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1. Introduction

e Primordial Black Holes (PBHSs) introduced about 50 years ago

e PBHs with Mpsn > 10'° g survive today without evaporating

> @Qive a significant contribution to dark matter
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> Account for G\W events detected 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 double inflation (preinflation+new inflation)

Preinflation (no specific model is required) accounts for
perturbations on large scales observed by Planck

New inflation ( after preinflation) with e-fold Nnew < 50
produces large curvature perturbations on small scales

Pe (k)

kcvB kpBH

Large curvature perturbations lead to PBH formation
when they re-enter the horizon after inflation
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2. PBH formation in radiation dominated universe

e After inflation, when density fluctuations reenter the horizon,
region with Hubble radius collapses to form a PBH if its over-
density is higher than &¢ (=0.3)
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e PBH mass (~ Horizon mass)
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PBH ~ 3.6 M 09 <106|\/Ipc1) “\0.2 (O.lGeV)

\ MPBH - ’yMH (horizon mass)
[ v=0.2 Carr (1975)]




e PBH abundance is estimated by Press-Schechter formalism

e PBH mass fraction B=pprsn(M)/p (assuming Gaussian perturbations )
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Pe (k)

Pg(k) ~ 0(10_2)
for PBH formation

o (k) = /dlog k' WQ(k’/k)g(k’/k)‘ng(k’)

o?(k) : variance of the comoving density perturbation coarse-grained on k™ *

® Present PBH fraction to DM

QpgH (M)
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prH(M) - ~ 1.3 X 108 5(M) (

fPBH.tot = /lengPBH(M)

[ fraction per log M ]



3. New Inflation after Preinflation
e Potential for new inflation

i 1
V(p) = (v — gp™)* —evtp — 5/%4902
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® Linearterm ¢ <1
» amplitude of curvature perturbations
2 determining initial value (next slide)
e Quadraticterm ~ ~ O(0.1)
7 spectrum index (shape of power spectrum)

e Slow-roll parameters
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e (Curvature perturbation
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Pe ~ O(0.01) for e ~v° == PBH formation

e |nitial value for the inflaton ¥ ?

2 Interaction with the inflaton y of preinflation

o Hubble induced mass term

_____________________________________________________________________________

2z Just before new inflation
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Shape of mass spectrum of PBHs

e Spectral index of curvature perturbations
2
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red-tilted
® K>O V‘ PCA n3—1:—2/43<0
» power spectrum
takes the largest
k ~ 0(0.1)
value at © ~ Vi > o >0
PBHs with sharp mass spectrum
* k<O flat
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» power spectrum has
a peak when V" ~ () :
V"~ 0
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PBHs with broad mass spectrum



Remark

e Perturbation modes that exit around the end of preinflation

and reenter horizon near the beginning of new inflation

0 during preinflation == decreases due to cH” "

e (Curvature perturbations generated at beginning of new
inflation are affected by Hubble induced mass

e |f the Hubble induced mass is suppressed after preinflation
the curvature perturbations are relatively enhanced and this
produces double peaks in PBH mass spectrum for Kk < 0
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Example 1: Kk > 0

e We made full numerical calculation including 1st order
perturbations of inflaton fields and metrics

e We adopt chaotic inflation as pre-inflation

e Sharp mass spectrum

u distortion of CMB QpeH/CpMm = /dlog M fppu(M) ~ 1
due to Silk damping
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Example 2: Kk < 0

® Broad mass spectrum

® Another sharp peak due to modes that reenter the horizon
just before new inflation
( for parameters we take Hubble induced mass suppressed
after preinflation ) Vi ~ (cyor + ciin)” ~ 0

p distortion of CMB oo yter the horizon
due to Silk damping | 4

i\ / fore new inflation courtesy of K. Inomata
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4. Observational Constraints

e Gamma rays emission from evaporating PBHs
Carr Kohri Sendouda Yokoyama (2010)

e Gravitational |ensing Barnacka Glicenstein Moderski (2012)
Griest Cieplak Lehner (2013) Tisserand et al. (2006)

e Dynamical constraints ( Heating by PBH collisions)
Graham Rajendran Varela (2015) Brandt (2016)

e CMB (accretion of gas during recombination ) ricou ostriker mack 2008)
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Recent updates — CMB constraint
e Stringent constraint for PBHs with mass larger than 1033 g

Riccotti Ostriker Mack (2007)

e Reexamined by Ali-Hamimoud-Kamionkowski and others (2016)

e Accounting for Compton cooling by CMB and ionization cooling
e=L/M

much smaller radiative efficiency
M

smaller accretion rate

10 100

Myon/M



Recent updates — Microlensing
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Niikura Takada et al (2017)

Using Subaru Hyper-Suprime-Cam (HSC)

Sources are stars in M31( Andromeda galaxy ~ 770kpc)
Microlensing due to PBHs in M31 and our galaxy

No secure event

Stringent constraint on PBHs with o Mepu[Mg]
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Current observational Constraints
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® New microlensing constraint almost closed DM PBH window
e Only mass region~ 10%°g remains



Constraints on extended mass function

e (Observational constraints are obtained assuming all PBHs
have the same mass feeu(M) o< 6(M — M,)

e How we apply the constraints to the predicted extended
mass function?

e For the simplest case the constraint is independent of M

7 expected (lensing) event number L ‘ ‘
Mo fraH
X prH(M)dlogM : : fC
M | |

7 Maximum allowed event number M- Mo M

Mo
Nmax i Obtained for | fren(1)dlox M — .

1 M,

» Expected event number = Hinax fren(M)dlog M < Npax

fC M4



Constraints on extended mass function

e For the next simplest case

2> expected event number

1
szax

fcl M

M2 1 MS

feer(M)dlog M +

fc2 M

e For general case

> event number

Mz fPBH
~ Nmax/ dlogM < Nimax

e For a given (M)
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5. Black Hole as Dark Matter

PBHs can account for all dark matter of the universe?
Observational constraints on wide range of PBH mass
In particular the new microlensing constraint

=P only mass region~ 10%°g remains

We apply the method of constraining on extended mass
function of PBHs



Constraints on extended mass function
e We require

" frBH
* JPBH

M1 fC

dlog M < 1

_ —(log M — log M,)?
o Mass function  /rer o Mexp 502

2z Account for all DM /prH dlog M =

3p

2z (QObservational constraints

e Sharp PBH mass function 5
can account for all DM




Black Hole as Dark Matter
e PBHs can account for all dark matter of the universe?

e Observational 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

First detection of GW event by LIGO-Virgo col

aboration

which comes from BH-BH binary
M, =36T2My M, =29"7Mg,

. Abbott et al (2016)
Origin of BHs? g 0

= PBHs are one of candidates )
Double inflation can produce such PBHs ..
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Production of gravitational waves

e PBHs form from large curvature perturbations

® 2nd order perturbations ~O(¢; () induce a

source term of tensor perturbations

W+ 2Hh + k2 hy = S(k, t)

104

'
= Qcwh?® ~ 1073(P:/1072)2 ~ (Qrh?) P;

e a —1/2 |
fow ~ 2 x 107 7Hz (i) ( PBH) ,
107"}

Saito Yokoyama (2009) Bugaev Kulimai (2010)

0.2 M,

MPBH — ’)/MH (hOFiZOﬂ mass) S
G(% 10—10,
® Pulsar timing array experiments | j,omaia w-Thesis b1y T NANOGrav
. . 1077 L
already give a stringent SKA
constraint on PBHs with 10" 1070 10° 10® 107 10° 10
f[HZ]

MPBH ~ OlM@ — a few M@
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Double inflation model

e \We need a sharp peak to avoid PTA constraints
® This is possible to choose appropriate sets of parameters

» Small Hubble induced mass after pre-inflation leads to
a very sharp peak Vir ~ (oot -+ Ciin) H2 02
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(black) Cpot = 1 ckin = 0.1 K =0.76 Inomata MK Mukaida Tada
Yanagida (2016)
(cyan) Cpot — 0.681 ¢in = —0.676 k= —0.61
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Hubble induced mass becomes small after pre-inflation



e Current PTA constraints can be (marginally) avoided

® Notice that there is uncertainty in 7y

1076

EPTA
10~ 5 NANOGrav

PPTA

SKA

—12]

10T 100 107 10 107 100 107
f Hz]

Inomata MK Mukaida
Tada Yanagida (2016)

e Future PTA experiment such as SKA will probe GWs

as small as Qcwh? ~ 1071
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6. Conclusion

e PBHs can be formed in double inflation (=preinflation +
new inflation)

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

e Although observational constraints are stringent, this
model can produce PBHs that account for all DM of the
universe

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