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Primordial black holes

Zeldovich and Novikov 1967, Hawking1971, Hawking & Carr 1974, etc...

¢ Dark matter candidate

® Reheat the universe after inflation

o Catalysers for particle dark matter production

® Baryogenesis

® Seeds of supermassive black holes

® Possible BH merger outliers

® PTA indications of a stochastic GW background

¢ Window into the early universe



Outline

® Bounds on the PBH abundance

® Basic formation mechanism
® Most studied single-hield inflation scenario
® Breakdown of perturbation theory?

® Other inflationary possibilities
® (The problem of the abundance)
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PBH dark matter (from inflation)

Credit: ESA/Planck

Milky Way halo structure .

Outer halo

Quantum fluctuations
of space-time

Thin disk

NASA, ESA, and A. Feild (STScl) cl-PRC12-25a

Credit: M Blanton
and SDSS



Mass:
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Abundance (naive Gaussian estimate):
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Inflation and primordial black holes as dark matter

V(o)

Ivanov, Naselsky, Novikov. 1994
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Ultra Slow-Roll (USR)

b+ 3Hd ~ 0

4

7




1072 ] mmmmmea- S L
10~* Microlensin
> PBH
S DM .
(f ) Evaporation
10~
108
10—10 : :
10~ 101 102 10° 108 1011 1014
k [Mpc™]
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+ enough inflation & successtul reheating
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Breakdown of perturbation theory in USR inflation?

Claim: a large enough tree-level primordial spectrum for PBH DM implies perturbation theory
breaks at CMB scales. Kristiano and Yokoyama, 2022 & 2023

Toy model: SR —> USR —> SR

(with sharp transitions) P et
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Breakdown of perturbation theory in USR inflation?

Claim: a large enough tree-level primordial spectrum for PBH DM implies perturbation theory
breaks at CMB scales Kristiano and Yokoyama, 2022 & 2023

Method: Primordial spectrum at one-loop with the in-in formalism. SR approximation.

M2
QP/dSZ,Gn/aQC/CQ ()

UV divergence: Cut-off given by location of spectral peak

A single cubic interaction: H int —

1
Pe < (A7) ~ (.03 (for perturbation theory to hold)



Breakdown of perturbation theory in USR inflation?

It has been argued that the one-loop power spectrum at large scales 1s small (even zero)

Riotto 2023. Firouzjahi and Riotto 2023. lacconi, Mulryne and Seery 2023. Inomata 2024.

E.g. Tada, Terada, Tokuda 2023:

“We find that Maldacena's consistency relation is satisfied and guarantees the cancellation of
contributions from the short-scale modes.”

= -
O-S5NOH T T

E.g. Franciolini, lovino, Taoso, Urbano 2023

“Loop corrections of short modes on the power spectrum of long modes are not large enough to violate
perturbativity, but remain appreciable.”



0¢ — gauge at lowest order in €
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S = / drd’x Mpa“e ((g’)?' — (8¢)* - Zc’@)

Interaction Hamiltonian in the interaction picture:
(in which the conjugate momentum only sees the free action)

/ 1\ 2
Hi (1) Z/dSXMI%GZE (—ZC'CQ | (Zé C4)

(See also Firouzjahi, 2023)

1. Same two-point function computed in both gauges in the limit of instantaneous transitions.

2. The consistency relation holds (checked at tree-level) by direct calculation in both gauges:

dlog P, (7,p)

B¢(1;k,p, —p) = 1o Pe(7,p) P (T, k)

(Finite tree-level bispectrum for instantaneous transitions)



Two point function in the In-In Formalism (at 1-loop) 1n flat gauge

One momentum integral:
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Two time integrals:
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AN
(USR duration)

0N (Transition duration)



Other mechanisms to form PBH

x Single-field inflation other than USR

Transient Dissipation during inflation
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x Dissipation during inflation

Background: O + (SH | I‘)¢ + V' =0

Fluctuations

. . k2 - T
(schematically): 5¢k T (3H + F)5¢k T 02 | ¢F¢ 5¢k X 03 Ek (t)

(Stochastic thermal noise)



Dissipation during inflation

Langevin approach

dé .
P = (¢75Pr7 d—j$75¢)

d® + A®dIN = B¢dAN

System of stochastic differential equations

10000 realizations required for a ~1% relative error
in the primordial spectrum

~1 day (in a 50-core cluster)

Matrix formalism
Q= (®d')g

dQ T T
— =—A0—-0A BB
AN Q-QA" +

System of ODE for two-point functions

Exact solution (in a single “realization™)

~1 minute (1n a 4-core laptop)
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Each blue vertical band

About 2000 realizations per k-mode

GB, A. Pérez Rodriguez, J. Rey, M. Pierre, 2023

Dissipation during inflation
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Summary

® Asteroid-mass PBHs are a strong contender to explain DM
e Ultra-slow roll inflation: alive
® Other 1deas worth exploring (e.g. EFT of inflation, transient dissipation)

e PBH studies are leading to new insights and methods for inflation



The problem of the abundance




How does the tail of the PDF look like?




h The relation between ( and 0 is non-linear

e

( 1s, In general, intrinsically non-gaussian



f(0) ~ exp ( > ;C | <7<Ji§> ¢+ .. ) Small corrections for small ¢

% Several indications of non-gaussian tails, for large C

Non-linear saddle point for < 4 Celoria, Creminelli, Tambalo, Yingcharoenrat 2021
Stochastic inflation , numericaﬂy Figueroa, Raatikainen, Rasanen, Tomberg 2020
USR
Stochastic 4 N formalism Pattison, Vennin, Wands, Assadullah1 2021
o  H op -
77 5. ™ Pe <1 Quantum ditfusion

Non-Gaussian tails 1n the PDF of curvature perturbations arise in USR inflation without invoking stochastic inflation.

GB, Konstandin, Pérez Rodriguez, Pierre, Rey 2024



Microlensing
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Evaporation by Hawking radiation hc?

Bound for M < 10'7 g~ 5 x 107" M
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