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Primordial black holes

Zeldovich and Novikov 1967, Hawking 1971, Hawking & Carr 1974, ...

¢ Dark matter candidate

® Reheat the universe after intlation

® Catalysers for particle dark matter or other BSM production
® Baryogenesis

® Seeds of supermassive black holes

® Possible BH merger outliers in LIGO/Virgo/Kagra

® Possible BH microlensing events

® PTA indications of a stochastic GW background

® Theoretical/experimental tool to learn about the early universe
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PBHs and other dark matter candidates

* WIMPs: possibly largely incompatible (absence of annihilation signals)

(e.g. Lacki+ 2018, Adamek+2019, Gaggero+2019)

* axions: no problem

(as far as I know)



dark matter density: 107**gecm ™2 ~ 107% Mg pc™°

‘ PBH mass: 107 ° M@ ~ 2 x 10°"

radius of the orbit of Neptune: 10™*pc ~ 5 x 10 km
1 PBH 1n the Solar System

radius of a galaxy's halo: pcC

20
0“” PBH in a halo

Hubble radius: 10* Mp

e PBH in a Hubble patch
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2016: LIGO: merger with ~30 Solar masses BH
Did LIGO detect (THE) dark matter? (Bird et al 2016...)
' NO. Or at least, most-hikely

not the main component of it.

Two mechanisms to form PBHs binaries:
- Late Universe (in dark matter halos)

- Early Universe (before matter radiation equality). Nakamura et al 1997
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Evaporation by Hawking radiation
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Situation before ~2019
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Mechanisms tor PBH formation

® [arge primordial fluctuations (inflation)
® Reheating after inflation

® |st order phase transitions

e Collapse of topological detects

® False vacuum decay



PBH dark matter (from inflation)

Credit: ESA/Planck

Milky Way halo structure .

Outer halo

Quantum fluctuations
of space-time

Thin disk
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PBH dark matter (from inflation)
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(for the most common
Curvature fluctuations PBH formation scenarios)
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(primordial power spectrum)




0 > 0,

p(t,x) = (1+9(¢,x)) p(t)
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Mass:
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(for PBHs formed during

radiation domination)
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InH '/a

Equation of state aftter inflation

Present horizon scale
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Inflation and primordial black holes as dark matter

Ivanov, Naselsky, Novikov. 1994

V(o)

[ Vo+Ai(¢— o) for ¢ > ¢
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Starobinsky 1992



Ultra Slow-Roll (USR)

b+ 3Hd ~ 0
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Does perturbation theory break in these models?
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Does perturbation theory (PT) break?

AN
(USR duration)

N = e-folds

0N (Transition duration)



The problem of the abundance




How does the tail of the PDF look like?




H The relation between R and 0 is non-linear
k R 1s, in general, intrinsically non-gaussian

Several indications of non-gaussian tails, for largeR

(from non-linear perturbation methods)



Gravitational wave signatures of PBH DM

* Second order induced gravitational waves

Gravitational wave emission from PBH mergers



% Second-order induced gravitational waves
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* LISA: tor PBH DM

* LIGO/Virgo/ KAGRA: 1f PBHs already evaporated

* PTA: if PBHs of ~ 0.1 Solar masses 10_150_4'10'-3'10'—2'10'—1' L 10 102 107

Frequency f [Hz]

See e.g. Ballesteros, Rey, Taoso, Urbano 2020



% Second-order induced gravitational waves
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% Second-order induced gravitational waves

:_0_6 ILRLLUL IR RRILL =] : 7
— \ / ! l /, / o —— _
% \ / | / L___1 LISA
. 0—8 - , \ / i | 4 ——= B
1 \ / " \ 7 L___1 DECIGO
B \\ // ! || \\al /41 B
—10 | \ / \ v 7 ...} BBO _ PT A .
10 O e experiments
7 12 | N\ / N — | 51 ]
- . \
C(}D 10 AN 4 XX L___i CE N
C s X/ N - ~NHz ~ 10M
< 10714 K N 7 L0 HLVK  _ O
| \\::\ //,/' HLV (03) i
0_16 B RN </ —
\\\_,///
1 0—18 | — IGW — SIGW-DELTA — PT-BUBBLE PT-SOUND _
/
\ / : /4 4 _
\ / 1 / ’
\ / | 1 /4 / —_
A\ / II Tk 7l 7l
\‘. / | i \s.,’ 7/ ]
\\ /' "\ " " //;l p—
\\ /, \\ ‘|I’l ,////, -
S // A ¥ 7 /
\ \ /v s 7 |
\\ y )4\—” //
\ ‘\ P 17 \ 7’ -
\‘\\ -7 7
N 7 —
"R A -
SO 7 /
\\\\ // / —_
\\:_" _// _
. 0—18 | — STABLE-N — SUPER — DW-SM DW-DR _
B RTTT R AR T TTT EE R AT AR TTTT E AT AR AT B T RN R A TTT AR AR E T AN R ATT AR TTTT AR ATTT ARRERRTti ARRER AT ERNE R TTIT A SRR T

1019 10~° 107° 10~ 1072 1 107 10* 10°

f [Hz| NANOGRAV. 2023



High frequency GW trom PBH DM mergers

No known astrophysical sources of GWs at GHz

Asteroid mass PBH mergers: GW frequency < GHz

Very small characteristic strain ~ 107%°

(BIG experimental challenge)



* High frequency GW from PBH DM mergers

Inverse Gertsenshtein effect. Connection with axion physics

et =
f-o0s =

ALPS II. DESY / Heiner Miiller-Elsner



Conclusions

® Asteroid-mass PBHs are a strong contender to explain the DM.

¢ PBH from intlation. Interesting for phenomenology and theory playground
¢ GWs: indirect probe of PBH DM. Technical challenges.

® Goal 1: Narrow the asteroid-mass window. How?

® Goal 2: Detect subsolar BH with lensing, GW interferometry, etc.



