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• PBH = multiepoch-multiscale-multiprobe
• Early universe formation scenarios
• Signatures of PBH as DM
• Gravitational waves (mergers & background)
• Small scale structure (e.g. dwarf spheroidals) 
• Early Galaxy formation (origin SMBH)
• Gamma-ray + X-ray + CIR background
• Long duration microlensing events
• Summary
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PBH-genesis mechanisms
• Fluctuations in the Early Universe
Zeldovich-Novikov (1966), Carr-Hawking (1974), Chapline (1975)

• Phase transitions: e.g. Quark-Hadron 1 M¤

Khlopov et al. (1985), Dolgov-Silk (1993), Jedamzik (1997), Byrnes et al. (2018)

• Topological defects.  MPBH ~ 10-10 M¤

Deng-Garriga-Vilenkin (2017)

• BE Condensate fragmentation.  10-10 M¤

Cotner-Kusenko (2017)

• Higgs vacuum instability.  10-10 M¤

Espinosa-Racco-Riotto (2017)



PBH from inflation
• Large peaks in curvature power spectrum
- Hybrid inflation.  1 M¤ +   10-2 – 102 M¤

JGB-Linde-Wands (1996), Dimopoulos (2005), JGB-Clesse (2015)

- Axion-gauge inflation.   10-10 M¤ +   1 M¤

Kawasaki-Kitajima (1996), Bugaev-Klimai (2014), JGB-Peloso-Unal (2016-17) 

- Single field (Higgs) inflation.   10-2 – 102 M¤

JGB-Ruiz Morales (2017), Ezquiaga et al. (2018)

- Axion-monodromy inflation.  10-10 M¤

Cheng-Lee-Ng (2018) 

- String-based Inflation.  10-14 - 10-10 M¤

Cicoli-Diaz-Pedro (2018), Dalianis-Kehagias-Tringas (2018)
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Quantum fluctuations during inflation 
may have enough amplitude to 
generate large curvature perturbations.

Quantum diffusion makes a narrow 
peak become a broad peak in k.

Single fieldHybrid model
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Gravitational Collapse of PBH



Clustering properties of PBH



Inflationary predictions
• Lognormal wide-mass distribution

• Clusters of PBH:  Ncl ~100-1000 , comoving size ~1mpc

uniform single-mass
is already ruled out

clustered wide-mass
is still viable

JGB & Clesse  (2017)



Future experimental tests of PBH

EM GW
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• GW emission by inspiralling BH in clusters
• Seeds for galaxy formation (SMBH in QSO)
• Origin of small scale structure (dwarf gals.)
• Chandra Deep Field (z ~ 10)
• Smooth reionization (z ~ 6-15). 
• Correlations of X-ray and CIRB fluct.
• IMBH in dSph + Molecular clouds
• Long duration microlensing events

Signatures of PBH as DM



BBH mergers detected by LIGO



If LIGO detects a single BH with
M < 1Msun it will necessarily be 
of primordial origin, not stellar. 

LIGO events
Given the present rate 
R ~ 20-200 events/yr/Gpc3

soon will have MANY events.

Will test lognormal distribution.
Observed rate of events is OK 
with clustered wide-mass distr.

Chirp mass





Distribution of LIGO BHB



Distribution of LIGO BHB



Mass distribution of LIGO BHB
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Spin distribution of LIGO BHB
Abbott et al. (2017)
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AdvLIGO BBH event rate
Clesse & JGB  (2017)



Missing satellite
&

Too-big-to-fail
Problems ΛCDM



Spatial distribution of DM
Thomson model



Spatial distribution of DM
Rutherford model



Gravitational slingshot effect

Close encounters of a star with MPBH 

@ 100 km/s relative motion is enough to 

expel the star from the stellar cluster.

It may explain large M/L ratios of dSph

by ejection of stars in the cluster, v>vesc. 

�

�



GAIA HyperVelocityStars in DR2
Marchetti et al. (2018)



Missing Satellites



Missing Satellites



DES Dwarf Spheroidals



Missing Satellite problem is over
Newton et al. (2017)



Early 
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Massive PBH = seeds of structure
• Massive primordial black holes with

10-2 M¤< MPBH <102 M¤ , which cluster and 
merge and could resolve some of the most 
acute problems of ΛCDM paradigm.

• ΛCDM N-body simulations never reach the 
100 M¤ particle resolution, so for them PBH 
is as good as PDM.

• PBH DM paradigm naturally incorporates
all properties of collisionless CDM scenario
on large scales but differs on small scales. 



Mass distribution of BH



Kruijssen et al. (2013)



Carr & Silk  (2018) Silk (2018)



Understanding the MW satellites
Clesse & JGB  (2017)

Globular clusters



Long duration
microlensing
events EROS,

MACHO, OGLE



Microlensing
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Signatures of clustering of PBH

Caustics!
Alcock et al. (2005)

Wryzykowski et al. (2011)



PBH @ CERN 2018
Wyrzikowsky (2018)

⊙

OGLE3-UL-PAR-02 - candidate ~9MSun BH

M = 9-10 M⊙

OGLE photometry
from 2001-2008
and microlensing model



PBH @ CERN 2018
Wyrzikowsky (2018)

⊙

OGLE3-UL-PAR-02 - candidate ~9MSun BH

M = 9-10 M⊙

OGLE photometry
from 2001-2008
and microlensing model

Rybicki, Wyrzykowski+ 2018



PBH @ CERN 2018

Wyrzikowsky (2018)



Microlensing constraints
Calcino, JGB, et al. (2018)



Microlensing constraints on clustered
PBH with wide-mass distributions
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Summary
Constraints

on PBH



PBH constraints
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“monochromatic”



PBH constraints
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“wide-mass”



PBH constraints
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Standing issues
• Evolution of clusters PBH with a wide-mass distribution

• Evolution of spin of BH inside massive PBH clusters

§ Initially spin-less PBH from isotropic collapse

§ Mergers and gas accretion induce spin on evolved PBH
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Primordial Black Holes

Indirect Detection

D
irect detection

DM

DM

SM

SM
DM production 

Rethinking Dark Matter interactions: 

Clesse (2018)



Indirect Detection

Primordial Black Holes

D
irect detection

PBH

PBH

photon, H, star, PBH, 
GW, overdensity

photon, H, star, PBH,  
GW, overdensity

DM production 

Exciting times, very active, multi-disciplinary field, some clues in observations, 
upcoming experiments will challenge the scenario...

Clesse (2018)



Conclusions
• Massive Primordial Black Holes are the perfect 
candidates for collisionless CDM, in excellent 
agreement with CMB and LSS observations.
• PBHs could also resolve some of the most acute 
problems of ΛCDM paradigm, like early structure 
formation and (small scale) substructure problems.
• PBHs could arise from quantum fluctuations of 
curvature during inflation that collapse in rad. era.
• There are many ways to test this idea in the near 
future from microlensing, CMB, LSS and GW. 
• Need a multiepoch, multiscale and multiprobe 
approach to the scenario of PBH as DM.



Inflation :  10-35 second
Quantum fluctuations are 
stretched by the exponential 
expansion.  
In some models, large density 
fluctuations are generated

Formation of primordial black holes (PBH) :   
    less than one second after the end of inflation...
The large inhomogeneities produced during inflation collapse 
gravitationally and form massive primordial black holes, which 
could be already regrouped in dense halos.

Cosmic Microwave Background:  380 000 years
Massive primordial black holes induce distortions of 
the CMB,.  These could be probed with PIXIE.

The seeds of supermassive black holes (SMBH): 
    during the first billion years...
A subdominant fraction of very massive PBH 
could be the seeds of SMBH,  then growing by 
successive merging and matter accretion.

21cm signal   about 500 million years...
X-rays emitted by accreting matter onto PBHs ionize the 
environment, leading to detectable signatures in the 21cm signal.  

Local Universe: 
PBH are regrouped in ultra-faint dwarf 
galaxies, orbiting around massive galaxies 
such as the Milky-Way and Andromeda.   
Their existence could solve the missing 
satellite and too-big-to-fail problems.  
Some of them have been detected by the 
DES experiment.   

In the Milky-Way:
The presence of PBH should induce tiny 
variations in the position and velocity of 
stars that are being monitored by GAIA.

Over the cosmic evolution... 

Binaries can form when PBH trajectories 
cross.   After a spiraling phase, the two 
PBH merge and emit gravitational waves, 
such as the ones detected by LIGO.    
PBH binaries also produce a background 
of gravitational waves, that will be probed 
by eLISA.

Halos of PBH induce anomalies in the 
Cosmic Infrared Background (CIB) and X-
ray background, that have been observed 
by Spitzer.

Our model of Primordial Black Holes in a sketch...
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SM Higgs Inflaton

PBHDark Matter



John Ellis (2012)

Landau Pole
(mt = 175 GeV)

(mH = 125.5 GeV)

Buttazzo et al (2014)Ezquiaga, JGB, Ruiz Morales (2017)



Ezquiaga, JGB, Ruiz Morales (2017)



Primordial Spectrum PBH in SFI
JGB, Ruiz Morales (2017)



Clustering of PBH at formation

Mass fraction Hubble domains / collapse to form PBH

A large fraction PBH will evaporate from the cluster via 
multiple 3-body interactions   (Sigurdsson-Hernquist 1993)

Chisholm (2006)



Clustering of PBH at formation



Clustering of PBH today

The typical size of a cluster of PBH today is 
of the order of a miliparsec to a parsec.



Eridanus II dwarf spheroidal
Li et al. (DES) (2016)



Second order background GW
JGB, Peloso, Unal (2017)

Pζ(χ2) =(2/ζc
2)P2

ζ (G)
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Supernovae lensing

SN-Ia

Observer

Einstein radius

Magnification

LSS – “smooth” 
component

PBH – “compact” lenses

point source?

Dyer-Roeder (1973)



JGB, Clesse & Fleury (2017)

Zumalacarregui, Seljak (2017)

10,000 km/s * 20 days * 86,400 s/day = 120 AU 

SN lensing



JGB, Clesse & Fleury (2017)
SN lensing

“monochromatic”
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Primordial Black Holes as Dark Matter



PBH GW background

Sensitivity of future GW antenas
Clesse & JGB  (2017)



Stochastic Background from PBH
Clesse & JGB  (2017)



Fluctuations
CIB & X-ray
Background



Kashlinsky  (2016)



Kashlinsky  (2016)



Gamma-ray
Background



Fermi-LAT  Point  Sources 
= PBH ?



Chandra: 10,000 BH at GC
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encounters



GW bursts
JGB & Nesseris  (2017)



JGB, Nesseris  (2017)
GW bursts
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JGB, Nesseris  (2017)


