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Brief intro. for PBH Hawking (1971]

Carr and Hawking (1974), ...

(also Zeldovich and Novikov (1967))

* Primordial Black Hole (PBH)

v BHs formed in the early Universe (after inflation)

v direct gravitational collapse of a overdense region
(formation of a closed Universe) Sasaki-san’s talk

v mass of formed BH ~ Hubble horizon mass at the formation
(We focus on the PBH formed in the radiation-dominated era)

4 t

g, 1/2( T )2
t ~ 0.738 ,
(10.75) I Mev) °

Various mass BHs could be formed.

(about PBH formation in matter dominated era, = Kohri-san’s talk)



Why PBH?

0.100

v’a candidate of dark matter

0.010

M > 10" g(~ 107" M)

0.001

v'a "probe” of inflation model

=>» Tada-san’s talk (Mar. 7th) Masses in the Slehar Graveyard

v'a source of LIGO events
M ~ 10 Mg

Nakamura et al.(1997),
Sasaki et al. (2016), Bird et al. (2016), ...

©LIGO/VIRGO collaboration



Why clustering?

e “clustering”
spatial distribution of PBHs

We focus on PBH formation during radiation dominated era, ..

=>» Spatial distribution of PBHs on super-Hubble scales at the formation

v DM isocurvature fluctuations

o‘,;ofg ‘:‘:a' . '3.{. .'..... 0.'.. Tada, SY (2015), Young, Byrnes (2015), ...
@ ™| e e o s ‘
o .. NP ." ' v’ Event rate of PBH binary mergers
K B T e v Raidal et al. (2017), Bringmann et al. (2018), ...

Ali-Haimoud (2018) v’ (additional adiabatic pert.??)
related to the Hawking radiation...



This work

v’ super-Hubble spatial distribution of PBHs

=>» 2-point correlation function / power spectrum of PBH distribution
fPBH(ﬂUl, 172) PPBH(k)
for |1 —x2| > R for kR< 1
R; comoving Hubble scale at the formation

v'statistical property of primordial fluctuations /

Gaussian or non-Gaussian?

We employ “functional integration approach” (or peak formalism).

See, e.g. Matarrese, Luccin, Bonometto (1986) in the context of halo formation

Chisholm (2006), Ali-Haimoud (2018), Franciolini et al. (2018), ... for PBH



Formulation 1

* Probability that a point (region) “x” becomes PBH
Py(x) = / D6 o] /5 dov S (Broe () — )

[

Probability Distribution Fysiction of primordial fluctuations, ()

“local” smoothed fluctuations
“separate Universe picture”

see e.g., Young, Byrnes, Sasaki (2014)

cf. Halo case -> linear bias

Each Hubble patch at the formation
©Y. Tada



Formulation 2

* Probability that two points (regions) “x1” and “x2”
become PBHs

Pa(wr, a2) = [1DoPE] [ jo da 50 Bucn() ~ ) | COO ety 5 (Sroen () — 1)

=>» 2 point correlation function;

fPBH(iBl,wQ) =



Roughly,

5local(w) — /d3yI/Vlocal(a3 - y)5(y)

Pi(x) = /[Dé]P[(S] /500 da 0 p(Opcar() — @)

Pi(x) / / da / 5, CXP [qu / A’ yWisear(x — y)0(y) —icboz]
207) = / [D8]P[5) ex [ / dByJ<y>5<y>] — (exp [ / d3yJ<y>6<y>]>

IOgZ Z—,/d N d>ys - Y o) (Y1 Y2, - Yn) J(y1) I (y2) -+ I (yn)

correlation function
/ d&/ _eXp —idal exp [Z ¢n§1(oc)a1(c) of primordial fluctuations

moments



Roughly,

0.8}

/l:n n
/ do / —exp ¢ a exp [Z ﬁqbn gl(oc)al(c)

n=2
moments

P_2 can be also reduced:

o0 oo d . .
Py(xy, x3) = / da / day / 41 / - eXP —ip1 a1 — i Qg
5. 5e _

m¢ —
¢ 2 (n)
X EXp Z Z I(n — flocal(c)(fclawla"' 7w9§32,€82,---azg)
m: n v ~~
total m total n—m

=» Two-point correlation between moments

variance, skewness, kurtosis, ...



Roughly,
/ do / — exp —i¢ al exp [i ;—?:¢n 51((1)&1(@)]

integration with high-peak approx. expand with weak non-Gaussianity approx.
(2)

local(c)

it 1 fl(n) 1(c) 1%
1 ocal(c Hn T
i ; 2n/2n) ofy ., (ﬂ)]

Hermite polynomials

V= 0¢/0local > 1 where 02_, :=¢

6—1/2/2
> P~
! V 2TV

P_2 can be reduced in the same way..

Finally,
_ P2(a:17m2> \
fPBH(CBhCBz) = J22 —1
1
N—Vz @) (x m)+ll/ <(3) (1,1, 22) + (x <—>zc))
01200al local(c) \*¥'1s #¥2 2 lgocal local(c) \*¥ 1y ¥1, &2 1 2
up to the 4-point, 1 L

1 v 4
tree-level 4 o flocal(c)(wla T1, Lo, To) + 6ol ( l(ogal(c)(wlv T2, To, T2) + (T1 < 3’32))
" local /




PBH correlation function

SY, Suyama in prep.
Up to the primordial 4-point corr.

V2 1 3
Semn(1, 72) igl(jc)al(c)(ml’ ) + 207 (gl(cizal(C) (X1, 1, 22) + (21 < m2)>

1 v (4) 1 vt (@)

ZO’Iocalglocal(c (mh L1, L2, m2) + Eaﬁ)cal (glocal(c (mlv L3, 2, CU2) + (ml <~ ZU2)>

For |£L‘1 — 5132| > R

Each Hubble patch at the formation



PBH correlation function

SY, Suyama in prep.
Up to the primordial 4-point corr.

(2)

1 V
§PBH($1, 5132) flocal(c)(a?l, 5132) + 3 (ﬁffﬁal(@ (331, L, 5132) + (5131 < ﬂ132))

1 v
T1, T, T, T2) + 6ot . (ﬁl(fc)al(c (1, T2, T2, T2) + (1 < 332))

local

For Gaussian fluctuations,
5local(w) — /dSleocal(w - y)d(y)

° can never expect
............................................... Tf0° 0., the PBH clustering !
A “ A X Chisholm (2006),

Ali-Hai d (2018
Each Hubble patch at the formation i-Haimoud ( )



PBH correlation function with NG

SY, Suyama in prep.

1 Ut
60 ( 1(32&1 )(5131, To, To, To) + (T1 & 2132)>

Up to the primordial 4-point corr.

Eppu(T1, T2) fl(jc)al(c) (@1, T2))+

local

0 <01200a15100a1> — 0

Each Hubble patch at the formation



PBH correlation function with NG

SY, Suyama in prep.
Up to the primordial 4-point corr.

(3)

local(c)

(CEl, T, JJQ) + (CB1 < CCQ))
( f;lc)zh\)(mlv L2, L2, m2) + (

<01200a15100a1> — 0

2
1%
EpBH(T1, T2) 2 fl(jc)al(c) (21, 22)
ocal

T < :1:2)

((skewness)iocal Olocal) — 0

Each Hubble patch at the formation



PBH correlation function

SY, Suyama in prep.
Up to the primordial 4-point corr.

(3)

local(c)

(CEl, T, JJQ) + (CB1 < CCQ))
( f;lc)zh\)(mlv L2, L2, m2) + (

<01200a15100a1> — 0

2
1%
EpBH(T1, T2) 2 fl(jc)al(c) (21, 22)
ocal

T < :1:2)

((skewness)iocal Olocal) — 0

<Uizocal Uiocal> — 7

2

Can we realize non-zero value??



2-point correlation of of,..

_ , . comoving curvature perturbations
As primordial fluctuations, d(x), /

comoving density fluctuations: §(x) = A(x) = —é R*V*R.(x)

9\

comoving Hubble at the formation

Assuming “local-type” non-Gaussianity,

Rel®) = Regl®) + + fro. (Regl@)’ — (R2q)

> 8@ = (1+ L huRecl@)) Ac(e)

2
6
> O-lzocal<w) — (1 + ngL’R’C(w)> 01200a1

2
large scale fluctuations of 0,41




2-point correlation of of,..

_ _ , comoving curvature perturbations
As primordial fluctuations, d(x), /

comoving density fluctuations: §(x) = A(x) = —é R*V*R.(x)

9\

comoving Hubble at the formation

Assuming “local-type” non-Gaussianity,

Rel®) = Regl®) + + fro. (Regl@)’ — (R2q)

> 8@ = (1+ L huRecl@)) Ac(e)

2
6
> O-lzocal<w) — <1 T 5fNLRC(m)) 0120ca1 ©Y. Tada

2
large scale fluctuations of 0,41




Primordial 4-point = PBH clustering

For local type non-Gaussianity,

2

fPBH(CUh $2)

4 (6 :
v (ngL) fRC,G($1>$2)

more general = v* Tn1, €. (21, 22)

In Fourier space, Pppy (k) & vt N Pr_(k)

=107 x (%)4 (;NTI?:) Pr. (k) for kR K1

v large DM isocurvature perturbations on CMB scales !?

Tada, SY (2015), Young, Byrnes (2015), ...

v' large modification of event rate for PBH binary mergers !?

Raidal et al. (2017), Bringmann et al. (2018), ...



summary

* We investigate the clustering of PBHs
* derive PBH 2-point correl. func. on large scales

* clustering of PBHs could be never induced for Gaussian
fluctuations

* Trispectrum (4-point correlation) should be important !

=>» future issues...

v" How about the primordial non-Gaussianity
in the inflationary models which can generate PBHs ??

v’ Effect on the event rate estimation of PBH binary mergers



