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Zel'dovich, Novikov (1966)

Hawking (1971)
- High density region collapses at horizon reentry car (1975

if 6 =6p/p >3, ~0.3—0.7 ™\ Spherical collapse of

closed universe

- PBH fraction at formation 52
— PPBH ~ 20M 42,
= = 2f5 P(8)dé = I_ erfc (\/_GM) I \/; 5. € M

62

: __1 o2 oy < 6, : Rare event
Gaussian P(6) = T © 20M M c

Nearly scale inv. A7 for a few

~~ efolds around the reenty
- § « ¢ holds at the horizon reenty Musco, Miller, 1201.2379
RD Harada, Yoo, Kohri, 1309.4201
kel \ Young, Byrnes, Sasaki, 1405.7023
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. 2
Large peak in A? =% PBH {~

A large peak of A% can source PBH.

Leading-order slow-roll CMB ("

EH~1

2 2 -9~
A2 ~ H Az ~ 10 ’ End of inf.\
¢ 87T26H k'
Approximation e =~ €, is often used in the literature
A2 ~ 4 d_(l) — _K’
¢ 24m2e, dN 4 o
o ey =—H/H
Is Ey = €y valid” ] €y = (VI/V)Z/Z
€y (1 N 1 dlneH)
€y B 2(3 — EH) dN
dln ey

Naively, a large oy Seems necessary for PBH.



/ Monochromatic mass function

- PBH mass = Horizon mass Horizon reentry

s/

_ _A4mp _ 1 24(9*)g 2
M =My =5=0=10% () af Mg

0 ()

. . . o2 _ 8nGTme oy
- PBH fraction at formation RD: H® =—=709x
1
— PPBH __ QppHay’ — (g*) QO H¢a™*
~ Ptot g —% g0 '
* -4
Qr(g*o) AH
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______________ = CMB pivot scale

---- Large mass PBH

Ao dexit Ay

- efolds between CMB and PBH scales

AaxitHj ayH
AN — ln( exit 1nf) — ln( H )
aogHins 0.05Mpc~1

1 . 1, M
~18——InL —-In—
12 g 2 Mg
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No go for slow-roll

1/2
2A2 -9 QPBHhZ M
B~ f ¢ =10 ( 0.12 )(MQ)

AN ~ 18 — 2In2%
2 M@

Given (Qpgy, M)
— A%(kPBH) and AN

—

| SR: A ez’ = Alney

A% (kemp) =~ 107°

¢, =13

Aln €y

AN
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NO gO fOl' S|OW-I'O|| Mpmin = 1072 M5: Smallest PBH mass

/ that does not evaporate by matter-

For (O M) = (Q M.. . radiation equality barring merging and
or (Rppw, M) = (lpm, Mimin) accretion = Lower bound

v A% (kppn) = 0.02 = x107 from A% (kcyp) ~ 107°
v kpgy exits the horizon AN ~ 42 after kqyg = 0.05Mpc~?

Slow-roll violation

Aln €Ey
AN > (.38
for any single-field
canonical inflation

X107




No go for slow-roll

- Aln e
(QDM» Mmin) = =

HM, Hu, 1706.06784

1 >0.38
_ Al
(Qppn, M) = 4 (1073Qpy, Mipin) = [ > 037
—3 Aln ey
| (1073Qpy, 30Mp) = [=| > 0.99
e ~ PBH 30Mg

PBH = LIGO event scenario
X107

Sasaki, Suyama,
Tanaka, Yokoyama, 1603.08338

T AN =

dInng
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Case study 1: Inflection model
Garcia-Bellido, Morales, 1702.03901
Ezquiaga, Garcia-Bellido, Morales, 1705.04861

2.0

1.5¢

SR-V approx.

vV /(1073Q)

| AN~V
0.5 A2 (k) ~ V
| ¢ 24mley |
ool o+ |
0 1 2 3 4 5
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Case study 1: Inflection model

dlney /dN

...........................

SR-V approx.
do v’ f
dN =~V ]
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Case study 1: Inflection model

See also Germani, Prokopec, 1706.04226
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1078} Exact / !
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Case study 1: Inflection model

Impossible to |

' suppress x1077 |
EVl\

;;;;;;;;;;;;;;;;;;;;;;;;;;;

See also Ballesteros, Taoso, 1709.05565 for different inflection potential for
x10~7 suppression of €.
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Improve approximation

Aln €y

Large SR violation ‘ > (.38
= SR-V ey = €y = Particularly bad
2
= Standard SR: A} ~ - = Not good
8m“bsCs€y lks=1
2
= Optimized SR : A} = - = Works well
8m“bscs€y 'ks=x4

- Minimize truncation error by optimization ks = x;
- Apply for Horndeski, GLPV, subclass of DHOST

Pbeey (5, c2k? Unitary gauge L,
Ly, = 2 - ¢ Kobayashi et al, 1105.5723

3p 2,2 Gleyzes et al, 1304.4840, 1411.3712

a~D¢ | . 2 Ct 2

Lt2 = 4—C2 )/+,X — 7y+,x Kase et al, 1409.1984
t Langlois et al, 1703.03797




Unitary gauge vs comoving gauge

For canonical inflation §G; = 5T¢? < 6

= unitary gauge (6¢ = 0) = comoving gauge (5T¢? = 0)
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Unitary gauge vs comoving gauge

For noncanonical inflation §G; = 5T®, & 8¢

= unitary gauge (6¢ = 0) 7-‘ comoving gauge (6G; = 0)

— A .
comov = Suni — E A= H5Nuni — (uni

d( A
ONcomov = ONyni — dt (HZEH)
For theories with 2nd-order EOM for scalar perturbation

Einstein eq D constraint eq §Nyy;  Cyni = A = [lyni

dInlynil | T
Kcomov_(unil =‘ dNum en

" T = 0 (canonical case: ' = 0)
(uni = const.

{comov ~ (uni if
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Optimized slow-roll approximation
Stewart, astro-ph/0110322

1. Write down the formal solution of Mukhanov-Sasaki
equation by using Green function (Generalized SR)

2. First order iteration

o x = ks
2y _ [ & T
In A (k) — JO % G (l1n X) Sound horizon

Source function

- Function of H, ey etc

23 x2 2x - Information of model
G(lnx) = —Zlnf +3(lnf)’

3 sin 2x 3 Ccos 2x 3 sin 2x

2 7 1 €, = —H/H?
I (gm) —Sen — 201 — 200 — 36a n =
~ _| n=bsCs€H 51 =dlnEH/dN/2_EH
_§ _Z _1 0;1 =dInc; /dN
(anbtct) 3 $t1 l l

37 3 1 =dlInb; /AN
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Optimized slow-roll approximation

1.

2.

Write down the formal solution of Mukhanov-Sasaki
equation by using Green function (Generalized SR)

First order iteration

o x = ks
2y - _ [ 9% T
InA (k) — j() % G (ln x) Sound horizon

Taylor expand G (In x) around the evaluation point
In x
f

In &2 (&) = G(In ;) + ) g (1n3,)6® (1 x7)
p=1
Truncate at p and optimize In x; so that

dp+1(Inxs) =0
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Optimized slow-roll approximation

In&2 (&) = G(In ;) + ) g (1n.2,)6® (I 1))

p=1 _
= Standard SR X = ks
In A% = G(0) : correction = 0(q,(0)G'(0))
In x¢ =/E) : horizon exit q1 (o)ﬂz 1.06 \1/AN

~ (.35 for AN ~ 3

G(nx)==2Inf +§(1nf)’

B H? 10 2 7 1
ln( )——E — =0y — =051 — =
8m2bscsey 3 H 3%l g7sl 3"551

ln( H? ) 86 7 15
_\2m2be,) 3 H 3 7tl 35t




HM, Hu, 1503.04810, 1704.01128
Optimized slow-roll approximation

In&2 (&) = G(In ;) + ) g (1n.2,)6® (I 1))

p=1 _
= Standard SR x = ks
In A% = G(0) : correction = 0(q,(0)G'(0))
In x; =/E) : horizon exit q1 (o)ﬂz 1.06 \1/AN
~ (.35 for AN ~ 3
= Optimized SR

In A? = G(ln}cl) : correction = 0(g,(In x,)G"(In x,))
7 N
q,(Inx,) ~ 036  1/AN°

~ (0.04 for AN ~ 3

Inxp =1Inx; = 1.06 with g;(Inx;) =0
~1 efold before horizon exit
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Case study 2: Running mass model
Drees, Erfani,1102.2340

1.02}
1.011

O

~ 1.00

A :
0.99}
0.98} V= Vo +3m?(n¢)¢’

~ V, [1 + g{—l +2In¢ + g(ln ¢)2}]

0.97}
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Case study 2: Running mass model
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OSR still works well
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Case study 3: Slow roll step model

Parametrize In €4 directly

N — N,
lnEH=C1+C2N—C3[1+tanh( )]

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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/| dN

dIn

Parametrize In €4 directly

lnEH = Cl+C2N_C3 ll‘l‘tanh(

1073
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N
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Case study 3: Slow roll step model

N
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~ SR
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In (k / ko)

For AN < 10, all approximations do not work.



Summary

= PBH production requires

All’lEH

> (0.38

slow-roll violation ‘

= Previous slow-roll analyses need reconsideration

- Inflection model: No sufficient peak in A%

- Running mass model: Shift PBH mass scale
* Improved approximation: Optimized slow roll
- Slow-roll step model:
OSR remains a good description for models

with 107 amplification of A in AN > 10.

= Applies for Horndeski, GLPV, subclass of DHOST.
Unitary gauge = comoving gauge if {,,; =const.



