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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 
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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
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PBHs are important even if they never formed!
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PBH FORMATION 

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

10-5g  at 10-43s     (minimum?)
1MO at 10-5s      (QCD transition)
105MO at 1s       (maximum?)

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

! primordial BHs with horizon mass at formation

MPBH ~ c3t/G =

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)

……. AND EVAPORATION

T > TCMB=3K for M < 1026g => “quantum” black holes7

Formation Mechanisms of Primordial Black Holes

Large density perturbations (inflation)

Pressure reduction
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Bubble collisions

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

Cosmic string loops

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

Quark confinement [Dvali, FK, Zantedeschi 2021]
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PBH FORMATION => LARGE INHOMOGENEITIES

To collapse against pressure, need        (Carr 1975)

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

e(M) decreases with M => exponential upper cut-off

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

Claim of separate Universe for dH > 1 is misleading!

(Khlopov & Polnarev 1982 )

(Kopp et al. 2011, Carr & Harada 2015)
9

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]

10

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

So both require and expect  b(M) to be tiny

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

Fine-tuning problem!

b too large => PBHs overdominate => no galaxies
b too small => insufficient DM => no galaxies11

1010 g

109 QSO

stellar

evaporating

exploding

Planck Universal

106 MW

lunar

1022

102 IMBH

1025 gterrestrial

HIGHER DIMENSIONS

QUANTUM/CLASSICAL

1012 SLAB
The 

Cosmic
Uroboros
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BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS
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ARE MOST BLACK HOLES PRIMORDIAL?

God would be cruel not to populate whole Uroborus!

SMBHs

PBHs
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Five windows where fPBH can be appreciable:  (A) asteroid mass; (B) sublunar mass; 
(C) intermediate mass; (D) stupendously massive; (E) Planck mass evaporation relics.

arXiv:2006.02838
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More Detailed Constraints on PBH Dark Matter Fraction

[BC, Kohri, Sendouda, Yokoyama, 2021]
Progress Theoretical Physics (2020), arXiv:2002.12778

B. Carr, K. Kohri, Y. Sendouda & J. Yokoyama
Progress Theoretical Physics (2020), arXiv:2002.12778
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LENSING, DYNAMICAL, ACCRETION  AND COSMOLOGIClAL LIMITS
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Can we evade standard limits with extended mass spectrum?

Most constraints assume monochromatic PBH mass function

But this is two-edged sword!

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 

EXTENDED MASS FUNCTION

CKS 2016

PBH CONSTRAINTS FOR EXTENDED MASS FUNCTIONS
Carr, Raidal, Tenkanen, Vaskonen & Veermae (arXiv:1705.05567)

17

Summary:  inflationary predictions
• Lognormal wide-mass distribution

• Clusters of PBH:  Ncl ~100-1000 , comoving size ~1mpc

uniform single-mass
is already ruled out

clustered wide-mass
is still viable

JGB & Clesse  (2017)

Initial clustering and the PBH merger rate 
Young and Byrnes    arXiv:1910.06077

Towards closing the window of PBHs as DM:
the case of large clustering 
Bringmann et al. arXiv:1808.05910

Clustering
Many inflationary scenarios yield a lognormal PBH mass distribution.

This leads to clusters of 100 – 1000 PBHs with extend  ~ 1 Mpc.

The clustering dynamics of primordial black boles in N-body 
simulations
Manuel Trashorras, Juan García-Bellido, Savvas Nesseris (Jun 
26, 2020)
Published in: Universe 7 (2021) 1, 18 • e-Print: 2006.15018 
[astro-ph.CO]    

Trashorras et al. arXiv:2006.15018

Always expect Poisson clustering  (many recent papers)  

18

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.

19

PRO

* Black holes exist
* No new physics needed
* LIGO results

CON

* Requires fine-tuning

PRIMORDIAL BLACK HOLES AS DARK MATTER

Primordial black holes as Dark Matter 
PRO 
• BH exist 
• No new physics is needed 
• LIGO motivation 
CON 
• Fine tuning is needed 

 
 

PBH can do it! 

20
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BBNS => Wbaryon= 0.05

Þ need baryonic and non-baryonic DM

MACHOs

Wvis= 0.01, Wdm= 0.25

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

WIMPs

BLACK HOLES COULD BE DARK MATTER ONLY IF PRIMORDIAL

21

First paper on PBHs as dark matter

22
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Carr (1977) corrected some errors

PBHs relevant to galaxy formation if dark matter

23
QCD PHASE RANSIITON

Primordial black holes with an accurate QCD equation of state

Christian T. Byrnes,1, ⇤ Mark Hindmarsh,1, 2, † Sam Young,1, ‡ and Michael R. S. Hawkins3, §

1Department of Physics and Astronomy, University of Sussex, Brighton BN1 9QH, UK
2Department of Physics and Helsinki Institute of Physics,

PL 64, FI-00014 University of Helsinki, Finland
3Institute for Astronomy, University of Edinburgh,

Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK
(Dated: January 19, 2018)

Making use of definitive new lattice computations of the Standard Model thermodynamics during
the quantum chromodynamic (QCD) phase transition, we calculate the enhancement in the mass
distribution of primordial black holes (PBHs) due to the softening of the equation of state. We find
that the enhancement peaks at approximately 0.7M�, with the formation rate increasing by at least
two orders of magnitude due to the softening of the equation of state at this time, with a range of
approximately 0.3M� < M < 1.4M� at full width half-maximum. PBH formation is increased by a
smaller amount for PBHs with masses spanning a large range, 10�3M� < MPBH < 103M�, which
includes the masses of the BHs that LIGO detected. The most significant source of uncertainty in
the number of PBHs formed is now due to unknowns in the formation process, rather than from
the phase transition. A near scale-invariant density power spectrum tuned to generate a population
with mass and merger rate consistent with that detected by LIGO should also produce a much larger
energy density of PBHs with solar mass. This solar-mass population could constitute a significant
fraction of the cold dark matter density.

⇤
C.Byrnes@sussex.ac.uk

†
m.b.hindmarsh@sussex.ac.uk

‡
S.M.Young@sussex.ac.uk

§
mrsh@roe.ac.uk
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arXiv:1801.06138

Explains why MPBH ~ MC ~ 1 Mo

Fine-tuning of b can also be explained (BC, Clesse & Garcia-Bellido 2019)

Jedamzik (1996)

LIGO/Virgo Black Holes from a First Order QCD Phase Transition 
Davoudiasl arXiv:1902.078502
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A universal mechanism may be responsible for several unresolved cosmic conundra. The sudden
drop in the pressure of relativistic matter at W±/Z0 decoupling, the quark-hadron transition
and e+e− annihilation enhances the probability of primordial black hole (PBH) formation in the
early Universe. Assuming the amplitude of the primordial curvature fluctuations is approximately
scale-invariant, this implies a multi-modal PBH mass spectrum with peaks at 10−6, 1, 30, and
106 M". This suggests a unified PBH scenario which naturally explains the dark matter and
recent microlensing observations, the LIGO/Virgo black hole mergers, the correlations in the
cosmic infrared and X-ray backgrounds, and the origin of the supermassive black holes in galactic
nuclei at high redshift. A distinctive prediction of our model is that LIGO/Virgo should soon
observe the merging of black holes in the mass gap between 2 and 5M" or above 60M" and with
low mass ratios. The newly detected events S190924h and S190930s could confirm our predic-
tions and thereby indicate a primordial origin for the black holes. The detection of PBHs would
also offer a novel way to probe the existence of new particles with mass between 1 MeV and 1010 GeV.

Introduction — Primordial black holes (PBHs) in the
solar-mass range have attracted a lot of attention since
the LIGO/Virgo detection of gravitational waves from
coalescing black holes [1]. The observed merger rate
is compatible with what would be expected if PBHs
constitute an appreciable fraction, and possibly all, of
the cold dark matter (CDM). Moreover, the LIGO/Virgo
observations seem to favour mergers with low effective
spins, as expected for PBHs but hard to explain for
black holes of stellar origin [2, 3]. An extended PBH
mass function with a peak in the range 1 – 10M"
could explain the LIGO/Virgo observations. Based on
an argument related to gravitational lensing by PBH
clusters, we show that the usual dark-matter constraints
from the microlensing of stars, supernovae and quasars
in this range can be evaded.

Given the revival of interest in PBHs, one must
explain why they have the mass and density required
for explaining the LIGO/Virgo events, and why these
values are comparable to the mass and density of stars.
One approach is to choose an inflationary scenario which
produces a peak in the power spectrum of curvature
fluctuations at the required scale [4]. The required
amplitude of the inhomogeneities must be much larger
than that observed on cosmological scales but not too
large, so this requires fine-tuning of both the scale and
amplitude.

An alternative approach is to assume the power spec-
trum is smooth (i.e. featureless) but that there is a
sudden change in the plasma pressure at a particular
cosmological epoch, allowing PBHs to form more eas-
ily then. Enhanced gravitational collapse occurs be-
cause the critical density fluctuation required for PBH
formation (δc) decreases when the equation-of-state pa-
rameter (w ≡ p/ρc2) is reduced. Since the PBH col-
lapse fraction depends exponentially on δc for Gaussian
fluctuations [5], this can have a strong effect on the
fraction of CDM in PBHs. This is particularly impor-
tant for the Quantum Chromodynamics (QCD) transi-
tion at ∼ 10−5 s, lattice-gauge-theory calculations indi-
cating that the sound-speed decreases by around 30%
then [6–10].

We have exploited this feature in Refs. [11, 12], point-
ing out that PBHs formed at the QCD transition would
naturally have the Chandrasekhar mass (1.4M"), this
also characterising the mass of main-sequence stars.
Moreover, we argue that PBH formation should generate
a hot outgoing shower of relativistic particles, in which
electroweak baryogenesis occurs very efficiently and pro-
duces baryons with similar density to the PBHs, as well
as a local baryon-to-photon ratio of order unity. After
the baryons become distributed throughout space, this
naturally produces a global baryon-to-photon ratio of or-
der the PBH collapse fraction (∼ 10−9) if PBHs provide
all of the dark matter.

Extend this to include other stages in thermal history
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Predictions for PBH mass spectrum
Carr, Clesse, JGB, Kühnel (2019)PBH formation  

at the QCD phase transition

• Change in the relativistic     
degrees of freedom 

• Equation of state reduction,    
particularly at the QCD transition 

• Critical threshold is reduced 

• Boosted PBH formation, resulting 
in a bumpy mass function

Jedamzik, astro-ph/9605152  
Cardal & Fuller, astro-ph/9801103 

Byrnes et al., 1801.06138
B. Carr, S.C., J. Garcìa-Bellido, F. Kühnel  

arXiv:1906.08217

From known thermal history:
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Figure 1: Relativistic degrees of freedom g⇤ (upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g⇤ = 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M� is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM (1�ns)/4 , (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it

Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6, 1, 30, 106M�
to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dns/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH

‣ Nearly scale-invariant PS 
‣ Spectral index: ns = 0.97 
‣ Peak at ~2 Mʘ 
‣ Second peak at ~30 Mʘ 
‣ Two bumps at 10-6 and 106 Mʘ

ns = 0.965 
ns = 0.97 
ns = 0.975 
fDM = 1 
 

me
<latexit sha1_base64="Y87b5xmSwXr9SpsFMAIcV0jzlb4="></latexit>

m⇡
<latexit sha1_base64="vha0qTxu0xkQuZZyivKm0euKOic="></latexit>

mp
<latexit sha1_base64="ZQB6SMPv09hlAkmgVYWkn0dQCT8="></latexit>

mW,Z,t,h
<latexit sha1_base64="2H6Fv9q1zXyx9kO5A9dVbk9qx4Y="></latexit>

��� �� ���� ���
�

��

��

��

��

���

��� �� ���� ���
����

����

����

����

����

����

����

arXiv:1906.08217

25

4

��-� ��-� ���� �� ��� ���

��-�

�����

�����

�����

�

Figure 2: The mass spectrum of PBHs [see Eq. (4)] with
spectral index ns = 0.965 (red, dashed), 0.97 (blue, solid),
0.975 (green, dotted). The grey vertical lines corresponds to
the EW and QCD phase transitions and e+e− annihilation.
Also shown (grey curves) are constraints from microlensing
(M) with the assumptions of Table I (fourth line), ultra-faint
dwarf galaxies and Eridanus II (E) [43], X-ray/radio counts
(X) [44], and halo wide binaries (W) [45]. The accretion con-
straint (A) [46] is shown dashed because it relies on uncertain
astrophysical assumptions (see Table I).

fmax
PBH =

(∫
dlnM

fPBH(M)

fmon
p (M)

)−1

, (5)

where fmon
p (M) is the limit from the probe p for a

monochromatic function of mass M . We have calcu-
lated the value of fmax

PBH associated with each probe for
ns = 0.97 but different astrophysical assumptions. These
are shown in Table I.

It is sometimes argued that the EROS/MACHO mi-
crolensing limits exclude solar-mass PBHs with f tot

PBH = 1
but this is based on various contentious assumptions
(no clustering, fixed circular velocities, isothermal DM
halo profile). In the supplementary material, we show
that these limits are evaded in our scenario. This is
because the primordial power spectrum is enhanced on
small scales, so the corresponding inhomogeneities viri-
alise much quicker than in the standard cosmological
scenario and the PBHs rapidly form compact clusters.
Due to gravitational lensing of these clusters, the lu-
minosity flux of a background star, quasar or super-
nova comes from a region larger than the Einstein ra-
dius of the individual solar-mass PBH, thus suppressing
microlensing below the detection threshold. Only PBHs
that have been expelled from their host cluster, about
10% according to preliminary N -body simulations, are
uniformly distributed in galactic halos, thereby leading
to detectable microlensing events.

The CMB limits of Refs. [46, 49] are in tension with our
model but only for M >∼ 1000M" and the steady-state
assumption could break down for such large masses. Fur-
thermore, such heavy black holes could have seeded com-
pact mini-haloes before matter-radiation equality, whose
impact on the accretion and CMB limits is uncertain.
Additional work is clearly needed to derive more secure
constraints on the PBH distribution but — given all the
current theoretical and astrophysical uncertainties — a
distribution with f tot

PBH = 1 is still plausible.
Observational Conundra — Besides passing the cur-

rent observational constraints on the form of the CDM,
the PBH mass function with ns " 0.97 predicted from the
known thermal history of the Universe provides a unified
explanation for several other puzzling conundra. We dis-
cuss these in order of increasing PBH mass. The status
of some of the conundra is still unclear but we include all
of them to convey the breadth of predictions.
1. Planetary-Mass Microlenses. Recently Niikura et

al. have reported two interesting microlensing results.
The first [55] comes from observations of M31 using the
Subaru telescope, which include one possible detection
and place strong constraints on PBHs in the mass range
10−10 and 10−6M". The constraints are roughly com-
patible with our model and even the single candidate
could be. The second [13] uses data from the five-year
OGLE survey of 2622 microlensing events in the Galac-
tic bulge [56] and has revealed six ultra-short ones at-
tributable to planetary-mass objects between 10−6 and
10−4M". These would contribute about 1% of the CDM,
which is more than expected for free-floating planets [57].
This corresponds to the first bump in our predicted PBH
mass function and the abundance, when integrated over
the mass range probed by OGLE, coincides with our best-
fit model with ns " 0.97.
2. Quasar Microlensing. The detection of 24 mi-

crolensed quasars [14] suggests that up to 25% of galac-
tic haloes could be in PBHs with mass between 0.05 and
0.45M" (somewhat below our main peak). These events
could also be explained by intervening stars, but in sev-
eral cases the stellar region of the lensing galaxy is not
aligned with the quasar, which suggests a population of
subsolar halo objects with fPBH > 0.01. For a PBH
mass function with ns = 0.97, one expects fPBH " 0.05
in this mass range. This is also consistent with claimed
detections of microlensing of stars in M31 by halo ob-
jects with M between 0.5 and 1M" and fPBH between
15% and 30% [58]. In principle, Ref. [14] excludes all
the DM being in the main peak at 2M" but that con-
clusion can be circumvented if the PBHs are in clusters.
Indeed, we argue in the supplementary material that only
10% of the PBHs should be uniformly distributed. Note
that Hawkins has claimed for many years that quasar mi-
crolensing data suggest the existence of PBH dark matter
[59, 60]. He originally argued for Jupiter-mass PBHs but
has now increased the mass estimate to around 1M".

nS=0.96

nS=0.97

Overproduce light PBHs for nS > 0.975

Overproduce heavy PBHs for nS < 0.965

CONSTRAINTS
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Effect of spectral tilt

Effect of lepton flavour asymmetries
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Bodeker et al. PRD 103, 063506
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... but OGLE detected also another population of microlensing events:

Did OGLE Detect PBHs?

10°1 100

ML LC timescale: tE [days]

100

101

102

N
u
m

b
er

of
ev

en
ts

p
er

b
in

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!

OGLE detected microlenses on 0.1-0.3 day timescale of unknown origin

Niikura et al. arXiv:1901.07120

Planetary-mass microlenses

What if Planet 9 is a Primordial Black Hole? 
Scholtz and Unwin      arXiv:1909.11090

0 5000 10000 15000 20000 25000
time [sec]

－1500
－1000
－500
0
500
1000
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Niikura et al. arXiv:1701.02151
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Quasar Lensing

Caustic crossing Multiply lensed quasar

Cosmological distribution

Galaxy-galaxy strong lensing
=> cos’ distrib’n of 1MO PBHs

MACSJ1206
Þ more DM substructure 
than expected in CDM
Meneghetti et al. (2020)

29

Early microlensing searches suggested MACHOs with 0.5 MO

Later found that at most 20% of DM

=> 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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HALO MICROLENSING EVIDENCE

But this assume flat rotation curves 
and more recent models allow 100% 

Hawkins30

OGLE/GAIA Excess of Lenses in Galactic Bulge

31

Kashlinsky arXiv:1605.04023
P E O P L E

3 Physics  EducationSeptember 2016

black holes was at !rst controversial, with neither 
Einstein nor Eddington believing in them, and it 
was 50 years before the evidence became incon-
trovertible. Now people argue about whether 
the black holes are rotating and how they are 
accreting.

What you’re talking about is an amazing 
journey of physics. If you could say something 
to a young physicist, what would you say to 
them at the beginning of their journey now?
If it was a young person, I would say that you 
have to toe the party line if you want to pursue a 
career, because mainstream physics is what gets 

funded and what will gain you a PhD and a job. 
But the most exciting issues to my mind are those 
which go beyond the mainstream, because that’s 
where the new paradigms are likely to emerge. 
Theories of the multiverse, quantum gravity, 
extra dimensions etc. are inevitably regarded 
with skepticism initially—and such ideas might 
also be regarded as lying on the border of phys-
ics and metaphysics by some people—but they 
may turn out to be more important in the long 
run. Young people probably shouldn’t work in 
these areas if you want to get a job. On the other 
hand, young people are inevitably interested in 
these areas and are most likely to produce the 
new paradigms.

The cosmic infrared background (CIB)—possibly featuring primordial black holes. (Credit: NASA/JPL-Caltech/ 
A Kashlinsky (Goddard)).

Cosmic infrared/X-ray backgrounds
Spatial coherence of X and IR source-subtracted backgrounds
=> overabundance of high-z halos => PBH Poisson effect 

Cappelluti et al. arXiv:2109.08701
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Ultra-Faint Dwarf Galaxies

Improved constraints from ultra-faint     
dwarf galaxies on PBHs as DM
Stegmann et al      arXiv:1910.04793

PBHs as dark matter: cusp-to-core transition in low-mass dwarf galaxies 
Boldrini et al.    arXiv:1909.07395

PBH dark matter => UFDGs unstable below some radius 
Non-detection of galaxies smaller than 10-20pc  => PBHs?

Break in dbn of halo wide binaries = M>10Mo (Tien) 33

CUSP/CORE PROBLEM

CDM => cuspy DM halos => stellar feedback or WIMP self-interaction

107MO dwarf galaxies + 1% DM in 25-100 MO PBHs resolves problem

PBHs => cusp-to-core transition in low-mass dwarf galaxies 
Boldrini et al.  arXiv:1909.07395

Break in distribution of halo wide binaries => M>10Mo (Tien) 

34

PBHS AND LIGO/Virgo/KAGRA

Do we need PBHs?

35

PBHs of 30 MO can only provide 0.1-1% of DM

Merger at early or late times?

PBHs of 1 MO can only provide 100% of DM 
=> late ~ early ~ neutron star => could be PBHs

Extended mass function => asymmetric masses 
challenging astrophysical models

BHs in pair-instability and low mass gaps

Subsolar candidates?

Bird et al. arXiv:1603.00464 Sasaki et al. arXiv:1603.08338

Mass, spin and redshift distribution will determine

Poisson clustering boosts merging rate at late times

36
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LIGO/Virgo Black Holes
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For PBH (produced in RD) we expect close to zero spin.

Spin Distribution

[Chiba & Yokoyama 2017]

Gravitational-wave emission from black-hole binaries

38
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Figure 1: Relativistic degrees of freedom g⇤ (upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g⇤ = 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M� is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM (1�ns)/4 , (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it

Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6, 1, 30, 106M�
to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dns/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH

1
2

3

7

4

5

Right number of intermediate and supermassive black holes 

6

7

Primordial Black Holes 
Clues in observations

Pressh-Schechter + PBH mass function
adapted from arXiv:1306.0561

105 107 109 1011
10

1000

105

107

109

1011

Msph,ini

M
B
H

nS=0.97

nS=0.96

Intermediate and supermassive black holes

nS = 0.97 => observed ratio of 
BH and halo mass if fPBH ~ 1. 

But accretion important

39

OTHER COSMIC PROBLEMS

* Fast radio bursts

* Missing pulsar problem

* Non-flat rotation curves at high redshift

* High velocity stars

* Low mass X-ray binaries

* Hubble tension
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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
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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 
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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
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[Carr, Kühnel, Visinelli 2021]

PBHs & WIMPs - Constraints

Even for small values of fPBH, f   is heavily constrained.<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�

Motivates a third dark-matter candidate?

For                               and                   GeV,        

both the WIMP and PBH fractions are               . 

<latexit sha1_base64="xDb/Nm74H1ecMDrKyiPsEUPHXAs=">AAACEHicbVBNSwMxFMzW7/q16tFLsIgetOxKUY9SL70IFawK3Vqy2WwNTTZL8lYoy/4EL/4VLx4U8erRm//GtPag1oHAMDOPlzdhKrgBz/t0SlPTM7Nz8wvlxaXllVV3bf3SqExT1qJKKH0dEsMET1gLOAh2nWpGZCjYVdg/HfpXd0wbrpILGKSsI0kv4TGnBKzUdXfOunmgJW7WGwUOemCTEvveTb7v+0WwN3RVpKDouhWv6o2AJ4k/JhU0RrPrfgSRoplkCVBBjGn7XgqdnGjgVLCiHGSGpYT2SY+1LU2IZKaTjw4q8LZVIhwrbV8CeKT+nMiJNGYgQ5uUBG7NX28o/ue1M4iPOzlP0gxYQr8XxZnAoPCwHRxxzSiIgSWEam7/iukt0YSC7bBsS/D/njxJLg+q/mG1dl6rnNTHdcyjTbSFdpGPjtAJaqAmaiGK7tEjekYvzoPz5Lw6b9/RkjOe2UC/4Lx/Abevm8k=</latexit>

MPBH & 10�11 M�
<latexit sha1_base64="LKOCbCFZGqoD6U5RxG4DamCOTrs=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiRS1GXRjcsK9gFNCJPpTTt0ZhJmJkIJBX/FjQtF3Pod7vwbp4+Fth64cDjnXu69J84408bzvp2V1bX1jc3SVnl7Z3dv3z04bOk0VxSaNOWp6sREA2cSmoYZDp1MARExh3Y8vJ347UdQmqXywYwyCAXpS5YwSoyVIvdYREVAB2yMAw5aayaw73mRW/Gq3hR4mfhzUkFzNCL3K+ilNBcgDeVE667vZSYsiDKMchiXg1xDRuiQ9KFrqSQCdFhMzx/jM6v0cJIqW9Lgqfp7oiBC65GIbacgZqAXvYn4n9fNTXIdFkxmuQFJZ4uSnGOT4kkWuMcUUMNHlhCqmL0V0wFRhBqbWNmG4C++vExaF1X/slq7r1XqN/M4SugEnaJz5KMrVEd3qIGaiKICPaNX9OY8OS/Ou/Mxa11x5jNH6A+czx9BdJUH</latexit>

m� . 100
<latexit sha1_base64="Zo1WYUwIdOmWSNvbDrMpcGAfhew=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDJZC3ZREirosunFnBVsLTSiT6aQdOnkwMxFCqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6Z48WcSWVZ30ZpbX1jc6u8XdnZ3ds/MA+PejJKBKFdEvFI9D0sKWch7SqmOO3HguLA4/TBm17n/sMjFZJF4b1KY+oGeBwynxGstDQ0q06A1YRgnt3OGsi2nDo6HZo1q2nNgVaJXZAaFOgMzS9nFJEkoKEiHEs5sK1YuRkWihFOZxUnkTTGZIrHdKBpiAMq3WwefobqWhkhPxL6hQrN1d8bGQ6kTANPT+ZR5bKXi/95g0T5l27GwjhRNCSLQ37CkYpQ3gQaMUGJ4qkmmAimsyIywQITpfuq6BLs5S+vkt5Z0z5vtu5atfZVUUcZjuEEGmDDBbThBjrQBQIpPMMrvBlPxovxbnwsRktGsVOFPzA+fwCEJpNi</latexit>

O(10%)

<latexit sha1_base64="bfpTuJv8y4tqsoIVZhqC1fokjhM=">AAACA3icbVDLSgMxFM3UV62vUXe6CRZBEMqMFHUjlLrpsoJ9QDsMmTTThiaZIckIZSi48VfcuFDErT/hzr8x085CWw9cODnnXnLvCWJGlXacb6uwsrq2vlHcLG1t7+zu2fsHbRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8W3mdx6IVDQS93oSE4+joaAhxUgbybePQj/tSw6b9cYUnsPshUd0Cm+g69tlp+LMAJeJm5MyyNH07a/+IMIJJ0JjhpTquU6svRRJTTEj01I/USRGeIyGpGeoQJwoL53dMIWnRhnAMJKmhIYz9fdEirhSEx6YTo70SC16mfif10t0eO2lVMSJJgLPPwoTBnUEs0DggEqCNZsYgrCkZleIR0girE1sJROCu3jyMmlfVNzLSvWuWq7V8ziK4BicgDPggitQAw3QBC2AwSN4Bq/gzXqyXqx362PeWrDymUPwB9bnD14MlhA=</latexit>

fPBH + f� = 1
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CONCLUSIONS

Dark matter      SMBH seedsLIGO/Virgo

These are distinct roles but PBHs with extended mass function 
could play all of them with fine-tuning of collapse fraction.

PBH studies  have already led to profound insights into cosmology 
and fundamental physics, even if they never formed.  

Until recently most work focused on PBH constraints but now they
have been invoked for numerous cosmological purposes:

PBHs naturally form at QCD epoch and could explain both 
dark matter and baryon asymmetry with anthropic fine-tuning.
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