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Formation of the PBH binaries Nakamura+ 1997

- Spatial distribution of PBHs in the early universe -

. « ® . e PBH

PBHSs are initially at rest with respect to comoving coordinate.

Some PBHs form binaries in the radiation dominated era.

PBH binaries merge at the present time.

LIGO observations > fppy~1073




Clustering also determines the merger rate.

No clustering clustering

What determines the clustering of PBHs?

| focus on initial clustering in RD.

Initial clustering in MD: Matsubara, Terada, Kohri, Yokoyama 2019



PBHs are rare initially (at formation time).

PBHs are initially separated by super-Hubble distance.

Initial clustering = clustering on super-Hubble scales
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Setup

Super-Hubble scale perturbations 8 generated by inflation

Overdense reion
(Initially super-Hubble)

PBH is formed soon after the horizon reentry.
(Radiation dominated epoch) :



environment

Environment and smaller scale not relevant to PBH formation

— PBH formation density contrast on the

comoving slice
/ Young+ 2014
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Clustering of PBHs
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Super-Hubble scale clustering



Simple toy model

R = (1+ ax(®)d @)
1 N

P
Super-Hubble BH scale

X, ®: uncorrelated Gaussian variables




R(E) = (1+ ax(@)op)

PBHs
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<Hlocal2 (;é) Hlocalz (7))

= = 4a?(x(X)x(®)) + 0(a*
<elocalz(}>) )2 Y (a )

e Super-Hubble correlation of the local variance is
generated by the super-Hubble correlation of y.

* Clustering is characterized by the four-point
function (trispectrum).




Comparison with the previous studies
Tada&Yokoyama 2015, Young&Byrnes 2015

3
R(x) = p(x) + ngL(PZ(J_C)) ¢ : Gaussian

Presence of fy; yields super-Hubble clustering of PBHs.
Tada&Yokoyama 2015, Young&Byrnes 2015

o =¢; + ¢, long mode: ¢;, short mode: ¢,

6 36 _,
:> R=|1+ ngLCIbl bs TNL = ﬁfNL
(Tyg is non-zero)

There is no inconsistency.
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PBH correlation function

— Functional integral approach

e.g. Franciolini+ 2018

P[6] : probability density of 6

* Probability that point x becomes a PBH
Pi(z) f DO PY / dov 8 (Broean () — )
Otn

* Probability that points x4 and x, becomes PBHs

P2($1, 332) = /[DQ]P[Q]/ doy 50(91oca1(391> — 041)/ dos 5D(91ocal($2) — @2)
Otn Otn

e PBH correlation function

fPBH(iUh 5132) =
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| assume 6 is weakly (local type) non-Gaussian and expand
$ppu UP to trispectrum (fyr, Tnr, gni)-

(Re(k1)Re(ko)Reo(ks3)) = (2m)%0%) (ky + ko + k3)

ot O

i) Pr. (k1) Pr.(k2) + 2 perms
(Re(k1)Re(ko)Re(ks)Re(ks)) = (2m)30%) (ky + ko + ks + ks

H4
>< —
{259NL

|Pr.(k1)Pr, (ko) Pr, (|k1 + ks3|) + 11 perms.]}

[PRC(kl)PRC(I{TQ)PRC(I{fg) + 3 perms.]
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Py(x) = / DOLP /:O do /_ Zg—fexp [w / Py Wi (2 — 1) 0(y) —z'qboa]
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Expand
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In the super-Hubble (k — 0) limit,

Ppp (k)

~
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In the super-Hubble (k — 0) limit,

- Main result
(2) '\’ (2) Ocn
fPBH(T) = TNL o Er.(T) V= P

PBH clusters produce dark matter isocurvature perturbations.

Tada&Yokoyama 2015, Young&Byrnes 2015

Isocurvature ConStraint
2 4 _2
feeaTaLV* < 0(1077)
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Summary

PBHs cluster on super-Hubble scale if the seed
perturbation has local-type trispectrum
parametrized by Ty; .



