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1. Introduction

e Primordial Black Holes (PBHSs)

e PBHSs has attracted our interest because they could

> @Qive a significant contribution to dark matter

L\ 4

» Account for G\W events detected by LIGO recently

e PBHs can be formed by gravitational collapse of over-density
region with Hubble radius in the early universe

~ H! -> ‘

collapse

e Large density fluctuations 6 with O(0.1) are required for PBH
formation but & ~ O(10~ ) on CMB scale

need to break scale invariance of spectrum of
density fluctuations



e We consider the following two-field models for PBH formation

» Double inflation (preinflation+new inflation) ' sugiyama,
Yanagida (1998)

2 AXxion-like curvaton ik, kitajima, Yanagida (2013)

Pl Pe(k)  plue titted
preinflation new inflation inflation curvaton
kcms kpBH k kv - L

e Large curvature perturbations lead to PBH formation
when they re-enter the horizon after inflation



2. PBH formation in radiation dominated universe
e When density fluctuations reenter the horizon, a PBH is

formed if its over-density is higher than &¢ (=0.3)
0 > 0,

p=p(l+9)
R o
<

> collapse

e PBH mass (~ Horizon mass)

Y k 7 ol T 2
Mgy ~ 3.6M ( ) ~ 4.5M ( )
P = 3.0Mo 0. 2 <106|\/|pc1> “\0.2 (O.lGeV)

\ Mpgy = vMpy (horizon mass) [v=0.2 Carr (1975)]

e PBH abundance is estimated by Press-Schechter formalism

P (k) | = PBH mass fraction f=prsn(M)/p

e Present PBH fraction to DM Pe(k) ~ O(107%)
172 for PBH formation
fen(M) = Stpen (M) ~ 1.3 x 10°® B(M) <MPBH)
(pm M




3. Double inflation model
e Potential for new inflation before new inf.

1
V(e) = (v* = gp")* —ev'p — Srv'e® | £ cH ¢

n=34,--- M,=
¢ Linearterm ¢ <1 4

2z amplitude of curvature perturbations

2 determining initial value | @i ~ ¢

® Quadratic term » ~ O(0.1) red-tilted
P-a
2 spectrum index :

(shape of power spectrum)

k<0
e Curvature perturbation o &%
. 2 2
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7)( ~ O((),Ol) for € ~ v? — PBH formation



4. Axion-like curvaton model
e (Curvaton scenario

» Scalar field acquires fluctuations during inflation

2 When the curvaton decays its fluctuations
produce curvature perturbations

e Axion-like curvaton ( curvaton= phaseof ) ¢ = gbew

A

Vi) during inflation V() 1 after inflation
f >¢ e T > 9 — O'/f
V(@) = cHie(é — f)? V(o) = A*[1 — cos(o/f)] = 5m3o”

Z» curvaton fluctuation

J 25_@ _ Hr =P Blue-tilted spectrum

Po 0 7w

® decreases during inflation



Pg(k) blue tilted curvaton

\

e (Cuvature perturbations

? Dblue-tilted at k& < £y inflation
(before ¢ reaches f)

» scale-invariantat k& > k; . kpeH

(after @ reaches f) kcMEB ].ff g

ks : scale exiting horizon when ¢ = f

k

e Power spectrum of curvature
perturbatigns at horizon crossing Pe(k = aH)
takes maximum for k = ks — kg4

® Those fluctuations produce PBHs

o |f £f ~ kg produced PBHs have
a sharp mass function

k

ki kg

kq : scale reenter horizon at curvaton decay
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5. Black Hole as Dark Matter
e PBHs can account for all dark matter of the universe?
® QObservational constraints on wide range of PBH mass
® |n particular the new microlensing constraint
= only mass region~ 102°g remains
® Double inflation model can produce such DM PBHs
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5. Black Hole as Dark Matter
e PBHs can account for all dark matter of the universe?

® QObservational constraints on wide range of PBH mass
® |n particular the new microlensing constraint

= only mass region~ 102°g remains
® Double inflation model can produce such DM PBHs
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6. PBHs for LIGO gravitational wave events

GW events by LIGO = BH-BH binary with ~ 30 solar masses
Abbott et al (2016, 2017)

Origin of BHs = PBHSs are one of candidates

Required fraction of PBHs 10|

QPBH/QC ~ 10_3 — 10_2 é% 1077

Sasaki et al (2016) 10-13 _____ SKA

However, stringent constraint fromo 10 10° 10® 107 10° 10°
pulsar timing experiment fHz]

. _ Saito Yokoyama (2009)
In PBH scenario 2nd order perturbations Bugaev Kulimai (2010)

~ O(¢r ¢z ) Induce a source term of tensor perturbations

B B _9 v \1/2 [ MpgH 172
Qewh® ~ 107%(P¢/107%)% | fow ~2x107"Hz (ﬁ) (M@ )




6.1 Double inflation model

® This is possible to choose appropriate sets of parameters

Inomata MK Mukaida Tada Yanagida (2016)
e We need a sharp peak to avoid PTA constraints

/ |||||||||||||||||||

e Current PTA constraints
can be (marginally) avoided
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6.2 Axion-like curvaton model

Ando, Inomata MK (2017)
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Axion-like curvaton model can 10" 100 _10° 1
produce PBHs with Mpgy ~ 3OM@ : emto/ p
WD
1072
PTA constraint is stringent o
. £ 107 PBH \
However, the model predicts & P
. . ’ NL — <.
large non—gags&anlty 0] g 1012GeV m, — 3.6TeV
2 2  r=0.5 n, =2
C B Cg v 5fNL(Cg - <C9>) 107 o 05200 2525 “““ 30 1035
10 10 10 10 10
Non-gaussianity (fa. >0) enhance Mren 8]
PBH formation o
- =101
=P P: is reduced by factor 4 i
731/20.10:-\
=P ()cw decreases by factor 16 C |
0.05}

PTA constraint is expected to be
less stringent R T S R -



/. Conclusion

e Double inflation model (=preinflation + new inflation) and
axion-like curvaton model can produce PBHs

e By appropriate choice of model parameters the models
can produce PBHs with various masses and abundances

e Although observational constraints are stringent, double
inflation model can produce PBHSs that account for all DM

of the universe

e The models also can produce PBHs for LIGO events and
(marginally) evade constraints from PTA experiments on
gravitational waves



