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CMB bound on PBHs by disk-accretion in
the late MD epoch

Poulin, Serpico, Calore, Clesse, KK (2017)
* A non-spherical accretion disk (ADAF(slim) +

Standard disk) around a PBH caused by an

angular momentum emits radiation

) ‘ 71\"" 2
J\'IHB =47\ px,‘ueﬁrﬁB = AT\ Do (C [)

o (0% [ OV
l ~ W T'HB — p + Vet UVeffTHB
‘e

e CMB TT and EE can be modified

* From observations, we can constrain the
number density of PBHs



Cosmological baryon accretion onto the
PBH + CDM halo system

Poulin, Serpico, Inman, Kohri (2020)

O(10)kpc

= -2.25
‘t S0P xr

CDM Halo Accretion onto CDM + PBH

z ~30 -- 100



Modified CMB anisotropy

Poulin, Serpico, Calore, Clesse, Kohri (2017)
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Modified CMB anisotropy

Poulin, Serpico, Calore, Clesse, Kohri (2017)
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Fraction to CDM

CMB bound by disk-accretion in
the latest MD epoch

Poulin, Serpico, Inman, Kohri (2020)
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L-distortion and acoustic reheating

102

& 1073

1078

Kohri, Nakama, Suyama (2014)

-
------

Inomata, Kawasaki, Mukaida, Tada, Yanagida (2017)
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Kohri, Sendouda, J.Yokoyama (2009)(2020)
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GW150914 and its merger rates for 30

M., ., masses BBH

M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama (2016).

A 3-body effect is important for the BBH formations
1000 ¢ - — T —— - :

T T T T T

100

—
o
T T TTT T

—
T

event rate [Gpc'3 yr"]

Rate of GW150914

0.10

LA |

0.01 : S R n .
1.x107 5 x10~4 0.001 0005 0.010 0,050 0.100

fmc’rlon to CDM (f traction)




DECIGO discriminates BPBHs from the

normal BBHs
Takashi Nakamura et al, arXiv:1607.00897 [astro-ph.HE]
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https://arxiv.org/abs/1607.00897

Conditions for a PBH formation in Radiation

dominated (RD) Universe

Zel'dovich and Novikov (1967), Hawking (1971), Carr (1975)

. Harada,Yoo and KK (2013)
e Gravity could be stronger than pressure

6>6 ~p/p~ci=w=1/3

I ° Black Hole

A fluctuation wit e wave humber k
ﬁ A closed universe immediately

Horizon size = H!= (k/a)?! collapsing into a BH




P, (k) and PBH abundance (M)

* Fraction of PBH to the total with Press Schechter

formalism For Peak Statistics,
e.g., see Yoo, Harada, KK et al (2018)(2020)
o s preu(M) °° 1 < & ) ( Oth )
B(M) = — do exp | ———= | = erfc
M) Ptot @; V2mo? 20° V20
~1/3-05 -
For analytical derivations, see HGI"Gd% Z’go, KK (2013) o~ dpfp

e Relation between B and fluctuation o (or B and Q)

-9
Oth

BIM) ~ = (F5) = Zazee

1/2
—1H5x1078 % QLHhZ
10”g 0.1




Typical quantities of PBHs in RD

« Mass (horizon mass =p(t:,m) H(tiorm) )

sl 3 2 Mgl 15 Tform & 4 Tform =
MPBH ~ P (Hform ) ~ Mpltfrom ~ T2 ~ 10 g (3 - 108G6V> ~ 5x10 M@ ( MeV )

form

e Lifetime

Mppu 4 Mppu 7
~ 4 % 1017 ~ 1
sec (1015 g) sec

* Hawking Temperature
2

M M =L M =i
Ty 23— 25 TN i et =9 s TR || =228
PBH Mppr € ( 1015g X

 Wave number of horizon length

-1/2 )
k=aH ~ 10°Mpc™" (5 ﬁ%ﬁ?f ) ~ 10°Mpc " (Tform )
©

* Fraction to CDM

-1/2 -1/2 -1/2
£ = QPBH ~ B MPBH ~ B MPBH ~ 108 MPBH J;exp _ 1
fraction 10 ) | 10°g 10° ) | 30M_ 30M_ ° 18P,

CDM




Features of PBH formations in RD

* Spherical due to radiation pressure

Pressur!

w=p/p~1/3)
* Negligible evolutions of density perturbations

gravity

* Quite a small angular momentum

See, T.Chiba and S.Yokoyama, 2017

De Luca et al, 2019

Minxi He and Suyama, 2019

Harada, Yoo, Kohri, Koga and Monobe, 2020

(dimensionless Kerr parameter)

Mo\ Y3
2\ ~u -4 [
V (ag) ~6.5 x 10 (A/[H)



Effective inspiral spin parameter of the

my X1 cos 01 + maxa cos O

Xeff =

1.00

my + Mo
0.50 ' GW190412 {
O :‘“ "
AN
),
G T A | S B S 1 g VW Uy A *H_“ o ¥ SN
Z 0.0 ! i
GW19042 v
0814
l I R I = = [ !
1 2 4 & 10 20 40 70 100
M /M.

observed BHs

Credible region contours for all candidate events in the plane of chirp mass M and effective inspiral spin \chieff. Each contour represents the 90\%

credible region for a different event. We highlighted the previously published candidate events (cf.\ Fig.~\ref{fig:mtotgpost}), as well as
\protect\NAME{GW190517A}\ and \protect\NAME{GW190514A}, which have the highest probabilities of having the largest and smallest \chieff

R. Abbott, et al, LSC P&P Committee, arXiv:2010.14527 [gr-qc]

respectively.
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Cosmic history of energy density

Inflation

eMD

oscillation

of inflaton

o =const.<(10'° GeV)*

oc -3

RD
Baryo.
CDM
BBN

poca-4

oc -3

MD

CMB, LSS

QO

=(2meV

a=a(t): scale factor

)4

DE

0<(1010GeV*

T=Ton| T=

>MeV

1 eV

a (t)

t=7/Gyrs

t=13.8Gyrs



PBH formation at the (early) matter
dominated (MD) Universe

Polnarev and Khlopov (1982)
Harada, Yoo, KK, Nakao, Jhingan (2016)
1. Pressure is negligible, which could induce an
immediate collapse and producing more
PBHs?

2. Density perturbations can evolve, which
oroduces non-spherical objects and cannot
oe enclosed by the horizon. That means less
PBHs can be produced?




Matter Domination

* Three radius in Lagrangian coordinate q;

r = (a — ab)q Zel'dovich Approximation
ro = (a — Bb)ge
T3 = (a—7b)gs
.. 2 2
e Eccentricity 2-1_ (:283) . (Z‘f)
3\le -

* Hoop with 2" Elliptic funciton E(x)

(- De(|1- ()

* Hoop conjecture for PBH production
C S 27y,




Abundance of PBHs formed in MD

* Probability distribution by peak statistics (BBKS)
Doroshkevich (1970)
w(a, B,v)dadBdy

27 1 , 12 1 a2 N2 , 2
—— 5757 P |~z (@ + B+ ~ gzl + (B =2+ (r—a)?)
o = V503

(= B)(B —v)(y — a)dadBdy.

* Probability

o0 [ B
Bo = / da-/ d,B/ dvy 0(1 — h(a, B,7))w(a, 3,7)
0 — 00 — 00

 — y }  — I’v 2
h(a, B,7) = 20 .27E (\/1 B (Q 3) )
T « a—

h(a, B,7) == C/(27rg)




Angular momentum produced by perturbations
Harada, Yoo, KK, nad Nakao (2017)

* Angular momentum 1t order effects
for nonspherical V 2" order effects

L. = / pr x vd’r = pya’ (/ X X ud’x +/ X0 X ud3x>
a3V v v

* Density perturbation 6
e (Peculiar) Velocity perturbation u := aDx/Dt
u; = —£V¢1

* Potential perturbation b= U — 0,



Beta in matter-domination

Harada, Yoo, KK, Nakao (2017)
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Spin distribution

More highly-spinning halos cannot collapse info PBHs, which means
that the PBHs produced tend to have high spins in MD

Harada, Yoo, KK, Nakao (2017)

fBII(’z)(a*)

0.1 02 03 04 05 06 0.7 08 09 1
a, == L/(GM?*/c)



Secondary gravitational wave induced from large
curvature perturbation (PZ >>r) at small scales

K. N. Ananda, C. Clarkson, and D. Wands, 2006
D.Baumann, P.J.Steinhardt, K. Takahashi and K.Ichiki,2007
R.Saito and J.Yokoyama, 2008
KK and T.Terada, 2018
R.-G. Cai, S. Pi, and M. Sasaki, 2019
 Power spectrum of the tensor mode

'ILT (A \ S \ . 1. N N\ STs , 3k ,
(hie(mhxe () = = Pu(k,m)o(k + k)™, hyj(a,n) = / (.Cic’“[h:m)e;(k)+h,1f<n,>e;<k>]

27)3/2 '

* Omega parameter well inside the horizon

2

L kN7,
Q(;\\(AT]) — E (ﬁ) Ph(ll 7])

* Substituting the solution into this

(N [ [ [t
vl =3 (marr) [ 2 [, %[ =




Large P, at k ~ 10’Mpc™ produces
both GWs at nHz and O(1) M, PBHs

R.Saito and J.Yokoyama, Phys. Rev. Lett. 102 (2009) 161101
K. Kohri and T. Terada, arXiv:arXiv:2009.11853

k 2 5 x 1079Hz\°
Meast ~ O()Mo (1otr )~ O(WMe ( ’)

0"Mpc f
5.x107% ——— 1e — —
0.100 EEROS/MACHO : caustic crossing
-9 L C IGOg ]
1.x10 : 0.010k 2 ]
= 5.x10710F - i
3 2 0.001¢
& = :
7 104}
1.x10710¢ 5
5.% 10-11| 107
1 L Loy L I L Loy 1 L 10_0% . - - L L L L L L
5.x1071%x 107 5.x107P.x 1078 0.2 0.5 1 2
f/Hz Mppn /Mo

GWs at nHz PBHs ofO(1) Mg



NANOGrav12.5yr and solar mass PBHs

K. Kohri and T. Terada, arXiv:arXiv:2009.11853
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2"d order GWs enhanced at a
sudden transition from MD to RD

Inomata, Kohri, Nakama, Terada, Phys. Rev. D 100, 043532 (2019),
arXiv:1904.12879

Ph(n? k) ~ fffZ(U,V,X,XR)
3(2(5 + 3w)®(uz)®(vT) + 4H (P (uz)®(vT) + B (uz)P’ (vT)) 4 4H 2d' (uz) P’ (vT)

f(u,v, %, 2r) = 25(1 + w)
. This is big|
Z
* Enhancement at TR w9107 107 107 w0 1
: E PTA/ (?il:s?g(:):\;/"' K !
1010
: NG
H2'D ~ (knr)2d? > &2 wef
% [ SKA
. . 2 10716 Al« —~DECIGO
Amplitude should be less than unity S Ji .
The transition occurs in a finite time O oW |

Lo onld -1
10_22_(Am_10 Mpc™1)

Tergelst

105 107 10° 1011 1013 1015 1017 1019

@

mechanism for gravitational wave production

Logo bv © Takahiro Terada




Summary

PBHs can be also produced both in the early radiation
and matter dominated Universe

Binary PBHs with O(10) Mg are good candidates for
LIGO/Virgo events

PBHSs can be dark matter for M = 107 g -10%3qg

The NANOGrav 12.5yr data can be fitted by
secondar¥ GWs induced by large curvature
perturbation, which could have produced PBHs with
O(1) Mg simultaneously

We will be able to distinguish a model of PBH
formations from others by future observations such
DECIGO/BBO and so on.



Aquarius simulation



