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Black holes populate our universe
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[Credits: LIGO/Virgo/Kagra, EHT, …] 
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Primordial BHs

Astrophysical BHs

Is it possible to form them in the early universe?
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Outline

• Introduction to Primordial Black Holes (PBHs) 

• Review of main bounds on the abundance 

• Current/future constraints with GWs 
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Introduction
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PBH formation timeline
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PBHs

Horizon
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collapse bounces and the cosmological perturbation is
dispersed into the surrounding medium.

To compute the value of the threshold one needs to
specify initial conditions of the numerical simulations on
super-horizon scale, when the asymptotic form of the
space-time metric is given by

ds
2 = ≠dt

2 + a
2(t)e2’(r) #

dr
2 + r

2d�2$
(4)

where a(t) is the scale factor, while ’(r) is the conserved
comoving curvature perturbations defined on a super-
Hubble scale, converging to zero at infinity where the
Universe is taken to be unperturbed and spatially flat.

In this regime, using the so called gradient expansion
or long wavelength approximation [87–89], the energy
density contrast ”fl/flb for adiabatic perturbations (the
ones generated by a curvature profile ’(r)) can be written
as [90]

”fl

flb

(r, t) = ≠
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aH

42
e

≠5’(r)/2
Ò

2
e

’(r)/2
, (5)

where H © ȧ/a is the Hubble parameter, while the func-
tion �(t) depends on the equation of state of the Universe
and is obtained by solving the following equation [88]

1
H

d�(t)
dt

+ 5 + 3w(t)
2 �(t) ≠

3
2(1 + w(t)) = 0 (6)

integrated from past infinity to the time when the ampli-
tude of the perturbation is computed. In standard models
of the very early Universe (i.e. just after inflation) this
is assumed to be dominated by a radiation dominated
medium, with EoS p = wfl and w = 1/3.

When a constant w(t) = w̄ characterises the fluid
dominating the energy budget of the Universe, we have
d�(t)/dt = 0 and one obtains

�̄ = 3(1 + w̄)
(5 + 3w̄) , (7)

yielding �̄ = 2/3 for a radiation fluid with w̄ = 1/3.
Equation (7) is an attractor solution of Eq. (6), i.e. if
w(t) slowly varies in time, d�(t)/dt ƒ 0 and the evolution
of � approaches the value given by Eq. (7). The behavior
of � across the QCD phase transition, obtained by solving
Eq. (6), di�ers from the average �̄, particularly in the
region where w and c

2
s

are quickly varying with respect
MH . This is shown in the middle panel of Fig. 1.

It was shown that a consistent way to define the thresh-
old for PBH formation is in terms of the smoothed den-
sity contrast ”m computed at horizon crossing time, i.e.
aH = 1/rm. Using a top-hat window function with areal
radius R = a(t) exp[’(rm)]rm, where rm indicates the
location of the maximum of the mass excess, also called
compaction function, the amplitude of spherically sym-
metric peaks in the smoothed density field is related to
the curvature perturbation as [91]

”m = ≠� rm’
Õ(rm) [2 + rm’

Õ(rm)] . (8)

FIG. 1: Top panel: the EoS parameter w = p/fl (red)
and squared speed of sound (blue) as functions of the cos-
mological horizon mass MH . Central panel: Evolution
of the EoS dependent parameter �, relating the density
contrast to the curvature perturbation as functions of the
cosmological horizon mass MH . Bottom panel: Same
as above but showing the threshold for PBH formation.
The dashed horizontal lines refer to the values obtained
in the perfect radiation-fluid case.

Although strictly speaking the gradient expansion ap-
proach is valid only on super horizon scales, to com-
pute the perturbation amplitude ”m it is useful to extend
this approach up to the cosmological horizon crossing
time. Since then the region involved in the formation of a
PBH becomes causally connected, and the collapse starts
shortly afterwards. This gives a well defined criterion
to quantify the amplitude of cosmological perturbations,
comparing di�erent initial configuration collapsing at dif-
ferent epochs.
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Required Perturbations: mall scales - large amplitude 
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Scales relevant for PBHs
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Required Perturbations: mall scales - large amplitude 
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Searching for Primordial Black Holes

Redshift
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PBH dark matter
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• PBH abundance expressed in terms of the dark matter
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fPBH ⌘ ⌦PBH/⌦DM

Primordial black holes on large scales behave as 
a cold and collisionless fluid

D. Inman and Y. Ali-Haïmoud, Phys. Rev. D 100, no.8, 083528 (2019) [arXiv:1907.08129]

PBH
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Are PBHs useful? YES

If they exist…
• They could be a significant fraction of the dark matter in our universe
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(fPBH ⇡ 1)
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Are PBHs useful? YES

• e.g. mass gap merger event GW190521, GW190814, …

If they exist…
• They could be a significant fraction of the dark matter in our universe

R. Abbott et al. [LIGO Scientific and Virgo], Phys. Rev. Lett. 125, no.10, 101102 (2020) [arXiv:2009.01075]

Interesting since they fall 
within the mass gaps

• They are largely incompatible with other particle DM candidates
J. Adamek, C. T. Byrnes, M. Gosenca and S. Hotchkiss, Phys. Rev. D 100, no.2, 023506 (2019) [arXiv:1901.08528] 
G. Bertone, et al. Phys. Rev. D 100, no.12, 123013 (2019) [arXiv:1905.01238], 
….

• They could provide the SMBH seeds at high redshift
M. Volonteri, M. Habouzit and M. Colpi, Nature Rev. Phys. 3 (2021) no.11, 732-743 [arXiv:2110.10175] 
T. Nakama, B. Carr and J. Silk, Phys. Rev. D 97 (2018) no.4, 043525 [arXiv:1710.06945] 
J. L. Bernal, A. Raccanelli, L. Verde and J. Silk, JCAP 05 (2018), 017 [arXiv:1712.01311], …

…if they are rare…
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Are PBHs useful? YES

• e.g. mass gap merger event GW190521, GW190814, …

If they exist…

• They allow to set constraints on the early universe 

• They could be a significant fraction of the dark matter in our universe

R. Abbott et al. [LIGO Scientific and Virgo], Phys. Rev. Lett. 125, no.10, 101102 (2020) [arXiv:2009.01075]

Interesting since they fall 
within the mass gaps

• They are largely incompatible with other particle DM candidates
J. Adamek, C. T. Byrnes, M. Gosenca and S. Hotchkiss, Phys. Rev. D 100, no.2, 023506 (2019) [arXiv:1901.08528] 
G. Bertone, et al. Phys. Rev. D 100, no.12, 123013 (2019) [arXiv:1905.01238], 
….

…and even if they didn’t exist

• They could provide the SMBH seeds at high redshift
M. Volonteri, M. Habouzit and M. Colpi, Nature Rev. Phys. 3 (2021) no.11, 732-743 [arXiv:2110.10175] 
T. Nakama, B. Carr and J. Silk, Phys. Rev. D 97 (2018) no.4, 043525 [arXiv:1710.06945] 
J. L. Bernal, A. Raccanelli, L. Verde and J. Silk, JCAP 05 (2018), 017 [arXiv:1712.01311], …

…if they are rare…
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(fPBH ⇡ 1)
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Why now?

Gravitational Wave observations will set important constraints on PBHs,  
or unprecedented discoveries

https://www.benty-fields.com/trending

7 1.2. Primordial black holes
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Figure 1.5: Both absolute and relative number of papers posted on the arXiv with the phrase “Pri-
mordial black holes” either in the title or abstract. One can recognise how the GW detection in 2015
jump-started the current wave of interest in PBHs. Data from Ref. [163].

perturbations responsible for the PBH formation. A considerable amount of work was conducted
to search and constrain the abundance of PBHs by leveraging on their peculiar properties at small
scales, potentially leading to visible e↵ects such as lensing, electromagnetic emission from accretion
processes, gravitational waves, just to name a few.

Starting from the 1980’s, many formation mechanisms were devised. The most studied scenario
predicts that PBHs come from large fluctuations generated at small scales by the inflationary dynamics
[77–107], while many other models envision PBHs as a consequence of an early matter era [108–
112], modified gravity [113], scalar field instabilities [114–116], collapse of cosmic strings [117–123]
and domain walls [124–130], phase transitions [131–133], bubble collisions [134–136] and standard
model Higgs instability [137, 138]. At same time, the phenomenon of PBH formation started being
investigated with the aid of dedicated numerical relativity simulations showing it follows the properties
of a critical collapse [139–151].

In recent years, the scientific community has experienced multiple waves of interest for PBHs, see
Fig. 1.5. The first spark of interest was ignited in the late 1990s as a consequence of the reported
detection by the MACHO collaboration 2yr results [152, 153] of multiple Large Magellanic Cloud
microlensing events. These events, if interpreted as due to PBHs in our Milky Way, would suggest
a significant fraction of the mass in our galaxy to be composed of subsolar compact objects. This
suggestive result was, however, outdated by the EROS [154] and OGLE [155–158] results, finding
only a reduced fraction of the milky way mass could be in the form of subsolar PBHs, setting more
stringent constraints on the PBH abundance in this mass range.

A second wave, which we are still experiencing today, was ignited by the first detection of GWs
coming from a black hole merger performed by the LIGO/Virgo collaboration [159]. Indeed, it was
soon realised that such a signal would be compatible with a merger of PBHs [160–162]. Also, those
groups showed that PBH models could have a merger rate compatible with the GW observation
without violating the obvious bound requiring PBHs to be at most as abundant as the dark matter in
our universe. Since then, many subsequent works have tried to address the question of whether PBHs
could be responsible for all, or a part of, the GW events observed by the LIGO/Virgo collaboration,
an endeavour which will also be pursued in this thesis.

Before entering in some details of the PBH model, it is interesting to stress that PBHs, if they
were discovered, could have numerous consequences on our current understanding of the universe
even if they comprise only a small portion of the dark matter. Here are a few points motivating this
statement.

• PBHs are a unique probe to test the universe at the very small scales, leading to the current
most stringent constraint on the amplitude of early universe perturbations [164–167] at subparsec

GW150914

S. Bird et al Phys. Rev. Lett. 116, 201301 (2016), [arXiv:1603.00464] 
M. Sasaki, et al Phys. Rev. Lett. 117, 061101 (2016), [arXiv:1603.08338] 
S. Clesse and J. Garcìa-Bellido, Phys. Dark Univ. 15 (2017), 142-147 [arXiv:1603.05234] 
….

Y. B. Zel’dovich and I. D. Novikov, …, (1967) 
S. W. Hawking, Nature 248, 30 (1974) 
B. J. Carr and S. W. Hawking, … , (1974) 
G. F. Chapline, Nature 253, 251 (1975) 
B. J. Carr, Astrophys. J. 201, 1 (1975)

• GW190521 
• GWTC-2  
• NANOGrav-12.5  
• ….

1970

Recent reviews: A. M. Green and B. J. Kavanagh, J. Phys. G 48 (2021) no.4, 043001 [arXiv:2007.10722] 
                         B. Carr and F. Kuhnel, Ann. Rev. Nucl. Part. Sci. 70 (2020), 355-394 [arXiv:2006.02838] 
                        … 
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Constraints on the PBH abundance



Swiss CTA O. days - 16

Constraints on the PBH DM abundance

Review: B. Carr, K. Kohri, Y. Sendouda and J. Yokoyama, Rept. Prog. Phys. 84, no.11, 116902 (2021) [arXiv:2002.12778]
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• BBN/CMB/21 cm/Gamma-ray backgrounds/Cosmic rays
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PBH DM bounds: evaporation

PBHs evaporate with a temperature
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(see e.g. Ref. [74] for a recent review). Here, b ©

(1 ≠ 3w)/(1 + 3w) with w being the universe’s equation of
state parameter (the pressure to energy density ratio) at
the emission time, �r,0 is the density fraction of radiation,
gú(T ) and gú,s(T ) are the temperature-dependent e�ec-
tive number of degrees of freedom for energy density and
entropy density, respectively, and T (u, v) is the transfer
function [75, 76]. We denote with the subscript “H” the
time when induced GWs of the given wavenumber k fall
su�ciently within the Hubble horizon to behave as a radi-
ation fluid in an expanding universe. The characteristics
of the SGWB emitted from a narrow spectrum of curva-
ture perturbations can be summerised as follows. The low
frequency tail scales like �GW ƒ f

3, due to the causality
limited e�ciency of the super-horizon emission [77–81].
On the other hand, one obtains a high frequency tail that
depends on the drop-o� of the curvature spectrum.

D. PBH evaporation and remnants

The Hawking temperature of a static BH of mass MPBH

is given, in natural units, by [82]

TPBH = 1
8fiGMPBH

= 53 TeV
3

MPBH

10≠25M§

4≠1

, (9)

where G is Newton’s constant. The mass evolution of an
evaporating static PBH follows (e.g. [83, 84]) dMPBH/dt =
≠C/M

2

PBH
where

C = fi G gHú(TPBH)M4

Pl

480 , (10)

G ƒ 3.8 is the gray-body factor, and TPBH is the PBH
temperature in Eq. (9). gHú(TPBH) counts the the spin-
weighted degrees of freedom of the particles produced from
the Hawking radiation with TPBH, whose concrete value
ranges between gHú(TPBH) ¥ 108 for TPBH ∫ 100 GeV
and gHú(TPBH) ¥ 7 for TPBH π 1 MeV. This can also be
written as
dMPBH

dt
= ≠9.7 ◊ 10≠26

M§
s gHú(TPBH)

3
MPBH

10≠25M§

4≠2

.

(11)

Solving Eq. (11), we can derive the lifetime of a static
evaporating PBH

teva = (M i

PBH
)3

3C
¥ 3.4 ◊ 10≠3 s

1
gHú
100

2≠1
3

M
i

PBH

10≠25M§

43

.

(12)

To simplify the interpretation of the previous equation,
we have reported it in terms of the initial PBH mass,
M

i

PBH
, and have neglected a putative remnant mass, Mf

(see below).
For comparison, in a radiation-dominated FLRW uni-

verse where the Friedmann equation dictates

H
2 = 4fi

3

45 gú(T )GT
4
, (13)

the age of the universe at a temperature T is

tage = 0.15 s
1

gú
10.75

2≠1/2
3

T

4MeV

4≠2

. (14)

One possibility we are interested in here is that PBHs
do not evaporate completely but rather that, due to (pos-
sibly unmodelled) quantum gravity or anyway beyond-GR
e�ects, Hawking evaporation leads to the formation of a
stable remnant, of mass Mf typically close to the Planck
scale [19–23]. Anyway, in order to be agnostic let us
assume that Mf is a free parameter, not necessarily of
the order of MPl. In the case such a remnant is formed,
the timescale during which the evaporation is active is
modified with respect to Eq. (12) as

teva = (M i

PBH
)3

3C

C
1 ≠

M
3

f

(M i
PBH

)3

D
. (15)

Owing to a correction proportional to the third power
of the mass ratio, only in the (fine-tuned and scale-
dependent) case in which the remnant mass scale is very
close to the initial PBH mass a sizable change to teva is
expected. In all other cases (including the most inter-
esting one when Mf = MPl π M

i

PBH
), the estimate (12)

provides the time for the formation of a remnant.

E. How to evade the BBN and CMB bounds

Before leaving a microscopic relic, Hawking emission
might still lead to several e�ects in the early universe
which should be taken into account. In particular, for
MPBH . 1015 g, PBH evaporation is mostly constrained by
big bang nucleosynthesis (BBN) and distortions of the cos-
mic microwave background (CMB) (see e.g. Ref. [13] for a
detailed discussion on these and other constraints). Below
we consider various scenarios in which such constraints
can be evaded or strongly relaxed, thus motivating the
agnostic approach adopted in Sec. III, where we will also
take into account the possibility that non-GW constraints
based on Hawking evaporation do not hold.

1. Hawking remnants

In the standard scenarios, a sizable fraction of the ini-
tial PBH mass evaporates before leaving a stable remnant.
Thus, to recover the predictions of standard big-bang
cosmology, we require Hawking evaporation to termi-
nate before BBN. In practice, we impose teva Æ t

BBN

age
,

using Eq. (14) and assuming TBBN = O(few) MeV. This
yields [13]

M
i

PBH
. 5 ◊ 10≠24

M§ . (16)
Note that, owing to the cubic dependence in Eq. (12), the
mass corresponding to teva = t

BBN

age
is only mildly sensitive

to O(1) changes in TBBN and even to larger changes in
the parameters such as gHú, gú, and G. As previously
discussed, the bound (16) is valid as long as Mf π M

i

PBH
.

S. W. Hawking, Commun. Math. Phys. 43, 199 (1975)
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PBHs lighter than around 10�18M� evaporated by now

Assumptions: Hawking evaporation and non-extremal spin

See review for (outdated) list of references: B. Carr, K. Kohri, Y. Sendouda and J. Yokoyama [arXiv:2002.12778]
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PBH DM bounds: (Micro-)lensing

10-18 10-15 10-12 10-9 10-6 10-3 100 103
10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

HSC
O

E
I

P
la
nc
k
D
/S

LVC

E
G

γ
V
e±

G
C
e+

IN
T

<latexit sha1_base64="KJ0x7XJmdQg4Y9o+VEsZBM2r8fY="></latexit> f P
B
H
=

⌦
P
B
H
/⌦

D
M

<latexit sha1_base64="Ppq70URTHOo4GFYmAZ7IyCJOT+s="></latexit>

Primordial black hole mass MPBH [M�]

<latexit sha1_base64="lmM9QtJv16Yxv/Dw3bhFt6qYd3Q=">AAACDHicbVC7SgNBFJ31GeMramkzGASrsCu+yhiblBHMA5IQZid3kyGzs8vMXTEs+QAbf8XGQhFbP8DOv3HyKDTxwMDhnHO5c48fS2HQdb+dpeWV1bX1zEZ2c2t7Zze3t18zUaI5VHkkI93wmQEpFFRRoIRGrIGFvoS6P7gZ+/V70EZE6g6HMbRD1lMiEJyhlTq5fAvhAdNrP1FdpjjQUdCZSi0UakgrpfLIptyCOwFdJN6M5MkMlU7uq9WNeBKCQi6ZMU3PjbGdMo2CSxhlW4mBmPEB60HTUsVCMO10csyIHlulS4NI26eQTtTfEykLjRmGvk2GDPtm3huL/3nNBIOrdipUnCAoPl0UJJJiRMfN0K7QwFEOLWFcC/tXyvtMM462v6wtwZs/eZHUTgveReH89ixfLM3qyJBDckROiEcuSZGUSYVUCSeP5Jm8kjfnyXlx3p2PaXTJmc0ckD9wPn8ASkubxQ==</latexit> A
b
u
n
d
an

ce
f P

B
H

HSC 

OGLE 

Eros&Macho

Constraints derived assuming isolated PBHs with a homogeneous distribution: 

- Poisson induced PBH clustering in the late-time universe does not affect these 
constraints  

- Secondary DM halo could strengthen these constraints 

M. Petač, J. Lavalle, and K. Jedamzik, Phys. Rev. D 105, 083520 (2022), [arXiv:2201.02521] 
M. Gorton and A. M. Green, JCAP 08, 035 (2022), [arXiv:2203.04209]
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FIG. 5: Upper panel: Geometrical setup under consider-
ation. The light source (S), the lens (L), and the observer
(O) are separated by their respective distances Di. Lower
panel: The lensing plane reporting the source and lens
finite sizes, rescaled compared to the Einstein radius, as
well as the integration angles.
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In units of RE, the source radius in the lens plane is

rS © xRı/RE. In units of ◊E, the angular distance from
the lens center to the source center is u = —/◊E and to a
point on the edge of the source is

ū(Ï) =


u2 + r2
S

+ 2urS cos Ï (18)

(see Fig. 5). One can then rewrite the lensing Eq. (15) for
each infinitesimal point on the edge of the source as

ū(Ï) = t ≠
m(t)

t
, (19)

to find the positions of images at ti(ū(Ï)) © ◊i/◊E with i

labeling the, in general, multiple solutions. For a spheri-
cally symmetric density profile fl(r) we assume throughout
this work, one can write

m(t) =
s

t

0
d‡‡

s Œ
0

d⁄ fl(RE

Ô
‡2 + ⁄2)

s Œ
0

d““2fl(RE“)
. (20)

We neglect limb darkening and model the source star
as having a uniform intensity in the lens plane. It follows

that the magnification produced by an image i is given
by the ratio of the image area to the source area [73, 114]

µi = 1
4fir2

s

5
2÷

⁄
2fi

0

dÏ
dÂ

dÏ
t
2

i
(Ï)

6
, (21)

where ÷ = sgn(dt
2

i
/dū

2
|Ï=fi) while the angular measure

is defined from the angle Â as

tan Â ©
rS sin Ï

u + rS cos Ï
. (22)

Finally, we can compute the overall magnification µtot as
the sum of the individual contributions

µtot =
ÿ

i

µi. (23)

In this treatment, following Refs. [109, 117], we ignore the
wave optics e�ects that are relevant when computing the
magnification from lenses whose size is smaller than the
wavelength of the detected light. For the masses consid-
ered in this work, the finite source size e�ect dominates the
suppression of lensing signatures below M ¥ 10≠11

M§
[118]. Therefore, wave e�ects can be neglected.

If one takes the limit of negligible source size (i.e. rS π

u) and pointlike lens (i.e. R90 π RE), one can derive
analytical solutions to the lens equation, and find

µtot = 2 + u
2

u
Ô

u2 + 4
. (24)

In the opposite limit of a very large source rs ∫ u, one
finds that the lensing solutions give a large suppression
of µ. This is because the lens only a�ects a negligible
fraction of light rays coming from the source.

Lensing surveys (such as EROS, OGLE, and HSC that
we will consider later on) define as detectable a microlens-
ing event whose temporary magnification of the source
star exceeds the threshold value µth = 1.34. Following this
criterion, we will require µtot > µth. It is therefore conve-
nient to generalize this criterion and define the threshold
impact parameter u1.34 as

µtot(u Æ u1.34) Ø 1.34 , (25)

such that the magnification is above 1.34 for all smaller
impact parameters. In the limit of a pointlike lens and
negligible source size, one can directly derive from Eq. (24)
the maximum impact parameter that satisfies this con-
dition, which is u = 1. We show in Fig. 6 the threshold
impact parameter u1.34 as a function of both the source
size rS projected on the lens plane and the lens size r90.

B. Number of detectable microlensing events

The number of detectable lensing events can be com-
puted by integrating the rate of overthreshold signals. For
a single source star and unit exposure time, the di�eren-
tial event rate with respect to the halo mass distribution,

Star

Lens=PBH
Observer

R. G. Cai, T. Chen, S. J. Wang and X. Y. Yang, JCAP 03 (2023), 043 [arXiv:2210.02078]

R. A. Allsman et al. [arXiv:0011506] 
P. Tisserand et al. [arXiv:0607207]

H. Niikura, et al. [arXiv:1901.07120]

H. Niikura et al. [arXiv:1701.02151]
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PBH DM bounds: accretion
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Accreting PBH emits radiation with a luminosity

C-Accretion
• PBHs accrete gas with accretion rate
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•  Conversion from injection to deposition depends on 
type of particles and spectrum.

•  Compute effect on recombination, then CMB anisotropies

first studies: Miller 2000 and Ricotti, Ostriker & Mack 2008
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Uncertainties on L due to: 
- Spherical vs disk accretion 
- Secondary DM halo  
- Outflows 
- …

• CMB anisotropies 

• X-ray and radio emission
D. Gaggero, G. Bertone, F. Calore, R. M. T. Connors, M. Lovell, S. Markoff and E. Storm, Phys. Rev. Lett. 118 (2017) no.24, 241101 [arXiv:1612.00457] 
Y. Inoue and A. Kusenko, JCAP 10 (2017), 034 [arXiv:1705.00791] 
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Y. Ali-Haïmoud and M. Kamionkowski, Phys. Rev. D 95 (2017) no.4, 043534 [arXiv:1612.05644] 
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L.Piga, M.Lucca, N.Bellomo, V.Bosch-Ramon, S.Matarrese, A.Raccanelli and L.Verde, JCAP 12 (2022), 016 [arXiv:2210.14934]



Swiss CTA O. days -

10-5 10-4 10-3 10-2 10-1 100
10-2

10-1

100

101

102

103

104

<latexit sha1_base64="GfS+/3K9f9DXEOIGVCnejfJvu+E=">AAACCHicbVC7SgNBFJ31GeMramnhYBCswq4GtRGCNmmECOYB2bDMTibJkNmZZeauGJaUNv6KjYUitn6CnX/j5FFo4oELh3Pu5d57wlhwA6777SwsLi2vrGbWsusbm1vbuZ3dmlGJpqxKlVC6ERLDBJesChwEa8SakSgUrB72r0d+/Z5pw5W8g0HMWhHpSt7hlICVgtxBFPjAHiD1gcsBrlyVh/gSn7r4JvBVW0GQy7sFdww8T7wpyaMpKkHuy28rmkRMAhXEmKbnxtBKiQZOBRtm/cSwmNA+6bKmpZJEzLTS8SNDfGSVNu4obUsCHqu/J1ISGTOIQtsZEeiZWW8k/uc1E+hctFIu4wSYpJNFnURgUHiUCm5zzSiIgSWEam5vxbRHNKFgs8vaELzZl+dJ7aTgnRWKt8V8qTiNI4P20SE6Rh46RyVURhVURRQ9omf0it6cJ+fFeXc+Jq0LznRmD/2B8/kD8PmYmQ==</latexit>

mPBH = 30M�

early u
niverse

 channel

3-
bo
dy

 in
te
ra
ct
io
ns

dy
na

m
ic
al
 c
ap

tu
re

LVK

20

G. Franciolini, K. Kritos, E. Berti and J. Silk, 
Phys. Rev. D 106 (2022) no.8, 083529 [arXiv:2205.15340]

Dynamical capture

Within clusters seeded by Poisson initial conditions:

3-b dynamical interaction

- Dynamical channels largely subdominant 
in the standard scenario 

- Rate in the ballpark of LVK already with 
sub-percent DM abundance of PBHs

(adopted in Bird et al.)
Early universe binaries

Dominant contribution 
even with suppressions

PBH DM bounds: LVK mass mergers
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LIGO/Virgo/Kagra growing number of detection 

- Around 90 events, O4 observing run just started

21
LIGO-Virgo-KAGRA / Aaron Geller / Northwestern 
R. Abbott et al. [LIGO Scientific, VIRGO and KAGRA], [arXiv:2111.03634]
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Current LVK bounds on PBH mergers
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Average mass hmPBHi[M�]

G. Franciolini, I. Musco, P. Pani and A. Urbano, Phys. Rev. D 106 (2022) no.12, 123526 [arXiv:2209.05959]

PBH merger smoking gun signatures:
- Subsolar BBH masses: no detections 

- High redshift mergers: only accessible by next generation of detectors

Population studies, subject to large uncertainties: 

- Search for mass-spin correlations induced by PBH accretion 

- Full multi-pop inference with astro population synthesis models
G. Franciolini and P. Pani, Phys. Rev. D 105 (2022) no.12, 123024 [arXiv:2201.13098]

M. Zevin et al, Astrophys. J. 910 (2021) no.2, 152 [arXiv:2011.10057] 
G. Franciolini et al, Phys. Rev. D 105 (2022) no.8, 083526 [arXiv:2105.03349] 
…

A. H. Nitz and Y. F. Wang, Phys. Rev. D 106 (2022) no.2, 023024 [arXiv:2202.11024] 
R. Abbott et al, [LIGO Scientific, VIRGO and KAGRA], [arXiv:2212.01477]

(e.g. M. Branchesi, M. Maggiore, et al. [arXiv:2303.15923])
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Future constraints: 3G detectors
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E.D.Hall and M.Evans, Class. Quant. Grav. 
36, 22, 225002 (2019) [arXiv:1902.09485]
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z > 30

• No astro contamination above redshift  

• 3G detectors could observe these sources!
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z t 30

Monotonic growth up to
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z & 103
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R t t�34/37

K. Ng, et al. Astrophys. J. Lett. 913, no.1, L5 (2021) [arXiv:2012.09876]
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T. Nakamura, et al. PTEP 2016, no.9, 093E01 (2016) [arXiv:1607.00897] 
S. Koushiappas and A. Loeb, Phys. Rev. Lett. 119, no.22, 221104 (2017) [arXiv:1708.07380] 
….

If some PBH mergers in current GWTC-3: (10-100) detections/yr at z>30
G. Franciolini, F. Iacovelli, M. Mancarella, M. Maggiore, P. Pani and A. Riotto, [arXiv:2304.03160]
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Emission of II order GWs

Large curvature perturbations PBH collapse

h00
ij + 2Hh0

ij �r
2hij t Sij (⇣⇣)
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K. Tomita, Prog. Theor. Phys. 54, 730 (1975). 
S. Matarrese, O. Pantano, and D. Saez, Phys. Rev. Lett. 72, 320 (1994), [arXiv:9310036]. 
V. Acquaviva, et al. Nucl. Phys. B 667, 119 (2003), [arXiv:0209156]. 
S. Mollerach, D. Harari, and S. Matarrese, Phys. Rev. D 69, 063002 (2004), [arXiv:0310711]. 
K. N. Ananda, C. Clarkson, and D. Wands, Phys. Rev. D 75, 123518 (2007), [arXiv:0612013]. 
…

GW
PBH

Mass and frequency related by the Hubble horizon at formation
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nHz $ M�

PBH DM bounds: induced GWs
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Small scales constrained by no PBH overproduction
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• New GW data to be available in the short-term: LVK O4 run, PTA new data releases 

• Develop solid tests to distinguish primordial from astrophysical signals 

• If astro nature established, how far can we still constrain PBHs before foregrounds stop us?

Conclusions

26

• Searching for PBHs in GW data is difficult, but provide a probe of the early universe  

• There still exist a window for PBHs to be the dark matter 

• Gravitational wave observations may close the window in the future, many constraints 

will improve

What now?
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