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Primordial Black Holes
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PBH formation: conventional scenario
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i The peak re-enters horizon during radiation
i era. If the amplitude > O(0.1), PBH will form.




PBH In a nutshell

comoving scale (« g)

®* Primordial Black Holes (PBHSs) are
those formed in the very early
universe, conventionally when the —
universe was radiation-dominated.

* Presumably they originate from a JL
large positive curvature perturbation  — D
produced during inflation (which hence
should be a rare event).

® For a BH to form during radiation
dominance, the perturbation must be
O(1) on the Hubble horizon scale.

PBH
MPBH ~ Mhorizon
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observational constraints
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fraction B that turns into PBHs

for Gaussian probability distribution

0.3 et ,1

non-Gaussianity
PBH forming

o(MH) (mass variance) N:
ons : | _
' i j / fluctuations

typical size of fluctuati

P(d)

0.1

D

0 'S o 3 ] ] ] ] '}
=1 -0.5 0 0.5
s O

®* When om << d¢, 8 can be approximated by exponential:
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®* Recent studieslindicates enhanced production:
Yoo, Harada, Garriga & Kohri, 1805.03946

""using peak theory '

[ ® Non-Gaussianity may significantly affect 5 ]




iInduced GWs
(IGWSs)



GWs can capture PBHS!
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spacetime oscillations

PBHs = CDM with Mpen ~10%1g Background GWs
generates iGWs with f~10° Hz at LISA band

PBHs =LV BHs with Mpgn ~10M Background GWs
generates iGWSs with f~108 Hz at PTA band




GWSs can test PBH scenario!

PBHs = LV BHs?
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> PBHs =LV BHs scenario is already constrained by NANOGrav(PTA)
Cai, Pi, Wang & Yang 1907.06372
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Inflation models



(1) Two-field inflation model
Pi, Zhang, Huang & MS, 1712.09896
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~ Starobinsky (scalaron) + curvaton

i S A AT A 7o008f )
o many 2-stage models
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® Scalaron ¢ becomes massive at the end of the 1st stage.
® Field y plays the role of inflaton at the 2nd stage.



sharp peak
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scalaron + x model can produce a sharp peakin the

curvature perturbation spectrum at small scale
(local) non-Gaussianity is usually small in this kind of models
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PBH mass function
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scalaron+x model can realize Mpgu [g]
PBH=CDM scenario with a monochromatic PBH mass!
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(2) Non-minimal curvaton model
Pi & MS, 2112.12680
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Fully non-Gaussian curvature perturbation
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€ = curvature perturbation on uniform density slices
r = p,/p @t epoch of curvaton decay

* PBH formation criterion is fully non-Gaussian:
criterion £ > C_~0.5 gives a highly nonlinear expression in &y/y

Probs (A)dA = Prob;[{]d{ = Probs, [6x]d(5x)

A(R) : dp/p (" Ak2R2
smoothed over A(R) ~ ———(R) | for spectrum peaked at k=k.

comoving scale R L °

* Yet, power spectrum is well approximated by that of 6y? for r <<1,
while by that of log(1+o6y/) for r ~1.
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LISA will detect iGWs if PBH=CDM | "
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(3) Resonant Amplification Model

Z. Zhou, J. Jiang. Y-f. Cai, MS & S. Pi, 2010.03537
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Curvature pertn, PBH mass fcn, Induced GWs
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(4) A new mechanism : potential with an upward step

Cai, Ma, MS, Wang & Zhou, 2112.13836
» egn of motion

V(A¢) ; | ‘
: Per g
d—Q -7 B AV — (pi, 1)
| Hd | 5
a1 Vi) |

3ﬂI2H2 — 1{?}2 + V((jﬁ) (¢e» ne) :

g 2 Slow-roll I ! Slow-roll I
B %Hzﬂ? +V(9) P > ¢

* energy conservation (=continuity of H) at the step

2AV AV Vv’
71'3:?1'3— H2 N?T?_G?? ?Tcﬁ—:}Hg:—a.fQE
V2

AV € = 2V2(¢c+)
= T = \/TTZ.}G— :

€ V (In Mpianek = 1 UnltS)

20



curvature perturbation on comoving slices
ON computation (for ¢ >¢.)

| D — Q@ 1 | Vv
N(¢,m) =~ f-"'\/g_i‘ + o In(—2nprmg(p, m) — 68/2€77) + const. 1 = 572
_ h) 2 27 & Ov/2€r1 Tsr
= N =R, ~ 22 1= 142102 p = = —6—
2¢;  |h] g T4 T4 Td
2 T AV/V
~ 2 (1= 1—hT’,)f «1 =2 _ [1_¢2~
|h| ( \/ | ‘ LG org 9 1, \." ﬁ?
| = ‘d‘p(") zdep near ¢=¢,
Al dn is important
nr 0, _ : slow-roll attractor
Rg=—— ~ Gaussian
.q Sﬂ-S?'

I

enhancement for g <<1




|

~ ultra slowroll inflation

amplification of power spectrum
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non-perturbative non-Gaussianity at tail of distribution
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lsocurvature



PBHs from Isocurvature Perturbation
eqg, E. Cotner, A. Kusenko, MS & V. Takhistov,1907.10613

non-grav formation of compact objects/Q-balls/etc

’ﬁ) distribution may be inhomogeneous = isocurvature

can be nonlinear from the beginning

~%le o o o o .':‘.:

-1 initial rad-dom stage xx

,0 PBH may form if clustered

adiabatic

B e — e —

Ty

matter-dom stage

matter-dom a

rad-dom again if objects decay to radiation oe



Constraints on CDM isocurvature on small scales

* Putting aside all possible nonlinear corrections, one can derive model-
iIndependent constraints on primordial CDM isocurvature perturbation

Passaglia & MS, 2109.12824
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* S>>1 perturbations would collapse during radiation-dominance
might lead to interesting secondary effects like induced GWs.

Domenech, Passaglia & Renaux-Petel, 2112.10163
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take-home message:

late stage of inflation can be probed by PBHs and
the associated secondary/induced GWs

there are various inflation models for PBH formation
with specific testable predictions

(nonlinear) isocurvature perturbations may play
Important roles in PBH cosmology

PBHs may play central roles in GW cosmology

( )

PBH-GW Cosmology!

.
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