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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

v' mass of formed BH ~ Hubble horizon mass at the formation
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“Ve focus on the PBH formed in the radiation-dominated era)
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Why PBHs?

0.100

v’a candidate of dark matter

0.010

M > 10" g(~ 107" M)

0.001

v'a "probe” of Hawking radiation

]\[ < 10 15 g Masses in ti?golaSrtMealslsgg 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
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Possible detection
by LIGO/VIRGO ?
(or upper limit)

Niikura, Takada, SY+ 1901.07120, ...



Picture of PBH formation

e Super-horizon, probability distribution func.
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PBH iIs rare..
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Picture of PBH formation

e Super-horizon, probability distribution function (PDF)

log (physical scale)
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=» non-Gaussian feature of primordial (super-horizon) fluctuations should be important !!



PBH abundance with nG

Yoo, Gong, SY, 1906.06790

Simple local type nG for initial curvature perturbations

Rel) = Reo(@) + = e (Rea(@)” — (R2))

Compared with Gaussian case,
1074 |
. _ Positive fNL
abundance - — Gaussian - more efficient PBH formation
QO 10_14 _ - FNL:1
1019 | i Negative fNL
— INL=T .
2| — suppressed PBH formation
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Mass of formed PBH
N.B. non-linearity between curvature pert. Any concrete exam p|e ?

and density fluc. is included.



PBH formation
with primordial magnetic fields (PMFs)

Saga, Tashiro, SY, 2002.01286

Energy momentum tensor for PMFs;

T(S) = —pyAp, ;energydensity

Tf = D~ (AB(S;- + HBij) , ; isotropic pressure + anisotropic stress
9 ® Bardeen eq. for the scalar potential In radiation dominated era,
" + 3H(1 4 c2)P' + 2k°® c2=w=3. H=n"
- ngQ [P — %H + 42[—2/1_[] I ; entropy pert. =0
® evolution eq. for tensor 11 7& () ; anisotropic stress

hi; + 2Hhj; + k*hi; = 3wHTI,;

Anisotropic stress of PMFs can induce both scalar and tensor on super-horizon
(if super-horizon PMFs exist.)



Solutions on super-horizon scales

see, e.g., Shaw and Lewis (2009)

v’ Curvature perturbations induced from PMFs anisotropic stress

(in ComOVing Slice) log (physical scale)
1
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=» almost constant (just log-dependence)

By using the above solutions, we can obtain (upper) limits on PMFs amplitude
from already-obtained constraints on primordial scalar and tensor amplitudes !!

Note; vector mode in metric (vorticity) cannot grow even when PMFs exist.



Non-Gaussian property

Curvature perturbations induced from PMFs anisotropic stress;

1

R, k) = ()T (k)

and

P | 9 d®ky
hiky — 6, ) ——— B;(k1)B;(k — ki)
J 3 .7) 87Tp7,0/(27T)3 ( 1) ]( 1)

(k) = (
Source term is given by a convolution of the magnetic fields.
=»Even if “'B” is Gaussian,

induced curvature perturbations should be non-Gaussian!



PDF of density perturbations

induced from PMFs

* Constructed by monte-carlo method
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Saga, Tashiro, SY (2020)

see also Nakama and Suyama (2015,2016) (for 2" order tensor)



PDF of density perturbations

induced from PMFs

* Constructed by monte-carlo method
10°
5 \ —— Gaussian PDF
10 / N Fitting
104 10 " realizations
10’
= 10°F ./ A\
2 o ngh/ly non-Gaussian N
0 / A\
10 / \
't / N
10 \W
10_1¢ 05 0.0 0.5 1.0 1.5

op/ (CB&[HG])2

x10 "

Saga, Tashiro, SY (2020)

see also Nakama and Suyama (2015,2016) (for 2" order tensor)



PDF of density perturbations
induced from PMFs

* Constructed by monte-carlo method
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see also Nakama and Suyama (2015,2016) (for 2" order tensor)



PBH formation

with primordial magnetic fields (PMFs)

Saga, Tashiro, SY, 2002.01286

Constraint on PBH abundance =» constraint on the amplitude PMFs

About > 100 nano-Gauss
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Corresponding to the mass of PBH



Other impacts of non-G?



Primordial 4-point NG
- PBH clustering

Suyama, SY 1906.04958,
Matsubara, Terada, Kohri, SY 1909.04053...

Assuming simple local type non-Gaussianity,

Two-point correlation function;

.4
fPBH(lel, 332) = V" TNLER.(T1, T2)
In Fourier space, Pppy (k) ~ ™L PR, (k)

v:=20./0 =107 x (%)4 (%) Pr (k)

TN, is a non-linearity parameter in the trispectrum of curvature pert.
(Re(k1)Re(ko)Re(ks)Re(ky)) = (2m)36®) (ky + ko + ks + ky)

54

. {2—5gNL Pr, (k) Pr (k2) Pr, (Ks) + 3 perms]

+7nL [Pr, (k1) Pr, (k2) Pr. (k1 + k3|) + 11 perms. |}




Clustering?

e “clustering”
spatial distribution of PBHs

We focus on - at the formation
- during radiation dominated era

=» Spatial distribution of PBHs on super-Hubble scales

v DM isocurvature fluctuations

o‘,;ofg ‘:‘:a' . ':.0 .'......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...



Primordial 4-point NG
- PBH clustering

Suyama, SY 1906.04958,
Matsubara, Terada, Kohri, SY 1909.04053...

Assuming simple local type non-Gaussianity,

Two-point correlation function;

.4
fPBH(lel, 332) = V" TNLER.(T1, T2)
In Fourier space, Pppy (k) ~ ™L PR, (k)

v:=20./0 =107 x (%)4 (%) Pr (k)

TN, is a non-linearity parameter in the trispectrum of curvature pert.
(Re(k1)Re(ko)Re(ks)Re(ky)) = (2m)36®) (ky + ko + ks + ky)

54

. {2—5gNL Pr, (k) Pr (k2) Pr, (Ks) + 3 perms]

+7nL [Pr, (k1) Pr, (k2) Pr. (k1 + k3|) + 11 perms. |}
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The spatial fluctuation of PBH number density is ® .‘
5PBH (CC) = nPBH(w) —n Epau(T1, T2) = (OpBH(%1)d0pBH(T2))
n
Naively, we can expand this in terms of density fluc. as density fluc. €-> curvature pert.
4 1
5(%) — __7ARC(£B)
Sppa(T) ~ Ad(x) + B d(x)* + - 0 a2 H?

Correlation function is
¢pa (T, Y) = (OpBH(Z)0PBH(Y))

~ A% (0(x)d(y)) + AB(3(x)d(y)") + B*(d(x)*0(y)*) + -+
+(x < y)
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The spatial fluctuation of PBH number density is ® .‘
5PBH (:B) = nPBH(CU) —n Epau(T1, T2) = (OpBH(%1)d0pBH(T2))
n
Naively, we can expand this in terms of density fluc. as density fluc. €-> curvature pert.
4 1
5(%) — __7ARC((I;)
Sppa(T) ~ Ad(x) + B d(x)* + - 0 a2 H?

Correlation function is
éppu(T, ¥) = (dpBH(Z)0PBH(Y))
~ A%(3(x)d(y)) + AB(3(z)d(y)?) + B*(5(x)*(y)*) + - --

27

On super-horizon scales, |z — y| > (aH)™' , these should be zero..
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<52(a3)>2 = 2<6( )6(y)> Eppu (T, 2) := (dppu(T1)dppu(T2))

On super-horizon scales, |z — y| > (aH)™" | this should be zero..
density fluc. €-> curvature pert.

On the other hand, if we assume 4 1
d(x) = ——TARC(w)
9 a2H?
Re(x) = (1 +ax(@))o(x)
— T ™~ dominant source of PBH formation (small scales)

constant parameter
has super-Hubble scale correlation

then, 4 1
(5(%) — _(1 + aX(m))§a2H2

Ao(x)

(@) () 1 =~ 40*{x(x)x(y)) : super-Hubble correlation

> @)
in the correlation of the local variance !!




Primordial 4-point NG
- PBH clustering

Assuming simple local type non-Gaussianity,

§PBH(3717 $2) ~= v TNL ch(wl, "32)

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

() (5)
10 X(lO 105 ) FR-(F)

Suyama, SY (2019)
Matsubara, Terada, Kohri, SY (2019), ...

If this form can be applied to the CMB scale, this should behave as a DM isocurvature,
and it is highly suppressed ! =» PBH DM scenario has to be strongly constrained !!!

Tada, SY (2015)



Implication ?

* From CMB observations,

DM isocurvature perturbation is tightly constrained.
( less than 1% compared with the adiabatic curvature perturbations!)

Piso/Padi < 0(001) Please check Planck 2018

m

* If we assume PBH is a dominant component of DM,

v

4 TNL
PISO — PPBH = 0.01 x (E) (10_6>Pad1

should be so small !!

* If we believe” Maldacena’s consistency relation,
TNL, ™ fl%L ~ (1 — n8)2 ~ ()(10_4>




Crisis on PBH-DM scenario?

TNL
10—6

4
Piso — PpBH = (.01 x (—) (

$

TNI, ~~ fl%L ~ (1 — n3)2 ~ 0(10_4)

) Piai

PBH can not be DM?



Crisis on PBH-DM scenario?

4
Piso — PpBH = (.01 x (—) (

$

TNI, "~ fl%L ~ (1 — ns)Q ~ O<10_4)

PBH can not be DM?
Maybe Yes, PBH can be DM.

Maldacena’s consistency relation would be invalid.

1. In inflationary models associated with PBH formation, slow-roll violation might be essential.
2. Due to so-called local observer effect”, for single field inflation case,
non-linearity parameter fNL and tauNL should be zero.

We need to investigate this issue more carefully.



Still PBH is interesting !!
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Possible detection
by LIGO/VIRGO ?
(or upper limit)

Niikura, Takada, SY+ (2019), ...



summary

* PBH is an interesting target as a DM and LIGO BH
(also exoplanet?).

* In formation process, non-Gaussianity becomes
important. =» abundance, clustering

(=» secondary GWsl! (in Sasaki-san’s talk))

Future issues

» Non-Gaussianity could induce spinning PBH?
» Evaluate the clustering feature for concrete models

» Extended “Maldacena’s consistency relation” ? ...



