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e Formation mechanism:

“there may be a large number of gravitationally collapsed objects of mass 105 ¢
upwards which were formed as a result of fluctuations in the early Universe”

See also Niemeyer and Jedamzik 99, Shibata and Sasaki 99, Musco et al. 05, Musco 18.

e PBHzg could be the dark matter:

“This extra density [in collapsed objects] could stabilize clusters of galaxies
which, otherwise, appear mostly not to be gravitationally bound”
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Brief history of PBHs

Carr 975 “The primordial black hole mage epectrum”

e First observational
limite to PBH abundance

e PBHs inform about initial conditions (even if not all dark matter)

“Observational limits on the spectrum of primordial black holes place strong
constraints on the magnitude of density fluctuations in the early universe”
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adapted with results from Montero-Camacho et al. 2019
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LIGO is likely the most sensitive probe of
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imordial black holes as
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they accrete gag in the early Univerge
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part of the accreted energy ig re-radiated
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Probing acereting PBHsg with the CMB

Ali-Haimoud & Kamionkowski 2017, Ricotti et al. 2008, Poulin et al. 2017
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Probing acereting PBHsg with the CMB

Ali-Haimoud & Kamionkowski 2017, Ricotti et al. 2008, Poulin et al. 2017

extra radiation can ionize hydrogen beyond etandard
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CMB anigotropies are very sensitive to the ionization history
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change to CMB power gpectra due to accreting OBHg
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change to CMB power gpectra due to accreting OBHg
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CMB power gpectra imply that primordial black holeg
cannot be all the dark matter for black hole mage = 100 Mg,

but there may be more to gay from higher-order etatigtics...



Primordial black holes as
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Formation of PBH binaries in the late Universe
Bird et al. 2016, Clesse & Garcia-Bellido 2017
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Formation of PBH binaries in the late Universe
Bird et al. 2016, Clesse & Garcia-Bellido 2017

GW-equivalent of radiative recombination

=
N 2 _18/7 o
Ocapture ~ 45 M= v / e @“‘\A

Quinlan & Shapiro 1989

Merger rate per Gpe3 = n <0 v>lhalo X Nt /halo X dNhalo/ dV

Merger rate ~ O.1 - [ per Gpe3 per year if PBHg make all the DM

see also Ali-Haimoud, Kovetz & Kamionkowski 2017
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Nakamura et al. 1997, Sasaki et al. 2016,
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Formation of PBH binaries in the early Universe

Nakamura et al. 1997, Sasaki et al. 2016,
Ali-Haimoud, Kovetz & Kamionkowski 2017

On amall enough scaleg, PBHg

o o . randomly digtributed
o
o ° (o Pairg born cloge enough they decouple from
° ~% o Hubble flou deep in the radiation era
o
oo ° N
o o ® Torqued by other PBHa. Form eccentric orbitg

Ingpiral through GW radiation, merge throughout
cogmic higtory, including today
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Ingredients of the calculation

e Given initial spatial distribution of PBHs

E ffectively random (Ooiegon) on the ecaleg of interegt

0.25_ /,_\\\ /,—\\‘ ‘ /,\\ ‘
e Get distribution of initial semi-major axis .| /\ /\ /\ /{\ P

X I

. . 5 0.0f : ; .: e
Follow a nearest-neighbor pair through ' U U U U |

02:_—/\<<1 \

decoupling from Hubble flow o MY NV Y

e Get distribution of initial angular momentum /eceentricity

Compute torque by other PBHg (ageumed fixed) + linear tidal field



Ingredients of the calculation

e from P(a, e), get distribution of merger time
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Ingredients of the calculation

e from P(a, e), get distribution of merger time

3 a?
_ (1 . 62)7/2 Peters 1964

tmer e
5 170 M3

e Get stochastic GWB Raidal et al. 2017

e Get merger rate at present time (more congtraining)

Nakamura et al. 1997, Sasaki et al. 2016,
Ali-Haimoud, Kovetz & Kamionkowski 2017
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merger rate for [00% of DM in PBHs
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Uncertainties and checks

e Poisgon initial spatial distribution of PBHs

Ali-Haimoud 2018, confirmed bg Ballesteros et al. 2018, Desjacques &
Riotto 2018 in the cage of a narrow gpike in the primordial power gpectrum

e [nitial distribution of orbital parameters

Surrounding matter

Raidal et al. 2019: 70-body aimulationg til z = 1000

Poissonian PBH population °

L Analytic approx. are self-consistent only if
. YN ., e
R PBHs make less than ~0% of the dark matter

for fuoh = [O%, typical initial separation of binarieg merging
today not very small relative to mean geparation
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e Are binaries gignificantly disturbed
between formation and merger?
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Characteristic formation redshift

e Are binaries significantly disturbed

between formation and merger?
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= Can circumbinary accretion
significantly torque PBH binaries?

At some point Bondi radiug > binarg geparation [Hayasaki et al. 2016]

a di
We egtimated — ~ Y= and /dt— ~ 107° —

a dt Mg

Comparing to typical initial j implieg that circumbinary aceretion
might significantly torque sufficiently massive OPBH binaries

=> To be checked with numerical simulations. Any takers?
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= [f OPBHs are not all the DM, can
WIMDP haloes affect PBH binaries?
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= (What is the effect of the first non-linear structures?

E atimated analytically and found to be negligible:

- Torqueg by the gmooth halo tidal field
- Digtant encountere with other PBHq
- Cloge encountere with other PBHg

* Dynamical friction by dark matter particles with m << M



= To be checked numerically

Inman & Ali-Haimoud,
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Conclusions

- Did LIGO detect PBH dark matter? Not excluded: LIGO ie currently the mogt
cengitive probe of PBHg of ~[-500 M. But if g0, mogt likely a subdominant
component of dark matter, forming binarieg in the early Univerge

- To test the PBH hypothesis with GWs: magg function (Kovetz 17), correlation
with LSS (Raccanelli++ 16), eccentricity (Cholis++ 16), 8pin (Mirbabayi et al 2019)

- Firgt things first: merger rate/SGWB needsg
to be robugtly confirmed by gimulationg

- Simulations also needed for EM signatures of PBHs:
Accretion onto individual and binary OBH, effect of first &8
atructures on the formation of the first gtars...
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Circumbinary aceretion

[- Assume quasi-spherical flow and Bondi-Hoyle-Lyttleton aceretion onto each BH

2
(a) M

M ~ —Ampgl —-v ~ —Ampgl Ma ~ — M/ M/a.
° M in
E=_—AMT2
=> a

L = B M\/Mbina,

2- Assume a thin digk with surface density 2, viscosity v

L ~ =3mvS\/ Mpinrin M ~ 370y E ~ QL

=> get the same scalings for dE /dt, dL/dt



