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1. Introduction

e Primordial Black Holes (PBHS)

PBHs are produced by gravitational collapse of over-density regions
with Hubble radius in the early universe

~ H 1 -> '

collapse

e PBHs are of great interest because they could

Account for seeds of supermassive BHs ~ 10" M

Account for GW events detected by LIGO-Virgo-KAGRA collaboration
~ 30 - 50 M

Give a significant contribution to dark matter ~ 10" — 10** ¢

e We focus on PBHSs that explain dark matter (DM) of the universe
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1. Introduction

e Dark matter window is open for PBHs with a mass M ~ 10'" - 10** g

e Large density fluctuations with O(0.1) are required for PBH
formation but density fluctuations are ~ O(10=> ) on CMB scales

e Many sophisticated models have been proposed
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2. Axion-like curvaton models

e (Curvaton is a non-inflaton scalar field that
generates curvature fluctuations Tpo | V(o) during inflation
A

e Axion-like curvaton ( Type | and Type Il )

Phase of a complex scalar field &
with spontaneously broken global U(1)
plays a role of the curvaton

Evolution of ® during inflation leads to V(9) 1 After inflation
distinctive scale dependence of
fluctuations

7%

Typel large & — v Typell & ~0 — v

After inflation, axion (= phase component) —7
starts oscillation s BNCE
Vi =17 11 cos V+ 0

e Axion fluctuations == curvature perturbations
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2.1 Type Il axion-like curvaton model

e Model | : inBator V, : infRaton potentic
1
L = é!ul!“l + 1,1 1R T vi(D)! V(L)
| 2 2

Vi(t)= 4 I VE £ g2 2w+

. |l = 1v/(2 Q)

Effective mass of ® dependson/ = att = tpea
11 v/ Q" ! #0 \ /
| LS 0 \./

| !_v/(2! 9" !$ v 2

e Radial component = saxion

® Axion and saxion fluctuations ~
Vw
! —_ Ji_(l O+ ||! )ellII /#O 2\/@
2
: : 0
> Saxion finally settlesat ' ! Vv
) 12 IR
> We can neglect 6¢p <= mi ! !vo" H 4 Rela
e
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2.1 Type Il axion-like curvaton model

e Axion fluctuations

2 Phase component (axion)

"1IV2IAY HZ (6" tpead)

2
mi. #
O Hw a2 2
2 Athorizonexit v | ; - att = tpeak
#
2 After horizon exit \
_ 0 —$—
. . ¢

constant (tpeak <t)

¢ Final axion fluctuation is given by _

misalignment angle fluctuation 2@
o '#_k - op, . 260,
| - $o Po 0, !
» Axion fluctuations decreases as 0 (%)1/3 7
saxionmoves 0! vatt>t pea
Re|P]
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2.2 Power spectrum of curvature perturbations

o Power spectrum of axion density fluctuation has a peak at k = k.,

( koeax IS the scale that exits horizon at 7 = 7., )

peak

2z k< kpeak : spectrum is blue-tilted due to a decrease of do;, (f < tpeak)

2 k> kpeak : spectrum is red-tilted due to an increase of ¢, (r > tpeak)

® Thermal histrory

» Axion density relatively increases after reheating of inflaton

Py p; inflaton Py p; inflaton

p, taxion

lend Reheating Decay t lend Reheating Decay



2.2 Power spectrum of curvature perturbations

® Axion decays into radiation and produce curvature perturbations

rdec "#I

® Power spectrum
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|1 dec
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g
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2.3 PBH formation

e (Curvaton models induce Non-Gaussianity

. 3
Local-type non-Gassuanity 1 (x) = 1,(x) + ngL(!g(x) 1" 12(x)#)

Curavton model |4 - Gaussian curvature perturbati
5 4 8
fay = — 13+ +
12 I dec 4 + 3rdec

e PBH formation is determined by density perturbations §(R) and
their variance ¢%(R) coarse-grained over horizon scale R = (aH)™!

They are calculated from P, (k) and T dec

e Using Press-Schechter formalism, PBH formation rate is given by

(R)= d"g Pg("g: R)T ("("g:R) T "tn) |4 : Gaussian density perturbati
d
P (1 -R)= I 1 | K Py(!g; R) : Gauusian distributic
g R) = 1 exp "
oleR)= 2 Ry P 22(R)

Threshold for PBH formation 6, = 0.53
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2.3 PBH formation

e PBH mass
Mpgn ! My

[ ] TT

‘Pll

2

e PBH fraction of DM

! KpeH
M I M — "
PBH 02 20" 1P Mpc !
l (Mpgh ) w2 Mpgy Y2
fPBH (M PBH) ! 1.7" 108 0.2 M«

e Axion-like curvaton model can produce PBHs that explain DM

fPBH

DM PBH

/\
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2.4 Scalar-induced gravitational waves

Scalar and tensor perturbations do not couple in the linear order

but they do Iin the second order

h;; +2Hh;j 1" 2h; = O(!?)

GWs are produced by the 2nd order effect of scalar perturbations
= scalar induced GWs

Axion-like curvaton model for DM PBHs predicts GWs

Predicted GWs can be
detected by future GW
experiments

o
=
&

G

SKA DM PBH

v
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3. PBHs from non-topological solitons

Cotner, Kusenko (2016), Cotner
Kusenko, Takhistov (2018)
Cotner, Kusenko, Sasaki, Takhistov (2019)

e (QQ-balls and Osillons : non-topological solitons in scalar field theory

2 Q-balls have global U(1) charges Q

2 Formed during oscillation of a scalar field in the early universe

2 Suppose N solitons in a volume V = N follows Poisson statistics

O N

OO ﬂ! o1

N

v

1

N

—— <= |arge for small N

e |f solitons dominate the universe and its number in the Horizon

volume is small ( ~ 10%)

=P Density fluctuations are large enough to produce PBHs
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3.1 Q-ball with charge distribution

e Produced Q-balls have a charge distribution ( in a volume V)
N (Q) betweenQ andQ + ! Q

e Q-ball mass
Mo (Q) = mQP (p = 3/4 Gauge-mediation typ)

e Q-ball energy N(@Qi) -~- N(Q) ~- N(Qn)
! — — ——
E = MQ(QI)N(QI)l Qi Qmin: Ql - Qi Qi+1 - Qmax: Qn+1
=1

e Average Q-b|anll energy .
E"=  Mg(Q)!IN(Q)" Q= Mo(Q)¥(Q)! Q
1=1 i=1

e Variance of energy fluctuation b/--—— Poisson statistics
| N

| N

(1 E)2" = 2."| .|.2#:' 2 (0). O
I('E) M&(Qi) (!N(Qi)! Qi) MS(Qi)N(Qi)! Q

=1 =1
IN(Q)= N(Q)! N(Q)
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3.1 Q-ball with charge distribution

® Average Q-ball distribution
| Q 91

(Q>Qy)

e Average Q-ball density

_IE" Q! Q ° 1 _ . Mqg(Q)
_T_NQ dQMQ(Q) a 6_NQ "Q+p

e \Variance of density fluctuations

I(1E)® _ Ng ©

(" Q" # = =

! Q' 1  NoM3(Q)

e Variance of Q-ball density perturbations in a volume V

_ (#)* . 1 .$o+tp
N # NoV $o +2p
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3.2 Q-ball formation

e (Q-balls are produced in the Affleck-Dine mechanism that uses
one of flat directions (= AD field ¢ ) in MSSM | (squark slepton Higg9

e AD field has a baryon or lepton number
2 AD field has a large field value during inflation
2 After inflation AD field starts oscillationat H ! mg

AD field is kicked into phase direction and generates baryon
number ( = AD baryogenesis)

N —
V) V() |

At =

e AD field oscillation has spatial instabilities
If the potential is flatter than quadratic one

e AD field fragments into spherical lumps ( Q-balls)
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3.2 Q-ball formation
e Q-ball properties depend on SUSY breaking scenario

e We consider gauge-mediated SUSY breaking models

| 4. I |2 P 2
> Potential v()=M{ log 1+ —— ‘
“ mess
2> Q-ball mass
2 2
Mo = "MeQ¥4" mQ¥4 (" # 3.6)

e [attice simulation
e Q-ball charge distribution

" 1 Q
NV & & (Q<Qu)
(Q>Q1)
lo!" 025 NgVy ! 9# 10°
(Vi : horizon volume at formatio)

NM(Q) =

e Q-ball density perturbation

IQ,H — IQ(VH) I 15" 10! 3 OOOOO

o (V) = | v
(V)= tan Vi 17120



3.3 PBH formation

e We assume Q-balls dominate the universe at formation

e PBH formation rate in Q-ball (=matter) dominated universe

c ’ M 10/ 3
|1 =0.056('o(M))” + (M <M th)
f,H
i i | "my o 1
Mty : horizon mass at Q-ball formatiqs t;) Mgy =1.23! 10 > M- I\/Ile’i./
! m "| 1
I M = =2.4! 10%g =
> PBHmass Mpgn! M =gV vy
e Since o) x 1/\/‘_/o< M2
’ V] 11/ 2 ’ V] 5/ 6
lo(M) = ! on = |;(M)=0.056"3, (M ! My )
M+ H M+ H
e Perturbations at superhorizon scale grow after horizon crossing
: M I 5/ 2
¢ (M) =0.056" Miy ! M
-> (M) QH M4 (Mt H )

e Q-balls decay and the universe becomes RD with temperature T,_.

=) PBH formation stops
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3.3 PBH formation

® The present PBH fraction oo =15% 107 GeV |
(" - meg =1 MeV Mo = 0.01 MeV
" Taocay = 10° GV o7 Taecay = 10° GeV
! M T ! woeen | ¢¢' i
f(m)= —Pert ):!f(M)TdeCI . e
- DM eq - DM — -
= e
-

e PBH fraction has a peak at
horizon mass at Q-ball o
formation determined by m_ ;

e = 0.01 MeV T
Tdecay — 103 GeV '/"

'l
BTl I I#

e PBH abundance is

I "'$

determined by o) ;T

® This scenario can produce
PBHs with mass ~ 107*M
that account for all dark
matter

*+’

,67

oo = 1.5 x 107°  myeg = 0.04 MeV
Taee = 10° GeV

I I ‘
T 11
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4. Conclusion

e PBHs are a good candidate for dark matter of the universe

e We considered the axion-like curvaton model and Q-ball model
for PBH formation

e Axion-like curvaton model can produce PBHs that account for
dark matter, and also produce GWs that can be detected by
future experiments

e (Q-balls induce the density perturbations coming from Poisson
fluctuations of Q-ball number density.

e (Q-ball density perturbation can be large enough to produce
PBHs that account for dark matter
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