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ABSTRACT: The presence of supermassive black holes (SMBHs, M, ~ 10°71° M) in the
first cosmic Gyr (z 2 6) challenges current models of BH formation and evolution. We
propose a novel mechanism for the formation of early SMBH seeds based on primordial
black holes (PBHs). We assume a non-Gaussian primordial power spectrum as expected in
inflationary models; these scenarios predict that PBHs are initially clustered and preferentially
formed in the high-o fluctuations of the large-scale density field, out of which dark matter (DM)
halos are originated. Our model accounts for (i) PBH accretion and feedback, (ii) DM halo
growth, and (iii) gas dynamical friction. PBHs lose angular momentum due to gas dynamical
friction, sink into a dense core, where BH binaries form and undergo a runaway merger,
eventually leading to the formation of a single, massive seed. This mechanism starts at
z ~ 20—40 in rare halos (M} ~ 107 Mg, corresponding to ~ 5— 7o fluctuations), and provides
massive (~ 10%~® Mg) seeds by z ~ 10 — 30. We derive a physically-motivated seeding
prescription that provides the mass of the seed, Myeeq(2) = 3.1 x 10° My[(1 + 2)/10]712,
and seeded halo, My (z) = 2 x 10° Mg[(1 + 2)/10]"2e7%95% as a function of redshift. This
seeding mechanism requires that only a small fraction of DM is constituted by PBHs, namely
feeH ~ 3 x 1075, We find that z ~ 6 — 7 quasars can be explained with 6 x 10*M
seeds planted at z ~ 32, and growing at sub-Eddington rates, (Ag) ~ 0.55. The same
scenario reproduces the BH mass of GNz11 at z = 10.6, while UHZ1 (z = 10.1) and GHZ9
(z = 10) data favour instead slightly later (z ~ 20 — 25), more massive (10° M), and
efficiently accreting ((Ag) ~ 0.9) seeds. During the runaway phase of the proposed seed
formation process, PBH-PBH mergers are expected to copiously emit gravitational waves.
These predictions can be tested through future Einstein Telescope observations and used
to constrain inflationary models.
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1 Introduction

Observations in the local and nearby Universe show that supermassive black holes (SMBHs,
M, ~ 105710 M) reside in the center of most galaxies, including the Milky Way [1, and
references therein|. Furthermore, observations of z ~ 6 — 7.5 quasars imply that SMBHs
already exist in the first cosmic Gyr of the Universe [2, and references therein|. Finally, recent
James Web Space Telescope (JWST) data [e.g. 3-5] reveal the presence of SMBHs at even
higher redshifts (z > 10). The existence of such early SMBHs raises thorny questions about
the formation and the subsequent growth of the seeds from which these extreme compact
objects have been originated [e.g. 6-11].

Several scenarios have been proposed for the formation of SMBH seeds: light seeds
(Mseea ~ 10 — 100 M), remnants of massive, metal-free (Population III) stars, originated in
early (z ~ 30) mini-halos [M}, ~ 10° M), e.g. 12-14]; intermediate seeds (Mgeeq ~ 10?73 M),
produced by nuclear star clusters (NSC) in high redshift (z ~ 15 — 20) galaxies [e.g 15-17];
heavy seeds (Mgeeq ~ 10476 M), also called direct collapse black holes (DCBHs), formed
through the collapse of atomic, pristine gas in high redshift (z ~ 8 — 17) atomic cooling
(My, = 108 Mg) halos [e.g. 18-20]. Whether or not these scenarios can explain the SMBH
masses found in z 2 6 quasars and recent JWST data depends on the accretion history that



follows their birth, as parametrized by the Eddington ratio A\gp = M / Mg, where (M B) M
is the (Eddington-limited) accretion rate.

The light seeds scenario certainly provides the most natural path for the formation of
SMBH seeds. However, to explain the existence of SMBHs at high-z, PoplIl remnants require
sustained (Ag > 1) accretion rates for prolonged (~ Gyr) intervals of time. On the contrary,
the intermediate and heavy seeds scenarios have the advantage that the produced seeds can
grow at sub-Eddington rates (Ag < 1). However, the conditions for the formation of seeds
from NSCs and DCBHs are not easily satisfied. Given the criticalities associated to each
of the aforementioned scenarios [6, 7, 21, 22], the quest for candidates of SMBH seeds has
also involved exotic particles, such as primordial black holes (PBHs).

PBHs are expected to form in the radiation dominated era (tg ~ 1 s, [23]) due to the
gravitational collapse of overdense regions, and have been proposed as non-baryonic dark
matter (DM) candidates [24]. The fraction of dark matter composed by PBHs (fppn) have
been constrained by exploring their impact on several astrophysical phenomena (see [25]),
such as gamma rays emission from evaporating PBHs [26, 27], microlensing effects [28, 29]
and disruption of wide binaries or ultra-faint dwarfs [30, 31]. Furthermore, signatures of
accreting PBHs are expected to be left on the CMB spectrum and its anisotropies [32], the
21 cm power spectrum [33], and the X-ray/radio/infrared backgrounds [34-36]. Although
current constraints on fppy are quite stringent [typically fppy < 1072 — 1073 for 10710 <
Mppnu < 10 Mg, see figure 10 by 37], this does not question that PBHs could have formed
in the early Universe and affect the subsequent evolution of structure formation [e.g. 38].

In particular, it has been proposed that PBHs may constitute the seeds of SMBHs [e.g.
39-41]. PBHs formed with low masses (Mppy ~ 100 M), can mimic the light seeds
scenario; in this case, however, they would have more time to accrete with respect to PoplIIl
remnants [42]. Alternatively, if originated during inflation, they might be as massive as
the seeds expected in the intermediate/heavy seeds scenarios [Mppy ~ 10% — 10° Mg, e.g.
34, 43]. Furthermore, PBHs may participate to the growth of stellar compact remnants
(neutron stars and stellar-mass black holes) while migrating towards the galactic nuclear
region, because of gas dynamical friction [44, 45].

In this work, we propose a new seeding mechanism based on 30 My PBHs, distributed
in the very central region (< 1 pc) of high-z (z > 20) rare (0 > 5) DM halos. The paper
is organized as follows: in section 2, we describe the semi-analytic model we developed
to produce SMBH seeds; in section 3, we present the outcomes of our model, in terms of
seed masses and epochs of their formation, and we explore the implications of our seeding
mechanism on the formation of early SMBHs; in section 4, we summarize the main ingredients
and findings of our model and we discuss caveats of our results.

2 Model

In this section, we describe the model we use to investigate whether PBHs can be considered
valid candidates for SMBH seeds. We assume that PBHs are initially clustered, as predicted
by inflationary models including non-Gaussianities, and reside in high-o peaks of the density
field where halos form. As halo masses increase with cosmic time, they reach the point where
their temperature surpasses the atomic cooling threshold. This initiates the gas cooling
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Figure 1. Schematic description of the seed formation process presented in this work.

process within the halo. As the gas cools, it becomes denser and settles towards the center
of the dark matter gravitational potential, embedding the PBHs. As a result, accretion
onto PBHs and, more critically, dynamical friction become more efficient. PBHs accreting
and moving into dense gas lose angular momentum and gather into a core. At the moment
that the core is dense enough to retain the products of binary merging, it starts to evolve.
PBH binaries form and merge extremely rapidly due to the high density, ultimately resulting
in a runaway merger phase. The core is finally converted into a seed. The result of this
model leads to a simple seeding prescription that can be readily implemented in cosmological
simulations and semi-analytical models.

Figure 1 shows a schematic view of the model: we start from a configuration in which
PBHs are initially clustered (section 2.1) and represent a fraction fppg = Qppr/Qdm of dark
matter that coexists with baryons (section 2.2); in section 2.3 we describe how DM halos grow
and how baryons settle in their potential wells in the form of cooled gas; PBHs both accrete
baryons (section 2.4) and loose angular momentum as a consequence of the dynamical friction
on the gas (section 2.5), thus gathering in the central region of the potential well and forming
a dense core; PBHs clustered in the core undergo a runaway collapse that ends up into a
massive BH whose mass depends on the initial conditions of the configuration (section 2.6).

2.1 PBH clustering from primordial non Gaussianities

Let us consider a simplified picture of the Universe in which primordial perturbations consist
of only two components: short- and long- wavelength modes, out of which PBHs and large-
scale structures, respectively, are formed [46]. Let us assume that the primordial power
spectrum is characterised by local non-Gaussianities that are small enough not to violate CMB
constraints (£ > —0.9 4 5.1, [47]). The parameter fiof® is a measure of the strength of
non-Gaussianity in primordial density perturbations, it quantifies the deviation of the density

field from a simple Gaussian distribution. A non-vanishing fll\?fal is predicted by inflationary



models [e.g. 48] and leads to a coupling between long- and short-wavelength modes [49]. In
this case, the amplitudes of the short modes are coupled/modulated by the long modes, being
larger (smaller) at the peak (in the trough) of the long-wavelength mode [see figure 1 in 50].

Thus, positive values of fll\?fal amplify primordial density fluctuations, skewing the
distribution of primordial curvature perturbations and increasing the probability of high-
density peaks. These high-density regions are crucial for PBHs formation, as they provide the
necessary conditions for collapse. As a result, the probability of PBHs formation increases,
leading to a larger abundance of PBHs compared to scenarios with purely Gaussian fluctuations.
Moreover, the amplification of high-density regions affects the spatial distribution of PBHs.
Instead of forming randomly, PBHs tend to appear in clusters [51], as the enhanced density
peaks occur more frequently in localized regions. While this clustering naturally arises from
the statistics of the density field, it remains a direct consequence of the increased probability

of extreme density peaks induced by positive fioe2! values.

2.2 PBH, DM and gas distribution

Given the discussion presented in 2.1, we assume that PBHs represent the whole of DM,
but only in collapsed haloes. In other words, fpgy = 1 for r < ryi;, where 7 is the distance
from the center of a DM halo and 7y, is its virial radius, and fppg = 0 elsewhere.! The

number of PBHs as a function of r can be then written as:
4 r

Nppu(r) = Y- pdm(r')T'er’, (2.1)

where? Mppy = 30 Mg is the PBH mass [e.g. 35], and pgn, is the standard Navarro, Frenk
& White [NFW, 52] density profile:

pc(sc
cx(1+ cx)?’

where p. is the critical density of the universe, d. is the critical density for the collapse,

pdm(r) = (2'2)

x = r/ryir denotes the radial distance in units of the virial radius ry;,.
The virial radius and temperature of a DM halo of mass M}, can be computed as [53]:

M, V3 TQm A T3 (142\7Y
vir = 0.784 h™" k ’ 2.3
T = 078 (108 h1 M@> {an 18%2} ( 10 ) be 23)
H Myir 2/3 [Qm A :|1/3 <1+Z>
Toir = 1. 10 (=) [ —=—— L K, 2.4
9810 (0.6) (108 h1 M@> Q: 1872 10 24)

where the overdensity?® relative to p. at the collapse redshift can be expressed as A, = 1872 +
82d — 39d?, with d = Q2 — 1 and Q2, = Q, (1 + 2)3/(Un(1 + 2)3 + Qy); A, is related to
0. through the following relation:

A, 3

3 in(l+c¢)—c/(1+c)

where the concentration parameter ¢ is computed following the model described in [55].

S = (2.5)

"We further discuss this assumption in section 3.3.

?We assume a monochromatic PBH mass function and we defer to a future work the investigation of
extended mass functions.

3We adopt a ACDM cosmology in agreement with Planck18 [54] results: Q, = 0.315, 25 = 0.685,
Qp = 0.049, 0g = 0.811, ns, = 0.965, and Ho = 100h km s~! Mpc™! =67.4 km s~ Mpc~!.



We assume that the gas is distributed following a singular isothermal radial density
profile and is in hydrostatic equilibrium with dark matter [56]:

my
2T,

pr) = poexp( ~ St 02(0) = 12(r)), (2:6)

where pg is obtained normalizing the total mass integrated over the profile to the gas mass
Mg == (Qb/Qm)Mh; and Tg = Tvir(Mhaz)-
2.3 Halo growth and gas cooling

As time passes, DM halos grow through minor/major mergers and accretion from the IGM,
and their mass evolution can be described through the following relation [57]:

dM;, M,
R T i
dt 0 (10UA£3

1.1
) Q+LH@¢QA1+@3+QM%WT3 (2.7)

When Mj, becomes large enough to have a virial temperature above the atomic cooling
threshold* T, = 10*K, a fraction fy = 0.1 of the gas mass cools down to the same temperature®
and reaches high density values (ngo ~ 10* — 105 cm™3), that favors the BH accretion and
starts the dynamical friction process described below. Hereafter, we call “crossing redshift”
(2x) and “crossing mass” (M, «) the redshift and the halo mass when Tyir(Mp, 2) = 10 K.

We consider these values as the initial conditions for the calculations described below.
2.4 PBHs accretion
PBHs accrete the surrounding gas following the Bondi-Hoyle-Lyttleton prescription [60, 61]:

G2MP2’BHPg(7”)
[ + vEgy (r)]3/2

Mppy(r) = (2.8)

where ¢; = (kBTg,C/ump)l/ka s~! = 8.3 km s~ ! is the sound speed, and vpgy is the relative
velocity between gas and PBHs, here approximated to the circular velocity at a radius r as:

r

QMMZVGMMH+me» 29)

The accretion rate is limited at the Eddington rate:

. Lg
My =52, 2.10
E ec2 ( )
where Ly = 1.26 x (Mppn/Mg)Le is the Eddington luminosity, ¢ = 0.1 is the radiative
efficiency, and c is the speed of light. The radiation emitted in this process provide thermal
and ionization feedback [43] strong enough to prevent Hy formation, and therefore to hamper
star formation. Since the volume filling factor of PBHs Stromgren spheres is O(1) in the

central region of the halo (r ~ pc), we consider the gas to be fully ionized (T, = 10*K).

“The assumed value T, = 10°K is motivated by the gas composition (atomic hydrogen) at early epochs
(z 2 10). The hydrogen cooling function has a sharp drop below this value [58].

5We expect the gas to be fully ionized by PBHs feedback in the central zone, and we assume a temperature
of 10* K for the ionized gas [59].



2.5 Dynamical friction

We treat the dynamics of a system of black holes orbiting in the halo potential and embedded

in the halo gas, following [62]. Angular momentum loss of PBHs on the gas® reduces the orbits,

bringing the black holes to form a dense cluster. The equation that regulates this process is:
dL

M
— = —0.4281In A@, (2.11)
dt r

where L is the specific angular momentum, and A is the Coulomb logarithm that depends
on Mpgn and M, through the following expression:

1 bmax 2
InA==-Inll1+ , (2.12)
where bpay is the maximum impact parameter, and bgg is the impact parameter for which
the deflection angle of the reduced particle of the encounter is equal to 90°. Following [65],
we define bynax = 7, where r is the radius of the circular orbit assumed for PBHs, and
boo = v2/GM,. Eq. (2.12) can thus be rewritten as:

Mﬂ (2.13)

1
InA = ln[l + <
2 Mpgu

The dynamical friction on the gas has the effect of shrinking the radius of the PBH
orbit with a rate dr/dt such that:

d GM;
r = 042810 A PBI (2.14)
dt Ve
This expression can be used to compute the dynamical friction timescale,
1.17 7?2
T _Tive (2.15)

Tt = InA GMPBH.

2.6 Runaway merger

Due to gas dynamical friction PBHs migrate towards the center of the gas (r < 0.01 pc)
forming a cluster of PBHs. As a consequence of the PBH clustering, the distance between
PBHs can become small enough for PBHs to form binaries and undergo runaway mergers,
possibly leading to runaway merger that ends up with the formation of a single, massive
black hole, which would represent the seed for a SMBH.

For this process to occur it is necessary that, after mergers, the products are retained
within the core, namely that PBHs resulting from mergers are characterised by a recoil
velocity vg smaller than the escape velocity vese of the core [16]. The kick velocity that a
PBH can attain after the merging with another PBH, as a consequence of the asymmetric
emission of gravitational radiation, depends on the mass ratio of the merging PBHs and
on their spins. We adopt as a fiducial maximum value vJ"®* = 1000 kms~! [16] and, in

In contrast to what happens when a black hole moves through neutral gas, in fully ionized medium [63]
and for a black hole in supersonic motion [64] the dynamical friction can work even in the absence of stars.
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Figure 2. Time evolution of the PBH cumulative number within 10 pc of the DM halo center.
Different panels represent different cases of the crossing redshift zx and halo mass M}, , as labelled in
the figure. The black straight line represents the initial PBH distribution following the NFW profile;
curved coloured lines show how the PBH distribution evolves with time due to gas dynamical friction;
dashed straight lines denote the critical PBH cumulative number N, required to reach the escape
velocity vese = 1000 kms™?.

appendix A, we quantify how much this assumption affects our results. Once that vy, is fixed,
the condition for the runaway merger is given by:

Vese(Te) = % > g, (2.16)
Te
where r. and M, represent the radius and the mass of the core, respectively.

These two quantities evolve with time, as a consequence of the PBH clustering and
accretion processes that cause r. to shrink and M, to increase. This effect can be visualised
in figure 3 that shows how the dark matter density profile evolves with time. Initially, the
PBH distribution follows the NF'W profile (solid black line). As time passes, PBHs accrete
and sink in the central region, forming a core that becomes increasingly smaller and more
massive (solid coloured lines), thus being characterised by an increasing escape velocity.
In particular, vese can reach at a given time the critical value of v;®*, thus satisfying the
condition for the runawy merger into a single BH. The mass of the BH resulting from
this process is given by Mgeeq = Nppu(re) X Mppn, where Nppy is the number of PBHs
enclosed in 7., determined as follows.

We first compute how the number of PBHs as a function of the radius Nppy(r) evolves
with time (solid curved lines in figure 2, for different crossing halos and redshifts). We
find that in ~ 10 — 100 Myr, the dynamical friction boosts the PBH number in the core,
shrinking PBHs orbits from < 10 pc down to ~ 1072 pc. We then define N, as the critical
number of PBHs such that

Vel 1) = ¢ Rl X Mol l) _ e, (2.17)
T

shown with dashed lines in figure 2. We underline that N, increases linearly with the radius
and decreases with time. The time dependence is due to the fact that PBHs get more massive
because of the accretion process; therefore, a smaller number of them is enough to verify the
condition in eq. (2.17). Figure 2 shows that, at a given time, it can be identified the core radius
r. as the distance from the center that satisfies the following condition: Nppp(7e) > Ner(re).

In halos with crossing masses and redshifts such that the condition in eq. (2.17) is verified
during their evolution, the seed mass resulting from the runaway merger of PBHs in the
core is given by Mgeeq = Npu(re) X Mppy = M.(r¢).
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Figure 3. Dark matter density profile evolution with time. The black line (to = 0) shows a classic
NFW profile [52]. The purple, blue and green lines show the profile evolution at time ¢; = 31 Myr,
to = 50 Myr, t3 = 81 Myr. The plot shows a DM density spike in the innermost part of the halo. This
spike is caused by PBHs gradually shrinking their orbits due to gas dynamical friction.

3 Results

In this section, we present the results obtained by solving the three coupled differential
equations regulating the PBH accretion (eq. (2.8)), the evolution of the halo mass (eq. (2.7)),
and the shrinking of the PBH orbits (eq. (2.14)). We first quantify the seed masses, and
the masses and redshifts of the host DM halos (section 3.1); then, we provide instructions
about the seeding prescription resulting from our work (section 3.2), which can be used as an
input of semi-analytical models and cosmological simulations; furthermore, we quantify the
fraction of DM into PBHs (fppn) required for this seeding mechanism to work (section 3.3);
finally, we check whether our model can provide a viable seeding mechanism to explain
observations of 6 < z < 11 SMBHs (section 3.4).

3.1 Seed formation

Figure 4 shows the redshift evolution of DM halos that reach masses ~ 10113 M at z = 6,
corresponding to 5 — 7o fluctuations of the density field. We focus on this specific redshift
range because the main goal of our work is to explain the existence of SMBHs at z 2> 6.
The figure shows that the crossing mass does not vary much with the o fluctuation. For
what concerns the crossing redshift, we find that the smaller is the ¢ fluctuation the lower
is the crossing redshift, namely the redshift when the halo mass becomes larger that the
atomic cooling mass threshold (e.g. z ~ 20 — 40 for 0 = 5 — 7, respectively). Thus, lower
o-fluctuations result in longer core formation times (74 ~ 40 — 300 Myr for o0 ~ 7 — 4).
Such differences arise from different initial conditions in the central part (r ~ 10 pc) of
the halos at the crossing epoch. For o ~ 7, the high central gas density (ngo ~ 105cm™3)
implies efficient accretion and dynamical friction; furthermore, the high concentration (¢ = 31)
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Figure 4. Left panel: Redshift evolution of DM halos characterized by Mj, ~ 1019713 M masses at
z = 6 and crossing masses My, x ~ 1067 Mg at zx = 25 —40. Different lines show different M}, x and
zx combinations, as labelled in the figure. Diamonds represent the DM halo mass at the time when
the runaway merger occurs and the massive seed is formed. The golden dashed line denotes the best
fit for the redshift evolution of the halo masses at the seed formation epoch (eq. (3.1)). The shaded
grey area represents the z — M), parameter space below the atomic cooling threshold. Perturbations
that are above the atomic cooling threshold at earlier times are larger and produce less massive seeds
in shorter time, as detailed in the main text. Right panel: Seed mass evolution with redshift. Colored
filled circles show the mass of different seeds associated to the halo masses (diamonds) in the right
panel. The golden dashed line represents the best fit for the redshift evolution of the seed masses

(eq. (3.2)).

corresponds to a larger number of PBHs in the central zone. For o ~ 5, the much smaller
central density (ngo ~ 103ecm™3) makes the accretion and dynamical friction less efficient;
furthermore, the lower concentration (¢ = 8) implies that a longer time is required to gather
a number of PBHs large enough to reach the critical number N, (see eq. (2.17)).

We start the computation considering the crossing mass and redshift as initial conditions.
At each timestep, we check if and when the condition in eq. (2.17) is satisfied. The dots
overplotted on the continuous lines in figure 4 denote the mass and redshift when this takes
place. Since the core collapse occurs on a very short timescale (< 1 Myr), we identify the
seed formation with the same redshift, and we report for each case the seed mass produced.
Our model predicts the formation of massive seed (M, ~ 1045 M) in high-z (10 < z < 30)
DM halos with masses M, ~ 5 x 107 — 109 M.

We expect that the seed formation process described in this work naturally stops for
halos having zx < 20, due to the low gas and PBHs density in the halo center at the crossing
time. For example, we verified that perturbations that cross the atomic cooling mass at
z < 22 do not form a seed even after 1 Gyr (z ~ 5). During this long period of time, we
expect processes such as major mergers to strongly perturb the central configuration of gas
and PBHs, thus preventing the seed formation. For this reason, we advise to populate DM
halos with PBH seeds only up to z ~ 6.

3.2 Seeding prescription

We exploit the results reported in section 3.1 to obtain a seeding recipe for theoretical
models and simulations.



The diamonds in figure 4 (right panel) represent the masses that halos have at the time
of the seed formation. By fitting these data (yellow dashed), we find that the mass of halos
that produce a seed evolves with redshift following this relation:

1+ 2\ 2
My seed(2) = 2 x 10° M@< ns ) (0057, (3.1)

Similarly, dots in figure 4 (left panel) denote how the mass of the seed formed changes with
redshift, which can be fitted (yellow dashed) by the following equation:

L+ z) - (3.2)

Mieeq(2) = 3.1 x 10° M@< 0

Eq. (3.1)—(3.2) provide a very simple seeding prescription: at any redshift, both the mass of
the halo and the mass of the BH that must be seeded in it are defined.

3.3 Fraction of DM into PBHs

In this section, we compute the minimum fraction of DM into PBHs (fppy) required for our
seeding mechanism to occur. The total DM density piSy; can be written, at any redshift,

as the sum of two contributions:

PS4 = PBar + PDAL 5 (3.3)
where p}f)M and p%)Gl\l/}/[ is the DM density in the halos and in the IGM, respectively [see
also section 2.1 in 35]. In section 2, we have argued that, in presence of small primordial
non-Gaussianities, PBHs represent the whole of DM, but only in collapsed haloes. In other
words, eq. (3.3) can be re-written as:

PIA = PPBH + PDA 5 (3.4)
which implies
tot IGM
PPBH _ PbmMm — P
fepn = S = M DM — ), (3.5)
PDM PDM

where f.on is the fraction of DM collapsed into halos. This quantity is defined in the
Press-Schechter formalism according to the following expression:

dc(2)
feott(z, Mp > Mipin) erfc{ﬂUM(Mmm)]? (3.6)
where 6.(z) is the critical overdensity, ops is the matter power spectrum, and the ratio
v = 0./op indicates the number of standard deviations to which an halo of mass My,
corresponds at a given redshift.

The existing constraint for the initial PBHs mass assumed in this work (Mppg = 30 Mg)
is fppy < 1074 [66]. Since we assumed that PBHs constitute the whole dark matter of the most
massive halos, we can determine My, (and the corresponding o-fluctuation) such that this
constraint is satisfied. We find that PBHs can reside into halos that represent o-fluctuations
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v 2 3.7 without violating current constraints. Then, we quantify to which o-fluctuations the
halos showed in the left panel of figure 4 (M}, x ~ 105=7) correspond at their crossing redshifts
(zx ~ 22 — 40). Specifically, we find that the least extreme case corresponds to a halo mass
of My, x =1.5x 107 Mg, at zy = 22. This translates into v = 4.5, and thus fppg = 3 x 1079,
which we identify as the minimum fraction required for our seeding mechanism to take place.
We finally note that, in the case of a uniform PBH spatial distribution (namely in the case of
a perfectly Gaussian primordial power spectrum), the observationally allowed abundance of
PBHs (fppx < 10~%) would prevent our seeding mechanism to happen due to the extremely
low number of PBHs in the central region of DM halos.

3.4 Implications for early SMBHs

We use our model to interpret observations of early (6 < z < 10) SMBHs (table 1). We
adopt estimates found in literature for the mass of the SMBH hosting halo. We then track
M, backward in time, following [57]. Once that the crossing redshift (zx) and mass (M, x)
are determined, our model allows us to compute: the redshift (zseeq), the mass (Mgeed),
and the halo mass (M}, geed) of the seed, as well as the average Eddington ratio (Ag) to
which the seed should accrete to explain the observed SMBH masses (or X-ray luminosity,
see below).

In figure 5, we show both observational data and the seed masses resulting from our
model (coloured as in figure 4). We find that z ~ 6 quasars can be explained with 6 x 10* M,
seeds, planted at z ~ 32, and growing at a sub-Eddington pace (Ag) ~ 0.55. A similar
scenario ((Ag) ~ 0.48) can also reproduce the BH mass of GNzl1 at z = 10.6. However,
we cannot reproduce the UV luminosity of this source, which is instead consistent with
)\%bs ~ 5.5. We emphasize here that (Ag) must not be considered a proxy of )\%bs. In fact,
while (Ag) provides an average value on the lifetime of the seed, /\OEbS represents the accretion
rate of the BH at the time of the observation. Our model cannot predict the amplitude of
variations around the average value, that are typically associated to the SMBH accretion
process. Observations of z ~ 6 quasars [67, 68] are consistent with variations of the order
of AAg/(Ag) ~ 70% ((AS) ~ 0.46 & 0.32). Whether variations of the accretion rate are
occurring with similar amplitudes in earlier phases of BH growth is unknown. However,
if this is the case, our estimate (A\g) ~ 0.48 & 0.34 implies that we can easily accomodate
moderate episodes of super-Eddington accretion )\OEbS ~ 1 — 2, while )\%bs ~ 5.5 values are
difficult to reproduce (see also [69]).

For what concerns UHZ1, since the BH mass is not known, we prefer to quantify the

—1 estimated

minimum (\g) value that can reproduce the X-ray luminosity Lx > 2 x 10 ergs
by [4]. UHZ1 data favour a scenario perfectly consistent with the one drawn by [4]: seeds
must have been planted slightly later (z < 22) than the other two cases, are more massive
(1 x 10° M) and more efficiently accreting ((Ag) = 0.9), ending up into a M, ~ 4 x 10" M,
at z = 10.1.

We use a similar approach for GHZ9 [70, 71]. Due to the absence of a direct BH
mass measurement, we quantify the minimum (Ag) value that can reproduce the bolometric
luminosity Lg > 10%6 ergs™! estimated by [5]. Similarly to UHZ1 case, slightly late (z ~ 25),

and more efficiently accreting (Ag = 0.96) seeds are preferred. Starting from initial masses
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Quasars UHZ1 GNzl1 GHZ9

OBSERVATIONS

z 6 10.1 10.6 10
My[Mo)] 10° 4x107  2x108 108
My, [Mg)] 1013 2.0x10'0 2 x 10" 2 x10%
Agbs 0.46 4 0.32 — 5.5 —
PREDICTIONS

Zseed 32 21.7 27.5 25

Myeed[M)] 6x10* 1.1x10° 0.8x10% 0.9 x 10°
Mpseea[Mo] 4 x 107 1.5 x 10 0.7 x 10% 0.7 x 10%
(Ag) 0.55 0.92 0.48 0.96

Table 1. Observations and predictions for 6 < z < 10 SMBHs. For z ~ 6 quasars we consider
M, = 1083 My, [72]. For UHZ1 (GNz11; UHZ9), given the estimated stellar mass of M, ~ 2.0 x 108 M,
(M, ~ 6 x 108Mg; M, ~ 3.3 x 105My, [73, 74]), and assuming M, = €.(2/Q,,) M}, with a star
formation efficiency e, = 0.1, we find M;, = 2.0 x 101°My, (M), = 2 x 101" My; 3.3 x 10'°M,). For
Apobs we report the values from [67, 68] and [3](GNz11).

of 0.9 x 10° My, these seeds evolve into very massive BHs (M, = 1 x 10® M) at redshift
z = 10.

By comparing the PBH seeding mechanism with other scenarios, we find that, since
PBH seeds form at high redshift (z ~ 20 — 40) with high masses Mgeq ~ 10° Mg, the
mean accretion rate required to produce SMBHs at z ~ 6 — 10 is less extreme than the
ones requested by the NSC (red box in figure 5) and PopllI (green box) scenarios, and
comparable to the DCBH one (blue box).

4 Summary and discussion

We have considered a cosmological framework in which the primordial power spectrum is
characterised by local non-Gaussianities that are small enough not to violate CMB constraints.
In this context, primordial black holes (PBHs) are initially clustered and preferentially formed
in the high-o fluctuations of the large-scale density field, out of which dark matter (DM)
halos are originated.

We have shown that runaway mergers of PBHs in the central region (r < 1 pc) of high
redshift (20 < z < 40) halos can lead to the formation of massive black hole seeds. This
mechanism provides a new route to rapid SMBH growth. The main results of this study are:

e Due to dynamical friction on dense gas in early dark matter halos, PBHs of mass
~ 30 M, tend to concentrate into a compact (r. ~ 107 pc) core containing ~ 1000
PBHs. At such high concentration, PBHs form binaries triggering their runaway merger
process, eventually leading to a massive (10%~° M) BH seed.
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Figure 5. Growth of PBH seeds accreting into z ~ 6 — 10 SMBHs. Large (small) circles represent
SMBH observations (predicted PBH seeds). By assigning the halo mass to the observed SMBH
hosts and evolving it back in cosmic time, we link each SMBH to its PBH progenitor. Dashed and
dotted lines represent the assembly of the SMBHs assuming the constant mean accretion rate (Ag)
reported in table 1. We find that PBH seeds can explain the masses of z ~ 6 — 10 SMBHs with
0.48 < (Ag) < 1.12 (see figure 7 for further details). Colored boxes report the redshift and mass
ranges for different seeding scenarios: z = 8 — 17 and Myeeq = 10*76 M, for DCBHs [blue box, 20];
2 =15 —20 and Mgeeq = 10272 My, for NSCs [red box, 6]; z = 25 — 30 and Mgeeq = 10'72 M, for
PopIII remnants [green box 75]. For each seeding scenario, we report the minimum and maximum (Ag)
value required to explain the observed masses of z ~ 6 — 10 SMBHs. The PBH seeding mechanism
combines the early birth (z > 20) of light/intermediate seeds with the high masses (Mgeea ~ 105 M)
of heavy seeds. Thus, PBH seeds can explain z ~ 6 — 10 SMBH observations by growing with less
extreme (Ag) values.

o Massive BH seeds predominantly form in early (6 < z < 30), rare halos of mass
5 x 107 — 10° My, representing > 50 fluctuations of the density field. Based on these
results we derive a physical seeding prescription (eq. (3.1) and eq. (3.2)) that can be
used in theoretical and numerical studies.

e The seed masses predicted by our model are large enough to explain recent JWST
observations of early SMBHs [3-5] without the need for super-Eddington accretion.
Moreover, our predictions nicely agree with the observed properties of z ~ 6 quasars,
matching at the same time the host dark matter halo (M}, ~ 102713 M), and SMBH
(M, ~ 103710 M) masses with a conservative mean accretion rate, (Ag) ~ 0.5.

o With a minimal fraction of PBHs in DM (fpgn ~ 3 x 107%), our seeding mechanism
combines the early birth (z 2 20) of light/intermediate seeds with the high masses
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(Mgeeq ~ 105 M) of heavy seeds, resulting in less stringent requirements on the BH
accretion history.

e Our model predicts that thousands of PBH-PBH mergers occur in the runaway phase,
thus resulting into the emission of copious gravitational waves (GWs). We defer to a
future work a calculation of the resulting GW signal, its contribution to the stochastic
GW background, and detectability with future GW instruments, such as the Einstein
Telescope [76]. If the GW signal resulting from the proposed seed formation process
comes out to be detectable, it will be suitable to constrain primordial non-gaussianities
and therefore to constrain inflationary models.

Although we consider our results as fairly robust, a number of assumptions made deserve
further scrutiny. In section 2, we have assumed that star formation is suppressed in the central
regions of the halo. This assumption is based on two heuristic arguments: (i) competitive
accretion by PBHs should rapidly devoid the gas, thus strongly inhibiting its conversion into
stars; (ii) UV radiation produced by PBH gas accretion should largely photo-dissociate Ho
molecules, again preventing star formation. Moreover, the absence of stars guarantees that
stellar feedback does not affect the gas density distribution in the center of the halo.

It is worth noting, though, that the proposed seeding mechanism might work equally
well even in the presence of stars. Although we considered only dynamical friction on the
gas, the inclusion of a stellar component would also contribute to friction. For a standard
1-100 Mg Salpeter stellar IMF [77], 30 M; PBHs are heavier than 2 99% of the stars.
We then expect PBHs to sink towards the halo center, similarly to the gas-only case, by
kicking out lighter stars.

We have also neglected the effect that minor and major mergers of DM halos could have
on the PBH core formation process. DM halo mergers modify the halo density profile, and
may perturb the orbits of PBHs as they sink towards the halo center. As for minor mergers,
it has been shown that their effect is to smoothly feed the halo outskirts without significantly
affecting the halo central regions [78]. Major mergers might be in principle more disruptive,
as they can alter even the central distribution of dark matter. If so, they could possibly
hamper the settling of the PBH core. However, the physical process proposed here is effective
only in high-o density fluctuations, for which major mergers are rare. In other words, major
mergers are likely affecting the number of seeds produced by our model, but they should not
prevent their formation entirely. Nevertheless, a quantitative assessment of major merger
effects on the results presented in this work will require dedicated numerical simulations.
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A Comparison with RAPSTER

According to our model, the seed mass Mgeeq is equal to the core mass M. when eq. (2.17) is
satisfied. We remind that this condition means that all the PBHs contained in the core can
collapse into a single seed if they are retained within the core itself during the runaway mergers.
This occurs when the mass and the radius of the core are such that its escape velocity is larger
than the maximum kick velocity v;*** that a PBH can receive during the runaway mergers.

This value can be as small as ~ 180 km s~!, in the case of non-spinning PBHs [79], and
as large as =~ 4000 km s~! [80] for an optimal mass ratio and spin configuration. Since our
assumed v = 1000 km s~! value is smaller than the latter, we may underestimate the
number of PBHs that are lost because of GW recoils. Furthermore, we are neglecting the
fact that in a binary merger the remnant mass is lower then the sum of the two black holes
masses, since a fraction of the initial rest mass is converted into GW emission. In other
words, by considering Mgeeq = M., we may overestimate the final seed mass.

To proper compute the fraction of PBHs retained by the cluster during the runaway
mergers and the mass loss due to GW emissions, we adopt and modify the publicly available
code Rapid Cluster Evolution [RAPSTER, 81]. RAPSTER follows (i) the BH formation
process from the death of massive stars, (ii) the formation of a BH core in the cluster, (iii)
the subsequent dynamical formation of binary black holes (BBHs), and (iv) the final merging
of BBHs in the cores of nuclear star clusters; it finally provides (v) the properties of the
system resulting from the BBH merging and computes the corresponding gravitational wave
emission. In particular, RAPSTER accounts for the mass loss due to recoil kicks, three body
interactions, and GW emission and thus allows us to properly compute the mass retained in
the cluster during the collapse (hereafter M,,p,). The aim of this appendix is thus to compare
our estimated seed mass Mgeeq With the actual value M,,p,.

The RAPSTER calculations start from an initial configuration that consists of a giant
molecular cloud (GMC) of mass M o, radius r¢ o and metallicity Z. A fraction of the GMC
mass, that depends on the assumed star formation efficiency (e, = 0.1), fragments into stars
whose masses are distributed according to the assumed initial mass function” (IMF). Massive
stars (> 20 Mg) evolve into BH remnants. This process determines the initial number of BHs
in the cluster, Nfj{. These black holes proceed to form a denser core inside the cluster due
to energy equipartition between stars and black holes in a process called mass segregation.
The radius of this core is computed as:

Tebh 8 ( M, )2nbh 0.64M¢, 105 My, (A1)

=0.02 ,
Tel0 €min \10 My /) 1000 m My

where £ = M.O’%h /mo?2, is the temperature ratio between black holes and stars, o, is the
stellar velocity dispersion, and m is the mean stellar mass. As a result of interactions that

"The Kroupa IMF [82] is adopted, with a —2.3 power law index for M, > 1 M.
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Figure 6. Seed mass comparison. Ratio between our (Mseea) and RAPSTER (M,,p,) estimate of the
final seed mass as a function of redshift, for the same cases shown in figure 4.

occur in the dense cluster, energy is distributed among the members of the system, with BHs
slowing down and lighter objects gaining kinetic energy via two-body encounters. As relics of
massive star evolution, BHs become the heaviest components in the cluster, and if not already
formed in the core, they sink into the central regions via dynamical friction on the stars.

We adapt the RAPSTER code to follow the evolution of a core composed of PBHs that
is formed due to the dynamical friction on the gas. To this aim, we use the radius (r.) and
mass (M. = NpguMppy) of the core (as computed in section 2.6) for the initial configuration
(rer0 and Mo in the RAPSTER formalism).

We fix the cluster position in the center of the galaxy and we remove stars from the
computation since we expect feedback from PBH accretion to stop the star formation process.
We finally initialize PBHs spin to a monochromatic distribution peaked at the 0 value, as we
expect PBHs to be non-spinning before the first generation of mergers [83].

We plot in figure 6 the Mgeeq to Myap ratio for seeds formed at different redshifts. We
find that, as expected, Mgeeq is always overestimating the M., value; however, the difference
between the two values is not significant, being always smaller that a factor 1.6. We thus
conclude that the equation Mgeeq = M. and our assumption of v;*** = 1000 km s~! provide

a satisfactory estimate of the final seed mass.

B Observational uncertainties

In this appendix, we evaluate the impact of observational uncertainties on the mean accretion
rates predicted for the PBH seeds in the four cases discussed in section 4.

In figure 5, we have connected each observational data (large circles) to a single PBH
seed (small circles) with a single mean accretion rate (A\g). We remind that this has been
done through the following steps: i) to estimate the mass of the hosting halo (M},) from the
stellar mass (M, ) inferred from observations: M, = ,(Q/Qn,) M}, where e, = 0.1 is the
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Figure 7. Redshift evolution of seeds into z ~ 6 — 10 SMBHs. Large (small) circles represent
SMBH observations (predicted PBH seeds). By assigning the halo mass to the observed SMBH
hosts and evolving it back in cosmic time, we link each SMBH to its progenitor. The continuous
(dotted) line represents the minimum (maximum) mean accretion rate ((A\g)) necessary to reach the
final SMBH mass. The colored boxes mark the masses and redshifts interval of different seeding
scenarios: DCBH (blue box), NSC (red box), Poplll remnants (green box). Upper left panel: The
black circle represent the observations of a typical SMBH (M, = 10° M) at redshift z = 6. PBH
Seed masses of Myeeq = 6 — 8 X 104M@ planted at z = 27 — 32 can reproduce the observed masses
if accreting at a mean sub-Eddington accretion rate (Ag = 0.55). For other seeding scenarios we
find: Apceua = 0.47 — 0.78, Ansc = 0.88 — 1.17, Apoprir = 0.93 — 1.10. Upper right panel: The large
black dot represents the massive black hole (M, = 2 x 105 Mg, [3]) hosted by GNz11 at redshift
z = 10.6. We find that a seed mass of Myeq = 0.8 — 1 x 10° M, planted at z = 21.7 — 27.5 can
reproduce the observed SMBH mass (M, ~ 2 x 106 M) with a mean sub-Eddington accretion rate
(Ag = 0.48 — 0.50). For other seeding mechanism we find: Apcpn = 0.17 — 1.20, Ansc = 1.42 — 2.84,
Apoprtt = 1.41 — 1.91. Lower left panel: The large black dot represents the massive black hole
(Lx ~2x10* ergs™!, [4]) powering UHZ1 at redshift z = 10.1. PBHs seeds of mass Meeq ~ 10° Mg
planted at z = 16.1 — 21.7 can reproduce the observed luminosity with a mean accretion rate of
Ag = 0.92 — 1.11, and reach a final mass of 3 — 4 x 107 M. Applying the same methodology to
other seeding scenarios we find: Apcpr = 0.77 — 1.52, Ansc = 1.67 — 2.78, Apoprir = 1.61 — 2.01.
Lower right panel: The large black dot represents the massive black hole hosted in GHZ9 at redshift
z = 10. PBH seeds of mass Mgeeq ~ 10° Mg, planted at redshift z = 18.3 — 25 in massive halos
(My, = 0.7 -2 x 108 M), and accreting with Az = 0.96 — 1.12 reproduce the observed bolometric
luminosity (Lp ~ 106 ergs™1, [5]) and stellar mass M, = 0.5—3.3x 108 M, [73, 74], and reach final BH
masses of My = 0.7 —1 x 108 M. Similarly, for other seeding scenarios we find: Apcpg = 0.89 — 1.66,
Ansc = 1.77 — 2.97, Apoprrr = 1.69 — 2.13.
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star formation efficiency; ii) to track M}, backward in time, following [57]; iii) to identify
the crossing redshift (zx) and mass (M}, x) that determine the redshift (zgeeq) and mass
(Mgeeq) of the PBH seed; iv) to compute the average Eddington ratio to which the seed
should accrete to explain the observed data. So far, for step i), we have used the M, upper
limit of each observational case.

In this appendix, we instead consider both the lower and upper limits of M, that convert
into a minimum and maximum Zzgeeq and Mseeq, thus finally providing a maximum and
minimum value for (Ag), respectively. Similarly, for the other seeding scenarios, we consider
the minimum /maximum seed mass and formation redshift as predicted by theoretical models.
In these cases, the minimum and maximum (\g) value is associated to the maxima seed
mass/formation redshift and minima seed mass/formation redshift, respectively. The results
are shown in figure 7.

For what concerns z ~ 6 quasars (upper left panel), we find that their masses can be
explained without relying on super-Eddington accretion, independently of the considered
seeding mechanism. Following [72], we assume that M, = 10° M, are hosted into M; =
102713 M, dark matter halos. These halo masses correspond to PBH progenitors with
Myeeq = 6 — 8 x 10* M, planted at redshift z = 32 — 27. To grow into the SMBHs at redshift
z = 6, both seeds require the same accretion history with a mean accretion rate of Apgg = 0.55.
This value is consistent with the accretion rate required for DCBHs to evolve into the same
SMBH masses Apcu = 0.47 — 0.78. Viceversa, both the NSCs and PopllII scenarios require
accretion rates closer to the Eddington limit: (Axsc = 0.88 — 1.17, Apoprir = 0.93 — 1.10).

To determine the mass of the dark matter halo hosting GNz11 (upper right panel), we use
the observational esteem of the galaxy stellar mass M, ~ 10°71° Mg, by [3]. Thus, PBH seeds
forming between redshift z = 27.5 — 21.7 with masses of Myeeq = 0.8 — 1 x 10° M, reproduce
the observed mass of the BH inside GNzl11 (M, = 2 x 10° M) with a mean accretion
rate of Apgg ~ 0.48 — 0.50. For what concerns the DCBH scenario, models predict seed
masses very close to the BH mass in GNz11, and an interval of redshift for their formation
that includes the GNz11 redshift. In this case, we only consider the upper limit of this
interval that implies an extremely low mean accretion rate value (Apcpg = 0.17). In the
other cases, super-Eddington accretion is always necessary to match the observed BH mass:
Ansc = 1.42 — 2.84, Apoprn = 1.41 — 1.91.

In the case of UHZ1 and GHZ9 [4, 5] the inferred stellar masses are very close to the
BH masses. These high BH to stellar mass ratios (Ms/M, ~ 1) imply a very rapid BH
assembly for both sources. For UHZ1 (lower left pabel), we adopt the stellar mass estimate
(M, = 0.4 — 1.9 x 10® M) provided by [74] which converts into M}, ~ 0.4 — 2 x 109 M.
PBH seeds with masses Myeeq =~ 10° My, planted at redshift z = 16.1 — 21.7 can reproduce the
observed luminosity (L, ~ 2 x 10*erg s~!) with a mean accretion rate of Appg = 0.92 — 1.11.
Similarly, DCBHs can reproduce the UHZ1 luminosity with Apcpg = 0.77 — 1.52. The other
two seeding scenarios require instead higher (super-Eddington) mean accretion rates for a
prolonged period of time (< 200 Myr): Ansc = 1.67 — 2.78, Apoprir = 1.61 — 2.01.

In the case of GHZ9 (lower right panel), for the galaxy stellar mass we use the value
M, =0.5—3.3 x 10® M, [73, 74]. PBH seeds planted at redshift z = 18 — 25 with masses
Mieeq = 10° Mg can explain the observed luminosity (Lp = 10%6erg sfl) with a mean
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accretion history of Apgg = 0.96 — 1.12. In the case of DCBHs, a mean accretion rate close to

the Eddington rate (Apcpa = 0.89 — 1.66) is required to explain the high inferred BH mass

(M,

~ 108 Mg) at the high observational redshift (z = 10.3). The other two seeding scenarios

require sustained super-Eddington accretion: Ansc = 1.77 — 2.97, Apopiir = 1.69 — 2.13.

Data Availability Statement. This article has associated data in a data repository. Data

generated in this research will be shared on reasonable request to the corresponding author.
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