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PBHs & WIMPs

[Carr, FK, Visinelli 2021]
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If LIGO/Virgo/
Kagra 
detected a 
single PBH, 
this would 
rule out ALL 
standard 
WIMP 
scenarios!

⟨σ v⟩ = 3 × 10−26 cm3/s



 Current PBH Con$raints

[Carr, Kohri, Sendouda 
[and Yokoyama 2021]
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PBH Con$raints —Red%i& Dependence

[Carr & FK 2020*]

*Idea from Juan   
*García-Bellido
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These constraints are not just nails in a coffin!
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OGLE detected a particular population of microlensing events:
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[Niikura, Takada, Yokoyama, 
[Sumi, Masaki 2019]

0.1 - 0.3 days light-curve timescale - origin unknown!                       
Could be free-floating planets... or PBHs!
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Exc#s of Lens# in Galactic Bul)
OGLE has detected 
58 long-duration 
microlensing events 
in the Galactic bulge.

[Wyrzykowski & Mandel 2020]

18 of these cannot be 
main-sequence stars 
and are very likely 
black holes.

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

Their mass function 
overlaps the low mass 
gap from 2 to 5 .M⊙



Quasar Microlensing

HST image of lensed quasar HE1104−1805



Pixel Lensing by Subaru Hyper Sup!me-Camera (HSC)
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Seven-hour observation 
of M31 with the Subaru 
HSC...

[Niikura 他 2019]

... using pixel-lensing 
technique to search for 
microlensing of stars by 
PBHs in the Milky Way 
or Andromeda.

15,571 candidate 
variable stars were 
extracted from the 
difference images...

... and one event by      
a compact body with 
mass                        
could be identified.
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A supernova population of so-called calcium-rich gap transients

[Smirnov et al. 2023]

has been shown to clearly not to follow the stellar distribution 
but rather a would-be compact dark matter one.

Calcium-Rich Gap Transients
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Correlations of Cosmic Infrared/X-Ray Backgr*nds

PBHs generate early structure and respective backgrounds
[Cappelluti et al. 2013]



Ultra-faint Dwarf Galaxi#

[Boldrini et al. 2020]

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

Non-detection of 
dwarf galaxies smaller 
than ~ 10 – 20 pc 

This works with a few 
percent of PBH dark 
matter of 25 – 100 .M⊙



Transmuted Solar-Ma( Black Hol#

Double Neutron Stars

Slow Pulsars

Millisecond Pulsars

Transmuted black hole mass
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(... of which a single 
(neutron star could 
(generate up to 10 Earth 
(masses ).∼ 1033 ¥

Small PBH + Neutron 
Star =  black 
hole.

((1) M⊙

Besides such a 
characteristic mass 
distribution of black 
holes

this can explain all r-
process elements in 
the Universe, including 
gold

[Takhistov, Fuller, 
[Kusenko 2017]



r-Proc#s Elements

(*from talk by 
(*Alex Kusenko)



[Takekawa et al. 2020]

Evidence for Interme"ate-Ma( Black Hol#
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A number of 
intermediate-mass 
black holes 
( ) 
have been 
identified in the 
Galactic Centre, 
using high-angular 
resolution ALMA 
and radio data.

104 − 105 M⊙



Ma(ive Objects at high Red%i&s 

[Archibald et al. 2002];         
(Hasinger priv. comm.)

105 M
seed black hole

black hole

z = 7.5

black hole

protogalaxy

109 M
       quasi-stellar object

black hole

known

Need massive black 
holes  in 
the early Universe.

∼ 104−5 M⊙

Detection of QSOs 
at high redshifts, 
such as  at 

or  at 
.

and numerous 
others.

∼ 109 M⊙
z ≈ 7.5

∼ 108 M⊙
z ≈ 13

[Wang et al. 2021]

[Pacucci et al. 2022]



[Meneghetti, Natarajan, Downer 2020]

Evidence of Dark Ma+er Clumping wi, HST



homogeneous versus clumped 
dark matter distribution

[Meneghetti, Natarajan, Downer 2020]

Evidence of Dark Ma+er Clumping wi, HST

This is the norm for PBHs!

[García-Bellido 2018]



PHBs can emit gravitational waves in various instances and times.

Gravitational-wave emission from PBH binaries:
1) Stochastic GW background
2) Individual mergers

Gravitational-wave emission from hyperbolic PBH encounters.

[Garcia-Bellido & Nesseris 2017]

Gravitational waves from PBH formation.

Gravitational Wav# form PBHs
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Note that the mass estimates shown here do not include uncertainties, 
which is why the final mass is sometimes larger than the sum of the 
primary and secondary masses. In actuality, the final mass is smaller 
than the primary plus the secondary mass. 

The events listed here pass one of two thresholds for detection. 
They either have a probability of being astrophysical of at least 50%, 
or they pass a false alarm rate threshold of less than 1 per 3 years.
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Black hole progenitors in the pair-instability 
mass gap (i.e. above ~ 60 )M⊙
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The events listed here pass one of two thresholds for detection. 
They either have a probability of being astrophysical of at least 50%, 
or they pass a false alarm rate threshold of less than 1 per 3 years.
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Recent reanalysis of LIGO data updated merger rates and 
low mass ratios:

Five strong subsolar candidates with SNR > 8 and a FAR < 2 yr-1

Subsolar Black Hol# - -e Smoking Gun!

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



Po$e!or probability for SSM170401

[Morrás et al. 2023]

Subsolar-mass  
preferred at 84% CL.

m2



Subsolar PBHs D.covered in / next 24 Mon,s?

pro

contra
[Chris van den Broeck]

[me]



Subsolar PBHs D.covered in / next 24 Mon,s?

pro

contra

the wager

[Chris van den Broeck]

[me]



A Unified Scena!o
*work with Carr, Clesse, 
*García-Bellido



-ermal H.tory of / Universe—Degre# of Freedom

��� �� ���� ���
�

��

��

��

��

���

me mπ mp mW ,Z mt

Changes in the relativistic degrees of freedom:



-ermal H.tory of / Universe—Equation of State
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Changes in the equation-of-state parameter                 :w = p/⇢



P!mor"al Power Spectrum—Planck to PBH

Consider an essentially featureless power spectrum:

as suggested by Planck, albeit on large non-PBH scales...

Connection to small PBH scales for instance by critical Higgs inflation.
[García-Bellido, Ruiz-Morales 2017]

Figure from García-Bellido

<latexit sha1_base64="gVSetgyoafTtSp+/bDNakfOfR+Y="></latexit>

P(k) ⇠ kns�1+ 1
2↵sln(k/k⇤)



PBH Ma( Function
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W±, Z0

[CCGHK 2023]



Connecting a0 Positive Evidenc#!

[CCGHK 2023]



P!mor"al Supernovae

[Carr, Clesse, García-Bellido 2020]

PBH collapse during the QCD transition accelerates particles 
over several orders of magnitude above their rest mass.

Interactions in the surrounding high-density plasma lead to 
electro-weak sphaleron processes.

This locally yields an  baryon asymmetry.((1)

The fraction of PBHs  in turn explains the observed 
baryon asymmetry of the Universe!

10−9



Conclusion
BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS
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*Image of snake from Abrams & Primack 2012

[Bernard Carr]

Black Hol# as a Link between Micro and Macro Physics



ConclusionSha0 Ye Become Positiv.ts!
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