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Primordial BH

- 100% Dark Matter

Carr & Hawking 74 (cf. Escriva, Kuhnel, YT 22)

induced GW b.g.

s O st | Radiation Era
LISA see Ryoto's talk on Wed.
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Large PTB? - even for large PTB

- only for superH

PTB theory for small PTB > Stochastic approach  starobinsky ‘86
SN, ) PN,
N\
AVAVAN
N T
H(N)

BN, %) = GIN) + Sp(N, x)
¢ (N,X) = 2, (N) + 5, (N, %)
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Large PTB? - even for large PTB

- only for superH

PTB theory for small PTB > Stochastic approach  starobinsky ‘86
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N T
H(N)

BN, %) = GIN) + Sp(N, x)
¢ (N,X) = 2, (N) + 5, (N, %)

Coarse-graining in stochastic inflation Yuichiro TADA



Large PTB? - even for large PTB

- only for superH

> Stochastic approach starobinsky ‘86

ﬁ_!_ ¢IR(N9 X)

dp™ (N, x)

¢
S = — (N, X) + 5 E(N, X)

sin(aHr) >toc. Noise

(EN, X)EN', X)) = 6N — N)
3MZHA(N, x) = p(N, x)

aHr

Coarse-graining in stochastic inflation Yuichiro TADA



Stochastic-ON

Kawasaki, YT 15 + Fujita '14 + Takesako '3 Lyth, Malik, Sasaki ‘05 : the time difference 6N is ...

|4

- conserved on superH after inflation

_sp~—LsN

H

@ - equivalent to the curv. ptb. C

In the stochastic form.

Cr-1(X) = 0N (X) = N(X) = (N)

inf

¢
dp™R(N, x) B v H(N. x)
dN - E(N’ X) + )T f(N, X)
sin(aHr) Stoc. Noise

(EN,X)EN', X)) = 8(N — N')
3MEHA(N,X) = p(N, X)

aHr
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Stochastic-ON

Kawasaki, YT 15 + Fujita 14 + Takesako 13 Lyth, Malik, Sasaki ‘05 : the time difference ON is ...

v

- conserved on superH after inflation

- 0p '05N

H

@ - equivalent to the curv. pth. C

In the stochastic form.

Cr-1(X) = 0N (X) = N(X) = (N)

inf

& How probabilistically

dp™R(N, x) V7 H(N. x) distributed?
IN — —%(N,X)-F > f(N,X)
in(aHr) 2toc. Noise .
(E(N, X)EN', X)) = S(N — N')- a(HI:) How spatially

correlated?

3MpH*(N,x) = p(N, X)
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Adjoint FP

Vennin & Starobinsky 15

| dg % H
Langevin eq.: — = F—¢&
dN 3H? 2nrn
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Adjoint FP

Vennin & Starobinsky 15

| dg % H
Langevin eq.: — = F—¢&
dN 3H? 2nrn

/

& Fokker—Planckeq.: OyP(¢p | N) = ZLpp - P(¢ | N) = 0, [ P(¢ | N)

3H?
with the absorption b.c. P(¢p = ¢p; | N) = 0 at the end of inflation ¢

+ 02 l(£>2p(¢w)
P12 \ 2z
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Adjoint FP

Vennin & Starobinsky 15

| dg % H
Langevin eq.: — = F—¢&
dN 3H? 2nrn

/

& Fokker—Planckeq.: OyP(¢p | N) = ZLpp - P(¢ | N) = 0, [ P(¢ | N)

3H?
with the absorption b.c. P(¢p = ¢p; | N) = 0 at the end of inflation ¢

+ 02 l(£>2p(¢w)
P12 \ 2z

AN
0pPrpr(V 1 ) + = (2—]) OyPrpr(N | P)

/

& Adjoint FPeq.: 0 - Pppp(N | @) = L1 - Pepp(N | ) =
FP 3H?

with the b.c. Pep(N | @ = ¢pp) = 6(N)
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Adjoint FP

Vennin & Starobinsky 15

| dg % H
Langevin eq.: — = F—¢
dN 3H? 2nrn

/

=P | N)

with the absorption b.c. P(¢p = ¢p; | N) = 0 at the end of inflation ¢

& Fokker—Planckeq.: OyP(¢p | N) = ZLpp - P(¢ | N) = 0, [

+ 02 l(£>2p(¢w)
P12 \ 2z

AN
04Prpr(N | ) + = (2—]) OyPrpr(N | P)

/

& Adjoint FP eq.: 0y Pepr( N | ) = L, - Pepp(N | ) =

3H? 2

with the b.c. Pep(N | @ = ¢pp) = 6(N)

H\’ 2
& Series of PDE:EEP- (NNP)) = — n{ N (), fflzp- (SN (P)) = — (2—ﬂ) (6¢(/l/(¢))>

with the b.c. (A" (¢p¢)) = 0
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Coarse-graining

YT & Vennin 21

. ° Z:I{f—l ¢ o
..o é/Hf—l é’ Hf_l é:Hf—l O..
° CHf—l °
. ;! “H CH:! :
0. CHf_l CHf—l .o
° é/H—l .
® f ®
° . CHf_l : . °

—" obs. U.
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Coarse-graining

YT & Vennin 21

-----
[ "

.
. .
-------

N, (R) = In(RH;) e-folds before

" 0obs. U.
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Coarse-graining

YT & Vennin 21

Cr(X) = N (p; = ¢«(X,R))
(N (P«(X,R))) — (N ()

-----
[ "

.
. “
. .
-------

N..(R) = In(RH,) e-

—" obs. U.
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Coarse-graining

YT & Vennin 21

Cr(X) = N (p; = ¢«(X,R))
(N (P«(X,R))) — (N ()

-----
[ "

_________ P(Cr) = qub*t ('/Vi—>* = (N5) = (W) + é’R)
Npw(R) = In(RH) e- X | (qb = ¢$:@ — N, (R))

—"" obs. U.
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Power spectrum

Ando & Vennin 20, YT & Yamada 23b

—ln§
j dInk P k) = (2) = jd@R P

2
= ‘@C(k) = _jiiRR? — — Jd¢*dCRCI%l ( = (W) —(Ns) + CR)
R=alk y ol (45 = . @ — wa)
0Ny,
N,,»=In af:{f

1 i (BNP7)) = (SN (PD))
S AN

stat. average of der. of variance
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Hybrid inflation N 3
N V(¢W)_A4 1 U4 | 451// |¢_¢C (¢_¢c)
Kawasaki & YT "15. , M? h2M? Uy U3
R N) i
-4 35 4
; 30 & -5
5 25 % -6
20 2 -7
15 & s
10 9
i S 5 _105
0.1410 0.1412 0.1414 0.1416 0.1418 0.1420 @2
¢/Mp ¢/Mp
1072
overproduce PBHs
(Kawasaki & YT 15)
Q" 107°
10_8 stochastic
Clesse & Garcia-Bellido 2015
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Ne—Gel: ¢°

YT & Yamada 234

V(¢W)=A4 1 Wz 2+2¢2l//2 I¢_¢c (¢_¢c)2 I(¢_¢c)3
| M2 u3 w3

50 [+ PR

40+

30E
: dIn &£.(k

S | ) ~ 1 mild tuning

| P k) = 0.02

10} o
; Po(k,) = 0.05

0
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Ne—Gel: ¢°

YT & Yamada 234
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Ne—Ge 2 : multi-y .
Halpern+ 14, YT & Yamada 23b l/j — l// o (lljl’ l//z, T 1/19)

T — P ‘/l — 1 H ’ P —
gFP°PFPT(*/V| W) = _Mp173iPFPT(/V\ W)"‘E 2—ﬂ 0 Pppp(N | W)

Vo 1 (H\N2-1 L (H\
— —MPl— +— | — awrPFPT(/V ‘ l//r) + = — a;//rPFPT(‘/’/ ‘ l//r)

W, 2 \2x

D =1": 1 * <l//r2>c =Y <l//2>c

1 » g)tglax

D=1

1
=_@2nax
o 9D

D=1
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Ne—-Ge 2 : multi-y — _
‘ YT & Yamada 23b l// — l// T (l//l’ 1/123 R 1/19)

1?2 = 100

S N E I = O(1)would be

o = *-g —
.
o = <
L ¢ o —
°
" T = enou or S
O’ ¢"'."‘-—_._ -'%-.—;—.. ‘¢ —
" A B . & _.__.._.§~ "I
4 M Yo N
. - ’ 9= O=0 gu & ~ 53
P ¢ @ »° @ 5 —_
> .-3°¢ % N
.®

2 = 100
{9 = 1000
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Ne—Ge 2 : multi-y

YT & Yamada 23b
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0 as coarse-shelled C

YT & Vennin 21
& (linear) density contrast & (nonlinear) compaction func.

9 1 2 N2
Tk %<r>=§[1— (1+()°

( - VzgR)(k) = k2W< ) (k) =y (4:1'32 CR1> =1 AC |

w/ appropriate R;, R,,7 |
0.100/
0.010.

0.001;
| —1 ~1
10_4; Rl R2 \

01 05 1 5 10kR/a
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Quantum well

YT & Vennin 21
4()
NO NoIse
classical slope
only noise
absorbing B.

VO ____________ i 7 reflective B
. quantum well |
| ' ¢ B ¢W
0 o u=12
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Quantum well

YT & Vennin 21

P(AZ)
P(AZ)
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Quantum well

YT & Vennin 21
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Quantum well

YT & Vennin 21

critical behavior

Mpgy & (6 — Cgth)
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Quantum well

YT & Vennin 21
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critical behavior
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Summary

Stochastic formalism, EF T of superH fields, is a powerful tool

- w/ ON-formalism - stats. of C

- Coarse-graining - spatial correlation

- More direct num. calc.? = See Yurino's talk! (this afternoon)






Hybrid Inflation

Linde ‘94
2
Vi, y) = %(M2 — Iy?)? A gz 20 + V(o) - s ptb. determines the whole dynamics
during/after phase trs.
- Flat potential can extend
the waterfall phase V..o = N gy

v

Realise Massive PBH??

Garcia-Berido, Linde, Wands '96
Clesse & Garcia-Berido 15




No-Go on Massive PBHs

Kawasaki & YT 15

2\ 0 b—d -
Vg = A* [ (122 ) 122 L 9% C
A4 M- M2 u3 Vo
Plkemp) = = =2 x 107 n o~1+2— ~0.96
V
- Valley phase
d(y) Vi g (H )2
~ N —
dN V V) W 27
w=0
¢ =~ ¢,
H1

- Waterfall phase
(brgo Vo) fomep = by =1/ (W)

linear ptb. around (¢, o > ¥4 o)




No-Go on Massive PBHs

Kawasaki & YT 15

2\ 2. 2 B RS,
V(¢9W)=A4 l(l v ) _|_2¢ [ | ¢ ¢c (¢ ¢c) “

2112 2
JAN 9 ¢c H1 HA N M N
Polkcp) = === = 2% 10 1,2 1+ 2% = 0.96
Clesse & Garcia-Bellido 15 - Valley phase
2
Npp= N x1l =M/ dfy) ~ VW(N) (w*) + (E)
dN % 27
‘@C,max ~ P C(kc) x 11 B y=0
* ¢ = ¢c B -
1

.. ‘@C(kc) ~ OOI/VBH

eg. PdAky) = 0(0.1) for Ny = O(10) (Poor Wi o) Fromep = b 17 = \/ (2)

Massive PBHs will be inevitably overproduced! inear ptb. around (¢ » W o)

- Waterfall phase




