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H$to"cal Remarks



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 (around 3000 papers to date).

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



25 in 2015!

P"mor#al Black Hol! are Popular!

[SAO/NASA 
[Astrophysics 
[Data System]



Quantum Mechanics

General Relativity

Thermodynamics

Black hole radiation
[Hawking 1974]

Black Hole Evaporation

PBHs are 
important 
even if never 
observed!



Formation P"mer

P"mor#al Black Hole



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

Scalar-field fragmentation (see Kusenko's talk), ...

PBH Formation Mechan$ms

[Dvali, FK, Zantedesschi 2021]



PBH Formation from Inflationary Overdensiti!

Inflation

Radiation

Matter
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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).

density contrast
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PBHs —Some Numbers

Assume that all PBH have mass:

Size:

Number in our Galaxy:

Distance:

If primordial black holes constituted all of the dark matter:

Saturn satellite
Prometheus

Hydrogen
Atom



Con%raints

P"mor#al Black Hole



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 他 2021]
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 Current PBH Con%raints

[Carr & FK 2020]
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PBH Con%raints —Red&i' Dependence

[Carr & FK 2020*]

*Idea from Juan   
*García-Bellido



PBH Con%raints —P"mor#al Power Spectrum

[Carr 他 2021]
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fPBH
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PBH versus WIMP Con%raints



and 
Caveats

Unce(ainti!



Each&constraint&is&a&potential&signature&

These&constraints&are&not&just&nails&in&a&coffin!

PBHs&are&interesting&even&if&f&<<&1

All&constraints&have&caveats&and&may&change

These constraints are not just nails in a coffin!

 

 
 

All constraints have caveats and might change.

Each constraint is a potential signature.

PBHs are important even if               . 

Con%raints —A Wo(hwhile Remark

(Carr)

fPBH ≪ 1



Con%raints —Unce(ainti!
May constraints rely on rather on uncertain, restrictive, simplistic or 
even incorrect assumptions!

Clustering

Galactic dark-matter profile

We have to understand better:

Accretion

Velocity distribution

Characteristics of the lensed sources (size, variability, ...)

Composition of "probes" in general

Hawking radiation

...



and
P"mor#al Black Hol!

Pa(icle Dark Ma)er



PBH & Pa(icle Dark Ma)er

Study a combined scenario: Dark Matter = PBHs + Particles

Always when                  there must be another dark matter component!fPBH < 1
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The latter will be accreted by the former; formation of halos.

The annihilation rate             . � / n2

Study WIMP annihilations in PBH halos:

Halo profile does matter; enhancement of    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]



PBHs & WIMPs

[Carr, FK, Visinelli 2021]

Annihilations lead to plateaux in the present-day halos.
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PBHs & WIMPs

[Carr, FK, Visinelli 2021]
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PBHs & WIMPs

[Carr, FK, Visinelli 2021]



versus
Monochromatic

Extended Ma* Spectra



C"tical Co+apse

[Musco, Miller, Polnarev 2008]

Usually: Assume 

Critical scaling:
[Choptuik ’93]

horizon mass

density contrast

Radiation domination and for 
spherical Mexician-hat profile:



How would this look for monochromatic mass function?

C"tical Co+apse
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Horizon mass approximation

critical collapse

[Carr, FK, Sandstad 2016]



More Sy%ematic Study

[Green 2016]

axion-curvaton

running-mass



More Sy%ematic Study
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[Carr 他 2021]



P"mor#al Black Hol!
Observational Hints for 



Evidence?

P"mor#al Black Hol!
Observational Hints for 



OGLE detected a particular population of microlensing events:
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ML LC timescale: tE [days]
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OGLE data

besft-fit PBH model
(MPBH = 9.5 £ 10°6MØ, fPBH = 0.026)

[Niikura et al. 2019]

0.1 - 0.3 days light-curve timescale - origin unknown!                       
Could be free-floating planets... or PBHs!

Planetary-Ma* Microlensing
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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



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⊙



GW150914
63

36 31

GW151012
36

23 14

GW151226
21

14 7.7

GW170104
49

31 20

GW170608
18

11 7.6

GW170729
80

50 34

GW170809
56

35 24

GW170814
53

31 25

GW170817

<2.8

1.5 1.3

GW170818
60

35 27

GW170823
65

40 29

GW190403_051519
105

88 22

GW190408_181802
41

25 18

GW190412
37

30 8.3

GW190413_052954
56

35 24

GW190413_134308
76

48 32

GW190421_213856
70

41 32

GW190425
3.2

2 1.4

GW190426_190642
175

107 77

GW190503_185404
69

43 28

GW190512_180714
35

23 13

GW190513_205428
52

36 18

GW190514_065416
65

39 28

GW190517_055101
59

37 25

GW190519_153544
101

66 41

GW190521
156

95 69

GW190521_074359
71

42 33

GW190527_092055
56

37 23

GW190602_175927
111

69 48

GW190620_030421
87

57 36

GW190630_185205
56

35 24

GW190701_203306
90

54 41

GW190706_222641
99

67 38

GW190707_093326
19

12 8.4

GW190708_232457
30

18 13

GW190719_215514
55

37 21

GW190720_000836
20

13 7.8

GW190725_174728
17

12 6.4

GW190727_060333
64

38 29

GW190728_064510
20

12 8.1

GW190731_140936
67

42 29

GW190803_022701
62

37 27

GW190926_053336
61

40 23

GW190929_012149
102

81 24

GW190930_133541
19

12 7.8

GW190805_211137
76

48 32

GW190814
26

23 2.6

GW190828_063405
55

32 26

GW190828_065509
33

24 10

GW190910_112807
76

44 36

GW190915_235702
57

35 24

GW190916_200658
66

44 24

GW190917_114630
11

9.3 2.1

GW190924_021846
13

8.9 5

GW190925_232845
35

21 16

GW191103_012549
19

12 7.9

GW191105_143521
18

11 7.7

GW191109_010717
107

65 47

GW191113_071753
34

29 5.9

GW191126_115259
20

12 8.3

GW191127_050227
76

53 24

GW191129_134029
17

11 6.7

GW191204_110529
45

27 19

GW191204_171526
19

12 8.2

GW191215_223052
41

25 18

GW191216_213338
19

12 7.7

GW191219_163120
32

31 1.2

GW191222_033537
76

45 35

GW191230_180458
82

49 37

GW200105_162426
11

9 1.9

GW200112_155838
61

36 28

GW200115_042309
7.2

5.9 1.4

GW200128_022011
71

42 33

GW200129_065458
60

34 29

GW200202_154313
17

10 7.3

GW200208_130117
63

38 27

GW200208_222617
61

51 12

GW200209_085452
60

36 27

GW200210_092254
27

24 2.8

GW200216_220804
78

51 30

GW200219_094415
62

38 28

GW200220_061928
141

87 61

GW200220_124850
64

39 28

GW200224_222234
69

40 33

GW200225_060421
32

19 14

GW200302_015811
56

38 20

GW200306_093714
42

28 15

GW200308_173609
47

36 14

GW200311_115853
59

34 28

GW200316_215756
20

13 7.8

GW200322_091133
53

34 14

SINCE 2015
GRAVITATIONAL WAVE MERGER DETECTIONS

01 2015-2016 2016-2017 2019-202002 03a+bOBSERVING
RUN

UNITS ARE SOLAR MASSES
1 SOLAR MASS = 1.989 X 1030kg

GW191219_163120
32

31 1.2

BLACK HOLE NEUTRON STAR
(SHOWN AT X10 SCALE)

UNCERTAIN OBJECT

SECONDARY MASS

DATE(_TIME)

PRIMARY MASS

FINAL MASS

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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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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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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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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Asymmetric black hole progenitors (mass ratio q < 0.25)
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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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Asymmetric black hole progenitors (mass ratio q < 0.25)



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!



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



[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]



Fu(her Reasons for PBHs

Primordial black holes could furthermore explain

high-redshift galaxy candidates (up to z = 16!)

missing pulsars

MACHO microlensing results

Seeds for supermassive black holes

fast radio bursts

...



A Unified Scena"o



.ermal H$tory of 0 Universe—Degre! of Freedom
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Changes in the relativistic degrees of freedom:



.ermal H$tory of 0 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
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P(k) ⇠ kns�1+ 1
2↵sln(k/k⇤)



PBH Ma* Function
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W±, Z0

[CCGHK 2023]



Connecting a+ Positive Evidenc!!

[CCGHK 2023]



Conclusion
BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS

10-5 gPlanck
23 Universal10 M

1210 M SLAB

109 M QSO

1021 glunar

1 M stellar

1010 gexploding*
(BBN)

1015 gevaporating*

106 M MW

102 M IMBH

1025gterrestrial

Relics

*Image of snake from Abrams & Primack 2012

[Bernard Carr]

Black Hol! as a Link between Micro and Macro Physics


