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Are primordial black holes clustered at formation?

= Two-point correlation function of overdensities

clustered vs non-clustered spatial distribution

= 14 is a gaussian ficld: Poissonian distribution ¥ AliHamouel 120181, RL 121051301

= Small perturhative non gaussianities: generation of litle amount of clustering at formation

Franciolin, Kehogias, Matarese, Rt 2011 CAP 03016 T.Suyam, 5. Yokayama (2019 PTFP, 10302

= Non perturbative non gaussianities?
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Are primordial black holes clustered at formation?
= Two-point correlation function of overdensities
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clustered vs non-clustered spatial distribution

= 14 is a gaussian ficld: Poissonian distribution ¥ AliHamouel 120181, RL 121051301

= Small perturhative non gaussianities: generation of litle amount of clustering at formation
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= Non perturbative non gaussianities?
Ca v vennin
i preparation

Pi= J &re) A5 PG )

Journal of Cosmology and Astroparticle Physics

PAPER
Clustering of primordial black holes from quantum
diffusion during inflation

Chiara Animali' () and Vincent Vennin'
Published 23 August 2024 + © 2024 10P Publishing Ltd and Sissa Medialab
Journal of Cosmology and Astroparticle Physies, Volume 2024, August 2024

Citation Chiara Animali and Vincent Vennin JCAPO8(2024)026



Motivations for PBHs
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e Microlensing

e May constitute part of Dark Matter
e Cosmic Microwave Background

e May seed the formation of SMBHSs
e Limits to their merger rates (GW)

e May lead to some of the mergers seen by LVK

Motivations to study clustering
Sizeable clustering may:

e change past and present merger rate of PBH binaries
e modify the formation of cosmological structures
e relax bounds set by CMB and microlensing
Evolution of PBH clustering involves complicated non-linear dynamics, the initial amount of clustering

can produce drastic effects on the subsequent evolution.



Different approaches to study spatial clustering

Most approaches used in the literature rely on large-scale structure formalism applied in the context of
galaxy and halo formation. We are mostly interested in the two-point correlation function.

e Poisson model and bias theory

e Press-Schechter formalism

e Excursion-set formalism

e Peak theory



Different approaches to study spatial clustering

Most approaches used in the literature rely on large-scale structure formalism applied in the context of
galaxy and halo formation. We are mostly interested in the two-point correlation function.

e Poisson model and bias theory

e Press-Schechter formalism

e Excursion-set formalism

e Peak theory

Purpose of the presentation:
e Explicit some of the key differences between the different approaches above.
e Derive explicit expressions for the initial two-point statistics of PBHs...
e using the excursion-set formalism...

in order to account for “cloud-in-cloud”...

e and exclusion effects at short separation scales
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Poisson model and bias theory

One postulates the existence of a field pppu(Z):

Probability to form a PBH is ppadV

Average density of PBHs is n = (ppBH)

Joint probability to form PBHs

0P = ppeu(Z1)0Vippea(T2)0V2

Auto-correlation function

¢pm(r) = < lppBH(Z + T) —n;l] [ppBH(F) — n] >

e Average joint probability to form PBHs

pren(€1)0V preu(E3)0Vs

SP(r) = n®[1 + Eppu(r)]6VidVa



Poisson model and bias theory

One postulates the existence of a field pppu(Z):

Probability to form a PBH is ppadV

Average density of PBHs is n = (ppBH)
Joint probability to form PBHs Technical challenges

[ ]
5P — =\ =\ e A perturbation theory for the
= pron(Z1)0Vipreu(72)0V2 (over-)density fields o after inflation
e Auto-correlation function e A bias b to relate pppu with &
gpon(r) = (LroalTH D) llpenn(D) ]

e "“Cloud-in-cloud”

e Average joint probability to form PBHs
e Small-scale exclusion effects

2
0P(r) = n°[1 + &peu(r)]0V16V2 e Estimating the bias is difficult
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“Press-Schechter” -inspired Ali-Haimoud 2018

Critical density threshold 6.

Probability to form a PBH around &

52
P = / \/W ( ) dd = = erfc ( fg) -

Probability to form a pair of PBHs
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“Press-Schechter” -inspired Ali-Haimoud 2018

Critical density threshold 6.

Probability to form a PBH around Z1?

n = [ {2

Probability to form a pair of PBHs

_ R _Nopoa )\ 2
r)f//gc Qﬂdet(E)eXp( 25 y 5>d§
2
5 <O’ Sg)
S, o

Auto-correlation function

P2 (T)

1+ &pu(r) = P2
1

?5(&) Gaussian field

)

Technical challenges

e A perturbation theory for the
(over-)density fields  after inflation

e Estimation of the density threshold d.
based on numerical relativity

e "“Cloud-in-cloud”

e Cannot account for small-scale exclusion

effects

Baseline to evaluate our work
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Coarse-graining
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Excursion-set formalism Bond et al. 1991

e Multi-scale analysis <> Langevin trajectories 0r
e Gravitationally bound < Barrier crossing d.(R)

e PBHs < first passage time problem Pppr
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Joint probability to form pairs of PBHs

Setup

e Take a realization of dp/p and two points

e On scales > r, they see ~ same
perturbations

e On scales < r, they see independent
perturbations

e Translation to Langevin trajectories

Joint probability to form a pair of PBHs with masses S1, 55

5c(Sr)

Pa(Sh, Sa;7) = / d6, P(8r, Sv) Perr(S1]8r, Sv) Perr(Sa|r, Sv)

—o0o



Auto-correlation function (scale-invariant threshold §.)
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Auto-correlation function (scale-invariant threshold §.)

e Probability to form one PBH

= e ()

e Marginalized joint probability

2

PQ(T):/ P2(51,S2;7‘)d51d52

Sr



Auto-correlation function (scale-invariant threshold §.)

e Probability to form one PBH
Two-point correlation function for 0. = 20

f0> _

e Marginalized joint probability
2 10" 4 P

Pa(r) :/ P5(S1, S2;7) dS; dS» e

Sr

P = erfc (

1+ &ppn(r)

e Two-point correlation function

1+ &ppu(r) = Pj:g)
1

10° 4

e w measures separations
0.0 0.2 0.4 0.6 0.8 1.0

w



Auto-correlation function (scale-invariant threshold §.)

e Probability to form one PBH

Two-point correlation function for . = 50
P = erfc
fo*
6 -7
e Marginalized joint probability 1075 PP
) 10° 5
o
PQ(T’) = / PQ(S1,SQ;T) dSl dSQ S 10* 5
Sy =
E 103 -
e Two-point correlation function Y]
Ps(r 10! 4
1+ &ppu(r) = (2 )
P 10° 4
e w measures separations 10-1 1+ . . . .
0.0 0.2 0.4 0.6 08 1.0
S, D 7=ee w(r)
w=—=



Auto-correlation function (scale-invariant threshold §.)

e Probability to form one PBH

= ; ( ) Two-point correlation function for 6. = 100
) = erfe
V2o
e Marginalized joint probability 10%2 =
0,2 1019 d
Py(r) = / Pa(S1, Sa;r) dS: dS, _
S \:E 1016 .
£
e Two-point correlation function 101 4
Pa(r 10%0 1
14 &ppu(r) = (2 )
Pl 7
107 1
e w measures separations . . i i
0.2 0.4 0.6 0.8 1.0
S, 0 r— o0 v



Pairwise correlation functions

Joint probability to form a pair of PBHs with masses S1, S2

6c(Sr)
Po(S, Sas 1) = / d6, P(5,, Sy) Pepr(S1|6r, Sv) Perr(Sal6,, S0)

— 00

Setup
e Take two PBHs with masses M, M2

e Excess probability to find them at distance r

1+ 551,52 (T) - Pl(sl)Pl(S2)

® W; :SZ/ST

10



Pairwise correlation functions

Joint probability to form a pair of PBHs with masses S1, S2

(SC(ST>
Po(S1, Sai7) = / d6, P(5r, Sv)Pepr(S1|8r, Sv) Pewr (Seldr, Sr)
0c/V25, =1

Setup 3.0

e Take two PBHs with masses M, M2 24
e Excess probability to find them at distance r 12 g
P5(S1,S2;7) 06+
1 = 2oL DL =
+£51752(T) P1(Sl)P1(SQ) 0.0 EE

—0.6

o wW; = SZ/ST 9

-1.8
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Pairwise correlation functions

Joint probability to form a pair of PBHs with masses S1, S2

3c(Sr)
Po(S1, Sai7) = / d6, P(5r, Sv)Pepr(S1|8r, Sv) Pewr (Seldr, Sr)
0c/V25, =2
Setup 40
e Take two PBHs with masses M, M2 3.2
e Excess probability to find them at distance r fz g
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Pairwise correlation functions

Joint probability to form a pair of PBHs with masses S1, S2

50(37*)
Po(S1, Sai7) = / d6, P(5r, Sv)Pepr(S1|8r, Sv) Pewr (Seldr, Sr)

— 00
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Setup
e Take two PBHs with masses M, M2

e Excess probability to find them at distance r
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Pairwise correlation functions

Joint probability to form a pair of PBHs with masses S1, S2

3c(Sr)
Po(S1, Sai7) = / d6, P(5r, Sv)Pepr(S1|8r, Sv) Pewr (Seldr, Sr)
de/V/2S, =10
48
Setup 42
e Take two PBHs with masses M, M2 36 —
e Excess probability to find them at distance r 23 :;
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+
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0
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Conclusion

Summary

e PBH collapse = first-passage time of a Langevin trajectory

Clustering = joint first-passage times of two trajectories with common past

Effective exclusion effects on small scales épgy — —1, and cloud-in-cloud

e Access to the probability distribution of the mass-ratio
Ongoing and future works

e From “abstract” — actual physical scenarii
e From “initial clustering” — merger rate with B. Blachier

e Beyond Gaussian initial conditions (Stochastic inflation) with C. Animali, B. Blachier, V. Vennin
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Two-point correlation function (fixed ¢.)

Mean number density

2
o 55
n=P = /0 Prpr(s)ds = erfc (%) , V=

For a fixed threshold 4., the two integrals over S; and Sz in P> can be computed analytically.

u2

= 5w Sl 22

P = \/%72 sinh (Zm> erfc? S e 2w dx.
vTw o w 2(1 —w)



Pairwise correlation function (fixed ¢.)

Using
2 ~2
ﬁ(25+7)e@erf(27 )Jr gl

> .2 —Bz? . o 0 e
/0 dzz’e sinh(yz) = 85273 Vi

42’
the cross-correlation writes

ek2(1u1+w2—1) (1 — ’UJ1)(1 - UJQ) 1+ \/7?)\ (1 — wl)(l — U_)Q)
\/771')\ (1 — w1w2)2

1 1 —wiw2 A2 (A-w)(d—wy) (1 —w1)(1 —w2)
_ = 1] T—wjw £/ ——=2A - ) )
x |:2)\2 (1—w1)(1—w2) + :| ¢ e er 1 — wiws

L4 &sy,8,(r) = I — amam
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