PBHs and Gravitational Waves

Antonio Riotto
University of Geneva



Plan of the talk

- PBHs in the LIGO/Virgo mass range and GWs from
mergers

- PBHs in the light mass range and the stochastic
background of GWs

In collaboration with V. De Luca, V. Desjacques, G. Franciolini, and P. Pani



Motivation

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern




Black Holes

Astrophysical BHs forms from the gravitational collapse of a star. We
know they exist. Their mass must be above the Chandrasekhar limit,

M > O(1) Mg

PBHs are formed in the early universe. Their mass can be small and
they can still be around as long as they do not evaporate within the age
of the universe

M > 107" Mg
Can PBHs account for some of the LIGO/Virgo events?
How to distinguish PBHs from astrophysical BHs?

Can PBHs be the dark matter?



PBHSs

Primordial black holes can compose
all the dark matter (or a fraction of it)

fPBH — QPBH/QDM
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PBHSs

Primordial black holes can compose
all the dark matter (or a fraction of it)

fPBH — QPBH/QDM
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Assumption through out the seminar:

PBHSs are originated from peaks of the density contrast

PBHs are rare events, tail of the distribution

One possible mechanism: large fluctuations from inflation



Assumption through out the seminar:

PBHSs are originated from peaks of the density contrast

2
5IO v C MPBH ~ MH
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Lot of work to go beyond the standard Gaussian lore

See Musco et al. (2020) for a simple prescription to calculate the threshold,
including horizon crossing non-linear effects



Properties of PBHs at formation



The PBH mass function at formation

Mass distribution dependent on the curvature
perturbation spectrum and statistical properties

Standard parametrisation

1 o (_ In®(Mppx /MC))

M —
w( PBH) \/%MPBH 20

May have different forms, e.qg. if the curvature perturbation
IS broad, but still peaked at a given mass

De Luca et al. (2020)



The spin of PBHs at formation is small

PBHs originate from peaks, that is from maxima of the local density
contrast. Need peak theory to obtain the probability distribution of the

spin

The spin results from the action of the torques generated by the
gravitational tidal forces upon horizon crossing

It is a first-order effect in perturbation theory when accounting for the
fact that the collapse is not spherical
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k\. | A/ Shape of the density power spectrum
De Luca et al. (2018)




PBHs are not clustered at formation

PBHs = discrete tracers

< 5IOPBH (fa Z) 5IOPBH (O, Z)

pDM FDM

with Desjaques (2018)



PBHs in the LIGO/Virgo mass range
and GWs from mergers:
the GWTC-2 catalogue
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PBH evolution

PBH PBH binaries Change of PBH
: . Observed mergers
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Accretion onto isolated PBHs

For frex < 1 PBHs coexist with another DM component in the universe

A DM halo builds up around the PBHSs
enhancing accretion

(larger gravitational potential well)

1000
Mh(z) ~ SMPBH ( )

14+ z

Bondy-Hoyle accretion from the
surrounding baryonic fluid

T —3 7 2
M =4 dmpgn,..v_ M

Ricotti et al. (2005)



Accretion onto PBH binaries

Accretion on the system enhances the
gas density around the PBH binary

Accretion on the sigle PBH modulated
by masses and orbital velocities

1
V2(1+ q)

Mz = M\/ q)

- The smaller PBH always experiences a larger relative accretion

Ml—M

- PBH can experience accretion for M 2 O(10)M,



Velocity [km/s]

Z outooff Hasinger (2020) . Virialised velocities
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PBH mass function evolution
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Non-linear mass evolution enhances large-mass tails
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PBH spin evolution

If matter angular momentum is
large enough, an accreting disk forms,
leading to a spin growth

Angular momentum transfer
between gas and PBH

X — g( X) % by solving the geodesic model of disk accretion
M

Bardeen et al. (1972)



Spins pushed towards extremality

L= e
0.8k N\~ 0 T X2
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Uncorrelated spin orientation
Effective spin spreads around zero

Accretion: low/large mass - low/large spin correlation
De Luca et al. (2020)



Merger rate

Initial spatial Poisson distribution
Random decoupling of binary systems

Compute probability of decoupling
and the binary initial geometry
Semi-major axis

Eccentricity Raidal et al (2018)
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Accretion hardens the binaries

Larger masses leads to shorter mergers
De Luca et al. (2020)
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Bayesian evidence in GWTC-2 catalogue

- Hierarchical Bayesian analysis in the GWTC-2
catalogue to investigate the presence of Astro BHs

and PBH events in the data
De Luca et al. (2021)

- Same exercise done with more astrophysical
models: multiple channels needed

Zevin et al. (2021)



Bayesian evidence in GWTC-2 catalogue

- Hierarchical Bayesian analysis in the GWTC-2
catalogue to investigate the presence of Astro BHs

and PBH events in the data
De Luca etal. (2021)

- Same exercise done with more astrophysical

models: multiple channels needed
Zevin et al. (2021)

- Astrophysical phenomenological Truncated plus
Gaussian-spin model adopted as well by the LIGO-
Virgo collaboration

dRABH
dmidmeodz

mi1mso
(m1 + m2)2

B
N Ro(1 4+ 2) (s + mz)® [ ] W (ma)ep(mo)

w(m|C7 mmin7 mmax) X m_c for mmin < m < mmax




Bayesian evidence in GWTC-2 catalogue

Hierarchical Bayesian analysis in the GWTC-2
catalogue to investigate the presence of Astro BHs
and PBH events in the data
De Luca etal. (2021)

Same exercise done with more astrophysical
models: multiple channels needed

Zevin et al. (2021)
Astrophysical phenomenological Truncated plus
Gaussian-spin Model adopted as well by the LIGO-
Virgo collaboration l

TRUNCATED BROKEN POWER LAW POWER LAW + PEAK Murti PEAK




Bayesian evidence in GWTC-2
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De Luca et al. (2021)



Population posterior distributions
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Statistical evidence

De Luca et al. (2021)
Lpm = /dXP(X\CZ)

Z
Bﬁ; = ZMi (10,10%°,10%) = (strong, very strong, decisive evidence)

logm BPBH+ABH — 1OglO (ZM/ZPBH—I-ABH)

PBH: - 4.91 ABH: - 2.17 PBH + ABH: O

(Truncated/Power law + peak = - 2.1)



PBH constraints in the
LIGO/Virgo mass range
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Mapping the GWTC-2 catalog
into 3G detectors
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- GWTC-2 events may have a component of PBHs

PBHs are not the dark matter in the LIGO/Virgo
mass band

- 3G detectors will help to answer the question about
the nature of the BHs in the LIGO/Virgo mass range



PBHs and the stochastic
background of GWSs



GWSs from PBHs

The same curvature perturbations giving rise to PBHs are
unavoidably a source for GWs at second-order in perturbation theory
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Potentially observable at current and future GW observatories
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GW Power Spectrum

Power spectrum of GWs: -~ \C
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Jesu(M)

The PBH dark matter-LISA serendipity
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Nano-Grav 12.5 year

Cross-correlation of h2
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Nano-Grav 12.5 year

Strong evidence for a stochastic
common process across 45 pulsars
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Nano-Grav 12.5 year

Strong evidence for a stochastic
common process across 45 pulsars

27'('2 o~ ~16.0 -
) = g2 () |

Possible flat spectrum with amplitude ~ Q(f) ~ 5 - 10— 1Y



Nano-Grav 12.5 year

Non-conclusive evidence for quadrupolar
Hellings-Downs (HD) correlation pattern (GW footprint)
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Need to wait for more data (two years on)



Can be consistent with a PBH = DM scenario
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De Luca et al. PRL (2021)



Can be consistent with a PBH = DM scenario
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fPBH

Can be consistent with the HSC event

Hyper-Supreme Camera searches for microlensing
of light from the Andromeda galaxy (M31)
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Conclusions

- GWTC-2 events best fitted by ABH + PBH, not a
surprise, PBHs are not the dark matter if in the
LIGO/Virgo range, 3G detectors will have a say
about the nature of BHs in the LIGO/Virgo mass
range

- NANOGrav 12.5 yr signal consistent with the PBH
scenario. If so, PBHs may comprise the totality of
the dark matter



