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Heavy Primordial Black Holes from Strongly Clustered Light Black Holes
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We show that heavy primordial black holes may originate from much lighter ones if the latter are
strongly clustered at the time of their formation. While this population is subject to the usual constraints
from late-time universe observations, its relation to the initial conditions is different from the standard
scenario and provides a new mechanism to generate massive primordial black holes even in the absence of
efficient accretion, opening new scenarios, e.g., for the generation of supermassive black holes.
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Introduction.—Multiple detections of gravitational
waves (GWs) coming from black hole binary mergers
[1-4] have revived the interest in the physics of primordial
black holes (PBHs) [5-8]. Indeed, some of the LIGO/
Virgo/KAGRA data may be of primordial origin [9-16] and
future GW experiments will shed light on the possible
existence of PBHs [17-22].

PBHs in the early Universe are commonly born in the
radiation-dominated phase (see Ref. [7] for a review on the
various formation mechanisms). Given our ignorance of the
production mechanism giving rise to PBHs, if any, we do
not know if they are born randomly distributed or with a
strong correlation among them. In the standard scenario
where PBHs are generated by the collapse of large over-
densities created during inflation on small scales [S], PBHs
are Poisson distributed in space [23-26]. However, large
initial correlations are conceivable and not ruled out, unless
the PBH abundance in the Universe (normalized to the dark
matter) fpgy is larger than O(0.1) in the stellar mass
range [27].

In this Letter, we propose a new mechanism to generate
heavy PBHs from light ones making use of the large initial
PBH clustering, a mechanism that we dub “clusterin-
genesis.” The idea is quite simple: if PBHs are born close
to each other, the strong gravitational interactions among
them may result in the collapse of this clump into a more
massive PBH, even in the radiation dominated phase of the
early Universe. This mechanism provides a novel way to
increase the mass of light PBHs in the primordial epochs,
which is alternative to the more standard process relying on
baryonic mass accretion, which is efficient only for PBHs
with mass larger than O(10)M, [28] at lower redshifts.

In the following we will describe the basics of this idea
and discuss some of its possible implications.
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Collapse of large overdensities in the radiation-
dominated era.—Independently from the formation mecha-
nism and being discrete objects, the most generic initial
two-point correlator for the PBH density contrast dpgy =
Sppau/pPreu acquires the form [23]

(Bon(F)Bopia(0)) = ﬁapm (). (1)

in terms of their distance r, where

_ M -1
fipgn =~ 30 ppH ( A;BH> kpc™ (2)
o)

is the average PBH number density per comoving volume
for a monochromatic PBH population with mass Mpgy.

We suppose that, at the time of formation, such two-point
correlator is dominated by the reduced correlation function
Epgn(r) up to some comoving clustering scale r.;, while on
larger scales the Poisson shot noise, arising from the
discrete nature of PBHs, dominates. For simplicity and
for the sake of the argument, we assume an approximately
constant in space and large reduced two-point correlation
function up to ry,

&> 1
0 otherwise.

for r < ry,

G = { ()

We will be agnostic in the following regarding the origin of
such correlations. Let us just point out that large clustering
appears if the local properties of the PBH overdensity field
are space dependent. This effect might either come from an
actual field different from the overdensity field, or from a
long wavelength modulation of the overdensity field itself,
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resulting from a self-coupling of long and short scales as
happens, e.g., in local models of non-Gaussianity [29].
Alternatively, large correlation may arise if PBHs are
formed by bubble collisions in first-order phase transitions
[30-32] or for PBHs generated thanks to long-range scalar
forces [33]. These models can be used to construct explicit
realizations of the scenario proposed in this work. Once
rescaled to the total dark matter density dppgy/ppm = P =
&ofpeH, the corresponding density contrast is suppressed by
the PBH abundance, which we will assume to be tiny in the
following in order to avoid bounds coming from CMB
anisotropies on isocurvature perturbations [34-36].

The key point is the subsequent evolution of such large
density PBH clumps during the radiation phase. The
common lore is that they do not grow till the matter-radiation
equality epoch is reached, because of the counteraction of
the radiation pressure [37]. However, this is true only at the
linear level. In the full nonlinear theory, the self gravity of
these large nonlinear fluctuations may become important
before the equality time, and, consequently, give rise to their
collapse and production of very dense clusters, after they
decouple from the general expansion and virialize [38].

Adopting the spherical collapse model, one can write
down the evolution equation for the parameter R, describing
the deviation of the motion of each collapsing shell from
the uniform Hubble flow of the background Friedmann
universe [38]

d’R 3 \dR 1/1+@
T4x)—+ [ 1+2x )| —+= —R) = 4
x( +x)dx2+( +2x)dx+2< = > 0, (4)

as a function of the rescaled scale factor x = a/a,,, in terms
of the one at the epoch of matter-radiation equality a.q. This
equation assumes that the statistical distribution of the initial
overdensities (or clumps) is determined by the correlation
function &ppy; see the appendixes of Ref. [27] for details on
the relation between the profile of initial clumps and the
correlation function. In particular, at scales smaller than the
clump separation, the density profile of the clusters is
directly related to the correlation function and its evolution
depends on its amplitude &, [39].

An analytic approximation for the solution can be
obtained with a power expansion in the rescaled scale
factor x, giving [38]

from which one can show that the decoupling occurs
approximately at a¢ = deq/®. The corresponding time-
scale is approximately given by the free-fall time [40]

3z c\-1/2
= ~12x10*d72( — , (6
T\ 326p, T <200) yr. (6)

expressed in terms of the average density of such clusters
after relaxation p = Cpra(ag) = Cpeq®* [38,41], where
C = O(1 + 10?) is a constant that describes the overdensity
amplitude. Their mass and physical radius are given by [27]

7 3
M, ~13x 1020 L) M.,

C\'3(r
~4x 107507 | — <) kpe.
rb x 10 (20()) (kpc) pc (7)

Notice that the mass of the cluster M does not depend on
the individual PBH mass Mpgy because of two competing
effects that cancel out. Indeed, for a given correlation
function, a fixed PBH abundance may either result into
heavier PBHs with a smaller number density, or into lighter
and more abundant ones.

Formation of heavy PBHs by initial clustering.—The
key point of this Letter is that the PBH clusters may
collapse into PBHs of mass ~M |, if the final halo is more
compact than a BH, giving rise to a population of heavy
PBHs. These objects are initially Poisson distributed on
scales larger than r, as the perturbation of their number
density induced by their discreteness dominates over the
small residual correlation, thus evolving subsequently
along what described in Refs. [42,43], see Fig. 1 for a
pictorial representation.

More in detail, according to the hoop conjecture [44],
this happens if

ry 5 ZGMCI’ (8)

which translates into a requirement on the correlation
function to be

C -1/6 r -1
Hoop: ® > 6 x 10*| — ) 9
oop- EX O (200) (kpc) ©)

We also expect that, due to frequent BH encounters during
the cluster’s collapse, strong GW emission may occur,
inducing an even more efficient clusteringenesis.

Since PBH clusters follow a Poisson distribution on large
scales and they are characterized by a small physical size,
they may dynamically evaporate [40] before effectively
collapsing into heavy PBHs [45]. This occurs if the
evaporation timescale is smaller than the characteristic
free-fall time shown in Eq. (6). The evaporation time of
a system of Ny = M/ Mpgy PBHs clustered in a region of
size r;, and subject to the gravitational force is given by [40]

Ncl Q
IOg Ncl Up

Nlollyr & 1/2 MPBH -1/2 Q 3/2 (10)
~ log Ny \10° Mg pc)

foy =

171401-2



PHYSICAL REVIEW LETTERS 130, 171401 (2023)

| |
PBH formation

FIG. 1.

By imposing that evaporation is slower than free-fall,
tey 2 7o, ONe then gets

C\1/2
Ng26x 1068 (<) (=)
o RO X ‘f"(yr 200

such that using N ~ V_lPBHrglfo one gets the condition to
avoid cluster evaporation

-3
Eva: @ > 5.5 x 104 Mesn ) (7a )™
Mg kpc

(11)

(12)

This bound has to be interpreted to be conservative since
relaxation may occur on a timescale larger than free-fall,
and thus make evaporation even less efficient. Moreover,
the initial collapse might produce a BH before the cluster
size relaxes to r;, with a smaller compactness parameter C.

By combining this constraint with the requirement of
heavy PBHs formation in Eq. (9) and assuming that,
for definiteness, each PBH cluster contains at least three
PBHs [27]

M -3
Ng23: @223 x 1072 20BH) (fd ) 7043
Mg kpc

one can show in Fig. 2 the allowed parameter space on the
clustering model to have the formation of heavy PBHs.
From the figure it is clear that the bound coming from the
hoop conjecture sets the strongest constraint on the heavy
PBH mass, which is then found to be at least

d\-2/ C\-1/2
MHPBH22.4><104<W> (ﬁ> My. (14

It is important to stress that the parameter space of these
newly formed heavy PBHs is constrained by the same set of
observational bounds that apply to the standard PBHs that

Clusteringenesis

|
, >
-1
HPBH population

Pictorial representation of the clusteringenesis mechanism. The red line denotes the growing cosmological horizon H~'.

are formed in the radiation-dominated epoch, see Ref. [6]
for a review. However, as their formation is induced by
different initial conditions with respect to the standard
scenario, their relation to indirect probes may change.
Implications.—The production of heavy PBHs from the
gravitational collapse of initially clustered PBH seeds
provides a novel scenario for PBH formation and has
several implications, some of which we described below.
In the standard scenario where the PBHs are created by
the collapse of large overdensities created during inflation
when they reenter the Hubble radius in the radiation-
dominated phase, there is a standard correlation between
the PBH mass, as a fraction of the mass enclosed in the
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FIG. 2. Constraints on the allowed parameter space for initial
PBH clustering to form heavy PBHs, assuming solar-mass PBHs
Mpgy = M. Inred we shade out the region where the condition
requiring sufficiently large clusters [N = 3, Eq. (13)] is satisfied.
The blue region corresponds to evading cluster evaporation [Eva,
Eq. (12)], while the green one indicates where heavy PBH
formation occurs [Hoop, Eq. (9)]. At clustering scales larger than
about Mpc, bounds coming from CMB anisotropies on isocur-
vature perturbations need to be taken into account, giving the
upper bound ® < 1076 [34-36].
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cosmological horizon at the time of horizon crossing, and
the corresponding comoving momentum k [5]

k -2
Mpgy ~ 2.45 x 10° <@> Mg. (15)

In the clusteringenesis this relation does not hold anymore.

There are two straightforward implications of this fact. In
the standard scenario, the power spectrum of the curvature
perturbation to generate PBHs must be of the order of
O(1072). Therefore, using Eq. (15), the current constraints
on the yu distortions would rule out PBHs in the mass range
(10* = 10'"*)M, [36,46,47]. On the other hand, within our
mechanism, PBHs with such masses may be generated
through large curvature perturbations at much smaller
scales, thus evading the bounds.

The second point is related to the generation of the
stochastic gravitational wave background (SGWB) asso-
ciated to PBH production due to the nonlinear nature of
gravity (see Ref. [48] for a review). In the standard
formation scenario of heavy PBHs, one expects a relation
between the PBH mass and the peak frequency of the
SGWB fSGWB as [49]

M -1/2
fsows ~ 0.4 (%) nHz. (16)
(O]

On the other hand, when heavy PBHs are produced through
the scenario proposed in this work, one expects an induced
SGWSB related to the small scale perturbations inducing the
formation of the light PBHs. Furthermore, a large spatial
correlation at formation time and the dynamics of cluster
collapse may eventually induce a GW emission due to the
presence of putative time dependent quadrupolar anisotro-
pies [50-53], whose characteristic frequency would depend
on the clustering parameter space. Finally, the formation of
binaries composed by light PBHs during the cluster
collapse is expected to induce the emission of GWs with
a spectrum of frequencies determined by the innermost
stable circular orbit fisco ~2 x 103 Hz/Mpgy. The diffe-
rences in the spectrum of GWs produced in this scenario
might constitute a unique signature of the clusteringenesis.
Another possible application of PBH clusteringenesis is
related to the generation of supermassive BHs (SMBHs).
Such BHs are believed to sit at the center of galaxies and
they have been recently observed at high redshifts z = 6,
providing a challenge to standard formation mechanisms
[54,55]. Furthermore, SMBHs currently account for about
1073 the dark matter density in the Universe [56,57]. Using
the Schechter function to describe the SMBH mass
function at high redshifts, it has been assessed that the
mean SMBH mass is approximately of the order of
10'% My, [58,59], which might be the final result after a
phase of efficient baryonic mass accretion starting from
SMBH seeds with masses Mgypy ~ 10* M [46,60].

Scenarios involving the presence of PBH seeds able to
generate SMBHs invoke an efficient phase of baryonic
mass accretion during their cosmological evolution, and
require values of the PBH abundance smaller than fpgy <
107? to avoid bounds coming from CMB data [60]. Within
the clusteringenesis scenario, on the other hand, one can
efficiently produce heavy PBHs with masses comparable to
a SMBH seed at formation time. In particular, to effici-
ently give rise to a SMBH seed with mass larger than
Mgypn ~ 10*M, by inspecting Eq. (15) one finds
® > 10° or & = 10" for fpgy < 107°. Let us also notice
that the SMBHs generated with this mechanism, with low
abundance and masses larger than about 10'°M, may
accelerate the formation of bright and massive galaxies at
very high redshifts, as recently suggested in Ref. [61].

Conclusions.—Given our ignorance of the initial cluster-
ing of PBHs, we have shown that heavy PBHs may be
generated, even during the radiation phase, during the
collapse of a halo composed by previously generated
lighter PBHs. This happens if the hoop conjecture inequal-
ity is satisfied, provided that the PBH clusters do not
dynamically evaporate away. We have discussed possible
implications of this scenario, in particular providing a new
explanation to the generation of the supermassive black
holes observed at the center of galaxies and pointing out
that constraints on the curvature perturbation at a given
scale may be uncorrelated with the mass of the PBHs.

It will be interesting to investigate other possible
implications of the clusteringenesis scenario, for instance,
characterizing in more detail the mass distribution of the
heavy PBHs coming from the collapse, and extending the
standard Press-Schechter formalism to initial nonlinear
densities and thresholds. Moreover, in our work we have
assumed spherical symmetry to perform analytical esti-
mates. It would be important to understand the role of
asphericities in the dynamics of the collapse. We expect
that angular momentum may potentially reduce the effi-
ciency of the process and decrease the abundance of heavy
PBHs, which could still be consistent with the small
abundance necessary for heavy PBH to represent the
SMBH seeds. Finally, we stress that a fully relativistic
simulation would be needed to investigate the role of
nonlinearities and relativistic corrections which may arise
at the formation of the heavy BHs.
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