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IV iat are Prinorddal Block Holls { PBIG )2

% Black holes formed in the early* Universe (in particular: non-stellar).

% First proposed by Novikov and Zel'dovi¢ in the late 1960th,
but their conclusion was negative for the existence of PBHs.
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% Conclusion disproved by Carr & Hawking (1974),
reinvigorated PBH research (around 3000 papers to date).
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% Black hole radiation
[Hawking 1974]

M
Tpr[K] = 1077 W@

U oS a
\5:‘;5 . w‘% BRI A
REEEREEL I e A Y

L VR B TR 4 3

Ly EERY ‘.:k\i; ) i '|1| L

Quantum Mechanics

w PBHs are
important
even if never
observed!
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LPBH Formation M w@zﬂm

% Large density perturbations (inflation)

W Pressure reduction

[Byrnes et al. 2018]

% Cosmic string loops

Vi)

% Bubble collisions

q2

% Quark confinement 5 J 2

[Dvali, FK, Zantedesschi 2021]

% Scalar-field fragmentation (see Kusenko's talk), ...
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PBH Formation — Rare Events

Fraction of collapsed
horizon patches:

P(6)

{rare events: |
 typical

~100]

density contrast

P — Pbackground
) =
Pbackground

variance O

primordial
black holes




PBMs — Sime Nombers

% If primordial black holes constituted all of the dark matter:

Saturn satellite
% Assume that all PBH have mass: 102° g

Prometheus
o
% Size: 10_8 om o Hydrogen
Atom
% Number in our Galaxy: 10%°

% Distance: 10 AU
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"Disruption”

Wide Binaries,
Neutron Stars,
White Dwarfs, ...

Evaporation

Gamma-Rays,
BBN, ...

Gravitational
Waves

Annihilation of Dark
Matter Particles

PBH + {WIMPs, ALPs, ...}




PBH Coustaints al Fermation

x pBH

form

PpBH X @

and hence
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Current PBH Conslraints
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PBH Conitruints — Redolift DW
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PBH Conitaints — Drimerdenl Power S
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LPBH versus IV VP Constraints
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% These constraints are not just nails in a coffin!
(Carr)

% All constraints have caveats and might change.

% Each constraint is a potential signature.

% PBHs are important even if fogy < 1.



Constaints — Clicertainties

% May constraints rely on rather on uncertain, restrictive, simplistic or
even incorrect assumptions!

- We have to understand better:

% Galactic dark-matter profile

% Clustering

% Accretion

% Characteristics of the lensed sources (size, variability, ...)
% Composition of "probes" in general

% Velocity distribution

% Hawking radiation
x ...
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PBH (@ Lurticle Dark Matfer

% Always when fpgg < 1 there must be another dark matter component!
% Study a combined scenario: Dark Matter = PBHs + Particles
% The latter will be accreted by the former; formation of halos.

% Study WIMP annihilations in PBH halos:

% The annihilation rate T « n?.

% Halo profile does matter; enhancement of I'in density spikes.
1) Derive the density profile of the captured WIMPs;
2) calculate the annihilation rate;

3) and compare to data.

[Eroshenko 2016, Boucenna et al. 2017, Adamek et al. 2019,
Carr, FK, Visinelli 2020 & 2021, Witte et al. 2022]



PBH: @ WP,
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% Annihilations lead to plateaux in the present-day halos.



PBIH @ WD,

JeBH
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PBHs @ IWIMDB,
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Critical’ Cﬁﬁ%f@
% Usually: Assume

Mpg < Mg

\

horizon mass

% Critical scaling:
[Choptuik "93]

Mpy =kMpy (6 —9.)

P

density contrast

% Radiation domination and for

spherical Mexician-hat profile:

k~33, 0.~045, ~v=0.36
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[Musco, Miller, Polnarev 2008]



Critical’ Cﬁ@%

% How would this look for monochromatic mass function?
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[Carr, FK, Sandstad 2016]
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Mare Sustonatic 55%

log10(Mc/Mg) [Carr ftB 2021]
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%my Mass Mw@%

% OGLE detected a particular population of microlensing events:

% 0.1 - 0.3 days light-curve timescale - origin unknown!
Could be free-floating planets... or PBHSs!
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Mass [M@]
[Wyrzykowski & Mandel 2020]

% OGLE has detected
58 long-duration
microlensing events
in the Galactic bulge.

% 18 of these cannot be
main-sequence stars
and are very likely

b

ack holes.

* T

neir mass function

overlaps the low mass
gap from 2to 5 M.

% These are not expected
to form as the endpoint
of stellar evolution.



HST image of lensed quasar HE1104-1805

The signature of primordial
black holes in the dark matter
halos of galaxies

M. R. S. Hawkins

Institute for Astronomy (IfA), University of Edinburgh, Royal
Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK
e-mail: mrsh@roe.ac.uk

ABSTRACT

Aims. The aim of this paper is to investigate the claim that stars in the
lensing galaxy of a gravitationally lensed quasar system can always
account for the observed microlensing of the individual quasar images.
[...]

Results. Taken together,
Errors resulting
from the surface brightness measurement, the mass-to-light ratio, and
the contribution of the dark matter halo do not significantly affect this
result.
Conclusions.

either in the dark matter halos
of the lensing galaxies, or more generally distributed along the lines of
sight to the quasars.



% A supernova population of so-called calcium-rich gap transients
has been shown to clearly not to follow the stellar distribution
but rather a would-be compact dark matter one.

1.0
- type-la
2 0.8 supernova
o | following  fCalcium-
2 0.6 stellar rich =7
av] R A . . '
O | distribution ;
S 04r¢ [ .
p= [ . expected |
g ool T PBH—1gn1ted_‘
= white
e dwarfs
0.1 1 10 10t 102 10 102 107
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[Smirnov et al. 2023]



Correlutions / Cosmic %m// X R B%/M

[Cappelluti et al. 2013]

% PBHs generate early structure and respective backgrounds
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% Non-detection of
dwarf galaxies smaller
than ~ 10 — 20 pc

% Ultra-faint dwarf
galaxies are
dynamically unstable
below some critical
radius in the presence
of PBH dark matter!

% This works with a few
percent of PBH dark
matter of 25 — 100 M,
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GRAVITATIONAL WAVE MERGER D
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W Black hole progenitors in the lower mass gap
(i.e. between 2 and 5 M)

> SINCE 2015
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GRAVITATIONAL WAVE MERGER DETECTIONS

> SINCE 2015
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% Asymmetric black hole progenitors (mass ratio q < 0.25) ﬁ"?



GRAVITATIONAL WAVE MERGER DETECTIONS

> SINCE 2015

THE ASTROPHYSICAL JOURNAL LETTERS, 8§96:144 (20pp), 2020 June 20 https: //doi.org/10.3847/2041-8213 /ab960f
© 2020. The American Astronomical Society.

OPEN ACCESS
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GW190814: Gravitational Waves from the Coalescence of a 23 Solar Mass
Black Hole with a 2.6 Solar Mass Compact Object

R. Abbottl, [..]

Abstract

We report the observation of a compact binary coalescence
involving a 22.2-24.3 M) black hole and a compact object with a
mass of 2.50-2.67 M@ |[..] the combination of mass ratio,
component masses, and the inferred merger rate for this event
challenges all current models of the formation and mass distribution
of compact-object binaries.

W Asymmetric black hole progenitors (mass ratio g <0.25) '&97)?

KAGRA



Sulsulor Block Holos - (Tle Sm@ Gun!

% Recent reanalysis of LIGO data updated merger rates and
low mass ratios:

Date  FAR [yr—]im;[Mg] mo [M@]; spin-1-z spin-2-z H SNR L SNR V SNR Network SNR
2017-04-01 0.41 : 4.90 0.78 § —0.05 —0.05 6.32 5.94 — 8.67

2017-03-08 1.21 i —004 —0.04 6.32 5.74 - 8.54
2020-03-08 0.20 P 0.57 0.02 6.31 6.28 - 3.90
2019-11-30 1.37 0.10 —0.06  6.57 5.31 0.81 10.25
2020-02-03 1.56 0.49 0.10 6.74 6.10 - 9.10

% Five strong subsolar candidates with SNR > 8 and a FAR < 2 yr™"

% Possibly the first confirmed detection of a subsolar mass PBH
with the next 24 months!



Gravitational Waves form PBH

% PHBs can emit gravitational waves in various instances and times.

% Gravitational waves from PBH formation.

% Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

2) Individual mergers

% Gravitational-wave emission from hyperbolic PBH encounters.

GW bremsstrahlung ~10| 2=0.1, B=0.01

M=20 Mg AdvLIGO

1074 0.1 100
f (Hz)

[Garcia-Bellido & Nesseris 2017]
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[Meneghetti, Natarajan, Downer 2020]

[Garcia-Bellido 2018]

homogeneous versus clumped
dark matter distribution

% This is the norm for PBHSs!



Further 7@% PBH:

% Primordial black holes could furthermore explain

% high-redshift galaxy candidates (up to z= 16!)
% MACHO microlensing results

% Seeds for supermassive black holes

w fast radio bursts

% missing pulsars

x ...
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% Changes in the relativistic degrees of freedom:
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%M//Z{Mfﬂy 5 Z%é Cliiverse — %émw State

% Changes in the equation-of-state parameter w = p/p:
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PWM [arer me — pM e PBH

% Consider an essentially featureless power spectrum:
P(k') N kns—l + %asln(k/k*)
as suggested by Planck, albeit on large non-PBH scales...

% Connection to small PBH scales for instance by critical Higgs inflation.

[Garcia-Bellido, Ruiz-Morales 2017]
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Figure from Garcia-Bellido



LPBH Mass Function
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CW% Ll Disitive Evidences!
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Black Holos as a Link between Micre m//%mw %M
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[Bernard Carr]

*Image of snake from Abrams & Primack 2012
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