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2015, SC, J. Garcia-Bellido: hybrid inflation scenario 
Since then, many other models 

But:  double fine-tuning problem! 
(For Gaussian perturbations, the density of PBH depends 

exponentially on the threshold) 
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Astro/cosmo limits

Carr & Kuhnel, 2006.02838

Hawking radiation Microlensing Dynamical effects
Accretion Large scale structuresLIGO-Virgo / PTAs



Astro/cosmo limits

Carr & Kuhnel, 2006.02838

Raidal et al, 1812.01930

GW limits



Conclusion

…so my talk is done and I stop working on PBHs?

• PBHs need O(1) density fluctuations.  CMB observations: O(10-5) 

• Their amplitude to get ΩPBH ~ ΩDM  must be fine-tuned 

• No reason for mPBH ~ stellar-mass (or any other specific mass) 

• Need of an exotic, peaky, double-fine-tuned  (inflation) model  

• Very strong astrophysical/cosmological limits on the PBH abundance   
at (almost) all mass scales, hardly to evade…

Therefore, PBHs are not a natural dark matter 
candidate.  Very likely they do not exist…



PBH formation  
at the QCD phase transition

• Change in the relativistic     
degrees of freedom 

• Equation of state reduction,    
particularly at the QCD transition 

• Critical threshold is reduced 

• Boosted PBH formation, resulting 
in a bumpy mass function

Jedamzik, astro-ph/9605152  
Cardal & Fuller, astro-ph/9801103 

Byrnes et al., 1801.06138
B. Carr, S.C., J. Garcìa-Bellido, F. Kühnel  

arXiv:1906.08217

From known thermal history:

3

Figure 1: Relativistic degrees of freedom g⇤ (upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g⇤ = 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M� is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM (1�ns)/4 , (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6, 1, 30, 106M�
to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dns/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH

‣ Nearly scale-invariant spectrum 
‣ Spectral index: ns = 0.97 
‣ Peak at ~[2-3] Mʘ 
‣ Second peak at ~30 Mʘ 
‣ Two bumps at 10-6 and 106 Mʘ

ns = 0.965 
ns = 0.97 
ns = 0.975 
fDM = 1 
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Primordial Black Holes 
as a common origin of baryons and dark matter

B. Carr, S.C., J. Garcìa-Bellido,  
arXiv:1904.11482 and 1904.02129

Sakharov’s Conditions: 
• C and CP violation: of the standard model 
• Baryon number violation:  sphaleron transitions from >TeV collisions 
• Interactions out of thermal equilibrium: PBH collapse/shock wave 
Eletroweak baryogenesis:  need of exotic physics.  
Hot-spot Electroweak Baryogenesis:  Gravitation  
Explains the abondance of DM/baryon and baryon/photon ratios! 



Primordial Black Holes 
as a common origin of baryons and dark matter
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B. Carr, S.C., J. Garcìa-Bellido,  
arXiv:1904.11482 and 1904.02129

Proton number density: 

Energy per proton: above sphaleron barrier 

Maximal-local baryon asymmetry:

np(x) ⇡ 1040cm�3
<latexit sha1_base64="+7NLYNZLxo68YgFVJ0zLaZWumtA="></latexit>
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Horizon-PBH mass ratio:Total baryon asymmetry:

see also (in another context):   
Asaka, Shaposhnikov et al.,  
PRL 2004, hep-ph/0310100

obs



Astro/cosmo limits
Raidal et al, 1812.01930



Astro/cosmo limits

Macho/EROS 
90% PBH in clusters
10% uniformy dist.

Star from the 
LMC/SMC

‘Heated’ PBH cluster
of size 1-20 pc 

almost independent
 of the cluster mass 

Magnification 
due to microlensing

is suppressed

Due to lensing, 
the star flux spans an 
‘Einstein arc-hedron’ 
of width larger than 
the Einstein radius of 

a PBH

Black hole sling-shot away from its host cluster ~10-30% of DM

Microlensing limits evaded 
if 80% PBHs are regrouped 

in clusters

Raidal et al, 1812.01930

B. Carr, S.C., J. Garcìa-Bellido, F. Kühnel  
arXiv:1906.08217



Astro/cosmo limits
Raidal et al, 1812.01930Clusters due to 

Poisson fluctuations
in the PBH distribution
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Fraction of collapsed halos close to one

Kashlinsky, 1605.04023 

thin:  no PBHs 
normal:  15 Msun ,  fPBH=1 
thick : 30 Msun, fPBH=1



Astro/cosmo limits
Gravitational-wave

limits from the merging of 
primordial binaries

Evaded due to the 
effect of early clusters

 and nearby PBHs
on the binary lifetime…

Raidal et al, 1812.01930



Astro/cosmo limits

issue 
with Planck limits ?

Raidal et al, 1812.01930



Astro/cosmo hints
14

1026 1027 1028 1029

MPBH [g]

10�3

10�2

10�1

100

f P
B

H
=

�
P

B
H
/�

D
M

O
G
LE

alone
OGLE+HSC

allowed region (95% CL)

HSC excl. region

10�8 10�7 10�6 10�5 10�4
MPBH [M�]

FIG. 8: Shaded blue region is the 95% CL allowed region of PBH abundance, obtained by assuming that 6 ultrashort-timescale
microlensing events in the OGLE data are due to PBHs. Note that we assume a monochromatic mass scale for PBHs as given
in the x-axis. The allowed region is computed from the condition P (fPBH,MPBH)/Pmax > 0.046, which corresponds to 95% CL
if the surface of posterior distribution follows a two-dimensional Gaussian distribution (Pmax is the posterior distribution for
the best-fit model). Dark shaded region shows the result when combining the allowed region of the ultrashort-timescale events
with the upper bounds from the Subaru constraints and the longer timescale OGLE data.

DM, fPBH, is specified for an assumed PBH mass scale
(MPBH); N

PBH

exp
(E, i) / fPBH. As a conservative ap-

proach, we use the observed counts, Nobs(tE,i) for the
expectation value of microlensing events due to stellar
components. In the following, we assume that the MW
DM model for the spatial and velocity distributions for
PBH in Sections III, and we treat the PBH mass frac-
tion parameter, fPBH, as a free parameter for an assumed
PBH mass scale (MPBH). Namely we consider a single
model parameter for an assumed PBH mass scale (we will
discuss later for a possible extension of this assumption).
When fPBH = 0, i.e. N

PBH

exp
= 0, the maximum likeli-

hood is realized because of N
PBH

exp
� 0. The last term in

the above log likelihood is irrelevant for parameter infer-
ence, because it is a fixed number irrespectively of model
parameter (fPBH).

Given the likelihood function and the PBH model (de-
noted as M), the posterior distribution of model param-
eter, fPBH, is computed based on the Bayes’s theorem
as

P (fPBH|d, M) =
L(d|fPBH)⇧(fPBH)

P (d|M)
, (39)

where ⇧(fPBH) is a prior of fPBH and P (d|M) ⌘ E is the
evidence. In this paper, we assume a flat prior, fPBH  1;
the total PBH mass in the MW region cannot exceed
the DM mass. By computing the above equation with
varying the model parameter fPBH, we can obtain the
posterior distribution for an assumed mass scale of PBH.
Fig. 6 shows some examples for the posterior distribution
for a given PBH mass scale, obtained from the above
method.

Niikura et al., 1901.07120

A&A proofs: manuscript no. aanda

Fig. 1. Extinction-free colour-magnitude diagram for sources with par-
allax events from Wyrz16. The background is the extinction-corrected
CMD of stars in the sub-field of the PAR-02 event. Selected dark lenses
are marked in red. Black marks sources in events with GDR2 data se-
lected after the blending cut where the lens is consistent with being a
main-sequence star. Blue marks the remaining events. The green dotted
box indicates the Red Clump Region used in Wyrz16.

1.0 (negative blending), meaning there is no additional light
present.

2.2. Colour-magnitude diagram

In Wyrz16 the distance to the source was not known, hence for
dark lens candidates we only selected among the events with
sources located within the Red Clump region and assumed their
distance as 8 kpc. In this work we can relax this constraint
and include sources outside of the Red Clump region when
GDR2/CBJ18 data are available.

Figure 1 shows a colour-magnitude diagram (CMD) with all
59 parallax events from Wyrz16 with the 18 selected dark lenses
marked in red. Black points mark the remaining 6 events for
which there were GDR2 data and which passed the blending cri-
teria, however, their dark-lens probability was below 75%. Re-
maining events (too bright blend) are marked in blue. The I-band
magnitudes of the sources were de-blended using I0 and fS from
the microlensing parallax MCMC models and were corrected
for extinction, based on Nataf et al. (2013) extinction maps for
OGLE-III. The background shows the stars from the field con-
taining PAR-02 event, as a typical Bulge field, for reference only.
There are two events (PAR-12 and PAR-30) with sources located
outside of the Red Clump region for which the use of Gaia dis-
tances and proper motion indicated the dark nature of the lens.

3. Mass function

Two-dimensional mass-distance posterior probability density
functions obtained for each event were marginalised over the
distance to derive the one-dimensional probability densities for
the dark-lens masses. Figure 2 shows the mass probability den-
sity functions for all 18 events (their most ”dark” solution) as
computed using GDR2 parameters for the sources (upper panel).
The thin blue lines mark the median values for each mass. The
lower panel is the histogram of median masses of this sample
with (blue) and without (green) e�ciency correction, using the
same e�ciency correction as in Wyrz16; this panel is shown for

Table 4. Probabilities for having a dark lens in parallax events. Prob-
abilities are shown for all solutions in which the blend is fainter than
18.5 mag and events are sorted according to the highest probability of
any of the solutions. PAR-34 is the last candidate included above the 75
per cent threshold. Asterisks mark dark lens candidates.

Lens name u0 > 0 u0 > 0 u0 < 0 u0 < 0
OGLE3-ULENS- ⇡EN > 0 ⇡EN < 0 ⇡EN > 0 ⇡EN < 0
PAR-02⇤ - - - 99.9
PAR-13⇤ - 99.9 99.8 -
PAR-05⇤ 99.5 - - -
PAR-04⇤ 99.1 - - 99.2
PAR-07⇤ - 99.2 - -
PAR-30⇤ 99.1 - - 98.8
PAR-15⇤ - 98.3 95.4 -
PAR-12⇤ 95.7 - - -
PAR-03⇤ 94.5 - - -
PAR-09⇤ - 94.4 - -
PAR-33⇤ 93.2 - - -
PAR-38⇤ 92.8 - 91.8 -
PAR-27⇤ 90.8 - - 77.7
PAR-39⇤ - 88.8 - 88.5
PAR-48⇤ 88.3 - - 85.7
PAR-22⇤ 83.1 - - -
PAR-24⇤ 77.9 - - -
PAR-34⇤ 76.9 - 80.2 -
PAR-19 - 70.8 - 69.2
PAR-28 55.4 - - 69.6
PAR-44 - 55.1 48.8 -
PAR-42 - 45.8 - -
PAR-16 - - 41.2 -
PAR-47 - 30.4 - -
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Fig. 2. Upper panel: mass posterior probability densities for 18 dark
lenses in OGLE parallax events with Gaia DR2 parameters. Blue verti-
cal lines indicate their medians listed in Tab.5. Lower panel: histogram
of median masses in green before e�ciency correction and in blue after
correction for detection e�ciency.

illustration only, and the full mass posteriors are used for the
population modelling as described below.

We use hierarchical Bayesian inference to infer the mass
function of compact objects from the data set described above
(Hogg et al. 2010). We apply the methodology of Mandel (2010),
who specifically considered inference on a mass distribution
given a sample of uncertain measurements.

Let the predicted mass distribution be described by a model
with parameters ✓, i.e., the model defines p(M|✓). The probability

Article number, page 6 of 12

L. Wyrzykowski and I. Mandel, 

arXiv:1904.07789 

microlensing towards 
the galactic center

Raidal et al, 1812.01930



Black Hole effective spins
�e↵ = [m1S1 cos(✓LS1) +m2S2 cos(✓LS2)]/(m1 +m2)

BH properties
BH-BH merger origin

Conclusions
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– isolated binary evolution vs dynamics
– the most disputed case
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– if LIGO/Virgo effective spins continue at low values:
then even BHs with MBH < 30 M� are born with low spins
–> efficient angular momentum transport in stellar interiors
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Agnostic about the abundance of PBH
Binaries formed by capture in clusters:

Gravitational Waves 
BH merger rate distribution

3

their primordial origin. GW190425 could thus be due to
two PBHs from the QCD-proton peak, while GW190425
could involve one PBH from this peak and another one
from the QCD-pion bump. In order to test this hypoth-
esis, the merging rates inferred by the LIGO/Virgo col-
laboration for these two events is a good discriminator.
For GW190425, it is evaluated at M = 2.5 M� [3], while
for GW190814, it is of M = 2.7 M� [4]. These rates
should also be compared to the merging rate of heavier
black hole mergers, given that their suspected low spins
may also be explained by a primordial origin. SC: should
we also mention the low spins here, and the di�culty to
explain black holes in the mass gap and with low mass
ratios? [JGB: Yes please.] Thereafter, we show that
the rate distribution in viable PBH scenarios taking into
account the e↵ects of thermal history is compatible with
these gravitational-wave observations, but only in the bi-
nary formation channel involving PBH capture in dense
clusters. On the contrary, binaries that are formed in the
early Universe predict a merging rate distribution that is
incompatible with observations.

PBH merging rates: PBH binaries can form by tidal
capture in dense halos or in the early Universe, before the
matter-radiation equality, if they formed su�ciently close
to each other for their dynamics to decouple from the
expansion of the Universe. Each channel gives a specific
mass dependence in the merging rate.

For PBHs in halos, the merging rate distribution is
given by [21]

d⌧

d lnm1d lnm2

= Rclust. ⇥ f(m1)f(m2)

⇥ (m1 +m2)10/7

(m1m2)5/7
yr�1Gpc�3, (1)

where Rclust. is a scaling factor that depends on the PBH
clustering properties, including their velocity distribu-
tion, f(mPBH) ⌘ d⇢PBH/d lnmPBH is the PBH mass dis-
tribution represented on Figure 1, ⇢PBH is the cosmologi-
cal density of PBHs today, and m1, m2 are the two merg-
ing black hole masses. Halo mass functions compatible
with the standard ⇤CDM cosmological scenario typically
leads to Rclust. ⇡ 1� 10 [20]. For our mass distribution,
this is too low to explain the merging rate inferred from
GW190425, at which mass one has f(mPBH) ' 1. This
is also too low to explain the rate at larger mass, inferred
from other black hole mergers [38, 39]. However, a wide
mass distribution naturally leads to enhanced cluster-
ing [32] for several reasons n the one hand, because of the
existence of initially large curvature fluctuations on scales
lower than the ones probed by the cosmic microwave
background and large scale structures. On the other
hand, because intermediate and supermassive PBHs act
as an additional seed of structures [40]. Finally, in some
scenarios PBH may have directly formed in clusters [41].
The importance of these e↵ects is strongly model depen-
dent and still an open question. But due to the discrete
nature of PBHs, dense clusters are subject to dynamical

heating [42]. Typically PBH clusters of radius less than
a parsec are dynamically unstable and expand, up to the
scale of globular cluster and ultra-faint-dwarf-galaxies. It
is therefore realistic that a majority of PBHs end up in
such dense halos, whose density and Viral velocity gives a
value of Rclust ⇠ 103. Clustering is also required in order
to evade the microlensing limits on the PBH [30, 31, 33].
For this work, we have used Rclust = [JGB: Fill in
the number here] in such a way that the integrated
merging rate is of 25 yr�1Gpc�3 for a primary compo-
nent mass above 10 M� and mass ratios m2/m1

>⇠ 0.1,
compatible with LIGO/Virgo observations [38, 39]. The
resulting merger rate distribution is shown on Figure 2,
together with isocontours corresponding to the rate val-
ues (best fit and 90% c.l.) inferred from GW190425 and
GW190814 [3, 4]. These are perfectly consistent with the
90% c.c. for the two compact object masses. Addition-
ally, one can notice that GW190425 and GW190814 both
lie in the two regions with a higher expected detection
rate when one takes into account the detector sensitivity
and identified in [33]. Finally, Figure 2 also displays the
rate distribution for sub-solar PBHs. It is consistent with
the limits imposed by the search of such objects in the
second observing run of LIGO/Virgo [43]. It also moti-
vates an extension of this search to sub-solar PBHs with
a companion of mass larger than 2 M�, which have a
total rate of ⌧ ⇡ SC:give number here. A PBH scenario
taking into account thermal history with binaries formed
by tidal capture in halos, therefore could explain at the
same time the mass, spins and rate distribution of the
BH mergers detected so far, and in particular the two
unexpected events GW190425 and GW190814.
On the contrary, we find that PBH binaries formed

by tidal capture in the early Universe [22] cannot ex-
plain those merging rates. These can form when, as a
result of their Poissonian spatial distribution of PBHs at
formation, PBHs have formed su�ciently close to each
other. The gravitational influence of one or several PBHs
nearby prevent the two black holes to merge directly and
instead form a binary. Eventually, the binary is su�-
ciently stable and it takes of the order of the age of the
Universe for the two black holes to merge. If one assumes
that early forming PBH clusters do not impact the life-
time of those primoridal binaries (a criterion satisfied for
fPBH

<⇠ 0.1 [23]), the present merging rate is approxi-
mately given by [24, 44, 45]

d⌧

d lnm1d lnm2

⇡ 1.6⇥ 106Gpc�3yr�1f(m1)f(m2)fsup

⇥
✓
m1 +m2

M�

◆� 32
37


m1m2

(m1 +m2)2

�� 34
37

,(2)

If PBHs contribute predominantly to the DM, we e↵ec-
tively describe the above mentioned e↵ect by including
in the previous equation a suppression factor fsup whose
value could be between 0.01 and 1. We assumed for
simplicity that the suppression is identical for any PBH
mass, but specific N-body simulations will be needed to
check the validity of this hypothesis. We find that...
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their primordial origin. GW190425 could thus be due to
two PBHs from the QCD-proton peak, while GW190425
could involve one PBH from this peak and another one
from the QCD-pion bump. In order to test this hypoth-
esis, the merging rates inferred by the LIGO/Virgo col-
laboration for these two events is a good discriminator.
For GW190425, it is evaluated at M = 2.5 M� [3], while
for GW190814, it is of M = 2.7 M� [4]. These rates
should also be compared to the merging rate of heavier
black hole mergers, given that their suspected low spins
may also be explained by a primordial origin. SC: should
we also mention the low spins here, and the di�culty to
explain black holes in the mass gap and with low mass
ratios? [JGB: Yes please.] Thereafter, we show that
the rate distribution in viable PBH scenarios taking into
account the e↵ects of thermal history is compatible with
these gravitational-wave observations, but only in the bi-
nary formation channel involving PBH capture in dense
clusters. On the contrary, binaries that are formed in the
early Universe predict a merging rate distribution that is
incompatible with observations.

PBH merging rates: PBH binaries can form by tidal
capture in dense halos or in the early Universe, before the
matter-radiation equality, if they formed su�ciently close
to each other for their dynamics to decouple from the
expansion of the Universe. Each channel gives a specific
mass dependence in the merging rate.

For PBHs in halos, the merging rate distribution is
given by [21]

d⌧

d lnm1d lnm2

= Rclust. ⇥ f(m1)f(m2)

⇥ (m1 +m2)10/7

(m1m2)5/7
yr�1Gpc�3, (1)

where Rclust. is a scaling factor that depends on the PBH
clustering properties, including their velocity distribu-
tion, f(mPBH) ⌘ d⇢PBH/d lnmPBH is the PBH mass dis-
tribution represented on Figure 1, ⇢PBH is the cosmologi-
cal density of PBHs today, and m1, m2 are the two merg-
ing black hole masses. Halo mass functions compatible
with the standard ⇤CDM cosmological scenario typically
leads to Rclust. ⇡ 1� 10 [20]. For our mass distribution,
this is too low to explain the merging rate inferred from
GW190425, at which mass one has f(mPBH) ' 1. This
is also too low to explain the rate at larger mass, inferred
from other black hole mergers [38, 39]. However, a wide
mass distribution naturally leads to enhanced cluster-
ing [32] for several reasons n the one hand, because of the
existence of initially large curvature fluctuations on scales
lower than the ones probed by the cosmic microwave
background and large scale structures. On the other
hand, because intermediate and supermassive PBHs act
as an additional seed of structures [40]. Finally, in some
scenarios PBH may have directly formed in clusters [41].
The importance of these e↵ects is strongly model depen-
dent and still an open question. But due to the discrete
nature of PBHs, dense clusters are subject to dynamical

heating [42]. Typically PBH clusters of radius less than
a parsec are dynamically unstable and expand, up to the
scale of globular cluster and ultra-faint-dwarf-galaxies. It
is therefore realistic that a majority of PBHs end up in
such dense halos, whose density and Viral velocity gives a
value of Rclust ⇠ 103. Clustering is also required in order
to evade the microlensing limits on the PBH [30, 31, 33].
For this work, we have used Rclust = [JGB: Fill in
the number here] in such a way that the integrated
merging rate is of 25 yr�1Gpc�3 for a primary compo-
nent mass above 10 M� and mass ratios m2/m1

>⇠ 0.1,
compatible with LIGO/Virgo observations [38, 39]. The
resulting merger rate distribution is shown on Figure 2,
together with isocontours corresponding to the rate val-
ues (best fit and 90% c.l.) inferred from GW190425 and
GW190814 [3, 4]. These are perfectly consistent with the
90% c.c. for the two compact object masses. Addition-
ally, one can notice that GW190425 and GW190814 both
lie in the two regions with a higher expected detection
rate when one takes into account the detector sensitivity
and identified in [33]. Finally, Figure 2 also displays the
rate distribution for sub-solar PBHs. It is consistent with
the limits imposed by the search of such objects in the
second observing run of LIGO/Virgo [43]. It also moti-
vates an extension of this search to sub-solar PBHs with
a companion of mass larger than 2 M�, which have a
total rate of ⌧ ⇡ SC:give number here. A PBH scenario
taking into account thermal history with binaries formed
by tidal capture in halos, therefore could explain at the
same time the mass, spins and rate distribution of the
BH mergers detected so far, and in particular the two
unexpected events GW190425 and GW190814.
On the contrary, we find that PBH binaries formed

by tidal capture in the early Universe [22] cannot ex-
plain those merging rates. These can form when, as a
result of their Poissonian spatial distribution of PBHs at
formation, PBHs have formed su�ciently close to each
other. The gravitational influence of one or several PBHs
nearby prevent the two black holes to merge directly and
instead form a binary. Eventually, the binary is su�-
ciently stable and it takes of the order of the age of the
Universe for the two black holes to merge. If one assumes
that early forming PBH clusters do not impact the life-
time of those primoridal binaries (a criterion satisfied for
fPBH

<⇠ 0.1 [23]), the present merging rate is approxi-
mately given by [24, 44, 45]

d⌧
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⇡ 1.6⇥ 106Gpc�3yr�1f(m1)f(m2)fsup

⇥
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If PBHs contribute predominantly to the DM, we e↵ec-
tively describe the above mentioned e↵ect by including
in the previous equation a suppression factor fsup whose
value could be between 0.01 and 1. We assumed for
simplicity that the suppression is identical for any PBH
mass, but specific N-body simulations will be needed to
check the validity of this hypothesis. We find that...
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dresses so many other cosmic conundra. On the other
hand, if firm evidence for PBHs were found, a broad va-
riety of astronomical observations [69] could search for
extra features in their mass function. This would probe
the existence of any new particles thermally coupled to
the primordial plasma, independently of their coupling to
SM particles, for masses from 1MeV to 1010 GeV (above
which PBHs should have evaporated), far beyond the en-
ergies accessible by any future particle accelerator.

The exponential sensitivity of the PBH abundance to
the equation of state also means that PBHs can be used
to probe the characteristics of the cosmic phase transi-
tions at which they form. This is particularly relevant to
the detection of gravitational waves from PBHs. For ex-
ample, we have seen that the LIGO/Virgo results may
probe the QCD transition and the presence of lepton
flavour asymmetries associated with a pion condensation
phase. It is also possible that NANOGrav may have de-
tected a stochastic gravitational wave background and
several groups have argued that this could be a 2nd-order
background associated with PBH formation [70–73]. If
this interpretation of the data were confirmed, this would
qualify as another important observational conundrum
but we not discuss it further here.
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Appendices

A1. Sensitivity to Primordial Non-Gaussianity and
Model Dependence — Non-Gaussian (NG) effects will
change the probability of PBH formation and thus their
dark matter contribution [35, 74]. There are many
NG effects that modify the probability of collapse, from
changes in the tail of the primordial density contrast
distribution function to non-linear effects in the gravi-
tational collapse at PBH formation. We emphasise that
our model for the generation of curvature fluctuations on
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Figure 3. Expected probability distribution of PBH merger
detections with masses m1 and m2 (in units of solar mass) by
LIGO/Virgo, assuming a PBH mass function with ñs = 0.96,
based on the LIGO spectral noise density for the O2 run and
the method described in Appendix A3. The solid and dashed
white lines correspond to mass ratios q = m2/m1 of 0.1 and
0.5, respectively. The coloured sidebar gives the relative prob-
ability. The peak of our distribution at (1) would be taken
to be neutron-star mergers without electromagnetic counter-
parts. Stellar black-hole mergers are not expected within the
red bounded regions, which are: (2) events above 60M!;
(3) mergers with a subsolar light component (m2) and a heavy
component (m1) at the peak of our distribution; (4) mergers
with m1 in the mass gap; (5) a sub-dominant population of
mergers with low mass ratios. The three recent LIGO/Virgo
detections, which postdate the rest of the figure, are shown
in green and lie in regions 2, 4 and 5.

QCD scales is different from the multiple-field (curvaton)
model presented in Refs. [12, 13]. Here we envision an
inflation model with two slow-roll phases. For example,
Critical Higgs Inflation [33, 75] may induce fluctuations
of order 10−5 on the CMB scale and 0.1 on the PBH
scale. Both can be generated by dynamics consistent
with present values of SM parameters and this gives sim-
ilar spectral tilts (ñs ∼ 0.96) on two very different scales.
The assumption of near-scale-invariance can be relaxed
to describe more complex formation mechanisms, but the
thermal history will still imprint the PBH mass function
in a similar way. These features are therefore universal
and would apply for any PBH model.

Note that the O(1) fluctuations needed for PBH col-
lapse are generic in inflation [76]. What is unusual is
the small amplitude observed in the CMB, which re-
quires some adjustment of parameters, although realised
very naturally in Higgs inflation [33]. Moreover, the NG
change in the tail of the PDF of curvature fluctuations
due to deviations from slow-roll at the quasi-inflection
point in critical Higgs inflation will give rise to an ex-
ponential amplification of the probability of collapse to
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dresses so many other cosmic conundra. On the other
hand, if firm evidence for PBHs were found, a broad va-
riety of astronomical observations [69] could search for
extra features in their mass function. This would probe
the existence of any new particles thermally coupled to
the primordial plasma, independently of their coupling to
SM particles, for masses from 1MeV to 1010 GeV (above
which PBHs should have evaporated), far beyond the en-
ergies accessible by any future particle accelerator.

The exponential sensitivity of the PBH abundance to
the equation of state also means that PBHs can be used
to probe the characteristics of the cosmic phase transi-
tions at which they form. This is particularly relevant to
the detection of gravitational waves from PBHs. For ex-
ample, we have seen that the LIGO/Virgo results may
probe the QCD transition and the presence of lepton
flavour asymmetries associated with a pion condensation
phase. It is also possible that NANOGrav may have de-
tected a stochastic gravitational wave background and
several groups have argued that this could be a 2nd-order
background associated with PBH formation [70–73]. If
this interpretation of the data were confirmed, this would
qualify as another important observational conundrum
but we not discuss it further here.
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Model Dependence — Non-Gaussian (NG) effects will
change the probability of PBH formation and thus their
dark matter contribution [35, 74]. There are many
NG effects that modify the probability of collapse, from
changes in the tail of the primordial density contrast
distribution function to non-linear effects in the gravi-
tational collapse at PBH formation. We emphasise that
our model for the generation of curvature fluctuations on
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Figure 3. Expected probability distribution of PBH merger
detections with masses m1 and m2 (in units of solar mass) by
LIGO/Virgo, assuming a PBH mass function with ñs = 0.96,
based on the LIGO spectral noise density for the O2 run and
the method described in Appendix A3. The solid and dashed
white lines correspond to mass ratios q = m2/m1 of 0.1 and
0.5, respectively. The coloured sidebar gives the relative prob-
ability. The peak of our distribution at (1) would be taken
to be neutron-star mergers without electromagnetic counter-
parts. Stellar black-hole mergers are not expected within the
red bounded regions, which are: (2) events above 60M!;
(3) mergers with a subsolar light component (m2) and a heavy
component (m1) at the peak of our distribution; (4) mergers
with m1 in the mass gap; (5) a sub-dominant population of
mergers with low mass ratios. The three recent LIGO/Virgo
detections, which postdate the rest of the figure, are shown
in green and lie in regions 2, 4 and 5.

QCD scales is different from the multiple-field (curvaton)
model presented in Refs. [12, 13]. Here we envision an
inflation model with two slow-roll phases. For example,
Critical Higgs Inflation [33, 75] may induce fluctuations
of order 10−5 on the CMB scale and 0.1 on the PBH
scale. Both can be generated by dynamics consistent
with present values of SM parameters and this gives sim-
ilar spectral tilts (ñs ∼ 0.96) on two very different scales.
The assumption of near-scale-invariance can be relaxed
to describe more complex formation mechanisms, but the
thermal history will still imprint the PBH mass function
in a similar way. These features are therefore universal
and would apply for any PBH model.

Note that the O(1) fluctuations needed for PBH col-
lapse are generic in inflation [76]. What is unusual is
the small amplitude observed in the CMB, which re-
quires some adjustment of parameters, although realised
very naturally in Higgs inflation [33]. Moreover, the NG
change in the tail of the PDF of curvature fluctuations
due to deviations from slow-roll at the quasi-inflection
point in critical Higgs inflation will give rise to an ex-
ponential amplification of the probability of collapse to
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Stochastic background from PBH binaries
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Figure 1: (Preliminary) SGWB induced by PBH binaries formed by tidal capture in clusters for                
wide mass distributions from [1] imprinted by the effects of the varying equation of state at the                 
QCD transition. The three curves (red, dark blue, green) correspond to different spectral indices              
n ​s​. The results obtained for a log-normal mass distribution are shown for comparison (pink). The               
expected sensitivity for SKA pulsar timing arrays, for LISA and for LIGO (O1, O2, O5) are also                 
shown. The location of the possible detection by NANOGrav [7] is indicated in light blue.  

 
 

Figure 2: (Preliminary) Distribution of the Monte-Carlo realisation of our PBH binary population             
synthesis as a function of the two black hole masses m ​1 and m ​2 (in solar mass). The color scale                   
and z-axis represent the corresponding characteristic strain produced by such binaries.  
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Figure 1: (Preliminary) SGWB induced by PBH binaries formed by tidal capture in clusters for wide mass distributions imprinted 
by the effects of the varying equation of state at the QCD transition. The three curves (red, dark blue, green) correspond to different 
spectral indices ns . The results obtained for a log-normal mass distribution are shown for comparison (pink). The expected 
sensitivity for SKA pulsar timing arrays, for LISA and for LIGO (O1, O2, O5) are also shown. The location of the possible detection 
by NANOGrav is indicated in light blue. 
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Gravitational Waves 
from density perturbations leading to PBHs 

De Luca et al, arXiv:2009.08268

GWs sourced at second order by density perturbations  
in the linear perturbation theory  

=> SGWB compatible with NANOGrav 12.5 hint



Gravitational Waves 
from planetary-mass PBHs

With LIGO/Virgo or Einstein Telescope using continuous-wave methods 
A. Miller, S.C., F. De Lillo et al., arXiv:2012.12983 

Planetary-mass PBHs emit GWs at LIGO/Virgo frequencies  during thousands-millions years



Gravitational Waves 
from planetary-mass PBHs

With high-frequency electromagnetic GW detectors 
N. Herman, A. Füzfa, S. Clesse, L. Lehoucq, arXiv:2012.12189 

Based on inverse Gertzenstein effect: 
GW interaction with a static magnetic field

Projected limits on PBHs  
for a power sensitivity of 10-10 W



Brainstorming 
On CMB scales…

width =(primordial PS)1/2 ~10-5

Gaussian distribution 
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density fluctuations

density fluctuation
On PBH scales…

width =(primordial PS)1/2 ~O(0.1)Gaussian distribution 
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density fluctuations
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width =(primordial PS)1/2 ~10-5

On all scales !!!

Crazy idea?



Brainstorming 
Non-Gaussian PDF 

of primordial 
density fluctuations
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width =(primordial PS)1/2 ~10-5
Stochastic process

(quantum fluctuations ?)

PBHs = Dark Matter due to anthropic selection 

Crazy idea?

On all scales !!!

Carr, Clesse, Garcia-Bellido,  arXiv:1904.02129

Solution:
Light stochastic spectator field during inflation



Conclusion
• Sound speed reduction at QCD transition: mPBH ~ stellar-mass  

• QCD epoch and electroweak baryogengesis:                                   
naturally:  nb / nγ ~ ßPBH ~ 10-9 and ΩPBH ~ Ωb  

• Rare O(1) density fluctuations may co-habit with O(10-5) fluctuations 

• Mass function in (almost) agreement with astrophysical/cosmological limits 
because PBHs formed clusters 

• Hints in several observations and testable GW signatures 

• Explanation of GW190525, GW190814 and GW190521 with a single model 

• SGWB from density fluctuations:  possible hint from NANOGrav  

• Ultimate discriminator:   detecting a subsolar black hole ! 

• Most exciting prediction:  small PBHs in the solar system

… so they deserve to be investigated further!

Therefore, PBHs are a natural, well-motivated and testable  
dark matter & baryogenesis candidate.  Possibly they do exist…


