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Primordial Black holes
and

gravitational waves




Inflation & PBH formation




cosmic spacetime diagram
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curvature perturbation from inflation

rapid expansion renders oscillations frozen atk/a< H
(fluctuations become “classical” on superhorizon scales)
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H H
P ~ ; k<<H = <6¢k2> = (—) - almost scale-invariant
k/a~H

VoK' a g

for € = — E <1
® curvature perturbation on comoving slices

H
R.=——0¢ - conserved on superhorizon scale

¢ for single-field slow-roll models

(almost scale-invariant if q§is also slowly varying)



observational constraint on inflation
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P oy = Akl k)™

n,~ 0.968 --- almost scale-invariant




observational constraint on inflation

constraints on small scales are from BHs
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Planck constraint

There are some constraints on small scales, but quite weak.
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primordial power spectrum

with / < 2300. (Planck 2015)
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PBH formation

A peak in the primordial curvature perturbation, §

which leaves horizon and gets frozen at a-.

k. = Ha.



PBH formation
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The peak re-enters horizon during radiation era.
If the amplitude > O(0.1), PBH will form.

k. = Ha.



PBH formation

2 N=log a

PBH mass: M, =yM, ~ HPI —10% Mple—le _ MP|1058—0.87N1

Inverse relation: N, =44.4- I

[MPBHj PBH mass scale does NOT
2

10"°g depend on the reheating
physics
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Primordial Black Holes




What are Primordial BHs?

>PBH = BH formed before recombinatic
conventionally during radiation-dominated era

> Hubble size region with 6p/p=0(1) collapses to form BH
Carr (1975), ....

> Such a large perturbation may be produced by inflation
Carr & Lidsey (1991), ...

> PBHs may dominate Dark Matter.
lvanov, Naselsky & Novikov (1994), ...

> Supermassive BHs (M > 10°M_ ) may originate from PBHs.

> ...
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Curvature perturbation to PBH

> gradient expansion/separate universe approach

6H*(t,x)+ R (t,x) =16 Gp(t,x) +:-

>IfRY ~ H* (< dp, hpit-adllapses to form BH

Young, Byrnes & MS ‘14

s : t k \
Mpgy ~ pH™3 ~ 10°Mg (1—5) ~ 20M, Tpc

>Spins of PBHs are expected to be very small
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examples

Garcia-Bellido, Linde & Wands ‘96, ... Jon
1
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Accretion to PBH?

3ondi accre
M =)\-4nripc,: c, =«/P/p(=1/\/§) r, =——, ASO(1)
e accretion rate/Hubble time

M3 0 M-4an( H;/) - 2GI:I H=(aM)

HM 4 H,, H,, a
LIhorlzon size at the time of PBH
M da 3 formation
|:> f—— ~h—M PBH mass can increase by a factor of 1.5 at
8 most

[ Mass increase can be ighored, given other ambiguities ]
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Effect on CMB?

accretion can lead to radiative emission

« Eddington luminosity: max luminosit
aCCI‘etion A5t GMmpc mp: proton mass

edd = ’ _ :
o o, = Thomson cross section

L=¢L; ¢=<1 - luminosity from PBH

* energy output/Hubble time

3
Pr_ _. M pprs Loy _ ¢ Pren AnGm, —ef a | 4nGm,
PBH
HpR HpR p3R O H aeq OTHeq
_ Q
~10 48fPBH fPBH =
aeq QCDM

[ small, but may not be entirely negligible... ]
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Constraints on PBHs

LIGO BBHs may |
occupy ~10% of DM

Can DM be PBHs? 1 e
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Mynn[M-] Ricotti, Ostriker & Mack ('08) overestimated
Inomata et al., 1711.06129 the accretion effect

(2-field model)
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LIGO BHs = PBHs?

N

LIGO

3-body interaction

leads to formation of 107 1073 10 f
BH binaries f =fraction of PBH in dark matter

tightest constraint at M ~10M
(cf. Ali-Haimoud et al., 1709.06576) 1z




testing PBH hypothesis
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testing PBH hypothesis 2
W

A
R(my,ma,t) = —f(fm)f(mo)Pmu(ml ma.t)
intrinsic probability
P (nm,t) = g(m)g(m)mi : m, =m, +m,

BBH Merger Rate

)?
> almy,.mo,t) = i —— InR(nmy.m»>.1)
dm dmo T
. . 36 22
 PBH binary scenario | —<a <—
37 21

clearl
« Dynamical formation in 8 distinguishyable'
dense stellar systems [ il J '

O'Leary et al (2016)
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PBHs = CDM?




PBH constraints:revised
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monocromatic PBH production

End of the 1st stage of inflation
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2nd order GW constraints on PBH

* GWs are produced with
amplitude:

2
hiJ'N 2kz
a H

2" order GWs
would dominate

at f>10"° Hz
(k>10* Mpc™)
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testing inflation by GW astronomy
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Summary

+ Inflation has become the standard model of the Universe.

[* Inflation can produce large curvature perturbation on small scales.
PBHs are virtually the only probe on very small scales.

[* LIGO BHs may be primordial. ]
advanced GW detectors(+G lensing) will prove/disprove the scenario.

[* CDM can be dominated by PBHs of M~1029g. ]
secondary GWs may be detected by future GW detectors.

[* Multi-frequency GW astronomy/astrophysics is arriving! ]

GWs will be an essential tool for proving/
falsifying PBH scenarios
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