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Outline

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

* Topological defects. Mpgy ~ 1010 Mg
Deng-Garriga-Vilenkin (2017)

* BE Condensate fragmentation. 1019 Mg
Cotner-Kusenko (2017)

* Higgs vacuum instability. 1010 Mg

Espinosa-Racco-Riotto (2017)



PBH from inflation

» Large peaks in curvature power spectrum
- Hybrid inflation. 1 Mg + 102- 102 Mg
JGB-Linde-Wands (1996), Dimopoulos (2005), JGB-Clesse (2015)
- Axion-gauge inflation. 10-'°Mg, + 1 Mg
Kawasaki-Kitajima (1996), Bugaev-Klimai (2014), JGB-Peloso-Unal (2016-17)
- Single field (Higgs) inflation. 10-2— 102 Mg
JGB-Ruiz Morales (2017), Ezquiaga et al. (2018)

- Axion-monodromy inflation. 10-10 Mg
Cheng-Lee-Ng (2018)

- String-based Inflation. 10-14 - 10-10 Mg

Cicoli-Diaz-Pedro (2018), Dalianis-Kehagias-Tringas (2018)
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Gravitational Collapse of PBH
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Clustering properties of PBH
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Inflationary predictions

* Lognormal wide-mass distribution  JGB & Clesse (2017)

* Clusters of PBH: N, ~100-1000 , comoving size ~1mpc

uniform single-mass
IS already ruled out

clustered wide-mass
IS still viable



Future experimental tests of PBH

Seeds of galaxies and QSO at high redshift
Spectral distortions of the CMB
Microlensing by uniform + clustered PBH populations

Massive PBH slingshot stars out of Dwarf Spheroidals

GAIA anomalies in tidal streams
SN lensing magnification bias EM GW

Spin distribution of PBH in clusters and in background I
Second-order source of GW at PBH formation — LISA
Stochastic BGW from PBH mergers since recombination
Individual mergers in compact PBH clusters — LIGO

GW bursts from hyperbolic close encounters of PBH
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Signatures of PBH as DM

* 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
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VS(f) and 2|h(H|VF (strain/v'Hz)

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

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

Chirp mass

_ (m1m2)3/5
N (mq+my)1/s

M,




512

128

(3
3%

512

128

W
5

512

128

w
N

512

128

[
o

512

Frequency [Hz]
—
9
o0

3
DN

)
o

&
o

0.0

| GW150914 '

GW 15 1226

W%MMI#W- 4

GW 1 70809

/V\A/\MMW(»

T T
GW170818

e

-0.2 -0.1 0.0
Time from merger [s]

! i
‘.\

-0.2 -0.1 0.0
Time from merger [s]

Normalized Energy

10

GW151012"

-

—-2.0
-0.0
<-2.0

2.0
0.0
-2.0

—2.0

0.0
-2.0

2.0
0.0
-2.0

2.0
0.0
-2.0

I T
GW170823

2.0
0.0
-2.0

2.0
0.0
-2.0

2.0
0.0
-2.0

2.0
0.0
-2.0°

noise

2.0
0.0
-2.0°

noise

1
15 20



Number of Events above Threshold

108

102}

10°]

101

10

Distribution of LIGO BHB

Noise Model

Signal Model

Noise + Signal Model
Observed Counts

GW170729 leoe

GW151012

| GW170823

GW 170809

GW170104
GW151226
GW170608

5 O Y BV R R PR
o Ranking Statistic Threshold

Number of Events Above Threshold

108

102

10HE

101

109

——  Noise Model
: : ——  Signal Model
- GW170729 _ - ional
CW151012 Noise + Slgf]a] MO(.]el
bl GW170818 | === Observed Time-ghifted Counts |
E Gwé}1\1911$[;1823 +¢¢ Observed Counts
GW170809
GW151226¢
‘ GW170814
; ’ GW150914
| GW170817
20 10 a0 S0 10 120 Mo

160

Il Ranking Statistic Threshold



Distribution of LIGO BHB

Event — m; /Mo my/Mo  M/Mg Yer  Mi/Mo  ar Eng/Moc?) Clpeac/(ergs™) dp/Mpe 2 AQ/deg®
GWI150914 35.673% 30.6739  28.671¢ —0.01"012 63.1733 0.6970% 31704 3.6704x10%  430*130  0.097093 179
GWI151012 23.3*140 13,671 152720 0.04*028 357797 0.67°013 15707 32008 x10% 1060735 0.2170% 1555
GW151226 13.7%% 7.7+22 89703 0.18702) 20.5%%% 074007 1.070)  3.4707%x10% 44018 0.0970% 1033
GW170104 31.0°7% 20.1*32 21577  —0.04'0)) 49.1733 0.66700 22707 335 x10° 960750 0.197000 924
GW170608 109773 7.6%)y7 79703  0.03'0p 17.8%33 0.69700 0.9  35%0Ix10° 320770 0.07'00 396
GW170729 50.6%15 34.3%), 35.7%%3  036'03% 80.3%155 08179 4877  42*07x10° 2750713 04807 1033
GW170809 352783 23832 2507  0.07°01¢ 564737 0707000 27708 35705 x 10 99073  0.20700 340
GW170814 30.7*3) 253%30  242%)1  0.077017 53.4%2 0723000 27704 3.774x 10 5801090 0.12700° 87
GWI170817 1.46*)10 1.27°000 1.186*0001 0.00°007 <28 <089  >0.04  >0.1x10° 400 001790 16
GWI170818 355%)3 26.8*13 26777  —0.09'0)% 59.873% 0.67°000 27707 3.4%5x10° 1020%3% 0.207007 39
GW170823 39.6*1%° 29.4*%3  293%17  0.0803 65.670¢ 071700 33707 3.6%05x 10 1850*5 0.34701% 1651

TABLE III. Selected source parameters of the eleven confident detections. We report median values with 90% credible intervals that include
statistical errors, and systematic errors from averaging the results of two waveform models for BBHs. For GW 170817 credible intervals
and statistical errors are shown for IMRPhenomPv2NRT with low spin prior, while the sky area was computed from TaylorF2 samples. The

redshift for NGC 4993 from |

] and its associated uncertainties were used to calculate source frame masses for GW170817. For BBH events

the redshift was calculated from the luminosity distance and assumed cosmology as discussed in Appendix B. The columns show source frame
component masses 71; and chirp mass M, dimensionless effective aligned spin y.q, final source frame mass My, final spin a, radiated energy
Eraq, peak luminosity /eak, luminosity distance d;, redshift z and sky localization AQ. The sky localization is the area of the 90% credible
region. For GW 170817 we give conservative bounds on parameters of the final remnant discussed in Sec. V E.



Mass distribution of LIGO BHB
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Probability density

Probability density

Spin dlstrlbutlon of LIGO BHB

Abbott et al. (2017)
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AdvLIGO BBH event rate

Merging Event Likelihood, y=2.5 M, 0 = 0.5

//T T~ Clesse & JGB (2017)
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Missing satellite
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Spatial distribution of DM
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Spatial distribution of DM
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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.

2U + (1 — —)v1
(1 - M)

It may explain large M/L ratios of dSph
by ejection of stars in the cluster, v>v ..



GAIA HyperVelocityStars in DR2
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Stellar Density

DES Dwarf Spheroidals
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Missing Satellite problem is over

A quantitative comparison of # satellites at r < 400 kpc.
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Massive PBH = seeds of structure

* Massive primordial black holes with
10?2 Mg< Mpgy <102 Mg , which cluster and
merge and could resolve some of the most
acute problems of ACDM paradigm.

 ACDM N-body simulations never reach the
100 Mg 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.
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Understanding the MW satellites
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Long duration
microlensing
events EROS,
MACHO, OGLE




Microlensing

Gravitational lenses (e.g., brown dwarfs)
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Slgnatures of clustering of PBH
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- PBH @ CERN 2018

OGLE3 UL PAR: 02 - candidate ~9MSun BH - Wyr ZlkOWSky (201 8)-
photBLG205.3.1.159237
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- PBH @ CERN 2018

OGLE3 UL PAR: 02 - candidate ~OMSun BH - Wyr ZlkOWSky (201 8)
photBLG205.3.1.159237

H)D-2450000

m
©
c
(@]
(&)
(]
)]
(&)
—_
©
E
&
e
w0
L

-4 -2 0
N shift [miliarcseconds]

3400 3600 3800 4000 4200 4400 4600 4800

HJD-2450000 [dys] ’ pred iCtéd

- OGLE photometry R A Gaia astrometry
from 2001-2008 = for similar event
“and microlensing model_ (real data in 2022)

Mass, Distance ryvicki, wyrzykowski+ 2018



MASS FUNCTION

¢ using Gaia DR2 distances and proper motions of SOURCE stars

e only dark lenses selected Wyrzik owsky (201 8)
* new examples of mass-gap dark objects!

preliminary results!

Wyrzyk0WSki+2O 1 6 tukasz Wyrzykowski




Microlensing constraints

For the semi-isothermal dark halo model

(1 —x)2 ~OM.) gy

dr 512Lur G*Mpy(R2 + R?) /x,,
A+ Bx + x2

di Ay2 et

= HP Best Fit

HP Dark Halo
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HP Disk

Huang 2016 Data

f is the time it takes for the lens to cross the Einstein ring g
~ 4rE (x)uz. ézoo
0(x) = ———; 8
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Microlensing constraints on clustered
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Summary

Constraints
on PBH




PBH constraints
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PBH constraints
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Standing issues

* Evolution of clusters PBH with a wide-mass distribution

Why is Qpgy = Qpy = 0.25 today? Why is Qpgy =5 Qg ?

Growth of individual BH masses in radiation & matter eras
Slingshot effect on PBH — evaporation of clusters of PBH
Few captures and mergers in the age of the universe

Gas accretion in dense baryonic environments => SMBH

PBH clusters disappear to form early galaxies

« 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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Dark Matter




Primordial Black Holes

Rethinking Dark Matter interactions:

I \./ Clesse (2018)

SM

DM production




Primordial Black Holes

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

Clesse (2018)

photon, H, star, PBH,
GW, overdensity

N

photon, H, star, PBH,
GW, overdensity

BH

DM production




Conclusions

» Massive Primordial Black Holes are the perfect
candidates for collisionless CDM, in excellent
agreement with CMB and LSS observations.

* PBHSs could also resolve some of the most acute
problems of ACDM paradigm, like early structure
formation and (small scale) substructure problems.

 PBHSs 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.



Massive primordial black holes induce distortions of

2lcm signal about 500 million years...
Cosmic Microwave Background: 380 000 years X-rays emitted by accreting matter onto PBHs ionize the

environment, leading to detectable signatures in the 21cm signal.

the CMB,. These could be probed with PIXIE.

Afterglow Light I
Pattern| Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc. »
Inflat

Inflation : /03 second
Quantum fluctuations are
stretched by the exponential
expansion. Qua
In some models, large density | Fluctuati
fluctuations are generated

Dark Energy
Accelerated Expansion

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.

Stars AN

1st
about 400 million yrs. r
| Big Bang Expansion |
| |
13.7 billion years

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.

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.

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.
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Summary

1. PBH can be all of the Dark Matter

- Solves ACDM problems with small scale structures.
- Clustered wide-mass PBH scenario not yet ruled out

2. Natural PBH formation mechanism during inflation
- Broad peaks in the curvature power spectrum
3. Already exist observational hints of PBH as DM

- Gravitational waves from LIGO
- Microlensing OGLE + QSO

4. Can be tested with future experiments (PIXIE, GAIA)

5. Present constraints are weakened for spatially
clustered wide-mass distributed PBH
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Primordial Spectrum PBH in SFI

JGB, Ruiz Morales (2017)

. - o o <
PBH
0.01 | - R
' Slow—roll approx. |
— e SN EEN EEN NNy [ ~
10~ P - " s L
. . ,
Miniclugters
107° /J E
I Ay
o8} Planck = [ i
1071 E
10—12 LL el nrir! N d ol

1074 102 108 1014

k [h/Mpc]



Clustering of PBH at formation

Mass fraction Hubble domains / collapse to form PBH
v2/2

B(v) = erfc(l//\/§) ~ \/ze_y

v=20./og =06./\/Plkyg)>1 v~ 6

The number of PBH in each cluster
1 2
N¢ = 70 B(v)e3 /% ~ 2000

A large fraction PBH will evaporate from the cluster via
multiple 3-body interactions



Clustering of PBH at formation

The typical distance between PBH @formation

dir(z) 6 x 1011 %/?
B(zy)t/? 1+ 2y

and the horizon distance at formation

1+ 2 2 6 x 1011 2
d = d(ze ) ~ 240k
(%) H(Zq)<1+2f> m<1+2’f>

Azr) = ~ 1.2 x 10° km (

6 x 1011
~ 3 x 1077
6(Zf) ( 1 —I—Zf )
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Clustering of PBH today

The typical distance between PBH clusters
in the outer halos of galaxies

drri = 50 Mo \'"*
PBH = 9P \ 100 M,

The local density contrast @ formation

5§~ e’ /2 x B(zf)"' ~ 6 x 107

today S10c~1011

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



Eridanus |l dwarf spheroidal

(DES) (2016)
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Second order background GW
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lensing
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Supernovae lensing
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Stochastic
Background
Grav. Waves



The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Characteristic Strain

Sensitivity of future GW antenas
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Stochastic Background from PBH

1071
=)
g
S 10712
10714 ¢ o=0.2 ;
: f 2/3 M 5/3 §
2Q) = 2.2x1 ( ) < |
M aw(f) = " Hz) \100Mg
0 s T 0001 o1 10 1000

f [Hz]



Fluctuations
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Kashlinsky (2016)
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Kashlinsky (2016)
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Fermi-LAT Point Sources
= PBH ?
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Chandra: 10,000 BH at GC




GW bursts
from close
encounters




GW bursts

JGB & Nesseris (2017)

GW bremsstrahlung




Strain (f) / v Hz

GW bursts

JGB, Nesseris (2017)
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