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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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• Constraints	  on	  PBHs

PLAN  OF  LECTURES

• PBHs	  as	  link	  between	  macro	  and	  microphysics

• PBHs	  as	  source	  of	  LIGO/Virgo	  events

• Formation	  of	  PBHs	  	  	  

• Historical	  Introduction
L1

L2

• Overview	   of	  black	  holes	  

• PBHs	  as	  dark	  matter

• Natural	  scenario	  for	  PBHs	  as	  a	  solution	  to	  cosmic	  conundra

• Final	  points

• PBH	  versus	  particle	  dark	  matter

• Constraints	  on	  PBHs	  (continued)

OVERVIEW	  AND
HISTORICAL	  INTRODUCTION	  

OVERWHELMING  EVIDENCE  FOR  SMBH  IN  AGN  (M~106-11MO) 

LIGO  detects  
gravity  waves  from  
coalescing  BHs

OVERWHELMING  EVIDENCE  FOR  STELLAR  BHS  (M~101-2MO) 

POSSIBLE  EVIDENCE  FOR  IMBH  (M~103-5MO) 

Ultralum’  X-ray  
source  NGC1313  
has  500MO  BH

Globular   cluster
Omega  Cen  has
4x104MO  BH

X-ray  binaries
Cygnus  X1

MW  4x106MO

QSO  108MO

TON  7x1010MO

BH  mass
proportional
to  stellar  mass

(Blandford)
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PRIMORDIAL BLACK HOLE FORMATION

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

10-5g  at 10-43s     (Planck minimum)
1015g  at 10-23s    (evaporating now)
1MO at 10-5s      (QCD transition)
105MO at 1s       (maximum?)

Small BHs can only form in early Universe

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

ð primordial BHs have horizon mass at formation

MPBH ~ c3t/G =
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Newtonian	  argument	  for	  PBH	  accretion

p	  =	  kr

=	  k1/2

horizon	  mass

formation	  mass

Subhorizon PBH	  grows	   little	  but	  horizon-‐mass	  PBH	  grows	   like	  horizon.	  

But	  this	  neglects	  cosmological	  expansion.	  

Mf (Mf	  << btf)
bt (Mf	  ~	  btf)~
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Þ no	  observational	  evidence	  against	  them!

=> need	  to	  consider	  quantum	  effects	  	  

Carr	  &	  Hawking	  (1974): there	  is	  no	  SSSS	  
solution	   with	  black	  hole	   interior	  attached	  to	  
exact Friedmannexterior	  via	  sound-‐wave	  
but	  1-‐parameter	  family	  of	  such	  solutions	   if	  
asymptotically Friedmann (k=1/3).

=>	  PBHs	   formed	  by	  local processes	  cannot	  grow	  much	  at	  all	  

but	  self-‐similar
growth	  possible	   with	  special	  initial	   conditions

SPHERICALLY	  SYMMETRIC	  SELF-‐SIMILAR	  SOLUTIONS

Metric ds2	   =	  -‐e2F(z )dt2 +	  e2y(z )dr2 +r2S2(z)dW2	  	   Perfect	  fluid p=kr
Dimensionless	   quantities	  depend	  only	  on z=r/t	   	  
Speed	  of	  fluid	   relative	  to	  const z	   surface	  V	  =	  |z|ey-f      
V	  =1	  at	  event	  or	  particle	  horizon
V	  =	  k1/2 at	  sonic	  point	   	  (discontinuity)

Þ no	  observational	  evidence	  against	  them
=>	   need	  to	  consider	  quantum	  effects	  	  

PBHs are important even if they never formed!
Black	  Hole	  	  =	  Dark	  +	  Light

Quantum Mechanics General Relativity

Thermodynamics

PBHs are important even if they never formed!
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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

(Page & Hawking 1976)Only PBHs with  M >> 1015g could provide dark matter 

This can only be important for PBHs

Are some short g-ray bursts PBH explosions (D.Cline et al.)

PBHS PROBE HUGE RANGE OF SCALES

Planck relics, Extra dimensions and 

higher-dimensional black holes, …

Quantum Gravity

Early Universe Nucleosynthesis, Reionisation, …

High-Energy Physics Cosmological and galactic gamma-rays 

Critical phenomena,                                    

Cold dark matter,                                    
Dynamical effects, Lensing effects,                                    

Gravitational waves,                                    

Black holes in galactic nuclei, …

Gravity

PBHS	  AS	  DARK	  MATTER

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! 
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First	  paper	  on	  PBHs	  as	  dark	  matter

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

Carr	   (1977)	  corrected	  some	  errors

PBHs	  relevant	  to	  galaxy	  formation	  if	  dark	  matter

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 PBHS	  AND	  LIGO/Virgo

Do	  we need Population	  III	  or	  PBHs?
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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 collapse fraction must 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	  galaxies

Limit on fraction of Universe collapsing
Unevaporated M>1015g => WPBH < 0.25   (CDM)
Evaporating now M~1015g => WPBH < 10-8      (GRB)
Evaporated in past M<1015g 

=> constraints from entropy, g-background, BBNS

(Profumo)

BLACK HOLES AS A PROBE OF HIGHER DIMENSIONS

Schwarzschild radius rS= MP-1(MBH/MP)1/(1+n)

Temperature TBH = (n+1)/rS < 4D case
Lifetime tBH =MP-1(MBH/MP)(n+3)/(1+n) > 4D case

Standard model => Vn ~ MP-n , MD ~ MP, 
Large extra dimensions => Vn >> MP-n,   MD << MP

TeV quantum gravity?

   BLACK HOLES AS A PROBE OF HIGHER DIMENSIONS

Carr & Giddings (2009)

       Forming black holes by collisions

Cross-section   $(ij     BH) = %rS
2&(E - MBH

min)

Schwarzschild radius  rS= MP
-1(MBH/MP)1/(1+n)

Temperature  TBH = (n+1)/rS   < 4D case

Lifetime  'BH =MP
-1(MBH/MP)(n+3)/(1+n) > 4D case

centre of mass energy

MODES OF BLACK HOLE FORMATION

M-theory => n extra compactified dimensions 

LHC?

D-dim’ Planck
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IS	  THE	   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)

electric

weak

GUT

strong

electro-‐weak

BIG	  BANG

Microphysics	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Macrophysics

1015g

1010g

10-5g

1 MO

109 MO QSO

Stellar

evaporating

exploding

Planck Universal

BLACK HOLES AS LINK BETWEEN MICRO AND MACRO PHYSICS

106 MO MW

1021glunar

1022 MO

102 MO IMBH

1025gterrestrial

HIGHER  DIMENSIONS

QUANTUM/CLASSICAL

ARE	  MOST	  BLACK	  HOLES	  PRIMORDIAL?

God	  would	  be	  cruel	  not	  to	  populate	  whole	  Uroborus!
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FORMATION

Formation Mechnisms of Primordial Black Holes

Large density perturbations (inflation)

Pressure reduction

[B
yr

ne
s 

et
 a

l. 
20

18]

Bubble collisions

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

Cosmic string loops

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

Quark confinement
[Dvali, FK, Zantedeschi2021]

e

PBH Formation from Large Inhomgeneities

To collapse against pressure, need[BC 1975]

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

Gaußian fluctuations with  <dH2>1/2 = e(M) 

=>      b(M) ~ e(M) exp

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

=> 

[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.
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PBH scales

PBH scales are 
well below 
CMB scales!

10 20 30 40

-2

-4

-8

-6

CMB scales

2 4 6 8
N

Scales of PBH Formation

10

10

10

10

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, Polnarev2008]

Usually: Assume 

[Choptuik ’93]

horizon mass

density contrast

Radiation domination and for 
spherical Mexician-hat profile:

PBHs from Near-Critical Collapse

Critical Scaling

[BC, FK, Sandstad 2016]

dark-matter fraction

Horizon mass approximation

critical collapse

It is impossible
to obtain 

monochromatic 
mass spectra!

How would this look for monochromatic mass function?
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GeV

PBHs and Inflation

PBHs formed before reheating are inflated away.

Fluctuations from inflation

<latexit sha1_base64="Lc1eDjzbWsVLgOVRfscSfMbS50Q="></latexit>

�⇢

⇢
⇠ V 3/2

MPl V 0

�����
H

<latexit sha1_base64="tjsDbAooZOAPw7hvOpB/ZjOc8s0=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYGMZxXzA5Qh7m71kyd7tsTunhJCfYWOhiK2/xs5/4ya5QhMfDDzem2FmXphKYdB1v53Cyura+kZxs7S1vbO7V94/aBqVacYbTEml2yE1XIqEN1Cg5O1UcxqHkrfC4c3Ubz1ybYRKHnCU8iCm/UREglG0kt+5F/0BUq3VU7dccavuDGSZeDmpQI56t/zV6SmWxTxBJqkxvuemGIypRsEkn5Q6meEpZUPa576lCY25CcazkyfkxCo9EiltK0EyU39PjGlszCgObWdMcWAWvan4n+dnGF0FY5GkGfKEzRdFmSSoyPR/0hOaM5QjSyjTwt5K2IBqytCmVLIheIsvL5PmWdW7qJ7fnVdq13kcRTiCYzgFDy6hBrdQhwYwUPAMr/DmoPPivDsf89aCk88cwh84nz+SO5Fw</latexit>)
<latexit sha1_base64="sJpDp4OExy3Vk/msTeabcgbv0FY="></latexit>

M > Mmin =

✓
Treheat

TPl

◆�2

MPl > 1 g,

since                                    from CMB quadrupole.
<latexit sha1_base64="NsBkgjzl6Y3W5uPKtCxX1vrQS+s=">AAACDHicbVDLSsNAFJ34rPVVdelmsAgupCRSqgsXRRe6rNAXNLFMpjft0MmDmYlQQj7Ajb/ixoUibv0Ad/6N0zQLbT0wcDjnXO7c40acSWWa38bS8srq2npho7i5tb2zW9rbb8swFhRaNOSh6LpEAmcBtBRTHLqRAOK7HDru+Hrqdx5ASBYGTTWJwPHJMGAeo0RpqV8qN/uJLXwsYAREpfgSW+Z9YtVS+zTTb6Cd6pRZMTPgRWLlpIxyNPqlL3sQ0tiHQFFOpOxZZqSchAjFKIe0aMcSIkLHZAg9TQPig3SS7JgUH2tlgL1Q6BconKm/JxLiSznxXZ30iRrJeW8q/uf1YuVdOAkLolhBQGeLvJhjFeJpM3jABFDFJ5oQKpj+K6YjIghVur+iLsGaP3mRtM8qVq1SvauW61d5HQV0iI7QCbLQOaqjW9RALUTRI3pGr+jNeDJejHfjYxZdMvKZA/QHxucPiSGaCA==</latexit>

Treheat < 1016 GeV

Can these generate PBHs?

Inflation

Radiation

Matter

Scale

Hubble 

Scale

Reheating

Physical 

Scale

Collapse at 

re-entry if

N

Scales of PBH Formation

, running index

Slow-roll plus friction-domination

=> nearly scale-invariant fluctuations

|dk2| ~ kn,  dH ~ M(1-n )/4 with n = 1 - 3x + 2h ~ 1

PBHs and Inflation

hybrid, multifield , designer,
preheating, axion-curvaton…

[BC & Lidsey 1993]

CMB => dH ~ 10-5 => need n > 1 for PBHs

Observe n < 1 on horizon scale => need running index for PBHs.

Planck gives   (wrong sign!)

Need n > 1 at large k or some feature in V(f ) at some k.

E.g. flattening of V(f ) => PBH production on particular scale
[Ivanov et a l. 1994]

Numerous other inflation scenarios:
[Green 2016]

axion-curvaton

running-mass

Generic Mass Functions – The Lognormal Case
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slow-roll

PBH production

Consider the possibility of a plateau in the inflaton potential:

Quantum Diffusion

[FK & Freese 2019]

Fraction of collapsed
horizon patches:

Quantum 
diffusion 
leads to 
strongly
enhanced 

PBH 
production.

Quantum Diffusion

PBHs have horizon mass at transition =>
103 g at GUT epoch
1028 g at EW epoch

at QCD epoch

Collapse from Bubble Collision

Collapse at QCD epoch (2nd order)

10% dip in sound-speed at 10-5s => natural enhancement at Chandrasekhar mass 

1st order => collapse from bubble collisions

Bubble-formation rate per Hubble volume (  ) must be finely tuned: 

x >> 1 => entire Universe undergoes the phase transition immediately => no PBHs

x << 1 => bubbles very rare and never collide => no PBHs 

<latexit sha1_base64="bmYo6StmxcTTBUHJD1cUBr2pFIo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbSbt0swm7G7GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+WDGSfoR3QgecgZNVa67z7xXrniVt0ZyDLxclKBHPVe+avbj1kaoTRMUK07npsYP6PKcCZwUuqmGhPKRnSAHUsljVD72ezUCTmxSp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2nZEPwFl9eJs2zqndRPb87r9Su8ziKcATHcAoeXEINbqEODWAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QNe043e</latexit>
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[Byrnes et al. 2018]
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PBH Scenarios

[Jedamizik 1997]
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M�

PBH Scenarios

Collapse in the Matter-Dominated Era

Collapse from Cosmic Strings

Collapse prevented by deviations from spherical symmetry  

=>

If matter-dominated phase from t1 to t2 , PBH formation is enhanced for

Typical loop larger than its Schwarzschild radius by (Gμ)−1

x ≡ L/s is the ratio of the string length to the correlation scale 

=>

=>

Epoch independent

=>
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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).

Simple estimate:

spherical 

threshold

ellipsoidal 

threshold

As the collapse starts along shortest axis first,
consider collapse of largest enclosed sphere (green curve):

[FK, Sandstad 2016]

Non-Sphericity

CONSTRAINTS PBH Constraints

Lensing

Evaporation
Gamma-Rays, 
BBN,                  
Entropy, ...

CMB

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

Seismic

Annihilation of Dark 
Matter Particles

PBH + {WIMPs, ALPs, ...}

Gravitational 
Waves

...

PBH Constraints — Overview
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X

Constraints Non-Evaporating PBHs

[BC, FK, Sandstad 2016]

But some of these limits are now thought to be wrong.

[BC & FK 2020]

Updated PBH Constraints — Possible Windows

D

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

PBH Constraints — Redshift Dependence

[BC & FK 2020]

More Detailed Constraints on PBH Dark Matter Fraction

[BC, Kohri, Sendouda, Yokoyama, 2021] Old	  version	   in	  notes!
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Lensing Limits

GRB:	   	  Femtolensing of 	  gamma-‐ray	   bursts	  	  (10-‐16-‐10-‐14MO)	  

Kepler:	   microlensing	   of 	  Galactic	   stars	   (10-‐9-‐10-‐3MO)	  

HSC	   (Subaru):	  	  microlensing	   of 	  M31	  stars	  (10-‐10-‐10-‐5MO)	  

OGLE:	   microlensing	   of 	  Galactic	   bulge	   stars	  (10-‐3-‐10-‐1MO)	  

EROS:	   microlensing	   of 	  LMC	   stars	  (10-‐7-‐15	  MO)	  

SNe:	   microlensing	   of 	  supernovae	   (10-‐2-‐104MO)	  

Radio	  sources:	   millensing of 	  compact	  radio	  sources	   (105-‐108MO)	  

MACHO:	   microlensing	   of 	  LMC	  stars	  (0.1	  x	  30	  MO)	  

Dynamical Limits

NS	   and	  WDs:	   destroyed	  by	   captured	  PBHs	  (10-‐15-‐10-‐8MO)	  

Supernovae:	   	  transit	  of 	  PBH	  through	  white	  dwarf 	  (10-‐15-‐10-‐13MO)	  

Wide	   binaries:	   destroyed	   by	  PBH	  tidal	   effects	  	  (102-‐107MO)	  

Globular	   clusters:	  destroyed	   by	  PBHs	  tidal	   effects	  (104-‐1010MO)	  

Eri II:	   survival	   of 	  star	  cluster	  in	  centre of 	  dwarf 	  galaxy	   (102-‐106MO)	  

Disk	   heating:	   destroyed	  by	   PBHs	  tidal	  effects	   (106-‐1012MO)	  

Dynamical	   friction:	  drag	   of 	  halo	  stars	  (104-‐1012MO)	  

Galaxies	   in	  clusters:	   tidal	   distortion	  by	  giant	  PBHs	  tidal	  effects	   (1010-‐1014MO)	  

CMB	  dipole:	   peculiar	   velocity	   from	  nearest	   PBH	  (1018-‐1021MO)	  

Evaporation and Accretion Limits

10−30

10−28

10−26

10−24

10−22

10−20

10−18

10−16

9 10 11 12 13 14 15 16 17

−24 −23 −22 −21 −20 −19 −18 −17 −16

BBN

Y

D/H

D/H

EGB

LSP relics

Extragalactic CRs

ν

p-

Galactic CRs

GGB

Ve±

GC γ

GC γ

GC e+

GC radio

Leo T

ΩPBH

CMB

Distortions

Anisotropies

β'

log10(M/g)

log10(M/M⊙)

Evaporation Constraints

[BC, Kohri, Sendouda, Yokoyama, 2021] 1994

2021
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VOYAGER-1 e± further constrain Primordial Black Holes as Dark Matter

Mathieu Boudaud1 and Marco Cirelli1
1Laboratoire de Physique Théorique et Hautes Energies (LPTHE),

CNRS & Sorbonne Université, 4 Place Jussieu, Paris, France

Primordial Black Holes (PBHs) with a mass M . 1017g are expected to inject sub-GeV electrons and
positrons in the Galaxy via Hawking radiation. These cosmic rays are shielded by the solar magnetic field
for Earth-bound detectors, but not for VOYAGER-1, which is now beyond the heliopause. We use its data to
constrain the fraction of PBHs to the dark matter in the Galaxy, finding that PBHs with M < 1016g cannot
contribute more than 0.1% (or less for a lognormal mass distribution). Our limits are based on local galactic
measurements and are thus complementary to those derived from cosmological observations.

Introduction — One of the most pressing questions in cur-
rent cosmology is the nature of the dark matter (DM) that
constitutes about 26% of the total energy-matter content of
the Universe [1]. The largest majority of the theoretical and
experimental efforts in the past decades have focused on ex-
plaining it as a new particle beyond the Standard Model (SM)
of particle physics. Perhaps as a reaction to the many (so
far) empty-handed searches, the ‘old’ proposal [2, 3] that DM
could consist of Primordial Black Holes (PBHs) has recently
re-gained the spotlight 1 (see [6–8] for milestone reviews).

These objects would be generated in the Early Universe
when sufficiently large density perturbations in the primor-
dial plasma collapse gravitationally. If they are formed early
enough, the material of which they are made is subtracted
very early on from the baryonic budget and therefore they
are not subject to the cosmological constraints from primor-
dial nucleosynthesis and the cosmic microwave background
(CMB). A number of possible mechanisms exist which could
generate the needed large primordial fluctuations, invoking
more or less exotic cosmological inflationary ingredients [9–
20] or just relying on SM ones [21], albeit in peculiar con-
figurations [22, 23]. In general terms, the expected mass of
a PBH is connected to the time t at which it was created,
M ⇠ 10

15
(t/10

�23
sec)g ' 5 ⇥ 10

�19
(t/10

�23
sec)M�,

where M� ' 2 ⇥ 10

33 g is the mass of the Sun. This re-
lation illustrates that a very large range of masses is possible.
PBHs created at the Planck time (10

�43 sec) would have a
Planck mass (10

�5g), while those generated just before BBN
(t ⇠ 1 sec) could have a mass of ⇠ 10

5
M�, comparable in

size to the supermassive BHs at the center of current galaxies.
Moreover, realistic production mechanisms predict not just a
unique mass for all PBHs but rather an extended mass func-
tion.

This very large mass range is subject to a number of con-
straints. Broadly speaking, large masses (10

3
M� and up) are

bound by dynamical constraints, such as the need of avoiding
the disruption of observed binary stellar systems or the desta-
bilization of the galactic disk or bulge. Large mass PBHs
also accrete significant amounts of material, emitting radi-
ation (X-rays, radio) that is constrained by current observa-
tions and by the CMB. A wide range of intermediate masses

1 As well as generated more recent incarnations in the same vein, involving
other macroscopic candidates, see e.g. [4, 5] and references therein.

(⇠ 10

17
g ! 10

35
g) is constrained by strong lensing mea-

surements of different sources (stars, either in the Magellanic
clouds or in Andromeda, or gamma ray bursts). Whether
some windows still exist in which PBHs (of fixed mass or
distributed on a range of masses) can constitute 100% of the
DM is currently subject to an intense debate. Finally, very
small masses (. 4 ⇥ 10

14 g) are ruled out because PBHs,
like any BH, are believed to be subject to Hawking evapora-
tion [24, 25], which would have made them disappear by now.

In this work, we are particularly interested in the mass range
above the evaporation limit (4 ⇥ 10

14 g) and below the low-
est lensing limit (10

17 g). In this range, PBHs are Hawking
evaporating right now, emitting particles with a characteris-
tic spectrum centered around tens of MeV. Indeed, constraints
have been derived in the past using extragalactic gamma-ray
background (EGB) observations [6, 26–28].2 While powerful,
such constraints do not test the local DM density but rather its
average extragalactic distribution. Moreover, they are subject
to (mild) uncertainties related to the spectral index of extra-
galactic photons [30].3

Charged particles such as antiprotons, electrons and
positrons have also been considered in the past [33–37]. The
main difficulty with them is that, at the relevant sub-GeV ener-
gies, charged cosmic rays are strongly affected by the sphere
of influence of the Sun, which significantly complicates the
picture. The access to low energy is instead particularly im-
portant since, as per Hawking radiation, the larger the PBH
mass, the less energetic the emitted particles.

The crucial observation in this work is that this limitation
is now overcome by the fact that the VOYAGER-1 space-
craft has recently crossed the heliopause threshold, thereby
becoming capable of collecting low-energy electrons and
positrons [38, 39], possibly emitted by the evaporating PBHs.
This will allow us to impose novel constraints, which, in con-
trast to the gamma-ray ones, are based on local measure-
ments. In addition, we will consider the data collected by
AMS-02 [40]. These cover a higher energy range, starting

2 Galactic ones [29] are also relevant but less competitive.
3 In the same range of masses, recent bound have been derived using Planck

data [31] as well as the latest EDGES measurements of the 21 cm absorp-
tion at high redshift [32]. The former are subdominant with respect to the
EGB ones, while the latter could be stronger. Since, however, they are still
subject to large uncertainties, we will mostly compare with the EGB.
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IMPORTANT	  EVAPORATION	  CONSTRAINT

PBH Constraints at Formation

[BC, Kohri, Sendouda, Yokoyama, 2021]

Each	  constraint	  comes	  with	  caveats	  and	  may	  improve	  or	  go	  away.	  
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From	  PBH	  Abundance	  to	  Primordial	  Curvature	  Power	  Spectrum	  
Kalaja et	  al	  	  	  	  	  	  arXiv:	  1908.03596

Constraints	  on	  the	  primordial	  curvature	  power	  spectrum	  from	  PBHs
Sato-‐Polito,	  Kovetz and	  Kamionkowski arXiv:1904.10971

Constraints on the Power Spectrum

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.
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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	  
Bringmannet	  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]    

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]

9

of QSOs

1993

Hawkins	  now	  gives	  mass	  as	  1	  MO

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.
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Possible PBH mass functions

3

constraint is claimed, rather than a positive detection,
it is important to specify the associated confidence level
(CL). For all lensing constraints shown in Fig. 1, we use
the 95% CL constraint given in Refs. [40–43].

Additional relaxing of constraints would apply if the
PBHs were spatially clustered into sub-haloes. This ef-
fect depends on details of small-scale structure formation
which are not fully understood, so we simply adopt the
results presented in the current literature. Recently it
has been claimed that long-term radio variability in the
light-curves of active galactic nuclei (AGN) arises from
gravitational millilensing of features in AGN jets [56].
If so, this could imply that the DM is either individual
black holes of mass 103 � 106M

�

or clusters of this mass
comprising smaller black holes.

Observations of neutron stars limits the PBH abun-
dance and indeed it has been claimed that this excludes
PBH DM over a wide range of masses. However, these
limits are dependent on the DM density in the cores
of globular clusters, which is very uncertain. Following
Ref. [38], the neutron star capture constraint is presented
for three values of this density (dashed and dot-dashed
yellow lines).

It must be stressed that the constraints in Fig. 1
have varying degrees of certainty and they all come with
caveats. For some, the observations are well understood
(e.g. the CMB and gravitational lensing data) but there
are uncertainties in the black hole physics. For others,
the observations themselves are not fully understood or
depend upon additional astrophysical assumptions. To
address the associated uncertainties in a systematic way,
we split the constraints into two classes. The first class,
presented in Fig. 1 by solid lines, are relatively robust,
while the second class, presented by dashed lines, are
somewhat less firm and depend upon astrophysical pa-
rameters. In particular, this applies to most of the dy-
namical and accretion constraints (e.g. those associated
with dwarf galaxies, wide binaries and neutron stars).
However, we stress that this division is not completely
clear-cut. In the following, we present our results for the
two classes of constraints both separately and together.

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

If the PBHs span an extended range of masses, the
mass function is usually written as dn/dM where dn is
the number density of PBHs in the mass range (M,M +
dM). For our purposes it is more convenient to introduce
the function

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

where ⌦PBH and ⌦DM ⇡ 0.25 are the PBH and DM den-
sities in units of the critical density. The lower cut-o↵
in the mass integral necessarily exceeds M

⇤

⇡ 4⇥ 1014g,
the mass of the PBHs evaporating at the present epoch
[8]. Note that  (M) is the distribution function of logM
and has units [mass]�1.
In this paper we consider three types of mass function.

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

where Mc is the mass at which the function M (M)
peaks and � is the width of the spectrum. This is
often a good approximation if the PBHs result from
a smooth symmetric peak in the inflationary power
spectrum. This was first demonstrated numerically
in Ref. [15] and analytically in Ref. [30] for the case
in which the slow-roll approximation holds. It is
therefore representative of a large class of extended
mass functions. Note that Refs. [15–17] use a quasi-
lognormal mass function, which omits the M�1 term
in Eq. (3). In this case, the position of the peak of
M (M) is no longer Mc but also depends on �, with
the peak mass reducing as � increases. The form (3) is
more useful for our purposes because M (M) relates
to the DM fraction in PBHs of mass M .

2. A power-law mass function of the the form

 (M) / M��1 (Mmin < M < Mmax) . (4)

For � 6= 0, either the lower or upper cut-o↵ can be
neglected if Mmin ⌧ Mmax, so this scenario is ef-
fectively described by two parameters. Only in the
� = 0 case are both cut-o↵s necessary. For example,
a mass function of this form arises naturally if the
PBHs form from scale-invariant density fluctuations
or from the collapse of cosmic strings. In both cases,
� = �2w/(1 + w), where w specifies the equation of
state, p = w⇢, when the PBHs form [6]. In a non-
inflationary universe, w 2 (�1/3, 1) and so the natu-
ral range of the mass function exponent is � 2 (�1, 1).
Equation (4) is not applicable for w 2 (�1,�1/3), cor-
responding to � 2 (1,1), because PBHs do not form
during inflation but only after it as a result of inflation-
generated density fluctuations. Special consideration
is also required in the w = 0 (matter-dominated)
case [57, 58], because then both cut-o↵s in (4) can
be relevant and this is discussed elsewhere [59]. In the
following analysis we will consider both positive and
negative values for � but not zero.

3. A critical collapse mass function [60–63]:

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.

3

constraint is claimed, rather than a positive detection,
it is important to specify the associated confidence level
(CL). For all lensing constraints shown in Fig. 1, we use
the 95% CL constraint given in Refs. [40–43].
Additional relaxing of constraints would apply if the

PBHs were spatially clustered into sub-haloes. This ef-
fect depends on details of small-scale structure formation
which are not fully understood, so we simply adopt the
results presented in the current literature. Recently it
has been claimed that long-term radio variability in the
light-curves of active galactic nuclei (AGN) arises from
gravitational millilensing of features in AGN jets [56].
If so, this could imply that the DM is either individual
black holes of mass 103 � 106M

�

or clusters of this mass
comprising smaller black holes.
Observations of neutron stars limits the PBH abun-

dance and indeed it has been claimed that this excludes
PBH DM over a wide range of masses. However, these
limits are dependent on the DM density in the cores
of globular clusters, which is very uncertain. Following
Ref. [38], the neutron star capture constraint is presented
for three values of this density (dashed and dot-dashed
yellow lines).
It must be stressed that the constraints in Fig. 1

have varying degrees of certainty and they all come with
caveats. For some, the observations are well understood
(e.g. the CMB and gravitational lensing data) but there
are uncertainties in the black hole physics. For others,
the observations themselves are not fully understood or
depend upon additional astrophysical assumptions. To
address the associated uncertainties in a systematic way,
we split the constraints into two classes. The first class,
presented in Fig. 1 by solid lines, are relatively robust,
while the second class, presented by dashed lines, are
somewhat less firm and depend upon astrophysical pa-
rameters. In particular, this applies to most of the dy-
namical and accretion constraints (e.g. those associated
with dwarf galaxies, wide binaries and neutron stars).
However, we stress that this division is not completely
clear-cut. In the following, we present our results for the
two classes of constraints both separately and together.

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

If the PBHs span an extended range of masses, the
mass function is usually written as dn/dM where dn is
the number density of PBHs in the mass range (M,M +
dM). For our purposes it is more convenient to introduce
the function

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

where ⌦PBH and ⌦DM ⇡ 0.25 are the PBH and DM den-
sities in units of the critical density. The lower cut-o↵
in the mass integral necessarily exceeds M

⇤

⇡ 4⇥ 1014g,
the mass of the PBHs evaporating at the present epoch
[8]. Note that  (M) is the distribution function of logM
and has units [mass]�1.
In this paper we consider three types of mass function.

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

where Mc is the mass at which the function M (M)
peaks and � is the width of the spectrum. This is
often a good approximation if the PBHs result from
a smooth symmetric peak in the inflationary power
spectrum. This was first demonstrated numerically
in Ref. [15] and analytically in Ref. [30] for the case
in which the slow-roll approximation holds. It is
therefore representative of a large class of extended
mass functions. Note that Refs. [15–17] use a quasi-
lognormal mass function, which omits the M�1 term
in Eq. (3). In this case, the position of the peak of
M (M) is no longer Mc but also depends on �, with
the peak mass reducing as � increases. The form (3) is
more useful for our purposes because M (M) relates
to the DM fraction in PBHs of mass M .

2. A power-law mass function of the the form

 (M) / M��1 (Mmin < M < Mmax) . (4)

For � 6= 0, either the lower or upper cut-o↵ can be
neglected if Mmin ⌧ Mmax, so this scenario is ef-
fectively described by two parameters. Only in the
� = 0 case are both cut-o↵s necessary. For example,
a mass function of this form arises naturally if the
PBHs form from scale-invariant density fluctuations
or from the collapse of cosmic strings. In both cases,
� = �2w/(1 + w), where w specifies the equation of
state, p = w⇢, when the PBHs form [6]. In a non-
inflationary universe, w 2 (�1/3, 1) and so the natu-
ral range of the mass function exponent is � 2 (�1, 1).
Equation (4) is not applicable for w 2 (�1,�1/3), cor-
responding to � 2 (1,1), because PBHs do not form
during inflation but only after it as a result of inflation-
generated density fluctuations. Special consideration
is also required in the w = 0 (matter-dominated)
case [57, 58], because then both cut-o↵s in (4) can
be relevant and this is discussed elsewhere [59]. In the
following analysis we will consider both positive and
negative values for � but not zero.

3. A critical collapse mass function [60–63]:

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.=>
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constraint is claimed, rather than a positive detection,
it is important to specify the associated confidence level
(CL). For all lensing constraints shown in Fig. 1, we use
the 95% CL constraint given in Refs. [40–43].

Additional relaxing of constraints would apply if the
PBHs were spatially clustered into sub-haloes. This ef-
fect depends on details of small-scale structure formation
which are not fully understood, so we simply adopt the
results presented in the current literature. Recently it
has been claimed that long-term radio variability in the
light-curves of active galactic nuclei (AGN) arises from
gravitational millilensing of features in AGN jets [56].
If so, this could imply that the DM is either individual
black holes of mass 103 � 106M

�

or clusters of this mass
comprising smaller black holes.

Observations of neutron stars limits the PBH abun-
dance and indeed it has been claimed that this excludes
PBH DM over a wide range of masses. However, these
limits are dependent on the DM density in the cores
of globular clusters, which is very uncertain. Following
Ref. [38], the neutron star capture constraint is presented
for three values of this density (dashed and dot-dashed
yellow lines).

It must be stressed that the constraints in Fig. 1
have varying degrees of certainty and they all come with
caveats. For some, the observations are well understood
(e.g. the CMB and gravitational lensing data) but there
are uncertainties in the black hole physics. For others,
the observations themselves are not fully understood or
depend upon additional astrophysical assumptions. To
address the associated uncertainties in a systematic way,
we split the constraints into two classes. The first class,
presented in Fig. 1 by solid lines, are relatively robust,
while the second class, presented by dashed lines, are
somewhat less firm and depend upon astrophysical pa-
rameters. In particular, this applies to most of the dy-
namical and accretion constraints (e.g. those associated
with dwarf galaxies, wide binaries and neutron stars).
However, we stress that this division is not completely
clear-cut. In the following, we present our results for the
two classes of constraints both separately and together.

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

If the PBHs span an extended range of masses, the
mass function is usually written as dn/dM where dn is
the number density of PBHs in the mass range (M,M +
dM). For our purposes it is more convenient to introduce
the function

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

where ⌦PBH and ⌦DM ⇡ 0.25 are the PBH and DM den-
sities in units of the critical density. The lower cut-o↵
in the mass integral necessarily exceeds M

⇤

⇡ 4⇥ 1014g,
the mass of the PBHs evaporating at the present epoch
[8]. Note that  (M) is the distribution function of logM
and has units [mass]�1.
In this paper we consider three types of mass function.

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

where Mc is the mass at which the function M (M)
peaks and � is the width of the spectrum. This is
often a good approximation if the PBHs result from
a smooth symmetric peak in the inflationary power
spectrum. This was first demonstrated numerically
in Ref. [15] and analytically in Ref. [30] for the case
in which the slow-roll approximation holds. It is
therefore representative of a large class of extended
mass functions. Note that Refs. [15–17] use a quasi-
lognormal mass function, which omits the M�1 term
in Eq. (3). In this case, the position of the peak of
M (M) is no longer Mc but also depends on �, with
the peak mass reducing as � increases. The form (3) is
more useful for our purposes because M (M) relates
to the DM fraction in PBHs of mass M .

2. A power-law mass function of the the form

 (M) / M��1 (Mmin < M < Mmax) . (4)

For � 6= 0, either the lower or upper cut-o↵ can be
neglected if Mmin ⌧ Mmax, so this scenario is ef-
fectively described by two parameters. Only in the
� = 0 case are both cut-o↵s necessary. For example,
a mass function of this form arises naturally if the
PBHs form from scale-invariant density fluctuations
or from the collapse of cosmic strings. In both cases,
� = �2w/(1 + w), where w specifies the equation of
state, p = w⇢, when the PBHs form [6]. In a non-
inflationary universe, w 2 (�1/3, 1) and so the natu-
ral range of the mass function exponent is � 2 (�1, 1).
Equation (4) is not applicable for w 2 (�1,�1/3), cor-
responding to � 2 (1,1), because PBHs do not form
during inflation but only after it as a result of inflation-
generated density fluctuations. Special consideration
is also required in the w = 0 (matter-dominated)
case [57, 58], because then both cut-o↵s in (4) can
be relevant and this is discussed elsewhere [59]. In the
following analysis we will consider both positive and
negative values for � but not zero.

3. A critical collapse mass function [60–63]:

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.

lognormal

3

constraint is claimed, rather than a positive detection,
it is important to specify the associated confidence level
(CL). For all lensing constraints shown in Fig. 1, we use
the 95% CL constraint given in Refs. [40–43].

Additional relaxing of constraints would apply if the
PBHs were spatially clustered into sub-haloes. This ef-
fect depends on details of small-scale structure formation
which are not fully understood, so we simply adopt the
results presented in the current literature. Recently it
has been claimed that long-term radio variability in the
light-curves of active galactic nuclei (AGN) arises from
gravitational millilensing of features in AGN jets [56].
If so, this could imply that the DM is either individual
black holes of mass 103 � 106M

�

or clusters of this mass
comprising smaller black holes.

Observations of neutron stars limits the PBH abun-
dance and indeed it has been claimed that this excludes
PBH DM over a wide range of masses. However, these
limits are dependent on the DM density in the cores
of globular clusters, which is very uncertain. Following
Ref. [38], the neutron star capture constraint is presented
for three values of this density (dashed and dot-dashed
yellow lines).

It must be stressed that the constraints in Fig. 1
have varying degrees of certainty and they all come with
caveats. For some, the observations are well understood
(e.g. the CMB and gravitational lensing data) but there
are uncertainties in the black hole physics. For others,
the observations themselves are not fully understood or
depend upon additional astrophysical assumptions. To
address the associated uncertainties in a systematic way,
we split the constraints into two classes. The first class,
presented in Fig. 1 by solid lines, are relatively robust,
while the second class, presented by dashed lines, are
somewhat less firm and depend upon astrophysical pa-
rameters. In particular, this applies to most of the dy-
namical and accretion constraints (e.g. those associated
with dwarf galaxies, wide binaries and neutron stars).
However, we stress that this division is not completely
clear-cut. In the following, we present our results for the
two classes of constraints both separately and together.

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

If the PBHs span an extended range of masses, the
mass function is usually written as dn/dM where dn is
the number density of PBHs in the mass range (M,M +
dM). For our purposes it is more convenient to introduce
the function

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

where ⌦PBH and ⌦DM ⇡ 0.25 are the PBH and DM den-
sities in units of the critical density. The lower cut-o↵
in the mass integral necessarily exceeds M

⇤

⇡ 4⇥ 1014g,
the mass of the PBHs evaporating at the present epoch
[8]. Note that  (M) is the distribution function of logM
and has units [mass]�1.
In this paper we consider three types of mass function.

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

where Mc is the mass at which the function M (M)
peaks and � is the width of the spectrum. This is
often a good approximation if the PBHs result from
a smooth symmetric peak in the inflationary power
spectrum. This was first demonstrated numerically
in Ref. [15] and analytically in Ref. [30] for the case
in which the slow-roll approximation holds. It is
therefore representative of a large class of extended
mass functions. Note that Refs. [15–17] use a quasi-
lognormal mass function, which omits the M�1 term
in Eq. (3). In this case, the position of the peak of
M (M) is no longer Mc but also depends on �, with
the peak mass reducing as � increases. The form (3) is
more useful for our purposes because M (M) relates
to the DM fraction in PBHs of mass M .

2. A power-law mass function of the the form

 (M) / M��1 (Mmin < M < Mmax) . (4)

For � 6= 0, either the lower or upper cut-o↵ can be
neglected if Mmin ⌧ Mmax, so this scenario is ef-
fectively described by two parameters. Only in the
� = 0 case are both cut-o↵s necessary. For example,
a mass function of this form arises naturally if the
PBHs form from scale-invariant density fluctuations
or from the collapse of cosmic strings. In both cases,
� = �2w/(1 + w), where w specifies the equation of
state, p = w⇢, when the PBHs form [6]. In a non-
inflationary universe, w 2 (�1/3, 1) and so the natu-
ral range of the mass function exponent is � 2 (�1, 1).
Equation (4) is not applicable for w 2 (�1,�1/3), cor-
responding to � 2 (1,1), because PBHs do not form
during inflation but only after it as a result of inflation-
generated density fluctuations. Special consideration
is also required in the w = 0 (matter-dominated)
case [57, 58], because then both cut-o↵s in (4) can
be relevant and this is discussed elsewhere [59]. In the
following analysis we will consider both positive and
negative values for � but not zero.

3. A critical collapse mass function [60–63]:

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.

power-law

3

constraint is claimed, rather than a positive detection,
it is important to specify the associated confidence level
(CL). For all lensing constraints shown in Fig. 1, we use
the 95% CL constraint given in Refs. [40–43].
Additional relaxing of constraints would apply if the

PBHs were spatially clustered into sub-haloes. This ef-
fect depends on details of small-scale structure formation
which are not fully understood, so we simply adopt the
results presented in the current literature. Recently it
has been claimed that long-term radio variability in the
light-curves of active galactic nuclei (AGN) arises from
gravitational millilensing of features in AGN jets [56].
If so, this could imply that the DM is either individual
black holes of mass 103 � 106M

�

or clusters of this mass
comprising smaller black holes.
Observations of neutron stars limits the PBH abun-

dance and indeed it has been claimed that this excludes
PBH DM over a wide range of masses. However, these
limits are dependent on the DM density in the cores
of globular clusters, which is very uncertain. Following
Ref. [38], the neutron star capture constraint is presented
for three values of this density (dashed and dot-dashed
yellow lines).
It must be stressed that the constraints in Fig. 1

have varying degrees of certainty and they all come with
caveats. For some, the observations are well understood
(e.g. the CMB and gravitational lensing data) but there
are uncertainties in the black hole physics. For others,
the observations themselves are not fully understood or
depend upon additional astrophysical assumptions. To
address the associated uncertainties in a systematic way,
we split the constraints into two classes. The first class,
presented in Fig. 1 by solid lines, are relatively robust,
while the second class, presented by dashed lines, are
somewhat less firm and depend upon astrophysical pa-
rameters. In particular, this applies to most of the dy-
namical and accretion constraints (e.g. those associated
with dwarf galaxies, wide binaries and neutron stars).
However, we stress that this division is not completely
clear-cut. In the following, we present our results for the
two classes of constraints both separately and together.

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

If the PBHs span an extended range of masses, the
mass function is usually written as dn/dM where dn is
the number density of PBHs in the mass range (M,M +
dM). For our purposes it is more convenient to introduce
the function

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

where ⌦PBH and ⌦DM ⇡ 0.25 are the PBH and DM den-
sities in units of the critical density. The lower cut-o↵
in the mass integral necessarily exceeds M

⇤

⇡ 4⇥ 1014g,
the mass of the PBHs evaporating at the present epoch
[8]. Note that  (M) is the distribution function of logM
and has units [mass]�1.
In this paper we consider three types of mass function.

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

where Mc is the mass at which the function M (M)
peaks and � is the width of the spectrum. This is
often a good approximation if the PBHs result from
a smooth symmetric peak in the inflationary power
spectrum. This was first demonstrated numerically
in Ref. [15] and analytically in Ref. [30] for the case
in which the slow-roll approximation holds. It is
therefore representative of a large class of extended
mass functions. Note that Refs. [15–17] use a quasi-
lognormal mass function, which omits the M�1 term
in Eq. (3). In this case, the position of the peak of
M (M) is no longer Mc but also depends on �, with
the peak mass reducing as � increases. The form (3) is
more useful for our purposes because M (M) relates
to the DM fraction in PBHs of mass M .

2. A power-law mass function of the the form

 (M) / M��1 (Mmin < M < Mmax) . (4)

For � 6= 0, either the lower or upper cut-o↵ can be
neglected if Mmin ⌧ Mmax, so this scenario is ef-
fectively described by two parameters. Only in the
� = 0 case are both cut-o↵s necessary. For example,
a mass function of this form arises naturally if the
PBHs form from scale-invariant density fluctuations
or from the collapse of cosmic strings. In both cases,
� = �2w/(1 + w), where w specifies the equation of
state, p = w⇢, when the PBHs form [6]. In a non-
inflationary universe, w 2 (�1/3, 1) and so the natu-
ral range of the mass function exponent is � 2 (�1, 1).
Equation (4) is not applicable for w 2 (�1,�1/3), cor-
responding to � 2 (1,1), because PBHs do not form
during inflation but only after it as a result of inflation-
generated density fluctuations. Special consideration
is also required in the w = 0 (matter-dominated)
case [57, 58], because then both cut-o↵s in (4) can
be relevant and this is discussed elsewhere [59]. In the
following analysis we will consider both positive and
negative values for � but not zero.

3. A critical collapse mass function [60–63]:

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.

critical collapse

f(M) limits themselves depend on PBH mass function

4

In this case, the mass spectrum extends down to ar-
bitrarily low masses but there is an exponential upper
cut-o↵ at a mass-scale Mf which corresponds roughly
to the horizon mass at the collapse epoch. If the den-
sity fluctuations are themselves extended, as expected
in the inflationary scenario, then Eq. (5) must be mod-
ified [9]. Indeed, the lognormal distribution may then
be appropriate. So although the mass function (5) is
described by a single parameter, two may be required
in the more realistic critical collapse situation.

To compare with the lognormal case, we describe the
mass function in the last two cases by the mean and
variance of the logM distribution:

logMc ⌘ hlogMi , �2 ⌘ hlog2 Mi � hlogMi2 , (6)

where hXi ⌘ f�1
PBH

R
dM  (M)X(M). For a power-law

distribution these are

Mc = Mcute
�

1
� , � =

1

|�| , (7)

where Mcut stands for min(Mmin,M⇤

) if � < 0 or Mmax

if � > 0. For the critical-collapse distribution (5), the
exponential cut-o↵ is very sharp, so the mass function
is well approximated by a power law distribution with
� = 3.85 and Mmax ⇡ Mf . As it is relatively narrow,
Eq. (7) implying � = 0.26, even the monochromatic mass
function provides a good fit. Since critical collapse should
be a fairly generic feature of PBH formation, � = 0.26
will usually provide a lower limit to the width of the mass
function. However, critical collapse may not be relevant
in all cases, for example in the cosmic string or matter-
dominated (w = 0) scenarios.

It should be stressed that two parameters should al-
ways su�ce to describe the PBH mass function locally

(i.e. close to a peak) since this just corresponds to the
first two terms in a Taylor expansion. However, in prin-
ciple the mass function could be more complicated than
this. For example, depending on the form of the inflaton
potential, it could have several distinct peaks. Indeed,
with a su�ciently contrived form, these peaks could be
tuned to exactly match all the constraint windows.

The existing constraints on the allowed fraction of
PBH DM are commonly presented assuming a monochro-
matic mass function (presented in the upper panel of
Fig. 1). In the following we introduce a simple method
for generalising these results to arbitrary mass func-
tions. For this purpose, consider an astrophysical observ-
able A[ (M)] depending on the PBH abundance (e.g. the
number of microlensing events of given duration in a
given time interval). It can generally be expanded as

A[ (M)] = A0 +

Z
dM  (M)K1(M)

+

Z
dM1dM2  (M1) (M2)K2(M1,M2) + . . . ,

(8)

where A0 is the background contribution and the func-
tions Kj depend on the details of the underlying physics

and the nature of the observation. If PBHs of di↵erent
mass contribute independently to the observable, as ap-
plies for all the constraints shown in Fig. 1 (see [9, 15, 17]
for explicit expressions), only the first two terms in
Eq. (8) need to be considered. In this case, if a mea-
surement puts an upper bound on the observable,

A[ (M)]  Aexp, (9)

then for a monochromatic mass function with M = Mc,

 mon(M) ⌘ fPBH(Mc)�(M �Mc), (10)

this translates to

fPBH(Mc)  Aexp �A0

K1(Mc)
⌘ fmax(Mc) . (11)

The function fmax(M) corresponds to the maximum
observationally allowed fraction of DM in PBHs for a
monochromatic mass distribution. Combining Eqs. (8)–
(11) then yields

Z
dM

 (M)

fmax(M)
 1 . (12)

Once fmax is known, it is possible to apply Eq. (12) for an
arbitrary mass function  (M) to obtain the constraints
equivalent to those for a monochromatic mass function.
The procedure must be implemented separately for

each constraint and is as follows. We first integrate
Eq. (12) over the mass range (M1,M2) for which
the constraint applies, assuming a particular function
 (M ; fPBH,Mc,�). Once we have specified M1 and M2,
this constrains fPBH as a function of Mc and �. (In all
cases except lensing, we take the integral limits to be the
values of M for which fmax = 100.) The last three pan-
els in Fig. 1 are then derived by assuming � = 2 for the
lognormal mass function (upper right panel) and � = ±1
for the power law mass function (lower panels).
The important qualitative point is that the form of

Fig. 1 in the non-monochromatic case is itself dependent
on the PBH mass function. One cannot just compare
a predicted extended mass function with the monochro-
matic form of the constraints, as some authors have done.
In displaying the constraints, one also needs to select
values of the parameters which describe the mass func-
tion. In both the lognormal and power-law cases, we have
taken these to be � and Mc. For the critical collapse
model, there is only one parameter (Mf ) but this model
is practically indistinguishable from the monochromatic
one because only a small fraction of the PBH density is
associated with the low-mass tail. So this case is not
shown explicitly.
We now discuss some caveats that have to be kept in

mind when applying Eq. (12). The mass function evolves
in time if the PBHmerge or if new black holes are created.
This can have an important impact on the constraints.
For example, if mergers between recombination and the
present are significant, the accretion constraints will be

4

In this case, the mass spectrum extends down to ar-
bitrarily low masses but there is an exponential upper
cut-o↵ at a mass-scale Mf which corresponds roughly
to the horizon mass at the collapse epoch. If the den-
sity fluctuations are themselves extended, as expected
in the inflationary scenario, then Eq. (5) must be mod-
ified [9]. Indeed, the lognormal distribution may then
be appropriate. So although the mass function (5) is
described by a single parameter, two may be required
in the more realistic critical collapse situation.

To compare with the lognormal case, we describe the
mass function in the last two cases by the mean and
variance of the logM distribution:

logMc ⌘ hlogMi , �2 ⌘ hlog2 Mi � hlogMi2 , (6)

where hXi ⌘ f�1
PBH

R
dM  (M)X(M). For a power-law

distribution these are

Mc = Mcute
�

1
� , � =

1

|�| , (7)

where Mcut stands for min(Mmin,M⇤

) if � < 0 or Mmax

if � > 0. For the critical-collapse distribution (5), the
exponential cut-o↵ is very sharp, so the mass function
is well approximated by a power law distribution with
� = 3.85 and Mmax ⇡ Mf . As it is relatively narrow,
Eq. (7) implying � = 0.26, even the monochromatic mass
function provides a good fit. Since critical collapse should
be a fairly generic feature of PBH formation, � = 0.26
will usually provide a lower limit to the width of the mass
function. However, critical collapse may not be relevant
in all cases, for example in the cosmic string or matter-
dominated (w = 0) scenarios.

It should be stressed that two parameters should al-
ways su�ce to describe the PBH mass function locally

(i.e. close to a peak) since this just corresponds to the
first two terms in a Taylor expansion. However, in prin-
ciple the mass function could be more complicated than
this. For example, depending on the form of the inflaton
potential, it could have several distinct peaks. Indeed,
with a su�ciently contrived form, these peaks could be
tuned to exactly match all the constraint windows.

The existing constraints on the allowed fraction of
PBH DM are commonly presented assuming a monochro-
matic mass function (presented in the upper panel of
Fig. 1). In the following we introduce a simple method
for generalising these results to arbitrary mass func-
tions. For this purpose, consider an astrophysical observ-
able A[ (M)] depending on the PBH abundance (e.g. the
number of microlensing events of given duration in a
given time interval). It can generally be expanded as

A[ (M)] = A0 +

Z
dM  (M)K1(M)

+

Z
dM1dM2  (M1) (M2)K2(M1,M2) + . . . ,

(8)

where A0 is the background contribution and the func-
tions Kj depend on the details of the underlying physics

and the nature of the observation. If PBHs of di↵erent
mass contribute independently to the observable, as ap-
plies for all the constraints shown in Fig. 1 (see [9, 15, 17]
for explicit expressions), only the first two terms in
Eq. (8) need to be considered. In this case, if a mea-
surement puts an upper bound on the observable,

A[ (M)]  Aexp, (9)

then for a monochromatic mass function with M = Mc,

 mon(M) ⌘ fPBH(Mc)�(M �Mc), (10)

this translates to

fPBH(Mc)  Aexp �A0

K1(Mc)
⌘ fmax(Mc) . (11)

The function fmax(M) corresponds to the maximum
observationally allowed fraction of DM in PBHs for a
monochromatic mass distribution. Combining Eqs. (8)–
(11) then yields

Z
dM

 (M)

fmax(M)
 1 . (12)

Once fmax is known, it is possible to apply Eq. (12) for an
arbitrary mass function  (M) to obtain the constraints
equivalent to those for a monochromatic mass function.
The procedure must be implemented separately for

each constraint and is as follows. We first integrate
Eq. (12) over the mass range (M1,M2) for which
the constraint applies, assuming a particular function
 (M ; fPBH,Mc,�). Once we have specified M1 and M2,
this constrains fPBH as a function of Mc and �. (In all
cases except lensing, we take the integral limits to be the
values of M for which fmax = 100.) The last three pan-
els in Fig. 1 are then derived by assuming � = 2 for the
lognormal mass function (upper right panel) and � = ±1
for the power law mass function (lower panels).
The important qualitative point is that the form of

Fig. 1 in the non-monochromatic case is itself dependent
on the PBH mass function. One cannot just compare
a predicted extended mass function with the monochro-
matic form of the constraints, as some authors have done.
In displaying the constraints, one also needs to select
values of the parameters which describe the mass func-
tion. In both the lognormal and power-law cases, we have
taken these to be � and Mc. For the critical collapse
model, there is only one parameter (Mf ) but this model
is practically indistinguishable from the monochromatic
one because only a small fraction of the PBH density is
associated with the low-mass tail. So this case is not
shown explicitly.
We now discuss some caveats that have to be kept in

mind when applying Eq. (12). The mass function evolves
in time if the PBHmerge or if new black holes are created.
This can have an important impact on the constraints.
For example, if mergers between recombination and the
present are significant, the accretion constraints will be

=>	   	  fPBH(Mc,s)+

BC, Raidal, Tenkanen, 

Vaskonen,Veermae 2017]

Natural	  scenario	  for	  PBHs	  as	  
solution	  to	  cosmic	  conundra

Changes in the relativistic degrees of freedom:

Thermal History of the Universe

Changes in the equation-of-state parameter :

Thermal History of the Universe
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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

arXiv:1906.08217
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Overproduce light PBHs for nS > 0.975 Overproduce heavy PBHs for nS < 0.965

[BC, Clesse, Garcia-Bellido, FK 2021]
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Primordial Black Hole Formation—There are a
plethora of mechanisms for PBH formation. All of them
require the generation of large overdensities, specified by
the density contrast, δ ≡ δρ/ρ, usually assumed to be
of inflationary origin [4, 20, 21]. When overdensities re-
enter the Hubble horizon, they collapse if they are larger
than some threshold δc, which generally depends on the
equation of state and density profile. For the most stud-
ied radiation-dominated and spherically-symmetric case,
one has δc ≈ 0.45 (see eg. Ref. [22]). However, there
are other (non-inflationary) scenarios for PBH formation,
where the inhomogeneities arise from first-order phase
transitions [23–25], bubble collisions [26–28] and the col-
lapse of cosmic strings [29–31], necklaces [32, 33], domain
walls [34–36] or non-standard vacua [37]. The latter is
particularly interesting as it provides a natural scenario
to get multi-modal PBH mass functions.

The threshold δc is a function of the equation-of-state
parameter w(T ), which is shown in Fig. 1, so the ther-
mal history of the Universe can induce pronounced fea-
tures in the PBH mass function even for a uniform power
spectrum. This is because, if the PBHs form from Gaus-
sian inhomogeneities with root-mean-square amplitude
δrms, then the fraction of horizon patches undergoing col-
lapse to PBHs when the temperature of the Universe is
T should be [5]

β(M) ≈ erfc

!
δc
"
w[T (M)]

#
√
2 δrms(M)

$
, (1)

where ‘erfc’ is the complementary error function and the
temperature is related to the PBH mass by

T ≈ 200
%
M⊙/M MeV . (2)

This shows that β(M) is exponentially sensitive to w(M).
Throughout this work, we use the numerical results for
δc from Ref. [22]. The present CDM fraction for PBHs
of mass M is

fPBH(M) ≡ 1

ρCDM

dρPBH(M)

d lnM
≈ 2.4β(M)

&
Meq

M
, (3)

whereMeq = 2.8×1017M⊙ is the horizon mass at matter-
radiation equality and ρCDM is the CDM density. The
numerical factor is 2 (1+Ωb/ΩCDM), with ΩCDM = 0.245
and Ωb = 0.0456 being the CDM and baryon density
parameters [38].

There are many inflationary models and these predict
a variety of shapes for δrms(M). Some of them, including
single-field models like Higgs inflation [39, 40] or two-field
models like hybrid inflation [41], produce an extended
plateau or dome-like feature in the power spectrum. In-
stead of focussing on any specific scenario, we will assume
a quasi-scale-invariant spectrum,

δrms(M) = A

'
M

M⊙

((1−ns)/4

. (4)

Here the spectral index ns and amplitude A are treated as
free phenomenological parameters and do not correspond
to their values on the CMB scale. Indeed, Eq. (4) can
represent any spectrum with a broad peak or small-scale
enhancement, such as might be generically produced by
a second phase of slow-roll inflation. The amplitude has
been chosen to give A = 0.1487 for ns = 0.97, in order
to get an integrated PBH abundance f tot

PBH = 1. As dis-
cussed in the supplementary material, non-Gaussian and
non-linear effects [42] can impact the overall PBH abun-
dance, but these can be counter-balanced by rescaling A
to give f tot

PBH = 1 without significantly affecting the mass
function.

The ratio of the PBH mass and the horizon mass at
re-entry is denoted by γ and we assume γ = 0.7 as a
benchmark value, following Refs. [11, 12]. The resulting
mass function is represented in Fig. 2. It exhibits a dom-
inant peak at M ≃ 2M⊙ and three additional bumps
at 10−5M⊙, 30M⊙ and 106M⊙, corresponding to tran-
sitions in the number of relativistic degrees of freedom
predicted by the known thermal history of the Universe.
Jedamizk [23] first drew attention to the dips at the QCD
and electron-annihilation epochs. Byrnes et al. [10] have
derived the PBH mass function associated with the QCD
transition but this omits the biggest and smallest bumps;
they also incorporate the effects of criticality but this
only has a small effect on the mass function.

Constraints — In this section, we discuss whether the
PBH mass functions shown in Fig. 2, all of which assume
f tot
PBH = 1, are compatible with the numerous observa-
tional constraints on fPBH(M). There is an overproduc-
tion of light PBHs for ns >∼ 0.975 and of heavy ones
for ns <∼ 0.965 but the mass distribution for ns ≃ 0.97
can provide 100% of the dark matter without violating
any current reliable constraints. As discussed below, we
disagree with the common claim that this possibility is
already excluded.

In order of increasing mass, the various PBH con-
straints come from the extragalactic gamma-ray back-
ground, neutron star and white dwarf abundances in
globular clusters, microlensing surveys, dynamical effects
(such as the heating of ultra-faint dwarf galaxies and
their stellar clusters and the disruption of wide bina-
ries), radio and X-ray point source counts, and CMB
anisotropies generated by PBH accretion. The limits
are summarised in Ref. [47] and numerous other pa-
pers. However, most of these constraints assume a
monochromatic PBH mass function (i.e. one with width
∆M ∼ M). In the present scenario we predict an ex-
tended mass function and cannot simply compare this
with the monochromatic constraints.

In order to assess the situation, we adopt the approach
advocated in Ref. [48]. Assuming that the mass distribu-
tion scales linearly with f tot

PBH, each probe p sets an upper
limit

... but OGLE detected also another population of microlensing events:

Did OGLE Detect PBHs?
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[Niikura et al. 2019]

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

OGLE	  detected	   microlenses on	  0.1-‐0.3	  day	  timescale
of	  unknown	  origin	  – free-‐floating	  planets	  of	  PBHs?	  

Niikura et	  al.	  (2019)

Planetary-‐mass	  microlenses

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

Quasar Microlensing

OGLE/GAIA Excess of Lenses in Galactic Bulge
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black holes was at first 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

PBHs generate early structure and infrared background

3

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
↵ = dn

s

/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
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]

�PBH

mPBH
⇡ 0.3


mPBH

M�

� 
vrel
km/s

��4

cm2/g , (1)

if all PBH have the same mass and relative velocities
typical to the one expected in the core of some DM halos,
vrel ⇠ O(1)km/s. In reality, the numerous light PBH
from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ⇡
rN/(8vvir lnN), where N is the number of PBH within
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Ultra-Faint Dwarf Galaxies

PBHs as dark matter: cusp-to-core transition in low-mass dwarf galaxies 

Improved constraints from ultra-faint dwarf galaxies on PBHs as DM

[Boldrini et a l. 2020]

[Stegmann et al. 2020]
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[Chiba & Yokoyama 2017]

Gravitational-wave emission from black-hole binaries
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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
↵ = dn

s

/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
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Primordial Black Holes 
Clues in observations

Pressh-Schechter + PBH mass function
adapted from arXiv:1306.0561
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Intermediate and Supermassive Black Holes

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

… but accretion important!

PBH	  versus	  Particle	  Dark	  Matter

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, Visine lli 2020 & 2021]

PBH + Particle DM

Study a combined scenario: DM = PBHs + Particles

Always when                   there must be another DM component!

[Carr, Kühnel, Visine lli 2021]

PBHs & WIMPs - Halo Profiles

Annihilations lead to plateaux in the present-day halos.

Three different shapes:

<latexit sha1_base64="8fnHBi0LzRv95gEAuJfT51GsqF8="></latexit>

⇢�, spike(r) /
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(innermost)

r�3/2
(intermediate)

r�9/4
(outermost)
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[BC, FK, Visine lli 2021]

If the 
LIGO/Virgo 
black holes 

are 
primordial, 
this would 
rule out any 

standard 
WIMP 

scenario!

PBHs & WIMPs - Constraints

[Carr, Kühnel, Visine lli 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�
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fPBH + f� = 1

Some	  final	  points

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?

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) = me↵
a (T )2 f2

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

where me↵
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/⇡

2g⇤)
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
⇡f2

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

arXiv:1904.114827

hloc~	  1 =>	  h ~ b and c ~1 after	  diffusion	  of	  baryon	  asymmetry	  
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CURRENT STATUS AND FUTURE PROSPECTS

Snowmass Cosmic Frontier
Working Group (2013)

cf.	   constraints	  	  given	  in	  Jonathan	  Feng’s	  talk

PBHS	  or	  WIMPS:	   HISTORICAL	  PERSPECTIVE?

|
1982

|
1993

|
1997

|
1999

|
2005

|
2010

PBHs	  of 	  M~10-‐3M0form	  at	  quark-‐hadron	  	  era	  
Crawford	  &	  Schramm

Microlensing	  of 	  QSOs	  èM>10-‐3MO

Hawkins

6y	  MACHO	  results	  èM>0.5MO

Alcock	  et	  al

PBHs	  of 	  M~0.5M0 	  form	  at	  quark-‐hadron	  	  era	  
Jedamizk	  &	  Nemeyer,	  

Microlensing	  constraints
Hamadache	  et	  al

PO
PU
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TY

PRIMORDIAL	  BLACK	  HOLEs	  =	  PBHs

|
1971

PBHs	  form	  from	  inhomogeneities	  
Hawking,	  Carr	  

Dark	  	  matter	  in	  Planck	  relics
or	  sublunar or	  IMBHs

2015
|

Dynamical/accretion
limits	  exclude

LIGO

2020
|

CONCLUSIONS

Dark	  matter	  	  	  	  	  	   Other	  ConundraLIGO/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.


