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Outline
Discovery of 3 binary BH by aLIGO
starts a new era of GW Astronomy
Massive PBH could be the main
component of Dark Matter
Specific signatures of PBH

Future: Testing the idea with
cosmological observations

Conclusions
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New Telescopes = Interferometers
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Information criterion DIC

32977.2+0.3 32973.1£0.1

34296.4+0.2 34295.1£0.1

94695.8 £0.0 94692.9£0.0

GW150914 GW151226 LVTI51012
EOBNR  IMRPhenom Overall EOBNR  IMRPhenom Overall EOBNR  IMRPhenom Overall
Detector frame
Total mass M /M, 71.0%5§ 71.2133 71153107 23.61%9 238431 237163323 45+Y 44712 4411645
Chirp mass .# /Mg, 304733 3072 30.611 0503 9717008 9.7270% 9727007001 18.1°03 18.1°0% 18.1759+03
Primary mass m; /M 40232 385734 394134503 1537358 1582 156750528 20+3 27+ 28+2145
Secondary mass m /M, 30.6733 32.73 3173550 8.3%23 8.1733 8.212602 1543 16+2 165250
Final mass M/Mg 67.87530 67.9133 67.81371508 225182 22.8132 226161523 43+)7 42113 4211645
Source frame
Total mass M**""* /M 655745 651138 65.31 44503 21677 21977 21.8479457 3810 371 370
Chirp mass .# 50U /M, 28.121 28.111¢ ‘ 8871033  8.90703 15.2413 15.0713
Primary mass m{®""*¢ /M, 37.0°%9 353131 14013%0  145%5$ 24119 23*16
Secondary mass m§" /M, 28.3%%$ 299739 7.5%22 74723 13+2 14+
Final mass M"" /M, 625732 62.1733 206778 209%9% 361, 35711
Energy radiated Eaa/(Moc®) 2987030 3.02703¢ 102709 099701 1487030 151702
Mass ratio ¢ 0771022 0.8510 13 0.54704% 0517032 0.53104F  0.601033
Effective inspiral spin Yesr 0087017 —0.05701)  —0.067013E00: 021707 02270 02170007 006103 001707 0.03703050%8
Primary spin magnitude a; 0337039 0307037 0327050500 042703 055703 049707 AT 0317035 0317030 03170300
Secondary spin magnitude a, 0.62703 0367933 0487047008 051704 052708 052708000 049108 042403 04503400
Final spin af 0.6870%5  0.68700¢ 0687001001 073708 0757000 07470065008 065100 0667005 0.6670%:0%0
i : : 160 140 150+20 180 170 180420 540 480 500420
Luminosity distance Dy /Mpc 400+189 440+140 420715020 450+1%0 440+170 440+180+20 1000+330  1030+4%0 1020390420
Source redshift 0086051 00040%7 0000°9%0% 0096095 0092°0% 0094'0080%04 0.198°0%1 0204730 0,201+ 0Ne-0008
Upper bound
Primary spin magnitude ay 0.62 0.73 0.67+0.09 0.68 0.83 0.77+0.12 0.64 0.69 0.67+0.04
Secondary spin magnitude a; 0.93 0.80 0.90+0.12 0.90 0.89 0.90+0.01 0.89 0.85 0.87+0.04
Lower bound
Mass ratio g 0.62 0.68 0.65+0.05 0.25 0.30 0.28+0.04 0.22 0.28 0.24+0.05
Log Bayes factor In %/, 287.7+0.1 289.8+0.3 — 505+£0.1  60.2+0.2 — 28402  23.0+0.1 —
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Mass distribution R/(Gpc3yr—1)

PyCBC GstLAL Combined
Event based
, +8.3 +9.1 +38.6
GW 150914 3.2783 3.6750 3470573
+30.3 +31.4 +30.4
LVTI51012 9.275% 9.275% 9472
GW 151226 35103 37157 37137
100 105 99
All 53f40 567:42 557:41
Astrophysical
) 443 43 43
Flat in log mass 3 lle | 3OJ_F21 3OJ_F21
Power Law (—2.35) 1001150 951138 99158

TABLE II. Rates of BBH mergers based on populations with masses
matching the observed events, and astrophysically motivated mass
distributions. Rates inferred from the PyCBC and GstLLAL analyses
independently as well as combined rates are shown. The table shows
median values with 90% credible intervals.
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Gravitational Wave Astronomy

» Discovery of binary BH by aLIGO

* VIRGO, KAGRA, INDIGO = GW Astron

« GW150914 = 36 + 29 M, BH binary

« GW151226 =14 + 8 M_,, BH binary

» LVT151012 =23 + 13 M, “candidate”

« Expected 10'*" events/yr/Gpc

 aLIGO+ and eLISA can map the mass
and spin of Massive BH (Mg, > 20 M

sun)



Massive
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PHYSICAL REVIEW D VOLUME 54, NUMBER 10 15 NOVEMBER 1996

Density perturbations and black hole formation in hybrid inflation

Juan Garcia-Bellido
Astronomy Centre, University of Sussex, Falmer, Brighton BN1 90H, United Kingdom

. The resulting density inhomogeneities lead to a copious production of black holes.

David Wands
School of Mathematical Studies, University of Portsmouth, Portsmouth POl 2EG, United Kingdom
and Astronomy Centre, University of Sussex, Falmer, Brighton BN1 90H, United Kingdom

for certain values of parameters these black holes
may constitute the dark matter in the Universe.

corresponding to the phase transitids
black holes. This could be an argument against hybrid infiation models with two stages of infiation. However,
we find a class of models where this problem can be easily avoided. The number of black holes pr 1
these models can be made extremely small, but in general it could be sufficient]
cosmological and astrophysical implications. In particular, for certai of parameters these black holes
may constitute the dark matter in the Universe. It 1 Ssible to have hybrid models with two stages of
inflation where the black hole production 1s not suppressed, but where the typical masses of the black holes are
very small. Such models lead to a completely different thermal history of the Universe, where postinflationary
reheating occurs via black hole evaporation. [S0556-2821(96)00522-X]

PACS number(s): 98.80.Cq




JGB, Linde, Wands (1996)
Hybrid Inflation Model Primordial Black Hole Production

Large scales

Peake_d density Small scales
perturbation spectrum k ;

log k




Steven Weinberg

“our problem is not that we
take our theories too seriously,

but that we
don't take them seriously enough”




PHYSICAL REVIEW D 92, 023524 (2015)
Massive primordial black holes from hybrid inflation as dark matter

These PBHs could have acquired large stellar masses today, via merging,

the model passes both the constraints from CMB distortions and microlensing.

the tail of the PBH mass distribution could be responsible for the seeds of supermassive

black holes at the center of galaxies, as well as for ultraluminous x-ray sources.

matter today, while the matter power spectrum on scales probed by cosmic microwave background (CMB)
anisotropies agrees with Planck data. These PBHs could have acquired large stellar masses today, via
merging, and the model passes both the constraints from CMB distortions and microlensing. This scenarjo
is supported by Chandra observations of numerous BH candidates in the central region of Andromeda.
Moreover, the tail of the PBH mass distribution could be responsible for the seeds of sapermassive black
holes at the center of galaxies, as well as for ultraluminous x-ray sources. We#mid that our effective hybrid
potential can ongimnalte e.g. from D-term inflation with a Fayet-Ihopoulos term of the order of the Planck
scale but sub-Planckian values of the inflaton field. Finally, we discuss the implications of quantum
diffusion at the instability point of the potential, able to generate a Swiss-cheese-like structure of the
Universe, eventually leading to apparent accelerated cosmic expansion.

DOI: 10.1103/PhysRevD.92.023524 PACS numbers: 98.80.Cq



PHYSICAL REVIEW D 92, 023524 (2015)

Moreover, PBH binaries should emit gravitational waves
that could be detected by future gravitational wave experi-
ments such as LIGO, DECIGO and eLISA [70,71].

Binaries of

PBHs forming a fraction of dark matter should emit

gravitational waves; this results in a background of gravi-
tattonal waves that could be observed by LIGO, DECIGO

and eLISA [70-72].
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Primordial Spectrum for PBH

Clesse, JGB (2015)
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Constraints
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Primordial
Black Holes




Constraints on PBH

BBN light element abundance
Extragalactic photon background
Galactic Background Radiation
Femtolensing of GRB

Star formation rate

Capture of PBH by neutron stars
Disruption of wide binaries
Microlensing

CMB distortions



Present Constraints on PBH

| Clesse, JGB (2015)
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Massive Primordial Black Holes

These are NOT the (small) PBH with
1024 Mg< Mg, <10®* M, of Carr et al.

These are MASSIVE black holes with
10?2 Mgy< Mogy <10° Mg  which
cluster and merge and could resolve

some of the most acute problems of
ACDM paradigm



ACDM has difficulties explaining

Fully formed galaxies & QSO at z ~ 10
Very massive clusters at z ~ 1
Intermediate Mass Black Holes

Ultra Luminous X-ray Sources

Large population BH seen by Chandra
Unidentified sources in Fermi LAT
Tidally disrupted stars by BH

DM substructure and too-big-to-fail prob.



logn  Mass distribution of BH
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Distinguish MPBH from Stellar BH

* Accretion disks

* Distribution of spins

* Mass distribution # IMF
« SBH kicks at formation vs static PBH
» Galaxy formation rate =» gal. seeds
* Microlensing events of long duration
* GAIA anomalous astrometry

« CMB distortions with PIXIE/PRISM

* Reilonization faster in the past

* N-body simulations below 102 M,

un



Signatures
of

Primordial
Black Holes




Microlensing

Gravitational lenses (e.g., brown dwarfs)

Large Magellanic
Cloud
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Astrometric

Anomalies
@ GAIA




GAIA position + velocity anomalies
Thomson model
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GAIA position + velocity anomalies

Rutherford model
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Average distance between PBH

M, ... (<50kpc)=54x10"M,

1/3
_ M
Agy = (Mgy) "7 =38 pc (SOM@]

55000 stars
per black hole
of 50 Mg 1n

our (solar)

neighbourhood



Anomalous accelerations

The acceleration on any given star is due
to the surrounding masses. A uniform DM
field does not induce an extra force on *.
The % only feels the presence of other *s

GMBH Z ij ~
2

a. = |




Anomalous velocities & positions

The relative velocity change of a % due
to PBH, for a 220 km/s relative motion is

1 2
A _pax10° 2 (—pc)
V 30M, J\ b

The relative displacement of a % at 1 kpc

2
g = (.56 marcsec M (lplj
X 30M, )\ b




Gravitational slingshot effect

Close encounters of a star with MPBH
@ 100 km/s relative motion is enough to
expel the star from the globular cluster.

{;1
———

—@

= M

Vo

m — -
_ 20 +(1-m/M)y,

V, =
(1+m/M)

It may explain large M/L ratios of dSph
by ejection of stars in the cluster, v>v,..
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The clustering of massive Primordial Black Holes as Dark Matter:
measuring their mass distribution with Advanced LIGO

Sébastien Clesse!* and Juan Garcia-Bellido?

Institute for Theoretical Particle Physics and Cosmology (TTK),
RWTH Aachen Unwversity, D-52056 Aachen, Germany
2 Instituto de Fisica Tedrica UAM-CSIC, Universidad Autonéma de Madrid, Cantoblanco, 28049 Madrid, Spain
(Dated: March 17, 2016)

The recent detection by Advanced LIGO of gravitational waves (GW) from the merging of a
binary black hole system sets new limits on the merging rates of massive primordial black holes
(PBH) that could be a significant fraction or even the totality of the dark matter in the Universe.
aLIGO opens the way to the determination of the distribution and clustering of such massive PBH.
If PBH clusters have a similar density to the one observed in ultra-faint dwarf galaxies, we find
merging rates comparable to al.LIGO expectations. Massive PBH dark matter predicts the existence
of thousands of those dwarf galaxies where star formation is unlikely because of gas accretion onto
PBH, which would possibly provide a solution to the missing satellite and too-big-to-fail problems.
Finally, we study the possibility of using alLIGO and future GW antennas to measure the abundance
and mass distribution of PBH in the range [5 - 200] Mg to 10% accuracy.

PACS numbers: 98.80.Cq



Capture and merger rates of m, and m,
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FIG. 2. Merging rate as a function of the width oppy of
the PBH density spectrum, for different values of the central
mass of the distribution puppag = 10/30/60M¢ (respectively
dotted, solid and dashed lines), and of the enhancement factor
Ftactor = 107/10%/10° /10'° (respectively blue, red, green and
brown lines). The colored band corresponds to the bounds

inferred by aLIGO.




Merging rates of BHs with masses ma and mp

oppr=0.3, UppH=30, Efsetor=10"°
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Stochastic Background from MPBH
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Characteristic Strain
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Signatures of MPBH as DM

Seeds of galaxies at high-z
Reionization starts early

Larger galaxies form earlier than ACDM
Massive BH at centers QSO @ z>6
Growth of structure on small scales
Ultra Luminous X-ray Transients

MPBH in Andromeda (Chandra)

GW from inspiraling BH (LIGO)
Substructure and too-big-to-fail probil.
Total integrated mass = (),



Future tests

GAIA positions and velocities of stars
CMB distortions with CORE+

GW from PBH mergers with LIGO
Growth of structure on small scales
Reionization history with SKA

Direct detection from astrophysics
(GAIA, X-rays and gamma-rays)

SN or GRB lensing on MPBH
Microlensing (long duration events)
Stochastic Grav. Wave Background



Conclusions

Massive Primordial Black Holes could account
for all the DM we measure in rotation curves of
galaxies and in clusters of galaxies and LSS.

ACDM N-body simulations never reach the 100

solar mass particle resolution, so for them PBH
IS as good as PDM.

There are many ways to test this idea in the
near future from CMB, LSS, X-rays and GW.



