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A Diplomatic Remark*:

There is a distinction of primordial black holes 
being the dark matter (ie. all of it) or a part of it; 
the latter could well be both microscopic and 
macroscopic.

*since most conference participants work on particle dark matter



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

First proposed by Novikov and Zel'dovič in the late 1960th, 
but their conclusion was negative for the existence of PBHs.

Conclusion disproved by Carr & Hawking (1974),                  
reinvigorated PBH research (nearly 2000 papers to date).

What are P!mor"al Black Hol# (PBHs)?



25 in 2015!

P!mor"al Black Hol# are Popular!
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Large density perturbations (inflation)

Pressure reduction
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Cosmic string loops

http://www.damtp.cam.ac.uk/research/gr/public/cs_top.html

Bubble collisions

http://www.damtp.cam.ac.uk/research/gr/public/cs_phase.html

Quark confinement

Q-balls, Multiverse...

PBH Formation Mechan%ms



PBH Formation from Inflationary Overdensiti#
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PBH Formation —Scal#
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PBH Formation —Scal#
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PBH Formation —Rare Events

black holes
primordial

typically ~ 10
rare events:

variance    

Fraction of collapsed
horizon patches:

Latest research points 
towards a shallower tail 
(c.f. quantum diffusion).



PBH —Some Numbers

Assume that all PBH have mass:

Size:

Number in our Galaxy:

Distance:

If primordial black holes constituted all of the dark matter:



PBH Constraints

⌦  1

Lensing

Evaporation
Gamma-Rays, 
BBN, ...

CMB
"Disruption"

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

Seismic

Annihilation of Dark 
Matter Particles

PBH + {WIMPs, ALPs, ...}

Gravitational 
Waves

...



PBH Con&raints at Formation

Note that

and hence
[Carr 他 2021]
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 Current PBH Con&raints

[Carr & Kühnel 2020]
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PBH Con&raints —Red'i( Dependence

[Carr & Kühnel 2020]



Observational Hints
for P!mor"al Black Hol#



for P!mor"al Black Hol#
Observational Hints

Evidence?



OGLE detected a particular population of microlensing events:
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[Niikura et al. 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⊙



Ultra-faint Dwarf Galaxi#

[Boldrini et al. 2020]

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

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

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



Correlations of Cosmic Infrared/X-Ray Backgr+nds

PBHs generate early structure and respective backgrounds
[Capelluti et al. 2013]
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UNCERTAIN OBJECT
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DATE(_TIME)
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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.

KEY
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UNCERTAIN OBJECT

SECONDARY MASS

DATE(_TIME)
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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.

KEY

Black hole progenitors in the pair-instability 
mass gap (i.e. above ~ 60 )M⊙
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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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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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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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Asymmetric black hole progenitors (mass ratio q < 0.25)



Recent reanalysis of LIGO data by Phukon et al. '21 with   
updated merger rates and low mass ratios:

Four subsolar candidates with SNR > 8 and a FAR < 2 yr

Note that an order-one dark matter fraction of subsolar PBHs 
is still possible!

-1

Subsolar Black Hol# - ,e Smoking Gun!



Fu-her Su.o-/Evidence for PBHs

High-redshift quasars (up to  at z = 13)

Fast radio bursts

Missing-pulsar problem

Excess of lenses in Galactic bulge

Clumping of dark matter

...

108 M⊙
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Changes in the relativistic degrees of freedom:
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Changes in the equation-of-state parameter                 :w = p/⇢



,ermal H%tory of / Universe

OGLE LIGO SMBHs

[CCGK 2020]

An essentially featureless power spectrum leads to:



Conclusion



Primordial black holes influence physics on many different scales, 
and manifest themselves via a plethora of different signatures.

At present, they are not tightly constraint in general and can easily 
constitute 100% of the dark matter, even in several mass ranges.

The thermal history of the Universe naturally provides peaks 
in the PBH mass function at several relevant scales.

Conclusion

There are many hints for their existence from OGLE and other 
microlensing surveys, LIGO/Virgo gravitational-wave events etc.



Conclusion
BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS
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Black Hol# as a Link between Micro and Macro Physics
(Carr)

[Figure from Abrams & Primack 2012]



ConclusionA Brand-New Review!  ~120 pa*s, > 50 Referenc#


