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Primordial Black Holes



Probing the end of inflation
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Probing the end of inflation

CMB observed scales
A ~ Mpc

end of inflation ~ R



Probing the end of inflation

CMB observed scales
A ~ Mpc

primordial black holes?
Carr, Hawking 1974

end of inflation ~ R



Primordial black holes

® Could constitute part or all of dark matter chapiine 1975
M = 10" -10"g, 10°° — 10**g, 10 — 10°M

® Could provide progenitors for the LIGO/VIRGO events
M = 10— 100 M

® Could provide seeds for cosmological structures Mészaros 1975
3 Afshordi, McDonald, Spergel, 2003
M > 10°M,

® Could provide seeds for supermassive black holes in galactic nuclei

M > 10°M..  Carr, Rees 1984
© Bean, Magueijo 2002
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Properties and astrophysical implications of the 150 M binary black hole merger GW190521

LIGO ScCIENTIFIC COLLABORATION AND VIRGO COLLABORATION

ABSTRACT

The gravitational-wave signal GW190521 is consistent with a binary black hole merger source at
redshift 0.8 with unusually high component masses, 851'%,11 Mg and 661'}; Mg, compared to previously
reported events, and shows mild evidence for spin-induced orbital precession. The primary falls in
the mass gap predicted by (pulsational) pair-instability supernova theory, in the approximate range
65—120 M. The probability that at least one of the black holes in GW190521 is in that range is 99.0%.
The final mass of the merger (142723 M) classifies it as an intermediate-mass black hole. Under
the assumption of a quasi-circular binary black hole coalescence, we detail the physical properties
of GW190521’s source binary and its post-merger remnant, including component masses and spin
vectors. Three different waveform models, as well as direct comparison to numerical solutions of
general relativity, yield consistent estimates of these properties. Tests of strong-field general relativity
targeting the merger-ringdown stages of the coalescence indicate consistency of the observed signal with
theoretical predictions. We estimate the merger rate of similar systems to be 0.13Jj8::{’? Gpe 2 yr—1. We
discuss the astrophysical implications of GW190521 for stellar collapse, and for the possible formation of
black holes in the pair-instability mass gap through various channels: via (multiple) stellar coalescences,
or via hierarchical mergers of lower-mass black holes in star clusters or in active galactic nuclei. We
find it to be unlikely that GW190521 is a strongly lensed signal of a lower-mass black hole binary
merger. We also discuss more exotic possible sources for GW190521, including a highly eccentric black
hole binary, or a primordial black hole binary.
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6.3. Primordial BH Mergers

Primordial BHs (PBHs; Carr & Hawking 1974;
Khlopov 2010) are thought to be formed from collapse
of dark matter overdensities in the very early Universe
(at redshifts z > 20, i.e. before the formation of the
first stars), and may account for a nontrivial fraction
of the density of the Universe (Carr et al. 2016; Clesse

& Garcfa-Bellido 2017). Sifiée Hhie biiaEy COMpONGHtS
of PBH origin (Bird et al. 2016); however, theoretical
expectations of the mass distribution and merger rate
of PBH binaries have large uncertainties (e.g., Byrnes
et al. 2018), so we do not attempt to quantify such sce-

narios. Some theories of PBH formation predict pre-
dominantly small component spins x < 1 (Chiba &




Primordial black holes

® Could constitute part or all of dark matter chapiine 1975
M = 10" -10"g, 10°° — 10**g, 10 — 10°M

® Could provide progenitors for the LIGO/VIRGO events
M = 10— 100 M

® Could provide seeds for cosmological structures Mészéros 1975
3 Afshordi, McDonald, Spergel, 2003
M > 10°M

® Could provide seeds for supermassive black holes in galactic nuclei

M > 10°M..  Carr, Rees 1984
© Bean, Magueijo 2002

For hints in favour of PBH existence, see e.g. Garcia-Bellido and Clesse (1711.10458)



Primordial black holes originating
from inflationary fluctuations

® [ arge fluctuations are required to source PBHs

® |f large fluctuations are produced, they might backreact on the
expansion dynamics

® During inflation, cosmological perturbations are of quantum-
mechanical nature —> quantum backreaction?

® [he guantum state in which cosmological perturbations are placed
possesses specific features, which allow one to design an effective,
stochastic theory to incorporate their backreaction



Stochastic 6N formalism



The quantum state of
cosmological perturbations

| 1 — o
- |U) = ® (W) with |Ug) = coshi Zezznwk(—l)”tanh"rk\nk,n_k>
kcR3+ n=0
Two-mode squeezed state (Gaussian state)
. _ 0
» Evolution equation §W (v,p,t) = —{W (v,0,t) , H(v,0,%) } poicson Bracket

For quadratic Hamiltonians

- Quantum mean value and stochastic average

<@(@,ﬁ)>quam = /W(v,p) @(v,p) dv dp

. - Lesgourgues, Polarski, Starobinsky (1997)
Large squeezing: O(v,p) — O(v, p) Martin, VV (2016)

(at least for proper operators...) Revzen (2006); Martin, VV (2017)



Stochastic Inflation

Ak wavelength
Particle Production Quantum fluctuations

Minkowski 0/ Hubble radius source the background
vacuum
time
Coarse-grained field Deoarse grained = / A’k |dr (N) e ®ag + ¢, (N) 6ik'm&u
k<ocaH(N)
N = In(a)
d Vi (peg) | H (¢cg)
i i C P = — N) Starobinsky, (1982) 1986
At leading order in slow roll: dN(b o 32 (o) + . ¢ (N) Starobinsky, (1982)
Over one e-fold: Adquant ¢

class



Stochastic-O/N formalism

. uniform density slice

o/ 5p =0
X = \n t
A = cons £(t,x) = N(t,x) — Ny(f) = 6N
TN Lifshitz, Khalatnikov (1960)
\ ) LAy, : Starobinsky (1983)
¥ _ _ Wands, Malik, Lyth, Liddle (2000)
i/ Spatially flat slice
i VA ./ w — O

The realised number of e-folds
IS a stochastic quantity:

. =W — (W) Pena

oarse grained —

> N

N1 /\:/2

Enqvist, Nurmi, Podolsky, Rigopoulos (2008) ; Fujita, Kawasaki, Tada, Takesako (2015); VV, Starobinsky (2015)



Stochastic-O/N formalism

d¢ Vi H d o (V 0 [ H?

— = —E(N —P(¢,N) = P+ P|=Z, P
v -t © v N =5 <3H2 ) a¢2<8n2 ) ¢
Langevin equation Fokker-Planck equation

VV, Starobinsky (2015)

Equation for the PDF of the first passage time  _... . \\/ Assadullahi. Wands (2017)

d
—— PN, ) =FL - P
— PN ) =2

Computational program:
e Solve the first passage time problem

e |dentify the PDF of the first passage time with the PDF of (coarse-grained) curvature
perturbations

* Integrate that PDF above the PBH formation threshold
e Extract the PBH mass fraction



Heavy lalls



Toy model: tlat potential

v=1V/ (247:2M
P(N [u?; x) is universal
¢£tart x . ¢ - ¢O Mz A¢W€H
N — , Ayen voMp,
5 5 R —3/2
gll)erld ¢end + Agll)well ¢ Kq‘j '/,/ deCay

Pattison, VV, Assadullahi, Wands (2017)

(N = p?x(1 = x/2)

log-log scale

»
X2M2 IM2




Toy model: flat potential

v = VI(24r*M,

d)start

! ! >
¢end ¢end + Aqll)well

Pattison, VV, Assadullahi, Wands (2017)

(N = u?x(1 — x/2)

P(N [u?; x) is universal

B mass fraction
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Toy model: tlat potential

v=1V/ (247z2M
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Pattison, VV, Assadullahi, Wands (2017)
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Toy model: tlat potential

v = VI(24n*Mp,)
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Toy model: tlat potential

v = VI(24n*Mp,)

. P(N [u?; x) is universal
PP 2 = Adpyen
/ =R . i Adyen VoM,
l : : l 302 scay

Fon o7 P
Pattison, VV, Assadullahi, Wands (2017)

(N = u?x(1 — x/2)

Less than one e-fold

p<l in flat regions

“Flat”: V’2 << V VN

log-log scale

Ay = ©0 : infinite inflation? i _

by’ 17



Exponential talls

Ezquiaga, Garcia-Bellido, VV (2020)

PN, ) = Z a (¢
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B(9)

102 i

10°

10—20 L
10—40 L
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10—120 L

0(6) = vo(1+a((6 — 60)/My1) + B((6 — 60)/Mpn)?) __0.4
) -.—b.-Full PDF --- Gaussian approx.

10.2
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—0.4

15 2.0

,a=024,=9, ¢, 4=9

Potentials with an
inflection point

overproduce PBHs,
unless SR is violated
v(®) = vo(1 + a((¢ — ¢o)/Mp) + B((& — do)/Mp1)?)
— Full PDF Gaussian approx.
04 —02 0.0 0.2 0.4
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Exponential talls
N ultra slow roll models

D. Figueroa, S. Raatikainen, S. Rasanen, E. Tomberg (2020)

AN
V() —0.5 0 0.5 1

T T T T T T T L ] T T T T T 1

: 3

I ¥

i o Data

L R TS Gaussian fit
| i 10~12 - - - Exponential fit
| | || I I I T
¢t OPBH ol ’

ol 51.5 52 52.5
N



Exponential talls
N ultra slow roll models

Pattison, Vennin, Wands, Assadullahi (2021)
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CMB probes the full potential

Kenta Ando, VV (2020)

So far we have computed the statistics of dIN (¢) — SN (k) 7

\_/

Classically, there is a one-to-one correspondence
¢(k)is the value of  when k = aH during inflation

In the stochastic world,
this one-to-one correspondence is |ost!

Cbend




CMB probes the full potential

Kenta Ando, VV (2020)

observable universe N

Ce nd

ide

The distance between two patches is encoded in the time at which they become statistically independent
—> the two-point function is contained in the one-point dynamics of the Langevin equation



CMB probes the full potential

Kenta Ando, VV (2020)

observable universe N

r=1/k

Integration over the full inflating domain

Pfr ((I)*> zpbw [(I)*aNbW(T)] o0
/ ANP(®,, N|®,0)
vav ((I)*aNbW) :PFPT (wa,(I)*) 0

/ dNVtot PrpT (Ntot, ®o)
wa

In the limit of low quantum diffusion

N Integral of the standard result
Pelk) = / A Pow [P+, Now (k)] Pe 1 (8+) against the backward probability



CMB probes the full potential

Kenta Ando, VV (2020) %4
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CMB probes the full potential

Kenta Ando, VV (2020)
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Conclusions

* Primordial black holes can be seeded by large density perturbations that
form during inflation

- When this happens, quantum diffusion, that is, the back-reaction of
vacuum quantum fluctuations on the background dynamics as they get
amplified and stretched to large distances, may play an important role

- Quantum diffusion leads to exponential tails

* Regions of the potential dominated by stochastic diffusion in slow roll can
be identified with a simple criterion: v2<vay”

* In stochastically-dominated regions, the system must spend less than one
e-fold for PBHs not to be too abundantly produced



Conclusions

* Inflection-point potentials overproduce primordial black holes ... unless
they violate slow roll

- Quantum diffusion makes the CMB probe the whole potential: models
leading to PBHs are constrained by the CMB, even if those two sets of
scales are well separated

« The systematic presence of non-Gaussian tails may have implications for
other rare astrophysical objects, such as ultra compact mini halos, and for
alternative strategies for looking for nG signals
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