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Irrefutable evidence for stellar (101-2MO), intermediate (103-5MO) 
and supermassive (106-10MO) black holes 



10-5g  at 10-43s    (minimum)
MPBH ~ c3t/G =    1015g  at 10-23s    (evaporating now)

106MO at 10 s     (maximum?)

Small black holes can only form in early Universe

cf. cosmological density  r ~ 1/(Gt2) ~ 106(t/s)-2g/cm3

! PBHs have horizon mass at formation

RS = 2GM/c2 = 3(M/MO) km => rS = 1018(M/MO)-2 g/cm3

PRIMORDIAL BLACK HOLES

But larger PBHs may form in some circumstances

=> huge possible mass range

Observational Evidence for Primordial Black Holes

Comparing the integrated flux with the Fermi sensitivity �res yields

fPBH . 2M H0 �res

⇢DM �0 Ñ�(m�)
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where M⇤ is given by

M⇤ ⇡ 2 ⇥ 10�12 (m�/TeV)�3.0
M� . (VI.6)

The full constraint is shown by the blue curves [WHERE?] in Figure 27 for a WIMP mass of 10GeV

(dashed line), 100GeV (dot-dashed line) and 1TeV (dotted line). We note that the extragalactic

bound intersects the cosmological incredulity limit (corresponding to one PBH within the particle

horizon) at a mass

Meg =
2H0 M� �res ME

↵E ⇢DM ⌥ Ñ�(m�)
⇡ 5 ⇥ 1012

M� (m�/TeV)1.1 , (VI.7)

where we have used our fit for Ñ�(m�) and set ME ⇡ ⇢DM/H
3

0
⇡ 3 ⇥ 1021

M�.

The above analysis can be extended to the case in which WIMPs do not provide most of the dark

matter [179]. Figure 27 shows the results, with the values of f� being indicated by the coloured scale

as a function of M (horizontal axis) and m� (vertical axis). This shows the maximum WIMP dark

matter fraction if most of the dark matter comprises PBHs of a certain mass and complements the

constraints on the PBH dark matter fraction if most of the dark matter comprises WIMPs with a

certain mass and annihilation cross-section. Figure 27 can also be applied in the latter case, with

all the constraints weakening as f
�1.7
�

. The important point is that even a small value of fPBH may

imply a strong upper limit on f�. For example, if MPBH & 10�11
M� and m� . 100GeV, both the

WIMP and PBH fractions are O(10%). Since neither WIMPs nor PBHs can provide all the dark

matter in this situation, this motivates a consideration of the situation in which fPBH + f� ⌧ 1,

requiring the existence of a third dark matter candidate. Particles which are not produced through

the mechanisms discussed above or which avoid annihilation include axion-like particles [187–189],

sterile neutrinos [190, 191], ultra-light or “fuzzy” dark matter [192, 193].

The latter is interesting because of its potential interplay with stupendously large black holes

(SLABs) [180]. If light bosonic fields exist in nature, they could accumulate around rotating SMBHs

and form a condensate, leading to superradiant instabilities [194]. As shown in Ref. [180], this leads to

strong constraints on the mass m� of such a hypothetical boson (see Figure 28). Recently, Kadota &

Hiroyuki [195] studied mixed dark matter scenarios consisting of PBHs and self-annihilating WIMPs

through their synchrotron radiation at the radio frequency in the presence of galactic magnetic fields.

This results in bounds on fPBH in the range 10�8 – 10�5, depending on the WIMP annihilation channel

and WIMP mass (10 – 103 GeV). These authors also investigated [196] the enhancement of heating and

ionisation of the intergalactic medium due to WIMP annihilation, and found that the constraints on the

PBH dark matter fraction from CMB observations are comparable or even tighter than those utilising
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ABSTRACT 
We examine what mass spectrum of primordial black holes should result if the early universe 

consisted of small density fluctuations superposed on a Friedmann background. It is shown that 
only a certain type of fluctuation favors the formation of primordial black holes and that, con- 
sequently, their spectrum should always have a particular form. Since both the fluctuations 
which arise naturally and the fluctuations which are often invoked to explain galaxy formation 
are of the required type, primordial black holes could have had an important effect on the 
evolution of the universe. In particular, although primordial black holes are unlikely to have a 
critical density, big ones could have been sufficiently numerous to act as condensation nuclei 
for galaxies. Observational limits on the spectrum of primordial black holes place strong con- 
straints on the magnitude of density fluctuations in the early universe and support the assumption 
that the early universe was nearly Friedmann rather than chaotic. Any model in which the early 
universe has a soft equation of state for a prolonged period is shown to be suspect, since pri- 
mordial black holes probably form too prolifically in such a situation to be consistent with 
observation. 
Subject headings: black holes — cosmology — galaxies 

I. INTRODUCTION AND SUMMARY 
In a previous paper (Carr and Hawking 1974) it was shown that black holes could have formed at very early 

stages in the history of the universe as a result of initial inhomogeneities. It was also shown that these “primordial” 
black holes would not have grown very much through accretion and so their masses today should be about the 
same as when they first formed. Recently, however, Hawking has made the striking prediction (Hawking 1974, 
1975) that, because of quantum effects, any black hole should emit particles like a blackbody with a temperature 
inversely proportional to its mass. Despite the important conceptual change which Hawking’s result introduces in 
the context of black holes in general, probably only a primordial black hole could be sufficiently small for the 
effect to be important. Hawking’s prediction implies that any primordial black holes of less than 1015 g should 
have evaporated by now and raises the question of whether any primordial black holes could still exist. 

This motivates a discussion of the expected mass spectrum of primordial black holes. (Henceforth a primordial 
black hole will be referred to as a pbh.) The main difficulty in trying to predict the pbh spectrum is that all pbh’s 
probably form within the first second of the universe, when any cosmological model is highly dubious. This paper 
examines what pbh spectrum should result if one takes the simple view that the early universe consisted of small 
density fluctuations superposed on a Friedmann background. The small-fluctuation assumption is very strong 
(the universe may have been completely chaotic in its first second) ; but, as argued in § VI, it does seem to be 
supported by observational evidence. With such a model the pbh mass spectrum depends on only two features of 
the early universe : the equation of state, which determines how big a region must be when it stops expanding in 
order to collapse against the pressure forces, and the nature of the initial density fluctuations, which determines 
how likely a region is to stop expanding when it has this size. It turns out that if the equation of state is hard (as 
applies in all conventional models of the early universe), only fluctuations of a certain type favor pbh formation. 
Because of this, the pbh spectrum is predicted to always have a particular form. What is remarkable is that both 
the fluctuations which one might expect to arise naturally and the fluctuations which are often invoked to explain 
the existence of galaxies are of the type which favor pbh formation. This shows that, in principle, pbh’s might 
exist over a large mass range. 

An important feature of the predicted mass spectrum is that it only falls off as a power of the mass. This suggests 
that there should be at least some pbh’s bigger than 1015 g and these should still exist today. If the initial density 
fluctuations are small, the fraction of the universe that goes into such pbh’s at the time they form should be tiny. 
But because the mass in pbh’s stays constant while the mass outside them is reduced (because of pressure) as the 

* Supported in part by the UK Science Research Council and the US National Science Foundation [MPS75-01398]. 
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Primordial black holes as dark matter
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The possibility that the dark matter comprises primordial black holes (PBHs) is considered, with
particular emphasis on the currently allowed mass windows at 1016–1017 g, 1020–1024 g and 1–103M⊙.
The Planck mass relics of smaller evaporating PBHs are also considered. All relevant constraints (lensing,
dynamical, large-scale structure and accretion) are reviewed and various effects necessary for a precise
calculation of the PBH abundance (non-Gaussianity, nonsphericity, critical collapse and merging) are
accounted for. It is difficult to put all the dark matter in PBHs if their mass function is monochromatic but
this is still possible if the mass function is extended, as expected in many scenarios. A novel procedure for
confronting observational constraints with an extended PBH mass spectrum is therefore introduced. This
applies for arbitrary constraints and a wide range of PBH formation models and allows us to identify which
model-independent conclusions can be drawn from constraints over all mass ranges. We focus particularly
on PBHs generated by inflation, pointing out which effects in the formation process influence the mapping
from the inflationary power spectrum to the PBH mass function. We then apply our scheme to two specific
inflationary models in which PBHs provide the dark matter. The possibility that the dark matter is in
intermediate-mass PBHs of 1–103M⊙ is of special interest in view of the recent detection of black-hole
mergers by LIGO. The possibility of Planck relics is also intriguing but virtually untestable.

DOI: 10.1103/PhysRevD.94.083504

I. INTRODUCTION

Primordial black holes (PBHs) have been a source of
intense interest for nearly 50 years [1], despite the fact that
there is still no evidence for them.One reason for this interest
is that only PBHs could be small enough for Hawking
radiation to be important [2]. This has not yet been confirmed
experimentally and there remain major conceptual puzzles
associated with the process, with Hawking himself still
grappling with these [3]. Nevertheless, this discovery is
generally recognized as one of the key developments in
20th century physics because it beautifully unifies general
relativity, quantum mechanics and thermodynamics. The
fact that Hawking was only led to this discovery through
contemplating theproperties ofPBHs illustrates that it canbe
useful to study something even if it may not exist.
PBHs smaller than about 1015 g would have evaporated

by now with many interesting cosmological consequences.
Studies of such consequences have placed useful con-
straints on models of the early Universe and, more
positively, evaporating PBHs have been invoked to explain
certain features: for example, the extragalactic [4] and

Galactic [5] γ-ray backgrounds, antimatter in cosmic rays
[6], the annihilation line radiation from the Galactic center
[7], the reionization of the pregalactic medium [8] and
some short-period gamma-ray bursts [9]. For more com-
prehensive references, see recent articles by Khlopov [10]
and Carr et al. [11] and the book by Calmet, Carr, and
Winstanley [12]. However, there are usually other possible
explanations for these features, so there is no definitive
evidence for evaporating PBHs.
Attention has therefore shifted to the PBHs larger than

1015 g, which are unaffected by Hawking radiation. Such
PBHs might have various astrophysical consequences, such
as providing seeds for the supermassive black holes in
galactic nuclei [13], the generation of large-scale structure
through Poisson fluctuations [14] and important effects on
the thermal and ionization history of the Universe [15].
For a recent review, in which a particular PBH-producing
model is shown to solve these and several other observa-
tional problems, see Ref. [16]. But perhaps the most
exciting possibility—and the main focus of this paper—
is that they could provide the dark matter which comprises
25% of the critical density, an idea that goes back to
the earliest days of PBH research [17]. Since PBHs formed
in the radiation-dominated era, they are not subject
to the well-known big bang nucleosynthesis (BBNS)
constraint that baryons can have at most 5% of the critical

*b.j.carr@qmul.ac.uk
†florian.kuhnel@fysik.su.se
‡marit.sandstad@astro.uio.no

PHYSICAL REVIEW D 94, 083504 (2016)

2470-0010=2016=94(8)=083504(28) 083504-1 © 2016 American Physical Society

……with a resurgence towards the end!

667

896
919



19
71
MN
RA
S.
15
2.
..
75
H

Downloaded from https://academic.oup.com/mnras/article-abstract/152/1/75/2604549
by guest
on 09 November 2017



19
67
Sv
A.
..
.1
0.
.6
02
Z



19
74
MN
RA
S.
16
8.
.3
99
C

Downloaded from https://academic.oup.com/mnras/article-abstract/168/2/399/2604878
by guest
on 09 November 2017

Þ no observational evidence against them

=> need to consider quantum effects  

Warsaw meeting 1973!

1st use of term primordial BH!



But GR analysis implies PBH does not grow very much at all

Bondi => =>

This suggests PBH grows as horizon if initially has horizon mass





Quantum Mechanics General Relativity

Thermodynamics

PBHs are important even if they never formed!



PBH EVAPORATION

Black holes radiate thermally with temperature

        

    T =               ~  10-7            K      (Hawking 1974)

                           

         

=> evaporate completely in time     tevap ~ 1064           y

        

M ~ 1015g => final explosion phase today (1030 ergs)
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"-ray bgd at 100 MeV  =>   #PBH(1015g) < 10-8

=> explosions undetectable in standard particle physics model

T > TCMB=3K for M < 1026g => “quantum” black holes

But PBHs are important even if they never formed!

(Page & Hawking 1976)

Feynman’s envelope!

with notes on Hawking’s first seminar on black hole radiation at Caltech in 1975

B. Carr, K. Kohri, Y. Sendouda & J. Yokoyama PRD 81(2010) 104019

CONSTRAINTS ON FRACTION OF UNIVERSE IN EVAPORATING PBHS

KSM 2013

Microlensing searches => MACHOs with 0.5 MO

PBH formation at QCD transition?

Pressure reduction => PBH mass function peak at 0.5 MO

But microlensing => < 20% of DM can be in these objects

1026-1033g PBHs excluded by microlensing of LMC

1017-1020g PBHs excluded by femtolensing of GRBs

Above 105M0 excluded by dynamical effects

But no constraints for 1016-1017g or 1020-1026g or 102-105M0

Stable Planck-mass relics of evaporated BHs?

Feynman’s envelope 1975



BLACK HOLE INFORMATION PARADOX

Hawking, Perry & Strominger PRL 116 (2016) 231301, JHEP 1705 (2017)



PBH EVAPORATION

Black holes radiate thermally with temperature

T =               ~  10-7 K

=> evaporate completely in time     tevap ~ 1064 y

M ~ 1015g => final explosion phase today (1030 ergs)

g-ray background at 100 MeV  => WPBH(1015g) < 10-8

=> explosions undetectable in standard particle physics model

T > TCMB=3K for M < 1026g => “quantum” black holes

This can only be important for PBHs
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ABSTRACT 
This paper examines the possibilities of detecting hard y-rays produced by the quantum- 

mechanical decay of small black holes created by inhomogeneities in the early universe. Observa- 
tions of the isotropic y-ray background around 100 MeV place an upper limit of 104 pc-3 on the 
average number density of primordial black holes with initial masses around 1015 g. The local 
number density could be greater than this by a factor of up to 106 if the black holes were clustered 
in the halos of galaxies. The best prospect for detecting a primordial black hole seems to be to 
look for the burst of hard y-rays that would be expected in the final stages of the evaporation of 
the black hole. Such observations would be a great confirmation of general relativity and quantum 
theory and would provide information about the early universe and about strong-interaction 
physics. 
Subject headings: gamma rays : bursts — stars : black holes 

I. INTRODUCTION 
The aim of this paper is to discuss the possibilities of detecting high-energy y-rays produced by the quantum- 

mechanical decay of small black holes created in the early universe. Recently it has been shown (Hawking 1974, 
1975a, b\ Wald 1975; Parker 1975; DeWitt 1975) that the strong gravitational fields around black holes cause 
particle creation and that the black holes emit all species of particles thermally with a temperature of about 
1.2 x 1026 M“1 K, where M is the mass in grams of the black hole. One can think of this emission as arising from 
the spontaneous creation of pairs of particles near the event horizon of the black hole. One particle, having a 
positive energy, can escape to infinity. The other particle has negative energy and has to tunnel through the horizon 
intç the black hole where there are particle states with negative energy with respect to infinity. Equivalently, one 
can regard the particles as coming from the singularity inside the black hole and tunneling out through the event 
horizon to infinity (Hartle and Hawking 1975). As black holes emit particles, they lose mass and so will evaporate 
completely and disappear in a time of the order of 10 ~26 Af3 s (Page 1976). (For M < 1014 g this lifetime may be 
shortened by strong interaction effects discussed in § III.) 

It would be practically impossible to detect particle emission from black holes of stellar mass because the 
temperature would be less than 10“7 K. One does not know of any process that could produce black holes in the 
present epoch with mass substantially less than a stellar mass and therefore with higher temperatures. However, 
one would expect that small black holes would have been created in the early universe if at these epochs the 
universe was chaotic or had a soft equation of state (Hawking 1971; Carr and Hawking 1974; Carr 1976). Such 
black holes will be referred to as primordial. If their original mass was less than M* ^ 5 x 1014 g (Page 1976), 
they would have completely evaporated by now. Primordial black holes of slightly greater initial mass would by 
now have decayed to a mass of around 5 x 1014 g and would have a temperature of about 2.5 x 1011 K = 20 MeV. 
Calculations by Page (1976) indicate that such a black hole would radiate energy at the rate of 2.5 x 1017 ergs s-1 

of which 1 percent is in gravitons, 45 percent is in neutrinos, 45 percent is in electrons and positrons, and 9 percent 
is in photons. (At this temperature there will also be some emission of muons and pions which is not included in 
the energy rate above.) It would be very difficult to detect the gravitons or neutrinos because they have such small 
interaction cross sections. The charged particles would be deflected by magnetic fields and so would not propagate 
freely to Earth. On the other hand, the photons, whose number spectrum would be peaked at about 120 MeV, 
could reach us from anywhere in the observable universe. There are three possibilities for detecting these photons. 

1. One could look in the isotropic y-ray background for the integrated emission of all the primordial black 
holes in the universe. As shown in § II, a uniform distribution of primordial black holes would give a background 

* Supported in part by the National Science Foundation [MPS75-01398] at the California Institute of Technology. 
t Danforth Foundation Predoctoral Fellow. 
t Sherman Fairchild Distinguished Scholar at the California Institute of Technology. 
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ARE SOME SHORT (100 msec) GRBS PBH EXPLOSIONS?

Cline et al (2003) => 42 BATSE events
Cline et al (2005) => Konus events
Cline et al (2007) => 8 Swift events

Local => Euclidean dbn, V/Vmax test

GRB => dn/dt < 10-6 pc-3y-1 (if uniform) or < 1 pc-3y-1 (if in halo)

Observational limit depends on details of final explosive phase

          106 pc-3y-1 (standard model) 
      dn/dt < 
                      0.1 pc-3y-1 (QCD fireball)

Observational Evidence for Primordial Black Holes

Comparing the integrated flux with the Fermi sensitivity �res yields

fPBH . 2M H0 �res

⇢DM �0 Ñ�(m�)
(VI.5)
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where M⇤ is given by

M⇤ ⇡ 2 ⇥ 10�12 (m�/TeV)�3.0
M� . (VI.6)

The full constraint is shown by the blue curves [WHERE?] in Figure 27 for a WIMP mass of 10GeV

(dashed line), 100GeV (dot-dashed line) and 1TeV (dotted line). We note that the extragalactic

bound intersects the cosmological incredulity limit (corresponding to one PBH within the particle

horizon) at a mass

Meg =
2H0 M� �res ME

↵E ⇢DM ⌥ Ñ�(m�)
⇡ 5 ⇥ 1012

M� (m�/TeV)1.1 , (VI.7)

where we have used our fit for Ñ�(m�) and set ME ⇡ ⇢DM/H
3

0
⇡ 3 ⇥ 1021

M�.

The above analysis can be extended to the case in which WIMPs do not provide most of the dark

matter [179]. Figure 27 shows the results, with the values of f� being indicated by the coloured scale

as a function of M (horizontal axis) and m� (vertical axis). This shows the maximum WIMP dark

matter fraction if most of the dark matter comprises PBHs of a certain mass and complements the

constraints on the PBH dark matter fraction if most of the dark matter comprises WIMPs with a

certain mass and annihilation cross-section. Figure 27 can also be applied in the latter case, with

all the constraints weakening as f
�1.7
�

. The important point is that even a small value of fPBH may

imply a strong upper limit on f�. For example, if MPBH & 10�11
M� and m� . 100GeV, both the

WIMP and PBH fractions are O(10%). Since neither WIMPs nor PBHs can provide all the dark

matter in this situation, this motivates a consideration of the situation in which fPBH + f� ⌧ 1,

requiring the existence of a third dark matter candidate. Particles which are not produced through

the mechanisms discussed above or which avoid annihilation include axion-like particles [187–189],

sterile neutrinos [190, 191], ultra-light or “fuzzy” dark matter [192, 193].

The latter is interesting because of its potential interplay with stupendously large black holes

(SLABs) [180]. If light bosonic fields exist in nature, they could accumulate around rotating SMBHs

and form a condensate, leading to superradiant instabilities [194]. As shown in Ref. [180], this leads to

strong constraints on the mass m� of such a hypothetical boson (see Figure 28). Recently, Kadota &

Hiroyuki [195] studied mixed dark matter scenarios consisting of PBHs and self-annihilating WIMPs

through their synchrotron radiation at the radio frequency in the presence of galactic magnetic fields.

This results in bounds on fPBH in the range 10�8 – 10�5, depending on the WIMP annihilation channel

and WIMP mass (10 – 103 GeV). These authors also investigated [196] the enhancement of heating and

ionisation of the intergalactic medium due to WIMP annihilation, and found that the constraints on the

PBH dark matter fraction from CMB observations are comparable or even tighter than those utilising
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ABSTRACT 
We examine what mass spectrum of primordial black holes should result if the early universe 

consisted of small density fluctuations superposed on a Friedmann background. It is shown that 
only a certain type of fluctuation favors the formation of primordial black holes and that, con- 
sequently, their spectrum should always have a particular form. Since both the fluctuations 
which arise naturally and the fluctuations which are often invoked to explain galaxy formation 
are of the required type, primordial black holes could have had an important effect on the 
evolution of the universe. In particular, although primordial black holes are unlikely to have a 
critical density, big ones could have been sufficiently numerous to act as condensation nuclei 
for galaxies. Observational limits on the spectrum of primordial black holes place strong con- 
straints on the magnitude of density fluctuations in the early universe and support the assumption 
that the early universe was nearly Friedmann rather than chaotic. Any model in which the early 
universe has a soft equation of state for a prolonged period is shown to be suspect, since pri- 
mordial black holes probably form too prolifically in such a situation to be consistent with 
observation. 
Subject headings: black holes — cosmology — galaxies 

I. INTRODUCTION AND SUMMARY 
In a previous paper (Carr and Hawking 1974) it was shown that black holes could have formed at very early 

stages in the history of the universe as a result of initial inhomogeneities. It was also shown that these “primordial” 
black holes would not have grown very much through accretion and so their masses today should be about the 
same as when they first formed. Recently, however, Hawking has made the striking prediction (Hawking 1974, 
1975) that, because of quantum effects, any black hole should emit particles like a blackbody with a temperature 
inversely proportional to its mass. Despite the important conceptual change which Hawking’s result introduces in 
the context of black holes in general, probably only a primordial black hole could be sufficiently small for the 
effect to be important. Hawking’s prediction implies that any primordial black holes of less than 1015 g should 
have evaporated by now and raises the question of whether any primordial black holes could still exist. 

This motivates a discussion of the expected mass spectrum of primordial black holes. (Henceforth a primordial 
black hole will be referred to as a pbh.) The main difficulty in trying to predict the pbh spectrum is that all pbh’s 
probably form within the first second of the universe, when any cosmological model is highly dubious. This paper 
examines what pbh spectrum should result if one takes the simple view that the early universe consisted of small 
density fluctuations superposed on a Friedmann background. The small-fluctuation assumption is very strong 
(the universe may have been completely chaotic in its first second) ; but, as argued in § VI, it does seem to be 
supported by observational evidence. With such a model the pbh mass spectrum depends on only two features of 
the early universe : the equation of state, which determines how big a region must be when it stops expanding in 
order to collapse against the pressure forces, and the nature of the initial density fluctuations, which determines 
how likely a region is to stop expanding when it has this size. It turns out that if the equation of state is hard (as 
applies in all conventional models of the early universe), only fluctuations of a certain type favor pbh formation. 
Because of this, the pbh spectrum is predicted to always have a particular form. What is remarkable is that both 
the fluctuations which one might expect to arise naturally and the fluctuations which are often invoked to explain 
the existence of galaxies are of the type which favor pbh formation. This shows that, in principle, pbh’s might 
exist over a large mass range. 

An important feature of the predicted mass spectrum is that it only falls off as a power of the mass. This suggests 
that there should be at least some pbh’s bigger than 1015 g and these should still exist today. If the initial density 
fluctuations are small, the fraction of the universe that goes into such pbh’s at the time they form should be tiny. 
But because the mass in pbh’s stays constant while the mass outside them is reduced (because of pressure) as the 

* Supported in part by the UK Science Research Council and the US National Science Foundation [MPS75-01398]. 
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First use of acronym PBH!



PBH FORMATION FROM LARGE INHOMOGENEITIES

To collapse against pressure, need        

when d ~ 1  =>   dH > a (p=arc2)

Gaussian fluctn’s with <dH
2>1/2 = e(M) 

Þ fraction of PBHs 

b(M) ~ e(M) exp

ep=0 => need spherical symmetry =>  b(M) ~ 0.06 e(M)6

So expect collapse fraction to be tiny

e(M) constant => b(M) constant => 



FRACTION OF UNIVERSE COLLAPSING

b(M) fraction of density in PBHs of mass M at formation

General limit

=> b ~ 10-6 WPBH ~ 10-18 WPBH

fDM ~ (b /10-9) (M/Mo)-1/2 Fraction of dark matter 

b too small => insufficient DM => no galaxies

So both require and expect collapse fraction to be tiny



[BC, Gilbert, Lidsey 1994]

LSS

PBHs as a Unique Probe Small Scales

PBHs are a unique probe of e on small scales. 

Need either blue spectrum or spectral feature to produce them.



More Precise Analysis of PBH Formation

Analytic calculations imply need d > 0.3 for a = 1/3  
[BC 1975]

but pressure gradient => PBHs smaller than horizon 

Confirmed by first numerical studies
[Nadezhin et al. 1978]

Later calculations => d > 0.45
[Musco et al. 2008], [Musco & Miller 2013]

Critical phenomena => d > 0.7
[Niemeyer & Jedamzik 1999], [Shibata & Sasaki 1999]

spectrum peaks at horizon mass with extended low mass tail
[Yokoyama 1999], [Green 2000]

Confirmed by latest work; incorporation of different shapes and statistics
[Musco et al. 2020]



[Musco, Miller, Polnarev 2008]

Usually: Assume 

[Choptuik ’93]

horizon mass

density contrast

Radiation domination and for 
spherical Mexician-hat profile:

PBHs from Near-Critical Collapse

Critical Scaling



PBH fluctuations are extremely rare.

Non-Gaußianities

This means, PBH production is 
largely sensitive to non-Gaußianity.

There is a very strong modal 
coupling between long- and 
short-wavelengths.

PBH production is deep inside tail of distribution.

Example: Even for 100% of PBH dark matter, at (say)o       
only one in         horizon patches undergoes a collapse!

Recent calculations from quantum diffusion as well as refined statistical 
analyses find an approximate exponential tail (as opposed to a Gaußian).



PBHS AND INFLATION

PBHs formed before reheat inflated away =>

M > Mmin = MPl(Treheat / TPl)-2 > 1 gm

CMB quadrupole  => Treheat < 1016GeV

But inflation generates fluctuations

Can these generate PBHs?     

[HUGE NUMBER OF PAPERS ON THIS]



QUANTUM DIFFUSION



[Green 2016]

axion-curvaton

running-mass

Generic Mass Functions – The Lognormal Case



Other formation mechanisms in standard model

Large density perturbations (inflation)

Pressure reduction

Bubble collisions

Cosmic string loops

Collapse of domain walls or bubble of broken symmetry

Schwarzschild"singularity"
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T � � R = 2GMbh, T � �� ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H�1 = 2GMbh

Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two
di↵erent time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H�1,
and the other is the acceleration time-scale due to the repulsive gravitational field of the domain wall
t� ⇠ (G�)�1.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t2/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric
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where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of � and ⇢ can be found from (3) as:
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with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and � is the

FIG. 3: Formation of a black hole by a large vacuum bubble, with Mbh � Mcr , in a dust dominated

spatially flat FRW. In this case, the bubble does not collapse into the Schwarzschild singularity.

Instead, at the time tcr ⇠ Min{tb, t�} the size of the bubble starts growing exponentially in a baby

universe, which is connected by a wormhole to the parent dust dominated FRW universe. Initially,

a geodesic observer at the edge of the dust region can send signals through the wormhole into the

baby universe. This is represented by the blue arrow in the Figure. However, after a proper time

t ⇠ 2GMbh, the wormhole “closes” and any signals which are sent radially inwards end up at the

Schwarzschild singularity.

FIG. 4: A space-like slice of an inflating bubble connected by a wormhole to a dust dominated flat

FRW universe.
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Conformal 
Cyclic 
Model

Ekpyrotic Model

Quantum 
Cosmology

BUT THEY MAY ALSO FORM IN LESS STANDARD MODELS

Cyclic Universe



IS UNIVERSE A PRIMORDIAL BLACK HOLE?

Collapse to black hole generates a baby Universe

Brane cosmology => 5D Schwarzschild de Sitter model
        => Universe emerges out of 5D black hole 

Bowcock et al.  (2000),  Mukhoyama et al. (2000)

Smolin (1997)
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BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS

106 MO MW

1021glunar

1022 MO

102 MO IMBH

1025gterrestrial

HIGHER DIMENSIONS

QUANTUM/CLASSICAL

109 MO QSO



ARE MOST BLACK HOLES PRIMORDIAL?

God would be cruel not to populate whole Uroborus!

SMBHs

PBHs

Florian’s talk at 17:40 



WHY PBHS ARE USEFUL

M<1015g => Probe early Universe  
inhomogeneities, phase transitions, inflation

M~1015g => Probe high energy physics  
PBH explosions, cosmic rays, gamma-ray background

M>1015g => Probe gravity and dark side  
critical collapse, dark matter, dark energy

M~10-5g => Probe quantum gravity
Planck mass relics, higher dimensions



BBNS => Wbaryon= 0.05

Þ need non-baryonic DM => WIMPs or PBHs Wdm= 0.25

PBHs are non-baryonic with features of both WIMPs and MACHOs

BLACK HOLES COULD BE DARK           
MATTER ONLY IF PRIMORDIAL

No evidence yet for WIMPs!

fDM ~ (b /10-9) (M/Mo)-1/2 Fraction of PBH dark matter 



Early paper on PBHs as dark matter



19
75
A&
A.
..
.3
8.
..
.5
M

Carr (1977) corrected some errors

Early paper on generation of galaxies by PBHs



Early microlensing searches suggested MACHOs with 0.5 MO

Later found that at most 20% of DM can be in these objects

=> PBH formation at QCD transition?

Pressure reduction => PBH mass function peak at 0.5 MO

For this reason, there was no motivation to suspect that there might be MACHOs which
led to higher-longevity microlensing events. The longevity, t̂, of an event is

t̂ = 0.2yrs

(

MPBH

M!

)
1

2

(27)

which assumes a transit velocity 200km/s. Subsituting our extended PBH masses, one
finds approximately t̂ ∼ 6, 20, 60 years for MPBH ∼ 103, 104, 105M! respectively, and
searching for light curves with these higher values of t̂ could be very rewarding.

Our understanding is that the original telescope used by the MACHO Collaboration [7] at
the Mount Stromlo Observatory in Australia was accidentally destroyed by fire, and that
some other appropriate telescopes are presently being used to search for extasolar planets,
of which two thousand are already known.

It is seriously hoped that MACHO searches will resume and focus on greater longevity
microlensing events. Some encouragement can be derived from this, written this month
by a member of the original MACHO Collaboration :

There is no known problem with searching for events of greater longevity than those dis-
covered in 2000; only the longevity of the people!

That being written, convincing observations showing only a fraction of the light curves
could suffice? If so, only a fraction of the e.g. six years, corresponding to PIMBHs with
one thousand solar masses, could well be enough to confirm the theory.

Finally, going back to the 2010 Vera Rubin quote mentioned in the Introduction, it is

”If I could have my pick, I would like to learn that Newton’s laws must be modified in order
to correctly describe gravitational interactions at large distances. That’s more appealing
than a universe filled with a new kind of sub-nuclear particle.”

If our solution for the dark matter problem is correct, Rubin’s preference for no new
elementary particle filling the Universe would be vindicated, because for dark matter
microscopic particles become irrelevant. Regarding Newton’s law of gravity, it would not
need modification beyond general relativity theory which is needed for the black holes. In
this sense, Rubin did not need to pick either alternative to explain dark matter.

References

[1] P.H. Frampton, Searching for Dark Matter Constituents with Many Solar Masses.
arXiv:1510.00400[hep-ph]
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EXCITING DEVELOPMENT IN 1996: MICROLENSING

But Galactic rotation curve and extended mass function allow



LIGO/Virgo/KAGRA

Do we need PBHs? [Riotto talk]

EXCITING DEVELOPMENT IN 2016: 
LIGO DETECTION OF GRAVITY WAVES



PBHS AS SEEDS FOR COSMIC STRUCTURE?

arXiv:1801.00672

What is maximum mass of PBH?

BBNS => t < 1 s => M < 10 M

Upper limit on µ distortion of CMB excludes 104 < M/MO < 1013 

but non-Gaussian model evade limits.

 (Nakama et al 2017) 

Could 106 -1010 MO black holes in galactic nuclei be primordial? 

but b < 10 (t/s)  

BH mass
 proportional
to stellar mass
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But some of these limits are now thought to be wrong

X

X

PRD 94, 083504, arXiv:1607.06077

NORDITA-2016-XX

PRIMORDIAL BLACK HOLES AS DARK MATTER

Bernard Carr,1, ⇤ Florian Kühnel,2, † and Marit Sandstad3, ‡

1Department of Physics and Astronomy, Queen Mary University of London,
Mile End Road, London E1 4NS, United Kingdom
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The possibility of primordial black holes constituting dark matter is studied in detail, focussing
on the intermediate-mass range from 10�8 M� to 102 M�. All relevant up-to-date constraints are
reviewed and any e↵ect necessary for a precision calculation of the primordial black-hole abun-
dance, such as non-Gaussianity, non-sphericity, critical collapse, merging, etc., is discussed in depth.
A general novel procedure for confronting observational constraints with an extended primordial
black-hole mass spectrum is introduced. This scheme together with the various formation e↵ects
provides a guideline, for arbitrary constraints, for how to systematically approach the problem of
primordial black holes as dark matter, both from a model-independent observational point of view
and starting from a fundamental formation model for primordial black holes. It is also pointed
out which e↵ects in the formation process should be studied further in order to provide a realistic
mapping from inflationary power spectra to the mass function of primordial black holes in order
to use the observational constraints on the latter to put constraints on inflation and early-universe
physics. This scheme is applied to two specific inflationary models. It is demonstrated under which
conditions these models can yield primordial black holes constituting 100% of the dark matter.
Interestingly, the respective distributions peak in the mass region where the recent LIGO black-
hole mergers were found. We also show which model-independent conclusions can be drawn from
observable constraints in this mass range.

I. INTRODUCTION

Primordial black holes (PBHs) have been a source of intense interest for nearly 50 years [1], despite the fact that
there is still no evidence for their existence. One reason for this is that only PBHs can be small enough for quantum
radiation to be important [2]. After 42 years there is still no direct evidence for this e↵ect and people are still
grappling with conceptual puzzles associated with the process [3]. Nevertheless, this discovery is generally recognised
as one of the key developments in physics of the last century because it beautifully unified general relativity, quantum
mechanics and thermodynamics. The fact that Hawking was only led to this discovery as a result of contemplating
the properties of PBHs illustrates that it can be useful to study something even if it may not exist!

PBHs smaller than 1015g would have evaporated by now with many interesting cosmological consequences [4, 5].
Studies of such consequences have placed useful constraints on models of the early universe [6–13] and, more positively,
evaporating PBHs have also been invoked to explain certain features (such as the extragalactic and Galactic gamma-
ray backgrounds [14–17], a primary antimatter component in cosmic rays [18, 19], the annihilation line radiation from
the Galactic centre [20] and some short-period gamma-ray bursts [21]). However, there are usually other possible
explanations for these features, so there is no definitive evidence for evaporating PBHs.

Attention has therefore shifted to the PBHs larger than 1015g, which are una↵ected by Hawking radiation. Such
PBHs might have various astrophysical consequences (seeds for supermassive black holes in galactic nuclei [22–25], the
generation of large-scale structure through Poisson-fluctuations [26, 27], heating the Galactic disc Marit: Ref missing,
reionization of the pregalactic medium [28–30]). But perhaps the most exciting possibility – and the main focus of
this paper – is that they could provide the dark matter which comprises 25% of the critical density [31, 32]. Since
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[BC & FK 2020]

Updated PBH Constraints — Possible Windows

D

D = Stupendously Large Black Hole (SLAB) window! [BC, FK, Visinelli 2021]



These constraints are not just nails in a coffin!

PBHs are interesting even for .

PBH Constraints — Comments

Each constraint is a potential signature.

PBHs generically have an extended mass function.

All constraints have caveats and may change.



But this is two-edged sword!

Extended Mass Functions

Most constraints assume monochromatic PBH mass function.

Can we evade standard limits with extended mass spectrum?

PBHs may be dark matter even if fraction is low at each scale.

PBHs giving dark matter at one scale may violate limits at others.

CKS 2016



Fine-tuning problem 1

Fraction of density in PBHs of mass M at formation b ~ 10-18 WPBH

b too large => too much DM

b too small => too little DM

Fine-tuning problem 2

Amplitude of horizon-scale fluctuations    b(M) ~ e(M) exp

Fine-tuning problem 3

Ratio of dark matter to baryonic density c ~  5 Garcia-Bellido, Carr, Clesse                  
          arXiv:1904.114827 

=> no gals

hloc ~ 1 => h ~ b after diffusion

10/3/22

11

PBHs forming at time t have mass and collapse fraction
M ~ 105(t/s) MO,   b(M) ~ 10-9 f(M) (M/MO)1/2

QCD epoch => M ~ MC , b(M) ~ h = nB/ng ~10-9

PBHs may generate baryon asymmetry
dark matter and visible baryons have similar mass

So b appears fine-tuned and we must also explain why 
c = rPBH/rB = f rDM/rB = 6 f is O(1).

c >> 1  =>  teq << tdec => not enough baryons to make galaxies
c << 1  => tdeq >> tdec => fluctuations too small to make galaxies

ADDRESSING FINE-TUNING PROBLEM AT QCD EPOCH

=>

MC~aG-3/2mP~1MO and all stars have mass in range (0.1–10) MC

anthropic 
selection?

Carr, Clesse & Garcia-Bellido, arXiv:1904.02129

41

Primordial Black Holes 
as a common origin of baryons and dark matter

B. Carr, S.C., J. Garcìa-Bellido,  
arXiv:1904.11482 and 1904.02129

• C and CP violation of the standard model (CKM matrix) 
• Baryon number violation:  sphaleron transitions from >TeV collisions 
• Out of thermal equilibrium (PBH collapse) 
Eletroweak baryogenesis:  need of exotic physics.  
Hot-spot Electroweak Baryogenesis:  Gravitation  
Explains the abondance of DM/baryon and baryon/photon ratios! 

Garcia-Bellido,Carr, Clesse
arXiv:1904.114827 
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which is well above the sphaleron barrier and thus the
sphaleron transition rate per unit volume at this temper-
ature is �sph ⇠ ↵

4

W
T

4

e↵
[13]. The ultra-relativistic par-

tons (here mainly protons) produce jets that heat up the
surrounding plasma and induce a baryon asymmetry [6]

⌘ '
7nB

s
'

7npar

s
⇥ �sph(Te↵)VH �t⇥ �CP , (8)

where npar is the number density of the partons (here
protons and antiprotons), �t ⇠ 2⇥ 10�5 s (200MeV/T )2

is the duration of the sphaleron process and the standard
model CP violation parameter is [13]

�CP(T ) = 3⇥ 10�5 (20.4GeV/T )12 . (9)

The entropy density in the thermalized plasma surround-
ing each PBH is s = (2⇡2

/45) g⇤S T
3

th
at temperatures

Tth ⌧ Te↵ ; this quenches the sphaleron transitions and
prevents baryon washout. The production of baryons is
thus very e�cient for x >

⇠ 5, giving nB
>
⇠ n� or ⌘ >

⇠ 1
locally. Note, however, that one cannot produce signif-
icantly more baryons than photons since they are soon
brought into equilibrium with the rest of the plasma via
standard model interactions. The dynamical process is
actually rather complicated [16] and will require further
investigation.

This maximal BAU is then diluted as the protons prop-
agate from the hot spots to the rest of the Universe.
If the PBHs provide all the dark matter (fPBH = 1),
one requires � ⇠ 10�9, and the distance between hot
spots is then d ⇠ �

�1/3
dH(tQCD) ⇠ 3000 km, or 0.01

light-seconds. Moving at the speed of light, protons uni-
formly distribute the original baryon asymmetry to the
rest of the Universe well before primordial nucleosynthe-
sis (tBBN ⇠ 1 � 180 s), thus diluting the initial baryon
asymmetry and explaining the relation ⌘ ⇠ �.

The DM-to-baryon ratio, � ⇠ 5, can also be explained
in this scenario: most of PBHs are formed during or af-
ter the sudden drop of the sound-speed during the QCD
transition, when the parton energies are high enough to
produce a strong baryon asymmetry. � is thus given by
the ratio of the black hole mass and the ejected mass,
which is � ⇡ �/(1 � �) ⇡ 5 if � ⇡ 0.8. Lower values of
� could nevertheless be accommodated if the tempera-
ture below which protons acquire enough energy to drive
the baryon-producing sphaleron transitions is reduced,
T <

⇠ 100MeV, so that only the massive PBHs formed
at later time contribute to the BAU. The scenario is
represented qualitatively in Fig. 1.

The origin of the large curvature fluctuations. The
softening of the equation of state during the quark-
hadron transition boosts the formation of stellar-mass
PBHs but does not alleviate the need for large curva-
ture fluctuations. We propose that before or during the
QCD epoch, a light stochastic spectator field [17] induces
in rare regions an extra curvature fluctuation, above the

threshold required for PBH formation. The specta-
tor field is a curvaton; its quantum fluctuations during
inflation permeate all space but its energy density is sub-
dominant during both inflation and the period after re-
heating. This field remains frozen during the radiation
era (m ⌧ H) until its potential energy density (at the
top of its potential) starts to dominate the total density
of the Universe. At this point, the spectator field in the
still super-horizon regions triggers a second brief period
of inflation, generating local non-linear curvature fluc-
tuations which later reenter the horizon and collapse to
form PBHs. In the rest of the Universe, the field rolls
quickly towards the bottom of the potential and its fluc-
tuations do not significantly impact the expansion. This
means that the curvature fluctuations remain Gaussian,
at the same level as those observed in the CMB, unaf-
fected by the dynamics of the spectator field, and do not
form PBHs. There are no isocurvature modes on cosmo-
logical scales, because the quantum fluctuations of both
the inflaton and spectator fields scale with the Hubble
rate during inflation, thereby correlating the large-scale
curvature fluctuations with the PBH and baryon fluctu-
ations.
A natural candidate for the light spectator field is the

QCD axion. Its existence is well-motivated, providing a
robust solution to the strong CP problem. We assume
that the associated Peccei-Quinn symmetry is sponta-
neously broken before inflation. The axion potential at
temperatures below a few GeV is

V (a) = m
e↵

a
(T )2 f2

a
[1 + cos(a/fa)] , (10)

where m
e↵

a
(T ) = ma (T/Tc)�7/2 for T >

⇠ Tc ⇠ 100 MeV
but is constant and equal to the zero-temperature mass
ma otherwise [18]. For the QCD axion there is a relation
between mass and decay constant, ma fa ' (75MeV)2.
Therefore, the axion will dominate the energy density of
the Universe at temperatures below

T ⇡ (60m2

a
f
2

a
/⇡

2
g⇤)

1/4
⇡ 80MeV , (11)

but it already starts rolling down the hill from the rms
value generated during inflation, aini ⌧ fa, at T ⇠ GeV.
In most regions, this only marginally impacts the ex-

pansion rate, but in a few rare patches where the field lies
exactly in the slow-roll region, it produces a short period
of inflation until slow-roll ends at aend ' 8

p
⇡f

2

a
/MP

where MP is the Planck mass. The second inflation-
ary period can last slightly more than one e-fold, which
produces O(1) curvature fluctuations, according to the
stochastic �N formalism [19]. The probability of col-
lapse depends on the mean value of the axion (curvaton)
field in our Hubble patch but it can be around 10�9, as
required, if fa & 1017GeV.
The PBH mass distribution. This is shown in Fig. 2

and is a concrete prediction of our scenario. In the gen-
eral curvaton case, shown by the lower curves for � = 0.2

hloc ~ 1 => h ~ b and c ~1 after diffusion of baryon asymmetry 

42

The latter will be accreted by the former; formation of halos.

The annihilation rate             . 

Study WIMP annihilations in PBH halos:

Halo profile => enhancement of    in density spikes.

1) Derive the density profile of the captured WIMPs;

2) calculate the annihilation rate;

3) and compare to extragalactic gamma-ray background.

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

PBH + Particle DM

Study a combined scenario: DM = PBHs + Particles

Always when                   there must be another DM component!

43

[BC, FK, Visinelli 2021]

If the 
LIGO/Virgo 
black holes 

are 
primordial, 
this would 

rule out any 
standard 
WIMP 

scenario!

PBHs & WIMPs - Constraints

44

PBHs as origin of baryons and dark matter

10/3/22

11

PBHs forming at time t have mass and collapse fraction
M ~ 105(t/s) MO,   b(M) ~ 10-9 f(M) (M/MO)1/2

QCD epoch => M ~ MC , b(M) ~ h = nB/ng ~10-9

PBHs may generate baryon asymmetry
dark matter and visible baryons have similar mass

So b appears fine-tuned and we must also explain why 
c = rPBH/rB = f rDM/rB = 6 f is O(1).

c >> 1  =>  teq << tdec => not enough baryons to make galaxies
c << 1  => tdeq >> tdec => fluctuations too small to make galaxies

ADDRESSING FINE-TUNING PROBLEM AT QCD EPOCH

=>

MC~aG-3/2mP~1MO and all stars have mass in range (0.1–10) MC

anthropic 
selection?

Carr, Clesse & Garcia-Bellido, arXiv:1904.02129

41

Primordial Black Holes 
as a common origin of baryons and dark matter

B. Carr, S.C., J. Garcìa-Bellido,  
arXiv:1904.11482 and 1904.02129

• C and CP violation of the standard model (CKM matrix) 
• Baryon number violation:  sphaleron transitions from >TeV collisions 
• Out of thermal equilibrium (PBH collapse) 
Eletroweak baryogenesis:  need of exotic physics.  
Hot-spot Electroweak Baryogenesis:  Gravitation  
Explains the abondance of DM/baryon and baryon/photon ratios! 

Garcia-Bellido,Carr, Clesse
arXiv:1904.114827 

3

which is well above the sphaleron barrier and thus the
sphaleron transition rate per unit volume at this temper-
ature is �sph ⇠ ↵

4

W
T

4

e↵
[13]. The ultra-relativistic par-

tons (here mainly protons) produce jets that heat up the
surrounding plasma and induce a baryon asymmetry [6]

⌘ '
7nB

s
'

7npar

s
⇥ �sph(Te↵)VH �t⇥ �CP , (8)

where npar is the number density of the partons (here
protons and antiprotons), �t ⇠ 2⇥ 10�5 s (200MeV/T )2

is the duration of the sphaleron process and the standard
model CP violation parameter is [13]

�CP(T ) = 3⇥ 10�5 (20.4GeV/T )12 . (9)

The entropy density in the thermalized plasma surround-
ing each PBH is s = (2⇡2

/45) g⇤S T
3

th
at temperatures

Tth ⌧ Te↵ ; this quenches the sphaleron transitions and
prevents baryon washout. The production of baryons is
thus very e�cient for x >

⇠ 5, giving nB
>
⇠ n� or ⌘ >

⇠ 1
locally. Note, however, that one cannot produce signif-
icantly more baryons than photons since they are soon
brought into equilibrium with the rest of the plasma via
standard model interactions. The dynamical process is
actually rather complicated [16] and will require further
investigation.

This maximal BAU is then diluted as the protons prop-
agate from the hot spots to the rest of the Universe.
If the PBHs provide all the dark matter (fPBH = 1),
one requires � ⇠ 10�9, and the distance between hot
spots is then d ⇠ �

�1/3
dH(tQCD) ⇠ 3000 km, or 0.01

light-seconds. Moving at the speed of light, protons uni-
formly distribute the original baryon asymmetry to the
rest of the Universe well before primordial nucleosynthe-
sis (tBBN ⇠ 1 � 180 s), thus diluting the initial baryon
asymmetry and explaining the relation ⌘ ⇠ �.

The DM-to-baryon ratio, � ⇠ 5, can also be explained
in this scenario: most of PBHs are formed during or af-
ter the sudden drop of the sound-speed during the QCD
transition, when the parton energies are high enough to
produce a strong baryon asymmetry. � is thus given by
the ratio of the black hole mass and the ejected mass,
which is � ⇡ �/(1 � �) ⇡ 5 if � ⇡ 0.8. Lower values of
� could nevertheless be accommodated if the tempera-
ture below which protons acquire enough energy to drive
the baryon-producing sphaleron transitions is reduced,
T <

⇠ 100MeV, so that only the massive PBHs formed
at later time contribute to the BAU. The scenario is
represented qualitatively in Fig. 1.

The origin of the large curvature fluctuations. The
softening of the equation of state during the quark-
hadron transition boosts the formation of stellar-mass
PBHs but does not alleviate the need for large curva-
ture fluctuations. We propose that before or during the
QCD epoch, a light stochastic spectator field [17] induces
in rare regions an extra curvature fluctuation, above the

threshold required for PBH formation. The specta-
tor field is a curvaton; its quantum fluctuations during
inflation permeate all space but its energy density is sub-
dominant during both inflation and the period after re-
heating. This field remains frozen during the radiation
era (m ⌧ H) until its potential energy density (at the
top of its potential) starts to dominate the total density
of the Universe. At this point, the spectator field in the
still super-horizon regions triggers a second brief period
of inflation, generating local non-linear curvature fluc-
tuations which later reenter the horizon and collapse to
form PBHs. In the rest of the Universe, the field rolls
quickly towards the bottom of the potential and its fluc-
tuations do not significantly impact the expansion. This
means that the curvature fluctuations remain Gaussian,
at the same level as those observed in the CMB, unaf-
fected by the dynamics of the spectator field, and do not
form PBHs. There are no isocurvature modes on cosmo-
logical scales, because the quantum fluctuations of both
the inflaton and spectator fields scale with the Hubble
rate during inflation, thereby correlating the large-scale
curvature fluctuations with the PBH and baryon fluctu-
ations.
A natural candidate for the light spectator field is the

QCD axion. Its existence is well-motivated, providing a
robust solution to the strong CP problem. We assume
that the associated Peccei-Quinn symmetry is sponta-
neously broken before inflation. The axion potential at
temperatures below a few GeV is

V (a) = m
e↵

a
(T )2 f2

a
[1 + cos(a/fa)] , (10)

where m
e↵

a
(T ) = ma (T/Tc)�7/2 for T >

⇠ Tc ⇠ 100 MeV
but is constant and equal to the zero-temperature mass
ma otherwise [18]. For the QCD axion there is a relation
between mass and decay constant, ma fa ' (75MeV)2.
Therefore, the axion will dominate the energy density of
the Universe at temperatures below

T ⇡ (60m2

a
f
2

a
/⇡

2
g⇤)

1/4
⇡ 80MeV , (11)

but it already starts rolling down the hill from the rms
value generated during inflation, aini ⌧ fa, at T ⇠ GeV.
In most regions, this only marginally impacts the ex-

pansion rate, but in a few rare patches where the field lies
exactly in the slow-roll region, it produces a short period
of inflation until slow-roll ends at aend ' 8

p
⇡f

2

a
/MP

where MP is the Planck mass. The second inflation-
ary period can last slightly more than one e-fold, which
produces O(1) curvature fluctuations, according to the
stochastic �N formalism [19]. The probability of col-
lapse depends on the mean value of the axion (curvaton)
field in our Hubble patch but it can be around 10�9, as
required, if fa & 1017GeV.
The PBH mass distribution. This is shown in Fig. 2

and is a concrete prediction of our scenario. In the gen-
eral curvaton case, shown by the lower curves for � = 0.2

hloc ~ 1 => h ~ b and c ~1 after diffusion of baryon asymmetry 

42

The latter will be accreted by the former; formation of halos.

The annihilation rate             . 

Study WIMP annihilations in PBH halos:

Halo profile => enhancement of    in density spikes.

1) Derive the density profile of the captured WIMPs;

2) calculate the annihilation rate;

3) and compare to extragalactic gamma-ray background.

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

PBH + Particle DM

Study a combined scenario: DM = PBHs + Particles

Always when                   there must be another DM component!
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[BC, FK, Visinelli 2021]

If the 
LIGO/Virgo 
black holes 

are 
primordial, 
this would 

rule out any 
standard 
WIMP 

scenario!

PBHs & WIMPs - Constraints
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ObservationalEvidenceforPrimordialBlackHoles

ComparingtheintegratedfluxwiththeFermisensitivity�resyields

fPBH.2MH0�res

⇢DM�0Ñ�(m�)
(VI.5)

⇡

8
><

>:

2⇥10�9(m�/TeV)1.1(M&M⇤)

1.1⇥10�12
�

m�

TeV

��5.0
⇣

M

10�10M�

⌘�2

(M.M⇤),

whereM⇤isgivenby

M⇤⇡2⇥10�12(m�/TeV)�3.0
M�.(VI.6)

Thefullconstraintisshownbythebluecurves[WHERE?]inFigure27foraWIMPmassof10GeV

(dashedline),100GeV(dot-dashedline)and1TeV(dottedline).Wenotethattheextragalactic

boundintersectsthecosmologicalincredulitylimit(correspondingtoonePBHwithintheparticle

horizon)atamass

Meg=
2H0M��resME

↵E⇢DM⌥Ñ�(m�)
⇡5⇥1012

M�(m�/TeV)1.1,(VI.7)

wherewehaveusedourfitforÑ�(m�)andsetME⇡⇢DM/H
3

0
⇡3⇥1021

M�.

TheaboveanalysiscanbeextendedtothecaseinwhichWIMPsdonotprovidemostofthedark

matter[179].Figure27showstheresults,withthevaluesoff�beingindicatedbythecolouredscale

asafunctionofM(horizontalaxis)andm�(verticalaxis).ThisshowsthemaximumWIMPdark

matterfractionifmostofthedarkmattercomprisesPBHsofacertainmassandcomplementsthe

constraintsonthePBHdarkmatterfractionifmostofthedarkmattercomprisesWIMPswitha

certainmassandannihilationcross-section.Figure27canalsobeappliedinthelattercase,with

alltheconstraintsweakeningasf
�1.7
�

.TheimportantpointisthatevenasmallvalueoffPBHmay

implyastrongupperlimitonf�.Forexample,ifMPBH&10�11
M�andm�.100GeV,boththe

WIMPandPBHfractionsareO(10%).SinceneitherWIMPsnorPBHscanprovideallthedark

matterinthissituation,thismotivatesaconsiderationofthesituationinwhichfPBH+f�⌧1,

requiringtheexistenceofathirddarkmattercandidate.Particleswhicharenotproducedthrough

themechanismsdiscussedaboveorwhichavoidannihilationincludeaxion-likeparticles[187–189],

sterileneutrinos[190,191],ultra-lightor“fuzzy”darkmatter[192,193].

Thelatterisinterestingbecauseofitspotentialinterplaywithstupendouslylargeblackholes

(SLABs)[180].Iflightbosonicfieldsexistinnature,theycouldaccumulatearoundrotatingSMBHs

andformacondensate,leadingtosuperradiantinstabilities[194].AsshowninRef.[180],thisleadsto

strongconstraintsonthemassm�ofsuchahypotheticalboson(seeFigure28).Recently,Kadota&

Hiroyuki[195]studiedmixeddarkmatterscenariosconsistingofPBHsandself-annihilatingWIMPs

throughtheirsynchrotronradiationattheradiofrequencyinthepresenceofgalacticmagneticfields.

ThisresultsinboundsonfPBHintherange10�8–10�5,dependingontheWIMPannihilationchannel

andWIMPmass(10–103GeV).Theseauthorsalsoinvestigated[196]theenhancementofheatingand

ionisationoftheintergalacticmediumduetoWIMPannihilation,andfoundthattheconstraintsonthe

PBHdarkmatterfractionfromCMBobservationsarecomparableoreventighterthanthoseutilising

–55/82–
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CURRENT STATUS AND FUTURE PROSPECTS

Snowmass Cosmic Frontier
Working Group (2013)

PBHS or WIMPS?

Both can be important even if not dark matter

Historical Perspective

Light versus heavy candidates
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