturally yield high Mgy — M. ratios that are
implausible using astrophysical black hole seeding mechanisms
(Dayal 2024; Zhang et al. 2025; Ziparo et al. 2025). Influenc-
ing the halo mass function at early times (Zhang et al. 2024),
PBHs have also been used to explain of the over-abundance of
luminous and massive systems seen with the JWST at z > 11
(Liu & Bromm 2022; Yuan et al. 2024; Gouttenoire et al. 2024;
Matteri et al. 2025).

In a previous work, Dayal (2024) constructed a simple ana-
lytic model to show how PBHs could offer an attractive alter-
native solution to the extremely high black hole masses and
black hole-to-stellar mass ratios observed for GHZ9 and UHZ1
at z > 10. We now extend that to a framework called PHANES
(Primordial black holes accelerating the assembly of nascent
early structures) that follows the evolution of an entire popu-
lation of PBHs using their mass spectra, and their impact on the
properties of their hosts. This model also includes an improved
prescription for gas accretion onto halos, its accretion onto the
black hole and conversion into stars. We start by detailing the
model in Sect. 2 before discussing the key observables for such
systems at z ~ 5 — 15 including the resulting black hole and stel-
lar mass functions (Sect. 3.1), the black hole mass-stellar mass
relations (Sect. 3.2), the Eddington fractions as a function of the
black hole and stellar mass (Sect. 3.3) and their metal enrich-
ment (Sect. 3.4). In this work, we use the black hole data both
from systems selected as LRDs and as normal AGN.

We adopt a ACDM model with density parameter values of
dark energy, dark matter and baryons of Q, = 0.673, Q,, =
0.315 and Q; = 0.049, respectively, a Hubble constant Hy =
100 ~kms™ Mpc™! with & = 0.673, spectral index n = 0.96
and normalisation og = 0.81 (Planck Collaboration VI 2020).
Throughout this work, we use a Salpeter initial mass function
(IMF; Salpeter 1955) between 0.1 — 100 M, for the mass distri-
bution of stars in a newly formed stellar population.

2. A theoretical framework for primordial black
holes as seeds of early galaxy assembly

In this section, we detail the PHANES (Primordial black holes
accelerating the assembly of nascent early structures) analytic
model to follow the time-evolution of galaxies seeded by a pop-
ulation of PBHs. We purely focus on the “seed effect” in this
work, where individual PBHs can assemble isolated structures
around themselves. A schematic of the physics implemented in
this work is shown in Fig. 1.

2.1. The primordial black hole mass spectrum

As detailed in Carr & Silk (2018), while primordial black holes
could, in principle, have an extended mass spectrum, its shape
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(a) Seeding: PBH
seeded at

Big Bang/inflation

following a mass
spectrum

(b) DM assembly: PBH
linearly accretes DM halo
(gray) around itself down to
z~34; growth by IGM
smooth accretion at z<34

(c) Gas accretion: once halo
massive enough to support
baryonic over-density of 200,
gas accretion (blue) allowed

—

(d) Black hole accretion, Star
formation, feedback and metals: gas
can accrete onto the black hole, and
form stars (red); feedback from both.
Supernovae drive metal enrichment
(green).

Fig. 1. A schematic of the key epochs modelled in PHANES. As shown, this includes PBH seeds (stage a) linearly accreting a dark matter halo
between the epoch of recombination (z ~ 3400) and z ~ 34; halo growth becomes non-linear below this redshift (stage b). Halos can sustain a gas
mass once they exceed a baryonic over-density of 200 (stage c). At stage d, gas is allowed to be accreted onto the central black hole, and form stars.
We also account for the associated feedback from both black hole accretion and star formation, and include metal enrichment from Supernovae.

would depend on the physical seeding mechanism responsible,
as now summarised:

— for PBHs forming from the collapse of either scale-invariant
fluctuations or cosmic strings (Carr 1975), or due to phase-
transitions that result in the Universe becoming pressureless
(i.e. matter-dominated), the mass spectrum would show a
power-law form (Harada et al. 2016).

— for PBHs arising from initial inhomogeneities of infla-
tionary origin where the slow-roll approximation holds
(e.g. for axion-curvaton and running-mass infation models),
the mass spectrum would show a log-normal form (e.g.
Dolgov & Silk 1993; Garcia-Bellido et al. 1996; Carr et al.
2016; Kannike et al. 2017).

— for PBHs arising from critical collapse, the PBH mass spec-
trum critically depends on the power spectrum of primordial
fluctuations. If these are assumed to be monochromatic (e.g.
Yokoyama 1998), the resulting mass spectrum is too con-
centrated around a single mass for PBHs to produce both
the dark matter and the supermassive black holes in galactic
nuclei. Some works, however, show that if PBHs form clus-
ters, they could completely avoid existing constraints (based
on uniformly distributed PBHs), allowing them to be a viable
dark matter candidate (Belotsky et al. 2019).

For the sake of simplicity, in this work, we use a power-law form
of the PBH mass spectrum between 10°376 Mg, such that (Carr
1975; Harada et al. 2016)

d
ﬁ =xm™ 7, ey
where
2
1+y

Here y represents the equation of state at PBH formation i.e.
p = ypc?, where p,p and c represent the pressure, density and
speed of light, respectively. Generally assumed values of y range
between 0 and 1, yielding @ = 2 to 3; this is the range explored
in this work. The normalisation, «, is determined using two of
the highest redshift black hole candidates, UHZ1 and GHZ9 at

z ~ 10 and 10.4, respectively, that are inferred to have a num-
ber density of 10732’cMpc~> (Kovécs et al. 2024; Bogdan et al.
2024) and a PBH seed mass of 1037473° My, if of primordial
origin (as discussed in Dayal 2024); we use an average seed
mass value of 10> Mg here. This is used to infer a value of
k = 107.15 and 4.78 x 10° for @ = 2 and 3, respectively. We
caution this is just a back-of-the-envelope estimate that we aim
to refine in future works.

2.2. The dark matter and gas assembly of PBH-seeded
systems

The assembly of dark matter halos and their gas follows an
advanced prescription to that presented in our previous work
(Dayal 2024). In brief, in the “seed effect”, individual PBHs can
start assembling dark matter linearly around themselves. Assum-
ing this process starts at Zmeq = 3400, the redshift of matter-
radiation equality, by redshift z,, a PBH of mass Mpgy can bind
a halo mass M, such that (Carr & Silk 2018)

Zmreq

M, = 3)

Mpgn.

Zn
In this linear-growth formalism, by z ~ 34 the dark matter halo
is two orders of magnitude more massive than the PBH and thus
comes to dominate the gravitational potential. At this point, we
assume that the halo transitions to growing by smoothly accret-
ing dark matter from the intergalactic medium (IGM). Using
results from high-resolution N-body (dark matter) simulations,
the average halo accretion rate at z < 34 is taken to evolve as
(Trac et al. 2015)

M,
105 M,

)1.06(5)2.5 %] (4)

7 yr

Although derived for halo masses between 108> M at z ~ 6 —
10, we assume this relation holds out to z ~ 34 given the lack
of numerical results at these early epochs; we use the average
relation, without any scatter, for simplicity.

We use results from the review by Barkana & Loeb (2001) in
order to model the response of baryons to dark matter potential

(Mi(2) = 0.21(
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Table 1. Free parameters used in PHANES (column 1), their symbols (column 2) and the values used in this work (column 3).

Parameter Symbol Value

PBH mass spectrum slope a 2,3

Black hole spin s 0,+1,-1

Spin-dependent radiative efficiency of black hole accretion € 0.057(s = 0),0.037(s = —1),0.42(s = +1)
Fraction of AGN energy coupling to gas JSou 1073

Fraction of Eddington rate for BH accretion Jfedd 0.25(s = 0); 1.0(s = -1, +1)
Fraction of SNII energy coupling to gas ot 1072

wells. We start by calculating the minimum halo mass (M;""")
that can host gas with a baryonic over-density of 6, = 200 at any
redshift; halos below this mass limit do not bind any baryons. We
caution this solution is approximate since it assumes gas to be
stationary throughout the object and ignores entropy production
in the virialization shock. In this scenario, d; is calculated as

&)

where p,, is the gas density, p, is the background gas density,
Ty;; is the halo virial temperature and T is the background gas
temperature. At z < 160, the gas temperature is decoupled from
that of the cosmic microwave background (CMB) and evolves as
T ~ 170[(1 + z)/100]*K (Barkana & Loeb 2001). Further, in the
spherical top-hat collapse model for halo formation, the virial

temperatures of bound halos evolves as (Barkana & Loeb 2001)

Tow = 1.98 x 104(i)(

Mh QmAc )(1 +2
0.6

2/3
K, (6
IOSh*IM@) (Qf’,,lSnz 10 ) ©)

where we use a mean molecular weight value of u = 1.22 for
neutral primordial gas, and A. = 187> + 82d — 39d” where d =
Q% —1and %, = [Q,,(1+2)’][Q,,(1+2)°+Qx]"". Egs. (5) and (6)

above are used to calculate M;l“i“b(z) = 1.06x10*x[(1+2)/10]'
yielding log (M;l“i“b/M@) = [3.69,4.08,4.51,5.08,5.58] at 7 ~
[5, 10,20, 50, 100].

Once the assembling halo exceeds the M™™ value, we
allow it to start building its gas content assuming that the halo
smoothly accretes a gas mass equal to the cosmological baryon-
to-dark matter fraction. The rate of gas assembly is therefore
obtained as M, (z) = (Qp/Q) M) (2).

2.3. Star formation, black hole growth and feedback

Once a halo exceeds the M,'lninb value, it attains an initial gas
mass of M ;, which can be accreted onto the black hole and fuel
star formation; the exact order of star formation and black hole
accretion are not relevant. In order to calculate their fotal mass
evolution with time, we account for the fact that halos inherit the
dark matter, gas and black hole masses of their successors from
earlier time-steps.

We start by calculating the free-fall timescale (#) for the gas
in a halo as

3
te = ,/—, 7
ff 32Gp @

where G is the Universal gravitational constant and p is the
average gas density in the halo which is calculated as p =
3M’g[4nr§as]‘1. Here, the gas radius is calculated as rgs =

4.54ryi; where 4 = 0.04 is the spin parameter (Bullock et al.
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2001) and ry;; is the halo virial radius. We caution this is an
upper-limit to the free-fall timescale given our implicit assump-
tion of a constant density profile.

We use a constant time-step of At = 30 Myr throughout this
work. This is chosen so that all stars more massive than 8 Mg
explode as Type II Supernovae (SNII), releasing both energy
and metals, within a given time-step. We do not account for the
longer term feedback arising from Type Ia supernovae or stellar
winds for the sake of simplicity, given the poor understanding of
their fractional energy that would couple to the gas content. In
order to calculate the black hole accretion at any time-step, we
calculate the Eddington-limited accreted mass as

4rGmp(1 - €)
ceor

Edd = At fgaa MpH. (8

Here, € is the spin-dependent radiative efficiency, m,, is the pro-
ton mass, c¢ is the speed of light, o7 is the Thomson scatter-
ing cross-section, and fgqq is the Eddington fraction. The mass
accreted by a black hole in a given time-step is then calculated
as

SeaaMgaas if feaaMpaa < M,

P : ©)
MM if fraaMraa > M,

AMBH o {

In this work, in addition to a fiducial model wherein we assume
non-spinning black holes (s = 0 with a radiative efficiency
values of € = 0.057), we also explore two “maximal” sce-
narios where the black hole is either maximally retrograde
(s = -1, € = 0.037) or maximally prograde (s = +1, € =
0.42), as as also noted in Table 1. We ignore any evolution in
the black hole spin that naturally arises as a result of accre-
tion (Bardeen 1970), black hole mergers (Gammie et al. 2004;
Hughes & Blandford 2003) or due to the energy extracted by
feedback (Blandford & Znajek 1977).

The gas mass left after BH accretion then is M. ; — AMpy. In
terms of star formation, at any given time-step, the “effective”
instantaneous star formation efficiency is calculated as T =

min[(At/tg), £7']. Le. the effective star formation efficiency is
the minimum between the star formation efficiency that pro-
duces enough SNII energy to “unbind” the remainder of the gas
(f7), and the ratio between the time-step and the free-fall time.
This results in a new stellar mass of AM, = ffﬁ(Mé — AMpy)
Further,

2

UC‘
T "

=

where, v, is the virial velocity of the host halo, f is the fraction

of SNII energy that couples to gas and v?> = vEs; = 611km s
Here, v = [134My]~! is the number of SNII per stellar mass
formed for our IMF and each SNII is assumed to impart an
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b)z~15
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Log(Mpgy/ M)

2 3 4 5
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Fig. 2. The black hole mass as a function of the initial PBH seed mass, at z ~ 5 (left panel) and z ~ 15 (right panel). As marked, in both panels,
the yellow, red and green points show results for non-spinning (s = 0), retrograde (s = —1) and prograde (s = +1) black holes for the parameter

values noted in Table 1.

explosion energy of Es; = 10°" erg. We note £ can have a
maximum value of 1.

We account for the impact of both SNII and black hole feed-
back on the gas mass. The total gas mass ejected in a time-step
due to both black hole and SNII feedback can then be written as

MY = (M: — AMgy — AM. )( r )( Eej) (11)
¢ = e TR el \ B )

where the second and third terms on the RHS encode the
impact of feedback from star formation and black hole accretion,
respectively. Here, Ej = fg’HeAMBch is the ejection energy
provided by the accreting black hole where fg}, is the fraction
of black hole energy that couples to gas; Eyj, shows the halo
binding energy (e.g. Dayal et al. 2019). The final gas mass left is
then

M) = Mi — AMgy — AM, — M. (12)

The free parameter values used in our model are noted in
Table 1. In the fiducial model where we assume black holes to
be non-spinning (s = 0, € = 0.057), we require weak feedback
coupling of both black hole and star formation energies to the
gas content (f,” < 0.01 and fg}, ~ 1073) in order to match to the
observed black hole and stellar mass combinations for UHZ1
and GHZ9 (Dayal 2024). Further, we require fgga = 0.25 to
match to the black hole mass-stellar mass observations of all
available systems at z ~ 5 — 10.4 from the JWST as detailed
in Sect. 3.2 that follows. We allow a scatter of 0.5 dex on all
three of these quantities. Finally, we use a value of fgqq = 1 to
obtain the maximum growth for maximally spinning (prograde
and retrograde) black holes.

We show the resulting black hole masses at z ~ 5 and 15,
as a function of the PBH seed mass in Fig. 2. We find that
the host halos of most PBH-seeded systems are generally able
to accrete enough gas such that black holes mostly grow by
accreting frggMgqq of gas. As a result, with the smallest radia-
tive efficiency value (¢ = 0.037), black holes with retrograde
spins grow at the fastest rate followed by non-spinning black
holes (¢ = 0.057); prograde black holes grow at the slow-
est rate with their large value of € = 0.42. As seen from the
figure, PBHs with s = 0 with a seed mass of 10? (10*) M,
grow by as much as a factor 10 (40) to attain masses of Mgy ~
10?73 (10*7-36) M, by z ~ 15. With s = —1 on the other hand,

Mppy = 10% (10%) M, systems grow by as much as a factor 50
(630) to Mgy ~ 10?7737 (10°3-58)M,, by the same redshift;
systems with s = +1, however, grow at most by a factor of 1.5
(2) for Mpgy = 10% (10)M,, at these early epochs. As black
holes and their halos build up in mass with time, by z ~ 5, in
the s = 0 case, PBHs with masses of 10% (10*) Mg grow by
as much as 3.5 (4.5) orders of magnitude to show masses of
Mgy ~ 105734 (1077-84)Mg by z ~ 5. This is quite compa-
rable to the growth of systems with s = —1 that show masses of
Mgp ~ 10°% (1082) M, for seed masses of 10 (10*) My, at this
redshift. However, given the high radiative efficiency value for
s = +1, black holes with seed masses of 10 (10*) M, only grow
by a factor 10 (15) to My ~ 10° (10°2) M, despite the available
1.1 Gyrdownto z ~ 5.

2.4. The metal enrichment of early systems

We then calculate the metal enrichment of each system, ignoring
the condensation of metals into dust for the sake of simplicity.
The metal mass of a system evolves as

dMy

g - M- M- M (13)
_ AM, M. (AMgy +AM,) M. M (14
A T M, At M, At

where the terms on the RHS show the rates of metal pro-
duction, astration and ejection, respectively. Here, y shows the
latest mass-dependent yields for stars between 8—50 Mg from
Kobayashi et al. (2020). While the lower limit to this mass is set
by the time-step of 30 Myr (Padovani & Matteucci 1993), larger
mass stars are assumed to collapse to black holes without pro-
ducing any metals. The total yield is assumed to be driven by
an “average star formation rate” (= AM./At) which is given by
the newly formed stellar mass in a given time-step divided by its
time period (30 Myr in this case). The second term shows the
rate at which perfectly mixed metals and gas are astrated into
star formation and black hole accretion over a given time-step.
Finally, the last term shows the rate of ejection of metals in a per-
fectly mixed interstellar medium (ISM). We note that exploding
stars return a fraction (R) of their gas to the gas content. The final

gas mass at the end of a time-step is then M_{; + (RAM..). We use
fiducial values of y = 0.008 and R = 0.07 in this work.
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3. The emerging properties of early black holes and
their hosts

We now discuss the emerging properties of primordially-seeded
black holes and their hosts that are compared to all available
observations. This includes the redshift evolution of the black
hole mass function (BHMF) and stellar mass function (SMF)
at z ~ 5 — 15 (Sect. 3.1), the relation between the black hole
and stellar mass (Sect. 3.2), the Eddington accretion fraction as
a function of the black hole and stellar mass (Sect. 3.3) and the
metal enrichment of their hosts (Sect. 3.4). As a sanity check,
we have calculated the density parameter for PBH masses and
converted it into the fraction of dark matter in the form of PBHs
as f = Qppu/Q,. We find f < 107° for the PBH mass range
considered in this work, for any of the models explored. Reas-
suringly, this value is at least five orders of magnitude lower than
the current cosmological bounds allowed by gravitational waves,
dynamical effects and accretion (Carr & Green 2024; Kavanagh
2024).

3.1. Black hole and stellar mass functions atz ~ 5 — 15

We start by discussing the redshift evolution of the BHMF
for primordially-seeded black holes at z ~ 5 — 15, the
results of which are shown in (the top panel of) Fig. 3. The
Eddington accretion rate scales as Mgag o« (1 — €)/e with
€ = 0.057,0.037,0.42 for black holes with spin values of
s = 0,—1,+1, respectively (Bardeen et al. 1972). This results in
maximally retrograde (prograde) black holes with s = —1 (s =
+1) able to grow about 1.6x faster (12X slower) compared to
non-rotating ones. This means that for any redshift or PBH mass
spectrum slope, black holes show the largest (smallest) range
of masses for s = —1 (+1). We start by noting that both the
BHMF and SMF show a power-law slope at all the redshifts
considered here, mimicking the underlying power-law slope of
the PBH mass spectrum. Also, as might be expected, the mass
ranges covered by both the BHMFs and SMFs show an increase
with decreasing redshifts, as ever more massive systems assem-
ble.

Starting with @ = 2 and s = 0, at z ~ 15, the BHMF ranges
between Mgy ~ 10757725 Mg; it shows a drop by more than
ten orders of magnitude (from ~10%° to 107%%¥[dex cMpc®]~!)
with increasing mass between these mass ranges. For a typ-
ical black hole number density of ~10~°[dex cMpc®]~!, this
model yields a black hole mass of 1032 My; with their abil-
ity of growing faster (slower), black holes with s = —1 (+1)
reach masses of 10%° (10*3)M,, at this number density. The
varied black hole assembly histories result in BHMF slopes of
—-1.5,-1,-1.9 for s = 0,—1, +1 between Mgy ~ 10°7-625 M,
at this redshift. As might be expected, the @ = 3 model exhibits
steeper slopes of —2.2,—-1.5,-2.9 for s = 0,-1,+1, respec-
tively. Although this results in about 3 orders of magnitude
more black holes with ~100M,, in the @ = 3 case, interest-
ingly, the results for the two PBH power spectrum slopes con-
verge at N ~ 107°[dex cMpc?]~! for a given spin value. Sim-
ilar trends persist at z ~ 10 where black holes grow as mas-
sive as 10%°, 107> and 10*° M, for s = 0,—1 and +1 for
N ~ 107%[dex cMpc®]~!, irrespective of the PBH mass spectrum
slope. By z ~ 7, PBHs of an initial mass of 10® My grow as
massive as 10'0% (10"""2)M,, for s = 0 (-1), irrespective of
the a value used. For N ~ 10~°[dex CMpC3]_1, this model yields
black hole masses between 10778 M,, for s = 0,—1, as values
as low as 10° M, for s = +1. The same trends persist at 7 ~ 5
where the number densities of black holes as massive as 10* Mg,
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are about three orders of magnitude higher in the @ = 3 case for
both s = 0, —1 as compared to @ = 2. At this redshift, the BHMF
covers a mass range as large as 10225-1175 103251175y M, for
s = 0 (=1) for @ = 2. On the other hand, the s = +1 case
yields a much more constrained range of 10'277-23 My, i.e. black
holes with a seed mass as large as 10° M, have only grown by
a factor 30 even given a billion years. For Mgy > 10° M, for
s = 0,—-1,+1, we find BHMF slopes of —1.4,—-1.3,2 fora = 2
and -2, -1.9, 2.9 for @ = 3 at this redshift.

We then compare these theoretical BHMFs to available
observations at z ~ 5. As noted in Sect. 2.1, we have used the
inferred number density of 1072’cMpc~2 for a PBH seed mass
of 1039 M, inferred for the black hole candidates GHZ9 and
UHZI atz ~ 10—10.4 (Dayal 2024). Interestingly, the theoretical
BHMFs for s = 0 and —1 resulting from a PBH mass spectrum
slope of @ = 2 match the observationally-inferred BHMF from
JWST observations between Mgy ~ 107733 M, extremely well
(Matthee et al. 2024; Kokorev et al. 2024; Taylor et al. 2025a) —
we note this includes both black holes selected as LRDs and
as normal AGN. These models, however, over-predict the num-
ber density of massive quasars (Mpy 2 10°Mg) observed by
e.g. Willott et al. (2010), which, however, remain highly uncer-
tain, by more than one order of magnitude. A PBH spec-
tral slope of @ = 3 results in a BHMF with a slope of —2
for s = 0 (—1) by z ~ 5 which yields excellent agreement
with the observationally-inferred BHMF for Mgy > 10" Mo
(Matthee et al. 2024; Kokorev et al. 2024; Taylor et al. 2025a;
Willott et al. 2010). However, this model increasingly over-
predicts the low-mass end of the BHMF — by Mgy ~ 10°0, this
model over-predicts observations by about 4 orders of magni-
tude in number density. We caution the low-mass end of the mass
function remains highly uncertain since it is both hard to find and
measure the masses of such low-mass black holes (Taylor et al.
2025Db). Finally, we note that with their much lower growth rates,
irrespective of the a value used, models with +1 predict a BHMF
ranging between 10'2-72> M, at this redshift, severely under-
predicting the observations by more than 2.5 orders of magni-
tude at any mass.

As a sanity check, we show the redshift evolution of the
SMEF for PBH-seeded systems at z ~ 5 — 15, in the bottom row
of Fig. 3. The stellar masses for these systems range between
100257925 M, at z ~ 15 with systems as large as M, = 10'7> M,
in place by z ~ 5. We then link these stellar masses to their
underlying halo mass. We find M, ~ [10%, 107, 10°1 M, systems
to be hosted by halos of mass M, ~ [10376, 10879, 10%3-11 M, ]
atz ~ 5—15. Such systems would have been seeded by PBHs of
a (log) mass ~ [1.6 —2.5,4.1 —5.3,5.3 — 6] M by z ~ 15 which
would have exceeded the M;"™ value at z ~ [20 — 27,109 —
360, >360]. By a z ~ 5, such systems would be seeded by PBHs
of a (log) mass ~ [0.8—-1.4,2.9-4.2,4.2 -4.9] M, which would
have exceeded the M;"™ value at z ~ [13 — 19,33 — 120,>120].
Given that in our model halos can start forming stars as soon
as their mass exceeds the M;l“i“b value at a given redshift, this
results in stellar mass assemblies that are rather decoupled from
the assembly of the black hole. Indeed, as seen from this figure,
we find that the stellar mass function only depends on the PBH
mass spectrum slope and is independent of the BH spin value
used. Using a lower stellar mass limit of 100 M, our model pre-
dicts SMF slopes that range between —0.97 — —1.1 for @ = 2
and —=1.5 — -1.7 for « = 3 for z ~ 5 — 15. Reassuringly,
the resulting theoretical SMFs lie at least four orders of mag-
nitude below the observationally-inferred redshift evolution of
the SMF at z ~ 5 — 10 (from e.g. Bhatawdekar et al. 2019;
Stefanon et al. 2021; Navarro-Carrera et al. 2024; Weibel et al.
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Fig. 3. The redshift evolution of the black hole mass function (top panel) and the stellar mass function (bottom panel) at z ~ 5 — 15, as marked.

Lines show PBH-seeded mass functions for different spectral slopes and
from a number of groups: Wil+10 (Willott et al. 2010), Mat+24 (Matthe

spins, as marked. In panel (a), we show the observed BHMF at z ~ 5
e et al. 2024), Kok+24 (Kokorev et al. 2024) and Tay+25 (Taylor et al.

2025a). In the bottom panels (e-g), points show the observed stellar mass functions inferred by Nav+24 (Navarro-Carrera et al. 2024), Wei+24

(Weibel et al. 2024), Bha+19 (Bhatawdekar et al. 2019), Har+25 (Harvey

Table 2. For the redshift and spin values shown in columns 1 and 2,
respectively, we note the black hole mass-stellar mass relation emerging
from our model in column 3.

Redshift Spin logMpy =

5 0 0.66 logM. + 2.68

7 0 0.63 logM., +2.36

10 0 0.62 logM.. + 1.65

15 0 0.63 logM., + 1.35

5 -1 0.70 logM.,. +2.93

7 -1 0.71 logM, +3.01

10 -1 —0.02 logM? + logM, +2.57
15 -1 —0.03logM? + 1.1 logM, + 1.55
5 +1 0.50 logM.. + 0.89

7 +1 0.51 logM, + 0.74

10 +1 0.53 logM, +0.71

15 +1 0.55 logM, + 0.96

2024; Harvey et al. 2025), i.e. PBH-seeded systems would not
have any implication for observed star forming systems given
the normalisations used in this model.

To summarize, in the case of PBH seeded halo formation,
the BHMF shows an enormous mass range, between Mpy ~
1025175 Mg, at z ~ 5,7 accounting for all the different models

et al. 2025) and Ste+21 (Stefanon et al. 2021), as marked.

considered in this work. However, given that most of these show
turn-over at masses as low as Mgy ~ 102723 M,, BHMFs
alone will find it hard to shed light on PBH seeding of such black
holes. Reassuringly, galaxies seeded by standard primordial den-
sity fluctuations, rather than seeded by PBHs, will dominate the
SMF at all redshifts.

3.2. The black hole mass-stellar mass relation

We now discuss the black hole mass-stellar mass relations result-
ing from the model at z ~ 5 — 15, the results of which are
shown in Fig. 4. We start by noting that local high-mass ellip-
ticals have been used to infer a relation of Mgy = 1.4M, — 6.45
(Volonteri & Reines 2016). Further, using moderate luminosity,
broad line AGN, Suh et al. (2020) infer an unevolving relation
between z ~ 0 — 2.5 such that Mgy = 1.47M. — 8.56. Yielding
black hole-to-stellar mass ratios less than 0.01 —0.3%, these rela-
tions provide a baseline against which we compare the results of
PBH-seeded systems; these results are quantified in Table 2.

As seen, a growing number of JWST observations
show black holes at all z ~ 5 — 10 that lie significantly
above local relations, with several showing unexpect-
edly high values of Mpy/M. 2 25% (Ubler etal. 2023;
Harikane et al. 2023; Maiolino et al. 2024a; Kocevski et al.
2025; Kokorev et al. 2023; Kovécs et al. 2024; Bogdan et al.
2024;  Juodzbalisetal. 2025; Napolitanoetal. 2025;
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Fig. 4. The black hole mass-stellar mass relation at z ~ 5—15, as marked. In each panel, points show PBH-seeded relations for different spins (0, +1
and —1), as marked. Atz ~ 5—10, we show observational results from a number of groups: Har+23 (Harikane et al. 2023), Mai+24 (Maiolino et al.

2024a), Koc+23,24 (Kocevski et al. 2023, 2025), Fur+23 (Furtak et al.

2024), Tri+24 (Tripodi et al. 2024), Juo+24 (JuodZbalis et al. 2024),

Aki+25 (Akins et al. 2025a), Mai25 (Maiolino et al. 2025b), Kok+23 (Kokorev et al. 2023), Lar+23 (Larson et al. 2023), Bog+24 (Bogdan et al.
2024), Kov+24 (Kovics et al. 2024), Nap+24 (Napolitano et al. 2025) and Tay+25 (Taylor et al. 2025b). In all panels, long- and dot-dashed lines
show observationally-inferred local relations from Reines & Volonteri (2015) and Suh et al. (2020), respectively. Finally, the dotted and short-
dashed lines show a relation where the black hole mass is 25% and 100% of the stellar mass, respectively.

Marshall et al. 2025; Juodzbalis et al. 2024). We note that
a number of caveats remain, both with regards to the inferred
black hole and stellar masses. Firstly, black hole masses are typ-
ically inferred by applying local relations to single epoch broad
line observations (Greene & Ho 2007; Vestergaard & Osmer
2009). However, the JWST might be detecting black holes
that belong to a population that is statistically significantly
different from the local population (Pacucci et al. 2023). Sec-
ondly, a number of works point out that such masses could
be severely over-estimated because the line velocity width
broadening could be dominated by outflows in un-virialised
broad-line regions rendering virial indicators incorrect (e.g.
King 2024) or due to the standard assumption of Eddington-
limited accretion (e.g. Lupi et al. 2024). Yet, other works point
out that in highly accreting BHs, around Eddington or even
super-Eddington regimes, black hole masses might actually
be heavily underestimated, because of the radiation pressure
effect on the clouds, which reduces the effective gravitational
field (Marconi et al. 2008, 2009). However, it is comforting
that the direct measurement of a black hole mass at z = 2.6
via interferometry was found to be within a factor of 2.5 of the
value inferred via the local virial relations using the broad Ha
line (GRAVITY Collaboration 2018). Finally, one must account
for measurement uncertainties (Lietal. 2025) and the fact
that, outshining their hosts, over-massive black holes might be
preferentially detected by the JWST (Volonteri et al. 2023). A
number of recent works have also highlighted how assumptions
on the initial mass function, bursty star formation histories, dust,
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nebular emission and outshining from young stellar populations
can significantly impact the inferred stellar mass (Wang et al.
2024, 2025a; Narayanan et al. 2025). It is however important
to note that, once long wavelength (MIRI) data are included
in the estimation of the stellar masses at high redshift, these
remain stable or are found to be even lower (Williams et al.
2024; Wang et al. 2025b).

Observational caveats notwithstanding, we now show the
black hole mass-stellar mass relations for PBH-seeded systems;
we only show results for a PBH mass spectrum slope of @ = 2
since the slope has no bearing on the emerging Mgy — M. rela-
tions. Firstly, we find that all of the PBH models considered
here predict slopes much shallower than locally-inferred rela-
tions: for example, models with s = [0,—1, +1] predict slopes
shallower than [0.66, 1,0.55] which show only a mild redshift
evolution between z ~ 5 — 15 for a given spin value used, as
shown in Table 2. Secondly, at all redshifts, facilitated by higher
Eddington accretion rates, black holes with s = 0 and —1 show
much higher masses for a given stellar mass as compared to local
relations. For example, at z ~ 15 we find average black hole mass
values of 10°! (107)M, corresponding to M, ~ 10°(10%) M,
for s = 0 i.e. Mgg/M, = 0.12 (0.01). In the s = —1 case, the
same stellar masses host black holes that are about two orders
of magnitude more massive, with Mgy ~ 107! (10°)M, i.e.
Mgy /M. = 12.5 (1). With their stunted growth driven by the
high radiative efficiency, however, black holes with s = +1,
show masses as low as 10*3 (109) M, yielding low values of
Mgu/M,. = 0.02 (8 x 107*). The same trends persist down to
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Fig. 5. The (log of the) Eddington accretion fraction as a function of the black hole mass. Columns (left to right) show results for PBH-seeded
systems with spin=0, —1 and +1 as marked; rows (from top to bottom) show results at z ~ 5,7, 10 and 15. In each panel, colours show the associated
stellar mass for each source from PHANES, as marked in panel 1. Finally, large points show observational results at z ~ 5 and 7 from Harikane et al.
(2023, solid triangles), Matthee et al. (2024, solid hexagons) and Greene et al. (2024, solid circles). At z ~ 5 and 7, solid squares show the results
from Maiolino et al. (2024a) and JuodZbalis et al. (2024), respectively. All of the data points are color-coded by the stellar mass scheme used for
the theoretical model — black points are used in cases where no observational stellar mass estimates are available.

z ~ 5 where, given the 1.1 Gyr of time available, correspond-
ing to M, ~ 10(10°) Mg, black holes grow as massive as
1056 (1036 M,) for s = 0 yielding Mpy/M. = 3.9 (0.39). We
find average values of Mgy ~ 107! (10°%) M, for s = —1 result-
ing in Mpp/M, = 12.5 (1.58); black hole masses only reach
10*° (10°*) My, for s = +1. Thirdly, the low radiative efficiency
values for retrograde black holes result in such systems showing
values of Mgy /M, > 1 at all z ~ 5 — 15. With their stunted black
hole growth, Mgy/M. < 1 for all the PBH masses considered
here in the case of prograde spins; in this case, the highest black
hole-to-stellar mass ratios are found for putative black holes that
have only assembled tiny stellar masses given their small poten-
tial wells. On the other hand, PBHs with s = O show a more
complicated trend: we find values of Mgy /M. > 1 for low-mass
black holes with Mgy < 10°° (107)M,, at z ~ 15 (10). This is
driven by the low star formation efficiencies that slow the growth

of stellar mass in their low-mass halos; the bulk of more massive
black holes at these early redshifts show Mpy/M,. < 1 given
the higher star formation efficiencies in their massive hosts that
allow faster stellar mass assembly. As PBHs assemble contin-
ually growing halos around themselves, we find systems where
Mpy/M,. > 1 for all BH masses at z < 7. Indeed by z ~ 5,
systems with M, ~ 10°, 10° M, show black hole-to-stellar mass
ratios of 3.9,0.39 for s = 0 and 12.5, 1.58 for s = —1.

Further, given the scatter in the Mgy — M. relation induced
by the different assembly histories, the s 0 case yields
results in excellent accord with the puzzling observations sig-
nificantly lying above local relations at z ~ 5 — 10. These
have been exceedingly hard to explain with “standard” seeding
and growth models, requiring invoking scenarios such as heavy
seeding mechanisms (e.g. Bogdan et al. 2024; Natarajan et al.
2024; Jeon et al. 2025), episodic super-Eddington accretion (e.g.
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Schneider et al. 2023) — although its sustainability and effective-
ness remains unclear (e.g. Regan et al. 2019; Massonneau et al.
2023), extremely efficient accretion and merger-driven growth
of light seeds (Furtak etal. 2024) or rapidly spinning black
holes (Inayoshi & Ichikawa 2024). However, in a PBH-seeded
scenario, the fiducial s = 0 model easily yields values of
Mgy /M. ~ 0.25 — 1 in accord with the high values observation-
ally inferred at z ~ 8.5—10.4 (Kokorev et al. 2023; Bogdan et al.
2024; Kovdécs et al. 2024; Taylor et al. 2025b; Maiolino et al.
2024b; Napolitano et al. 2025), z ~ 6 — 8 (Maiolino et al.
2024a; Furtak et al. 2024; Kocevski et al. 2025) and z ~ 4 — 6
(Maiolino et al. 2024a; Kocevski et al. 2025). Observationally,
systems will such values of Mpy— M., relations could be smoking
guns for PBH seeding mechanisms.

3.3. Eddington accretion fraction as a function of black hole
and stellar mass

We now discuss the Eddington fractions obtained from our
model as a function of the black hole and stellar mass at z ~
5 — 15, the results of which are shown in Fig. 5. Starting with
the s = 0 case, at z ~ 5, black hole masses range between
10>2>-115 M, and correlate with the stellar mass of the host. In
halos with stellar masses M, < 10° M, the lowest mass black
holes, with Mgy ~ 10*27%3 My show a wide range of Edding-
ton fractions such that fggq ~ 0.01 —0.3. While in this model the
nominal value used is fggg = 0.25 + 0.5dex, low mass systems
where fgaaMEgdaa < M; accrete At/tsy of the initial gas mass,
making the Eddington fractions saturate at a value lower than
1. As we consider more massive black holes (M, = 107 My)
in larger host halos, the higher availability of gas results in the
Eddington fractions ranging over two orders of magnitude such
that fggg ~ 0.01 — 1. While the same trends hold up to z ~ 15,
the range of black hole masses naturally decreases with increas-
ing redshift: we find Mgy ~ 107722 Mg (10°7-3) M, by
z ~ 10 (15) which exhibit fggq ~ 0.01 — 1.

The model with retrograde spins, shown in the middle panel
of Fig. 5 yields much lower values of fggq < 0.1 at z ~ 5,7
for the entire black hole population ranging between Mpy ~
10%75-1-23 M. This is driven by the fact that growing at the
fastest rate (due to their lowest radiative efficiency value), these
black holes consume most of the available gas mass. Resulting
in the lowest gas-to-black hole mass ratios, these black holes
are over-massive compared to the stellar mass of their host, as
also discussed in Sect. 3.2. As we look to higher redshifts of
z ~ 10,15, given the lower black hole masses, we find val-
ues of fggq ~ 0.03 — 1. Finally, the prograde rotation scenario,
with s = +1, yields the lowest range of black hole masses
MBH < 107 (10°5)M, at z ~ 5 (15) which show values of
Jfeda ~ 0.06 — 1 given their high gas-to-black hole masses at all
redshifts.

We then compare these theoretical results with observations
at z ~ 5 (Harikane et al. 2023; Matthee et al. 2024; Greene et al.
2024; Maiolino et al. 2024a) and z ~ 7 (Harikane et al. 2023;
Greene et al. 2024; Juodzbalis et al. 2024), as as shown in the
same figure. The s = 0 model predicts the fggq ~ 0.02 — 1
range for Mgy ~ 10°°~ Mg, black holes as shown by obser-
vations at z ~ 5 — 7. However, the associated stellar masses
for some objects are somewhat lower than predicted by the
model. For example, at z ~ 5, systems with observed masses of
M, ~ 10°7195 My, are predicted to have slightly lower masses of
M, ~ 10°7° My, Interestingly, this model can explain the com-
bination of high black hole masses (Mgy ~ 107 My) and stellar
masses (M, ~ 10°~° M) and low Eddington rates ( fggq < 0.03)
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reasonably well within error bars. The s = —1 model predicts
values of fgqq too low to compare with a bulk of observations, as
seen from the (central column of the same figure). Where overlap
does occur, this model predicts stellar masses lower by about an
order of magnitude compared to observations. Interestingly, the
dormant black hole detected by JuodZbalis et al. (2024) at z ~ 7
(whose black hole and stellar masses should be fairly solid) falls
perfectly in the range predicted by this model. Finally, although
covering the entire range of fgqq ~ 0.03 — 1, the s = +1 case
yields stellar masses too small to be compared to the bulk of
observations at z ~ 5 — 7. We however caution that both black
hole and stellar mass estimates remain uncertain observationally
for most objects due to the caveats above noted in Sect. 3.2. We
end by noting that the most important hint of PBH seeding mech-
anisms will arise from obese black holes hosted in relatively
under-massive stellar masses showing effectively any value of
Sfeaa ~ 1 —100%.

3.4. Gas phase metal enrichment as a function of black hole
and stellar mass

Finally, we discuss the metal enrichment of PBH seeded sys-
tems, the results for which are shown as a function of both
the black hole and stellar mass in Fig. 6. In the s = 0 model
(right column), the metallicity increases from Z ~ 1072 Zg
for Mgy ~ 10° My to about 0.1Z for the most massive sys-
tems with black hole masses of about 10'°"''M, at z ~ 5;
we note that the metallicity also correlates positively with the
stellar mass cogent with the mass-metallicity relation typically
seen in galaxies at all cosmic epochs (e.g. Tremonti et al. 2004;
Curti et al. 2024). The same trends persist out to higher redshifts
of z ~ 7 — 10 where we find systems with Z ~ 0.3 — 0.1 Z for
Mgy = 108 M. In this model, the scatter in the Z — Mgy — M.
relation arises as a result of the varying assembly histories of star
formation and metal enrichment. Finally, we note that as a result
of losing all of their gas mass due to a combination of black hole
and SNII feedback, systems with Mgy < 10° My have no metal
or gas content, in the perfect mixing scenario assumed here.

With over-massive black holes compared to both the under-
lying gas and stellar masses, systems with s = —1 are most prone
to feedback-driven gas ejection. Indeed, in this model, systems
with Mgy < 10° at z ~ 5 and as massive as 108 My by z ~ 10
are completely devoid of both gas and metals. In this model,
the metal mass is mostly driven by the metals released in the last
(few) time-steps once a system becomes impervious to feedback.
As a result the metallicity values typically lie below 0.1 Z and
show a very mild evolution with the black hole mass. Finally,
with under-massive black holes compared to the stellar mass,
systems with s = +1 show metallicity values that increase from
1072 Z to as high as 0.3 Z, for Mgy ~ 10° My to 10" Mg
at z ~ 5. Note that in this model even the lowest mass halos
can keep their metals bound within them; this is due to the low
level of black hole feedback that allows deeper potential wells
at early times to hold on to most of their metal mass, allowing
Z ~ Z, for the most massive systems, with My, ~ 10>°765 M,
(M, 2 10° M), as early as z ~ 10.

We also compare these model results to observations of black
hole host metallicities. Maiolino et al. (2025b) find a very low-
metallicity system with Z < 0.01 Z; with a black hole mass of
about 1072 My, and a dynamical mass <107 — 103! My; the lat-
ter is used as an upper limit to the stellar mass. At z ~ 8.6,
Tripodi et al. (2024) infer a metallicity of about 0.1 Z; for a
black hole with mass of log (Mpy/Mg) = 8 + 0.2 and a stel-
lar mass of log (M./ M) = 9.8703°. As seen, the spin=0 model
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Fig. 6. The (log of the) gas-phase metallicity as a function of the black hole mass. Columns (left to right) show results PBH-seeded systems with
spin=0, —1 and +1, as marked; rows (from top to bottom) show results at z ~ 5,7 and 10. In each panel, colours show the associated stellar mass
for each source from PHANES, as marked in panel c. Finally, the (filled) square at z ~ 7 shows the (upper limits on the) metallicity estimate for
Abell2744-QS0O1 from Maiolino et al. (2025b); the (filled) circle at z ~ 10 shows upper limits on the metallicity estimate of CANUCS-LRD-z8.6

at z ~ 8.6 from Tripodi et al. (2024).

yields results in excellent accord with these observations. While
the s = —1 model is in rough agreement with the results from
Maiolino et al. (2025b), the results from Tripodi et al. (2024) lie
at the tail end of the black hole mass limit; additionally, the pre-
dicted stellar mass is two to three orders of magnitude lower
than their observationally inferred value. Finally, the s = +1
model predicts black holes that are much less massive than that
inferred by observations. The result of the s = 0 runs are partic-
ularly interesting since, as discussed in Maiolino et al. (2025b),
their observations lie at the tail-end of the distribution for models
and simulations assuming either heavy black hole seeding mech-
anisms or super-Eddington accretion scenarios (e.g. Dayal et al.
2025; Koudmani et al. 2021); the low chemical enrichment seen
for their object is potentially explicable by PBH seeding scenar-
ios such as the ones presented here and in Zhang et al. (2025).
Again, we find PBH seeding mechanisms are unique in yielding
extremely high black hole to stellar mass ratios with low metal-
licity values - further metallicity observations of black hole hosts
will be crucial in building demographics of early systems to test
this hypothesis.

4. Conclusions and discussion

In this work, we have presented PHANES (Primordial black
holes accelerating the assembly of nascent early structures),
an analytic framework that follows the evolution of dark mat-

ter halos, and their baryons in the first billion years, seeded
by a population of PBHs. This work has been prompted
by JWST observations of both intrinsically-faint and lumi-
nous accreting black holes in the first few billion years,
which show a number of tantalising results. These include
an over-abundance of black holes inferred from the bolo-
metric and UV LFs (Greene et al. 2024; Matthee et al. 2024,
Maiolino et al. 2024c¢; Harikane et al. 2023; Kovacs et al. 2024;
Akins et al. 2025b; Scholtz et al. 2025; Juodzbalis et al. 2025),
puzzlingly massive black holes already in place as early
as z ~ 7 — 10.4 (Kokorev et al. 2023; Furtak et al. 2024,
Tripodi et al. 2024; Juodzbalis et al. 2024; Bogdan et al. 2024;
Kovics et al. 2024; Akins et al. 2025a; Maiolino et al. 2024b),
many of these black holes being unexpectedly over-massive
compared to the stellar masses of their hosts (Kokorev et al.
2023; Maiolino et al. 2024b; Kocevski et al. 2025; Furtak et al.
2024; Kovdcs et al. 2024; Bogdén et al. 2024; Juodzbalis et al.
2024; Akins et al. 2025a; Taylor et al. 2025b; Marshall et al.
2025; Napolitano et al. 2025) with surprisingly low metallicity
values (Maiolino et al. 2025b). While a burgeoning body of the-
oretical work has focused on the various seeding and growth
mechanisms offered by astrophysics, they find it hard to repro-
duce these observational results even in extreme scenarios. As
an alternative, in this work we have appealed to the cosmo-
logical solution offered by PBHs. One of the key motivations
for this is the fact that PBHs can accelerate the assembly of
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early structures as compared to the standard cold dark matter
paradigm.

For the sake of simplicity, we have used a power-law form
of the PBH mass spectrum (with slope @ = 2 and 3) between
10%5-6 M, which has been normalised using the number densi-
ties observationally inferred for the highest-z black holes (GHZ9
and UHZ1) at z ~ 10 — 10.4. In addition to our fiducial model
that assumes non-spinning black holes (s = 0) and a nominal
Eddington fraction of fgqq = 0.25, we have explored the impact
of “maximally” spinning black holes (both prograde and retro-
grade) on their growth and that of their hosts using a value of
Jfeda = 1. We have presented a number of results that are tested
against observations including the BHMF, SMF, the black hole
mass-stellar mass relations, the Eddington fraction-black hole
mass and black hole mass-metallicity relations at z ~ 5 — 15.
Finally, we have found that the fraction of dark matter in the form
of PBHs has a value of f < 1079, at least five orders of magni-
tude lower than current bounds (Carr & Green 2024; Kavanagh
2024), in any of the models considered in this work. Our key
findings are:

— Despite the scatter allowed on the parameters associated
with the fractions of black hole and SNII energy coupling
to gas, the BHMFs show a power-law slope at all z ~
5 — 15, ranging between 10%973-623M, at z ~ 15 and
103" Mg, at z ~ 5. For a lower bound on the number den-
sity of 107®[dex cMpc®]—1, we find black holes as massive
as 108 (107°) My, already in place by z ~ 10 for s = 0 (—1).
While in good agreement with the amplitude of the observed
BHMF at z ~ 5, PBH-seeded systems result in an evolving
SMF that lies at least 4 orders of magnitude below the obser-
vations at z ~ 5 — 15 i.e. PBH-seeded systems would have
no contribution to the star forming galaxy demographics at
these early epochs for the PBH mass spectrum normalisation
used in this work.

— At all z ~ 5 — 15, PBH-seeded systems (with s = 0 and
—1) show shallower slopes and higher normalisations of the
Mpy—M, relation as compared to local relations. For a stellar
mass of M, = 10° M, the s = 0 model yields average black
hole masses of 1072 (1036) My, at z ~ 10 (5) resulting in
Mgy /M. ~ 0.016 (0.39). The s = —1 model shows the upper
limit to this relation with its lowest radiative efficiency value.
For M, = 10° My, this model yields values of Mpy/M, ~
8.9 (1.7) at z ~ 10 (5). Within the scatter allowed by the
various assembly histories (as a result of the scatter on the
free parameters), the s = 0 model is able to encompass all of
the observed Mpy — M, data points at z ~ 5 — 10 for a value
of fgaq = 0.25+0.5 dex. Such implausibly high values of the
black hole mass-stellar mass relation are a smoking gun for
PBH seeding mechanisms.

— PBH-seeded systems show a wide range of fggg ~ 0.01 — 1
for s=0 at any of the redshifts considered here; systems with
s = —1 typically show lower values of frgq < 0.15atz < 7
due to lower gas availability. While the results from the s = 0
model encompass the observed parameter space in fgqq, for a
given combination of Mgy — fg4d, it predicts a lower value of
the stellar mass compared to observationally inferred results.

— PBH-seeded systems show an increase in metallicity with
increasing black hole masses; this also correlates with an
increase in the stellar mass, as might be expected. Interest-
ingly, the fiducial model is able to well reproduce observed
systems with extremely low metallicities (Z < 1072 Zy) with
very high black hole to stellar mass ratios (20.1) that are
implausibly rare in standard astrophysical black hole seeding
and growth models. Systems with such discordant combina-
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tions of metallicity, black hole mass and stellar mass could

offer an excellent test of PBH models.
We end with a few caveats: firstly, as noted, inferred black hole
masses must be used with caution given the uncertainties in
applying locally-calibrated relations out to redshifts as high as
z ~ 10.4. Secondly, the black holes currently being observed
might be a biased subset of the entire underlying population.
Thirdly, stellar mass estimates are crucially dependent on a num-
ber of quantities including the assumed star formation history,
stellar population (nebular emission inclusion, metallicity, dust
attenuation) and the initial mass function. Fourthly, we have pre-
sented what must be treated as an illustrative model to track the
number densities and growth of PBH-seeded systems. A number
of crucial outstanding issues remain from the theoretical stand-
point which include: our assumption on the PBH mass spectrum
(both the shape and mass range), the fact that we assume the
black hole to be located at the centre of the assembling dark
matter halo at all times, black holes being allowed to accrete at
every time-step if gas is available, the evolution of the dark mat-
ter halo rate, the implementation of SN and black hole feedback,
and the metal yields from early star formation. We aim at refin-
ing this model, guided by existing and forthcoming observations
from instruments such as the JWST and ALMA (the Atacama
Large Millimetre Array) in future works.
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