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PRIMORDIAL BLACK HOLES AFTER 50 YEARS: 
THE BRIGHT SIDE
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PBH

1

What do you see?

2

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

Irrefutable evidence for stellar and supermassive black holes 

Plausible evidence for intermediate mass black holes

Sagitarius A*GW150914

SLAB Stupendously Large Black Holes (>1012Mo) ?

3 Higher dimensions => TeV quantum gravity => larger minimum?

     10-5g  at 10-43s    (minimum)
MPBH ~ c3t/G =    1015g  at 10-23s    (evaporating now)
                   106MO  at 10 s     (maximum?)

Small black holes can only form in early Universe

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

 PBHs have horizon mass at formation

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

PRIMORDIAL BLACK HOLES?

But larger PBHs may form in some circumstances

=> huge possible mass range

Observational Evidence for Primordial Black Holes

Comparing the integrated flux with the Fermi sensitivity �res yields

fPBH . 2M H0 �res
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where M⇤ is given by

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

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

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

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

horizon) at a mass

Meg =
2H0 M� �res ME

↵E ⇢DM ⌥ Ñ�(m�)
⇡ 5 ⇥ 1012

M� (m�/TeV)1.1 , (VI.7)

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

0
⇡ 3 ⇥ 1021

M�.

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

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

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

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

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

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

all the constraints weakening as f
�1.7
�

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

PBH dark matter fraction from CMB observations are comparable or even tighter than those utilising
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PBH PUBLICATION RATE

Impossible to keep up with literature!

Peaks due to 

Hawking radiation (1974)

Microlensing => dark matter (1995)

LIGO/Virgo gravitational waves (2016)

JWST => seeds for cosmic structure and SMBHs (2021)
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The History of Primordial Black Holes

Bernard J. Carr a and Anne M. Green b

We overview the history of primordial black hole (PBH) research from the first papers around 50
years ago to the present epoch. The history may be divided into four periods, the dividing lines
being marked by three key developments: inflation on the theoretical front and the detection of
microlensing events by the MACHO project and gravitational waves by the LIGO/Virgo/KAGRA
project on the observation front. However, they are also characterised by somewhat di↵erent fo-
cuses of research. The period 1967-1980 covered the groundbreaking work on PBH formation and
evaporation. The period 1980-1996 mainly focussed on their formation, while the period 1996-2016
consolidated the work on formation but also collated the constraints on the PBH abundance. In
the period 2016-2024 there was a shift of emphasis to the search for evidence for PBHs and – while
opinions about the strength of the purported evidence vary – this has motivated more careful studies
of some aspects of the subject. Certainly the soaring number of papers on PBHs in this last period
indicates a growing interest in the topic.

I. INTRODUCTION

General relativity predicts that a region of mass M forms a black hole (i.e. a region where the gravitational field is
so strong that not even light can escape) if it falls within its Schwarzschild radius RS ⌘ 2GM/c2. Black holes could
exist over a wide range of mass scales, although astrophysical processes could only produce them above a solar mass.
Those larger than several solar masses would form at the endpoint of evolution of ordinary stars and there should be
billions of these even in the disc of our own Galaxy. “Intermediate Mass Black Holes” (IMBHs) would derive from
stars bigger than 100M�, which are radiation-dominated and collapse due to an instability during oxygen-burning,
and the first stars may have been in this range. “Supermassive Black Holes” (SMBHs), with masses from 106M� to
1010M�, are thought to reside in galactic nuclei, with our own Galaxy harbouring one of mass 4⇥106M� and quasars
being powered by ones with mass of around 108M�. There is now overwhelming evidence for these astrophysical
types of black holes, but they can only provide a small fraction of the dark matter density.

Black holes could also have formed in the early Universe and these are termed “primordial”. Comparing the
cosmological density at a time t after the Big Bang and the density required for a region of mass M to fall within
its Schwarzschild radius, implies that primordial black holes (PBHs) would initially have around the cosmological
horizon mass M ⇠ c3t/G at formation. So they would have the Planck mass (MPl ⇠ 10�5g) if they formed at the
Planck time (10�43s), 1M� if they formed at the quantum chromodynamics (QCD) epoch (10�5s) and 105M� if they
formed at t ⇠ 1s. Therefore PBHs could span an enormous mass range and are the only black holes which could be
smaller than a solar mass. In particular, only PBHs could be light enough for Hawking radiation to be important,
those lighter than the Earth being hotter than the cosmic microwave background (CMB) and those lighter than 1015g
evaporating within the current age of the Universe.

The wide range of masses of black holes and their crucial rôle in linking macrophysics and microphysics is summarised
in Figure 1. The edge of the orange circle can be regarded as a sort of “clock” in which the scale changes by a factor
of 10 for each minute, from the Planck scale at the top left to the scale of the observable Universe at the top right.
The top itself corresponds to the Big Bang because at the horizon distance one is peering back to an epoch when the
Universe was very small, so the very large meets the very small there. The various types of black holes are labelled
by their mass and positioned according to their Schwarzschild radius. On the right are the astrophysical black holes,
with the well-established stellar and supermassive ones corresponding to the segments between 5 and 50M� and
between 106 and 1010M�, respectively. On the left — and possibly extending somewhat to the right — are the more
speculative PBHs.

The vertical line between the bottom (planetary-mass black holes) and the top (Planck-mass black holes) provides
a convenient division between the microphysical and macrophysical domains. Quantum emission is suppressed by
accretion of the CMB to the right of the bottom point, so this might be regarded as the transition between quantum
and classical black holes. The e↵ects of extra dimensions could be important at the top, especially if they are
compactified on a scale much larger than the Planck length. In this context, there is a sense in which the whole
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Observational Evidence for Primordial Black Holes: A Positivist Perspective

B. J. Carr,1, ⇤ S. Clesse,2, † J. Garćıa-Bellido,3, ‡ M. R. S. Hawkins,4, § and F. Kühnel5, ¶

1
School of Physics and Astronomy, Queen Mary University of London

2
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We review numerous arguments for primordial black holes (PBHs) based on observational evi-

dence from a variety of lensing, dynamical, accretion and gravitational-wave e↵ects. This represents

a shift from the usual emphasis on PBH constraints and provides what we term a positivist per-

spective. Microlensing observations of stars and quasars suggest that PBHs of around 1M� could

provide much of the dark matter in galactic halos, this being allowed by the Large Magellanic Cloud

microlensing observations if the PBHs have an extended mass function. More generally, providing

the mass and dark matter fraction of the PBHs is large enough, the associated Poisson fluctuations

could generate the first bound objects at a much earlier epoch than in the standard cosmological

scenario. This simultaneously explains the recent detection of high-redshift dwarf galaxies, puz-

zling correlations of the source-subtracted infrared and X-ray cosmic backgrounds, the size and the

mass-to-light ratios of ultra-faint-dwarf galaxies, the dynamical heating of the Galactic disk, and the

binary coalescences observed by LIGO/Virgo/KAGRA in a mass range not usually associated with

stellar remnants. Even if PBHs provide only a small fraction of the dark matter, they could explain

various other observational conundra, and su�ciently large ones could seed the supermassive black

holes in galactic nuclei or even early galaxies themselves. We argue that PBHs would naturally

have formed around the electroweak, quantum chromodynamics and electron-positron annihilation

epochs, when the sound-speed inevitably dips. This leads to an extended PBH mass function with

a number of distinct bumps, the most prominent one being at around 1M�, and this would allow

PBHs to explain many of the observations in a unified way.
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ABSTRACT
Hawking (1971) proposed that the Sun may harbor a primordial black hole whose accretion supplies some

of the solar luminosity. Such an object would have formed within the first 1 s after the Big Bang with the
mass of a moon or an asteroid. These light black holes are a candidate solution to the dark matter problem,
and could grow to become stellar-mass black holes (BHs) if captured by stars. Here we compute the evolution
of stars having such a BH at their center. We find that such objects can be surprisingly long-lived, with
the lightest black holes having no influence over stellar evolution, while more massive ones consume the star
over time to produce a range of observable consequences. Models of the Sun born about a BH whose mass
has since grown to approximately 10�6 M� are compatible with current observations. In this scenario, the
Sun would first dim to half its current luminosity over a span of 100 Myr as the accretion starts to generate
enough energy to quench nuclear reactions. The Sun would then expand into a fully-convective star, where
it would shine luminously for potentially several Gyr with an enriched surface helium abundance, first as a
sub-subgiant star, and later as a red straggler, before becoming a sub-solar-mass BH. We also present results
for a range of stellar masses and metallicities. The unique internal structures of stars harboring BHs may
make it possible for asteroseismology to discover them, should they exist. We conclude with a list of open
problems and predictions.

Keywords: stellar evolution — primordial black holes — dark matter

1. INTRODUCTION

The dark matter problem has now become serious
(Clayton et al. 1975). Numerous lines of evidence—
such as from galaxy rotation curves (Zwicky 1933; Ru-
bin & Ford 1970), the large-scale structure of the uni-
verse (Hernquist et al. 1996), and the cosmic microwave
background (Planck Collaboration et al. 2016)—indicate
that most of the matter in the Universe is invisible. Yet

Corresponding author: E. P. Bellinger
earl.bellinger@yale.edu

despite nearly a century of research, the origin of this
matter remains unknown, and no compelling evidence
has emerged for a solution. Leading candidates include
novel particles such as axion-like particles, weakly inter-
active massive particles (WIMPs), and sterile neutrinos
(for reviews, see e.g. Feng 2010; Tanabashi et al. 2018).

One proposed solution is compact objects formed
within the first second after the Big Bang: primordial
black holes (PBHs, Carr & Hawking 1974; see Carr &
Kuhnel 2021; Escrivà et al. 2022 for reviews). These can
arise from inhomogeneities in the initial state of the Uni-
verse and result in black holes (BHs) whose masses are
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Þ no observational evidence against them

=> need to consider quantum effects  Warsaw meeting 1973 1st use of term primordial BH!

Career downhill from start!
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Primordial black holes as dark matter

Bernard Carr,1,* Florian Kühnel,2,† and Marit Sandstad3,‡
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(Received 8 August 2016; published 4 October 2016)

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

DOI: 10.1103/PhysRevD.94.083504

I. INTRODUCTION

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

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

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

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

*b.j.carr@qmul.ac.uk
†florian.kuhnel@fysik.su.se
‡marit.sandstad@astro.uio.no
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……with a resurgence towards the end!
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11 PBHs are important even if they never formed!

PBHs may be literally bright!

Hawking                Received February 1974              Published March 1974
BC & Hawking       Received February 1974              Published August 1974

PBHs led to Hawking radiation not vice versa!
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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      (Hawking 1974)

                           

         

=> evaporate completely in time     tevap ~ 1064           y

        

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

=> explosions undetectable in standard particle physics model

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

But PBHs are important even if they never formed!

(Page & Hawking 1976)

Feynman’s envelope!

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

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

CONSTRAINTS ON FRACTION OF UNIVERSE IN EVAPORATING PBHS

KSM 2013

Microlensing searches => MACHOs with 0.5 MO

PBH formation at QCD transition?

Pressure reduction => PBH mass function peak at 0.5 MO

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

1026-1033g PBHs excluded by microlensing of LMC

1017-1020g PBHs excluded by femtolensing of GRBs

Above 105M0 excluded by dynamical effects

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

Stable Planck-mass relics of evaporated BHs?

Feynman’s envelope 1975

14

BLACK HOLE INFORMATION PARADOX

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

weak

GUT

strong
electro-weak

BIG BANG
Multiverse

Microphysics                                                 Macrophysics

SUSY

M-theory

QUANTUM 
  THEORY

RELATIVITY
  THEORY

Does quantum gravity entail more or fewer dimensions?
PBHs may play a crucial role in the marriage of QT and GRWill Final Theory be more like QT of RT?

QUANTUM
GRAVITY?
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1015g

1010g

10-5g

1 MO

1012 MO SLAB

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

109 MO QSO
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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 => extra compactified dimensions (n)

Arkani-Hamed, Dimopoulos & Dvali,Phys.Lett.B.428,263(1998) 
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DETECTABLE AT LHC? 

1016 cm   (n=1)
10-1 cm   (n=2)
10-6 cm   (n=3)
10-13 cm  (n=7)

excluded

No evidence from LHC so far
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Probing Large Extra Dimensions with Neutrinos
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Abstract

We study implications of theories with sub-millimeter extra dimensions and
Mf ∼ (1− 10) TeV scale quantum gravity for neutrino physics. In these theories,
the left-handed neutrinos as well as other standard model (SM) particles, are
localized on a brane embedded in the bulk of large extra space. Mixing of neutrinos
with (SM) singlet fermions propagating in the bulk is naturally suppressed by the
volume factor Mf/MP ∼ 3 · 10−16 − 3 · 10−15, where MP is the Planck mass.
Properties of the neutrino oscillations and the resonance conversion to the bulk
fermions are considered. We show that the resonance conversion of the electron
neutrinos to the light bulk fermions can solve the solar neutrino problem. The
signature of the solution is the peculiar distortion of the solar neutrino spectrum.
The solution implies that the radius of at least one extra dimension should be in
the range 0.06 - 0.1 mm irrespective of total number of extra dimensions. The
corresponding modification of the Newtonian law is within the range of sensitivity
of proposed sub-millimeter experiments, thus providing a verifiable link between
neutrino physics and the gravity measurements.
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Abstract

We study implications of theories with sub-millimeter extra dimensions and
Mf ∼ (1− 10) TeV scale quantum gravity for neutrino physics. In these theories,
the left-handed neutrinos as well as other standard model (SM) particles, are
localized on a brane embedded in the bulk of large extra space. Mixing of neutrinos
with (SM) singlet fermions propagating in the bulk is naturally suppressed by the
volume factor Mf/MP ∼ 3 · 10−16 − 3 · 10−15, where MP is the Planck mass.
Properties of the neutrino oscillations and the resonance conversion to the bulk
fermions are considered. We show that the resonance conversion of the electron
neutrinos to the light bulk fermions can solve the solar neutrino problem. The
signature of the solution is the peculiar distortion of the solar neutrino spectrum.
The solution implies that the radius of at least one extra dimension should be in
the range 0.06 - 0.1 mm irrespective of total number of extra dimensions. The
corresponding modification of the Newtonian law is within the range of sensitivity
of proposed sub-millimeter experiments, thus providing a verifiable link between
neutrino physics and the gravity measurements.
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Sorbonne Université, CNRS, 4 Place Jussieu, 75005 Paris, France

6Max-Planck-Institut für Physik, Werner-Heisenberg-Institut, 80805 München, Germany
7Arnold Sommerfeld Center for Theoretical Physics,

Ludwig-Maximilians-Universität München, 80333 München, Germany

(Received 14 May 2024; accepted 29 May 2024; published 3 July 2024)

In the last two years, the dark dimension scenario has emerged as focal point of many research interests.
In particular, it functions as a stepping stone to address the cosmological hierarchy problem and provides a
colosseum for dark matter contenders. We reexamine the possibility that primordial black holes (PBHs)
perceiving the dark dimension could constitute all of the dark matter in the Universe. We reassess limits on
the abundance of PBHs as dark matter candidates from γ-ray emission resulting from Hawking evaporation.
We reevaluate constraints from the diffuse γ-ray emission in the direction of the Galactic Center that offer
the best and most solid upper limits on the dark matter fraction composed of PBHs. The revised mass range
that allows PBHs to assemble all cosmological dark matter is estimated to be 1015 ≲MBH=g≲ 1021. We
demonstrate that, due to the constraints from γ-ray emission, quantum corrections due to the speculative
memory burden effect do not modify this mass range. We also investigate the main characteristics of PBHs
that are localized in the bulk. We show that PBHs localized in the bulk can make all cosmological dark
matter if 1011 ≲MBH=g≲ 1021. Finally, we comment on the black holes that could be produced if one
advocates a space with two boundaries for the dark dimension.

DOI: 10.1103/PhysRevD.110.015004

I. INTRODUCTION

The swampland program seeks to distinguish effective
theories that can be completed into quantum gravity in the
ultraviolet from those that cannot [1]. In theory space, the
swampland frontier is drawn by a family of conjectures
classifying the properties that an effective field theory
should have/avoid to enable a consistent completion into
quantum gravity. These conjectures deliver a bridge from
quantum gravity to astrophysics, cosmology, and particle
physics [2–4].
For example, the distance conjecture (DC) asserts that

along infinite distance geodesics there is an infinite tower of
states that become exponentially light asymptotically [5].
Connected to the DC is the anti–de Sitter (AdS) distance

conjecture [6], which ties in the dark energy density to the
mass scale m characterizing the infinite tower of states,
m ∼ jΛjα, in the limit of a small negative AdS vacuum
energy with α a positive constant ofOð1Þ. In addition, under
the hypothesis that this scaling behavior remains valid in dS
(or quasi–dS) space, a large number of light modes also
would pop up in the limit Λ → 0, with Λ being positive.
The AdS-DC in de Sitter space provides a pathway,

called the dark dimension scenario [7], to elucidate the
origin of the cosmological hierarchy Λ=M4

p ∼ 10−122,
because it connects the size of the compact space R⊥ to
the dark energy scale Λ−1=4 via

R⊥ ∼ λΛ−1=4; ð1Þ

where the proportionality factor is estimated to be within the
range 10−1 < λ < 10−4. Actually, (1) derives from con-
straints by theory and experiment. On the one hand, since
the associated Kaluza-Klein (KK) tower contains massive
spin-two bosons, the Higuchi bound [8] sets an absolute
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Dark dimension, the swampland, and the dark matter fraction composed
of primordial near-extremal black holes

Luis A. Anchordoqui,1,2 Ignatios Antoniadis,3,4,5 and Dieter Lüst6,7
1Department of Physics and Astronomy, Lehman College, City University of New York,

New York 10468, USA
2Department of Astrophysics, American Museum of Natural History, New York 10024, USA

3High Energy Physics Research Unit, Faculty of Science, Chulalongkorn University,
Bangkok 1030, Thailand
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In a recent publication we studied the decay rate of primordial black holes perceiving the dark
dimension, an innovative five-dimensional (5D) scenario that has a compact space with characteristic
length scale in the micron range. We demonstrated that the rate of Hawking radiation of 5D black holes
slows down compared to 4D black holes of the same mass. Armed with our findings we showed that for a
species scale of Oð1010 GeVÞ, an all-dark-matter interpretation in terms of primordial black holes should
be feasible for black hole masses in the range 1014 ≲M=g ≲ 1021. As a natural outgrowth of our recent
study, herein we calculate the Hawking evaporation of near-extremal 5D black holes. Using generic entropy
arguments we demonstrate that Hawking evaporation of higher-dimensional near-extremal black holes
proceeds at a slower rate than the corresponding Schwarzschild black holes of the same mass. Assisted by
this result we show that if there were 5D primordial near-extremal black holes in nature, then a primordial
black hole all-dark-matter interpretation would be possible in the mass range 105

ffiffiffi
β

p ≲M=g ≲ 1021,
where β is a parameter that controls the difference between mass and charge of the associated near-extremal
black hole.

DOI: 10.1103/PhysRevD.109.095008

I. INTRODUCTION

The swampland program aims at understanding which
are the “good” low-energy effective field theories (EFTs)
that can couple to gravity consistently (e.g., the landscape
of superstring theory vacua) and distinguish them from the
“bad” ones that cannot [1]. In theory space, the boundary
setting apart the good theories from those downgraded to
the swampland is characterized by a set of conjectures
classifying the indispensable properties of an EFT to enable
a consistent completion into quantum gravity. These con-
jectures provide a catwalk from quantum gravity to
astrophysics, cosmology, and particle physics [2–4].

For instance, the distance conjecture (DC) predicts
the appearance of infinite towers of states that become
exponentially light and trigger the collapse of the EFT at
infinite distance limits in moduli space [5]. Associated to
the DC is the anti–de Sitter (AdS) distance conjecture,
which correlates the dark energy density to the mass scale
m characterizing the infinite tower of states, m ∼ jΛjα, as
the negative AdS vacuum energy Λ → 0, with α a positive
constant of Oð1Þ [6]. In addition, under the premise that
this scaling behavior holds in de Sitter (dS)—or quasi dS—
space, an unbounded number of massless modes also
materialize in the limit Λ → 0.
As demonstrated in [7], applying the AdS-DC to dS

space could help elucidate the origin of the cosmological
hierarchy Λ=M4

p ∼ 10−120, because it connects the size of
the compact space R⊥ to the dark energy scale Λ−1=4 via
R⊥ ∼ λΛ−1=4, where the proportionality factor is estimated
to be within the range 10−1 < λ < 10−4. Actually, the
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M4D
BHðTHÞ > M5D

BHðTHÞ; ð48Þ

yielding equal density.
For example, in d ¼ 4, the Hawking temperature is

related to the mass of the black hole by [99]

TH ¼
M2

p

8πMBH
∼
!

MBH

1016 g

"−1
MeV; ð49Þ

whereas in d ¼ 5 the Hawking temperature mass relation is
found to be

TH ∼ 1=rs ∼
!

MBH

1012 g

"−1=2
MeV; ð50Þ

where we have taken Md ∼ 1010 GeV.1 This means that
since fPBH ≲ 5 × 10−5 in d ¼ 4 for MBH ∼ 1016 g, our
reasoning indicates that fPBH ≲ 5 × 10−5 forMBH ∼ 1012 g
in d ¼ 5. The complete rescaling of fPBH for theMBH range
of interest is displayed in the lower panel of Fig. 2.

In Sec. III we have seen that near-extremal black holes
are extremely cold. For example, a black hole ofM ∼ 105 g
has a temperature TH ∼ 4 GeV. Substituting these figures
into (24) we find that the Hawking lifetime of a 105 g
Schwarzschild black hole is τH ∼ 4 × 10−5 yr. For a near-
extremal black hole of the same mass, using (37) we find
that its temperature would be Tne ∼ 10−5

ffiffiffi
β

p
eV, and so

using (26) its lifetime τne ∼ 15=
ffiffiffi
β

p
Gyr. Note that the

energy of the emitted particles by the near-extremal black
hole is well below the peak of the CMB photons. We can
conclude that, if there were 5D primordial near-extremal
black holes in nature, then a PBH all-dark-matter inter-
pretation would be possible in the mass range

105
ffiffiffi
β

p
≲M=g≲ 1021: ð51Þ

Of course, by tuning the β parameter we can have a PBH
all-dark-matter interpretation with very light 5D black
holes.2

Next, we explore how the memory burden effect impacts
the mass range of a PBH all-dark-matter interpretation.
Memory burden dramatically enhances the black hole
lifetime and implies that a priori the bounds from the
age of the Universe are much milder than compared to
those from the semiclassical black hole decay. However,
photon emission will put additional constraints, which we
will discuss in the following. To be specific, we assume
only two phases in the evaporation process: semiclassical
evaporation up to τhalf followed by a quantum regime
characterized by n ¼ 1. We can duplicate the procedure
adopted above to derive the allowed mass range for a PBH
all-dark-matter interpretation. For d ¼ 4, the memory
burden effect opens a new window in the mass range 109 ≲
MBH=g≲ 1010 [115]. This corresponds to PBHs with
temperatures 1≲ TH=TeV ≲ 10. The corresponding 5D
mass range for the same temperature interval is
10−2 ≲MBH=g≲ 1. Imposing the SBH enhancement on
(26), we find that

τf1gH ∼ 4 × 1017
!
MBH

5 g

"
2

s; ð52Þ

i.e., black holes could survive the age of the Universe if
MBH ≳ 5 g. Bounds on the black hole abundance as a
function of the initial black hole mass are encapsulated in
Fig. 3. We conclude that within the dark dimension
scenario the memory burden effect with n ¼ 1 does not
open any new window that could allow an all-dark-matter
interpretation composed of primordial black holes.

FIG. 2. Constraints on fPBH as a function of the PBH mass
MBH, assuming a monochromatic mass function. The yellow area
indicates the region where black holes do not survive the age of
the Universe. The region shaded in magenta corresponds to the
upper limits from the extragalactic γ-ray background [94], CMB
spectrum [95], 511 keV γ-ray line [96,97], and MeV Galactic
diffuse emission [101–103]. The upper panel shows the results
for d ¼ 4 and the lower panel for d ¼ 5.

1We adopt the highest value of Md to remain conservative in
the estimated bound on fPBH.

2The possibility of 4D near-extremal black holes making the
dark matter was suggested in [114].
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Large density perturbations (inflation)

Pressure reduction

Cosmic string loops

Bubble collisions

Scalar-field fragmentation ...

Formation Mechanisms of Primordial Black Holes

Collapse of domain walls or bubble of broken symmetry
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1 Spherical domain wall in dust cosmology

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

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

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

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

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

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric

ds2 = �
✓

1 � 2GM

R

◆
dT 2 +

✓
1 � 2GM

R

◆�1

dR2 + R2d�2. (1)

In Lemaitre coordinates, this takes the form

ds2 = �d�2 +
2GM

R
d⇢2 + R2d�2. (2)

where � and ⇢ are defined by the relations

d� = ±dT �

s
2GM

R

✓
1 � 2GM

R

◆�1

dR, (3)

d⇢ = ⌥dT +

s
R

2GM

✓
1 � 2GM

R

◆�1

dR. (4)

Subtracting (3) from (4), we have

R =

3

2
(� + ⇢)

�2/3

(2GM)1/3, (5)

where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of � and ⇢ can be found from (3) as:

±T = 4GM

�

�1

3

✓
R

2GM

◆3/2

+

s
R

2GM
� tanh�1

s
R

2GM

�

� � ⇢, (6)

with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and � is the

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

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

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

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

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

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

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

Schwarzschild singularity.

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

FRW universe.
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Abstract

Vacuum bubbles may nucleate and expand during the inflationary epoch in the early universe.

After inflation ends, the bubbles quickly dissipate their kinetic energy; they come to rest with

respect to the Hubble flow and eventually form black holes. The fate of the bubble itself depends

on the resulting black hole mass. If the mass is smaller than a certain critical value, the bubble

collapses to a singularity. Otherwise, the bubble interior inflates, forming a baby universe, which is

connected to the exterior FRW region by a wormhole. A similar black hole formation mechanism

operates for spherical domain walls nucleating during inflation. As an illustrative example, we

studied the black hole mass spectrum in the domain wall scenario, assuming that domain walls

interact with matter only gravitationally. Our results indicate that, depending on the model

parameters, black holes produced in this scenario can have significant astrophysical e↵ects and can

even serve as dark matter or as seeds for supermassive black holes. The mechanism of black hole

formation described in this paper is very generic and has important implications for the global

structure of the universe. Baby universes inside super-critical black holes inflate eternally and

nucleate bubbles of all vacua allowed by the underlying particle physics. The resulting multiverse

has a very non-trivial spacetime structure, with a multitude of eternally inflating regions connected

by wormholes. If a black hole population with the predicted mass spectrum is discovered, it could

be regarded as evidence for inflation and for the existence of a multiverse.
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Schwarzschild"singularity"
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Spherical dom
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dust
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R
=

2GM
S

R
=

0 R
=

2GM
bh , T �

�
R

=
2GM

bh , T �
��

⇢ =
�2GM

⇢ =
const. r =

0 r =
r
0 ⇢ =

⇢
0 t =

0
t =

t
i H �

1
=

2GM
bh

Consider
a

spherical dom
ain

wall embedded
in

a
spatially

flat
m
atter

dom
inated

universe.
Two

di↵erent tim
e-scales are relevant to

the dynam
ics of such

a
wall. One is the cosm

ological scale t ⇠
H �

1
,

and
the

other is the
acceleration

tim
e-scale

due
to

the
repulsive

gravitational field
of the

dom
ain

wall

t
� ⇠

(G�) �
1
.

For R
⌧

t
� , the

repulsive
field

can
be

ignored.
In

this case, for t ⌧
R

⌧
t
� , the

dom
ain

wall is

conform
ally

stretched
by

cosm
ological expansion.

Eventually, when
the wall falls within

the horizon, it

quickly
shrinks under its tension

and
form

s a
black

hole of radius R
S =

2GM
⇠

t 2
/t

� ⌧
t.

Here, we will be prim
arily

interested
in

the opposite lim
it, where R �

t
� . In

this case, the wall repels

the
m
atter around

it while
its size

grows faster than
the

ambient expansion
rate.

As we
shall see, this

leads to
the form

ation
of a

worm
hole. The dust which

was originally
in

the interior of the wall goes into

a
baby

universe, and
in

the
ambient FRW

universe
we

are
left with

a
black

hole
rem

nant cysted
in
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spherical region
of of vacuum
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Before
we

consider the
e↵ect of the

dom
ain

wall, let us first discuss the
m
atching

of Schwarzschild

and
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dust cosm

ology.

1.1
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to
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dust
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Consider the Schwarzschild
m
etric

ds 2
=

� ✓
1� 2GM

R ◆
dT 2

+ ✓
1� 2GM

R ◆
�
1

dR 2
+

R 2
d� 2

.

(1)

In
Lem

aitre coordinates, this takes the formds 2
=

�d� 2
+ 2GM

R
d⇢ 2

+
R 2

d� 2
.

(2)

where �
and

⇢
are defined

by
the relations

d�
=

±dT � s
2GM
R ✓

1� 2GM
R ◆

�
1

dR,

(3)

d⇢
=

⌥dT
+

s

R2GM
✓

1� 2GM
R ◆

�
1

dR.

(4)

Subtracting
(3) from

(4), we have

R
= 

3
2 (� +

⇢)
�
2
/3

(2GM
) 1

/3
,

(5)

where
an

integration
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been

absorbed
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shift

in
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origin
of the

⇢
coordinate.
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⇢
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�

� 1
3

✓
R2GM
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3
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�

�
�

⇢,

(6)

with
R

given
in

(5).
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integration
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shift in
the

T
coordinate.
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1 Spherical domain wall in dust cosmology

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

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

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

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

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

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric

ds2 = �
✓

1 � 2GM

R

◆
dT 2 +

✓
1 � 2GM

R

◆�1

dR2 + R2d�2. (1)

In Lemaitre coordinates, this takes the form

ds2 = �d�2 +
2GM

R
d⇢2 + R2d�2. (2)

where � and ⇢ are defined by the relations

d� = ±dT �

s
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R

✓
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R

◆�1

dR, (3)

d⇢ = ⌥dT +

s
R
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✓
1 � 2GM

R

◆�1

dR. (4)

Subtracting (3) from (4), we have

R =

3

2
(� + ⇢)

�2/3

(2GM)1/3, (5)

where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of � and ⇢ can be found from (3) as:

±T = 4GM

�

�1

3

✓
R

2GM

◆3/2

+

s
R

2GM
� tanh�1

s
R

2GM

�

� � ⇢, (6)

with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and � is the
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R
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s
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�
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�
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s
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� �
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)

FIG. 2: Causal diagram showing the formation of a black hole by a small vacuum bubble, with mass

Mbh ⌧ Mcr, in a dust dominated spatially flat FRW. At the time ti when inflation ends, a small

bubble (to the left of the diagram) with positive energy density ⇢b > 0, initially expands with a

large Lorentz factor relative to the Hubble flow. The motion is slowed down by momentum transfer

to matter, turning around due to the internal negative pressure and the tension of the bubble wall,

and eventually collapsing into a Schwarzschild singularity. At fixed angular coordinates, the time-

like dashed line at the edge of the dust region represents a radial geodesic of the Schwarzschild

metric (see Appendix B). Such geodesic approaches time-like infinity with unit slope. The reason

is that a smaller slope would correspond to the trajectory of a particle at a finite radial coordinate

R, while the geodesic of a particle escaping to infinity has unbounded R. The thin relativistic

expanding shell of matter produced by the bubble is not represented in the figure. This shell

disturbs the homogeneity of dust near the boundary represented by the dashed line.

For �Hi/⇢b ⌧ 1, the first term in (20) dominates, and the turning point occurs after a small

fractional increase in the bubble radius

�R

Ri

⇡ �

⇢b

Hi ⌧ 1, (35)

which happens after a time-scale much shorter than the expansion time, �t ⇠ (�/⇢b) ⌧ ti.

For 1 ⌧ �Hi/⇢b ⌧ (RiHi)3/2 we have

Rmax

Ri

⇡
✓
3�Hi

⇢b

◆1/3

. (36)
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Schwarzschild"singularity"

1
Spherical dom

ain
wall in

dust
cosm

ology

R
=

2GM
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=

0 R
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2GM
bh , T �

�
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2GM

bh , T �
��

⇢ =
�2GM

⇢ =
const. r =

0 r =
r
0 ⇢ =

⇢
0 t =

0
t =

t
i H �

1
=

2GM
bh

Consider
a

spherical dom
ain

wall embedded
in

a
spatially

flat
m
atter

dom
inated

universe.
Two

di↵erent tim
e-scales are relevant to

the dynam
ics of such

a
wall. One is the cosm

ological scale t ⇠
H �

1
,

and
the

other is the
acceleration

tim
e-scale

due
to

the
repulsive

gravitational field
of the

dom
ain

wall

t
� ⇠

(G�) �
1
.

For R
⌧

t
� , the

repulsive
field

can
be

ignored.
In

this case, for t ⌧
R

⌧
t
� , the

dom
ain

wall is

conform
ally

stretched
by

cosm
ological expansion.

Eventually, when
the wall falls within

the horizon, it

quickly
shrinks under its tension

and
form

s a
black

hole of radius R
S =

2GM
⇠

t 2
/t

� ⌧
t.

Here, we will be prim
arily

interested
in

the opposite lim
it, where R �

t
� . In

this case, the wall repels

the
m
atter around

it while
its size

grows faster than
the

ambient expansion
rate.

As we
shall see, this

leads to
the form

ation
of a

worm
hole. The dust which

was originally
in

the interior of the wall goes into

a
baby

universe, and
in

the
ambient FRW

universe
we

are
left with

a
black

hole
rem

nant cysted
in

a

spherical region
of of vacuum

.

Before
we

consider the
e↵ect of the

dom
ain

wall, let us first discuss the
m
atching

of Schwarzschild

and
a
dust cosm

ology.

1.1
M

atching
Schwarzschild

to
a
dust

cosm
ology

Consider the Schwarzschild
m
etric
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=
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R ◆
�
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R 2
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.
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d⇢ 2
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R 2
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.
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=
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Subtracting
(3) from

(4), we have

R
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3
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⇢)
�
2
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) 1

/3
,

(5)

where
an

integration
constant
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been

absorbed
by

a
shift

in
the

origin
of the

⇢
coordinate.

The

expression
for T

as a
function

of �
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⇢
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(3) as:
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⇢,

(6)

with
R

given
in

(5).
A

second
integration

constant has been
absorbed

by
a

shift in
the

T
coordinate.

Since
the

m
etric

(2) is synchronous, the
lines of constant spatial coordinate

are
geodesics, and
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1 Spherical domain wall in dust cosmology

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

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

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

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

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

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric

ds2 = �
✓

1 � 2GM

R

◆
dT 2 +

✓
1 � 2GM

R

◆�1

dR2 + R2d�2. (1)

In Lemaitre coordinates, this takes the form

ds2 = �d�2 +
2GM

R
d⇢2 + R2d�2. (2)

where � and ⇢ are defined by the relations

d� = ±dT �

s
2GM

R

✓
1 � 2GM

R

◆�1

dR, (3)

d⇢ = ⌥dT +

s
R

2GM

✓
1 � 2GM

R

◆�1

dR. (4)

Subtracting (3) from (4), we have

R =

3

2
(� + ⇢)

�2/3

(2GM)1/3, (5)

where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of � and ⇢ can be found from (3) as:

±T = 4GM

�

�1

3

✓
R

2GM

◆3/2

+

s
R

2GM
� tanh�1

s
R

2GM

�

� � ⇢, (6)

with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and � is the

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

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

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

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

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

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

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

Schwarzschild singularity.

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

FRW universe.
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Consider
a

spherical dom
ain

wall embedded
in

a
spatially

flat
m
atter

dom
inated

universe.
Two

di↵erent tim
e-scales are relevant to

the dynam
ics of such

a
wall. One is the cosm

ological scale t ⇠
H �

1
,

and
the

other is the
acceleration

tim
e-scale

due
to

the
repulsive

gravitational field
of the

dom
ain

wall

t
� ⇠

(G�) �
1
.

For R
⌧

t
� , the

repulsive
field

can
be

ignored.
In

this case, for t ⌧
R

⌧
t
� , the

dom
ain

wall is

conform
ally

stretched
by

cosm
ological expansion.

Eventually, when
the wall falls within

the horizon, it

quickly
shrinks under its tension

and
form

s a
black

hole of radius R
S =

2GM
⇠

t 2
/t

� ⌧
t.

Here, we will be prim
arily

interested
in

the opposite lim
it, where R �

t
� . In

this case, the wall repels

the
m
atter around

it while
its size

grows faster than
the

ambient expansion
rate.

As we
shall see, this

leads to
the form

ation
of a

worm
hole. The dust which

was originally
in

the interior of the wall goes into

a
baby

universe, and
in

the
ambient FRW

universe
we

are
left with

a
black

hole
rem

nant cysted
in

a

spherical region
of of vacuum

.

Before
we

consider the
e↵ect of the

dom
ain

wall, let us first discuss the
m
atching

of Schwarzschild

and
a
dust cosm

ology.

1.1
M

atching
Schwarzschild

to
a
dust

cosm
ology
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1 Spherical domain wall in dust cosmology

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

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

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

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

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

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric

ds2 = �
✓

1 � 2GM

R

◆
dT 2 +

✓
1 � 2GM

R

◆�1

dR2 + R2d�2. (1)

In Lemaitre coordinates, this takes the form
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where � and ⇢ are defined by the relations
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Subtracting (3) from (4), we have

R =

3

2
(� + ⇢)

�2/3

(2GM)1/3, (5)

where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of � and ⇢ can be found from (3) as:

±T = 4GM

�

�1

3
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R

2GM

◆3/2

+

s
R

2GM
� tanh�1

s
R

2GM

�

� � ⇢, (6)

with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and � is the

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

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

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

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

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

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

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

Schwarzschild singularity.

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

FRW universe.
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FIG. 8: Mass distribution function for t� > teq.

are still given by Eqs. (89) and (91), respectively. For t� < R < teq, let us assume for the

moment that the bound (87) is saturated. Then, using R ⇠ GM in Eq. (88), we obtain the

mass distribution

f(M) ⇠ B�

✓
Meq

M

◆1/2

, (96)

where B ⇠ 10, as before. This distribution applies for Mcr < M < Meq. With the same

assumption, for walls with R > teq we find

f(M) ⇠ B�. (97)

The resulting mass distribution function is plotted in Fig. 9, with the parts depending on

the assumed saturation of the mass bound shown by dashed lines.

The assumption that the bound (87) is saturated for M > Mcr appears to be a reasonable

guess. We know that it is indeed saturated in a matter-dominated universe, and it yields

a mass distribution that joins smoothly with the distribution we found for M < Mcr. A

reliable calculation of f(M) in this case should await numerical simulations of supercritical

domain walls in a radiation-dominated universe. For the time being, the distribution we

found here provides an upper bound for the black hole mass function.
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Collapse of spherical domain wall or bubble of broken symmetry 
gives PBH if small but wormhole and baby universe if large

Þ specific PBH mass function + evidence for multiverse
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Primordial black holes from confinement
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A mechanism for the formation of primordial black holes is proposed. Here, heavy quarks of a confining
gauge theory produced by de Sitter fluctuations are pushed apart by inflation and get confined after horizon
reentry. The large amount of energy stored in the color flux tubes connecting the quark pair leads to black-
hole formation. These are much lighter and can be of higher spin than those produced by standard collapse
of horizon-size inflationary overdensities. Other difficulties exhibited by such mechanisms are also
avoided. Phenomenological features of the new mechanism are discussed as well as accounting for both the
entirety of the dark matter and the supermassive black holes in the galactic centers. Under proper
conditions, the mechanism can be realized in a generic confinement theory, including ordinary QCD. We
discuss a possible string-theoretic realization via D-branes. Interestingly, for conservative values of the
string scale, the produced gravity waves are within the range of recent NANOGrav data. Simple
generalizations of the mechanism allow for the existence of a significant scalar component of gravity waves
with distinct observational signatures.

DOI: 10.1103/PhysRevD.104.123507

I. INTRODUCTION

The milestone discovery of black-hole mergers by
LIGO/Virgo [1], with recently several dozens more [2],
has fostered interest in them. As more of these merging
objects are being found with masses at the boundary or
even outside of what can be expected from stellar collapse,
the following question arises: Could these black holes have
been produced primordially?
There are several formation mechanisms for these

primordial black holes (PBHs). All of them require large
overdensities, which collapse to black holes if above a
critical threshold. In most scenarios, these overdensities are
of inflationary origin, and the collapse to PBHs occurs
when the associated scale reenters the Hubble horizon.
Besides, there are other noninflationary scenarios for PBH
formation—for instance where the inhomogeneities arise
from first-order phase transitions, bubble collisions, and the
collapse of cosmic strings, necklaces, domain walls or
nonstandard vacua (see Ref. [3] for references). Despite
plentitude of attempts, the understanding of viable

mechanisms for the production of PBHs remains one of
the most interesting and challenging questions of particle
physics and cosmology.
In this work we present a novel mechanism for producing

PBHs, which is rather natural within the framework of
confining theories, such as, asymptotically-free QCD-like
gauge theories with massive quarks. Key to this mechanism
is the dilution of heavy quarks produced during inflation
which get confined by QCD flux tubes after horizon reentry.
PBH formation is then induced by the very large amount of
energywhich is stored in the string connecting the quark pair.
This effect shares some similarity with the production of
black holes via the collapse of cosmic strings attached to
monopoles [4]. Of course, there are fundamental differences.
First, quarks are produced as perturbative states during
inflation. Second, their confinement by QCD flux tubes is
guaranteed by the asymptotic freedom of the theory. This
makes an implementation of our mechanism possible even
within the Standard Model QCD, provided certain condi-
tions, to be specified below, in the early epoch are met.
We also speculate about the string-theoretic realizations

of this mechanism. In this case, the role of heavy quarks is
played by compact D-branes produced by de Sitter fluc-
tuations during brane inflation. The role of the QCD flux
tubes connecting them are played by D-strings which form
after graceful exit. We estimate that for conservative values
of string-theoretic parameters, the gravitational waves
produced during the confinement process is in interesting
range for NANOGrav data [5].
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†Michael.Zantedeschi1@physik.uni-muenchen.de
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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

                                   

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

To collapse against pressure, need  dH > a     (p=arc2)

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

Þ   b(M) ~ e(M) exp       (BC1975)        

Carr 1975

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

29

PBHs: Critical Collapse

See also Gundlach and Martin-Garcia, Living Rev. Rel. (2007), 0711.4620.
Early numerical studies only considered spherical symmetry, though later studies identified critical-collapse behavior even when relaxing spherical symmetry. 

The scale for MBH is set by the Hubble mass at 
the time of collapse, MH (tc). Some PBHs will be 
formed with arbitrarily small M.

but with a long tail for masses M << M, governed by the same universal scaling exponent n.

Niemeyer and Jedamzik (1997); Green and Liddle (1999). 
Many papers since 2010: Musco, Kühnel, Riotto, Cole, Byrnes, Vennin, Escrivà ...

The distribution           depends on details of how the compaction C relates to dr/r and 
is sensitive to non-Gaussian features of          . But the long tail for M < M is generic.

PBH Mass Distribution

Critical collapse yields a mass distribution that is strongly peaked near

(Carr’s estimate 
from 1975!)

n = 0.36 for collapse 
within RD fluid
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Primordial Black Holes with QCD Color Charge

Elba Alonso-Monsalve⇤ and David I. Kaiser†

Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

We describe a realistic mechanism whereby black holes with significant QCD color charge could
have formed during the early universe. Primordial black holes (PBHs) could make up a significant
fraction of the dark matter if they formed well before the QCD confinement transition. Such PBHs
would form by absorbing unconfined quarks and gluons, and hence could acquire a net color charge.
We estimate the number of PBHs per Hubble volume with near-extremal color charge for various
scenarios, and discuss possible phenomenological implications.

Introduction. Primordial black holes (PBHs) were pro-
posed more than half a century ago [1–3], and they re-
main a fascinating theoretical curiosity. In Hawking’s
first paper on PBHs he even suggested they might be
relevant to the “missing mass” puzzle identified by as-
tronomers [2]. In recent years, the possibility that PBHs
might constitute a significant fraction of the present-day
dark-matter (DM) abundance has garnered widespread
attention. (See Refs. [4–8] for recent reviews.) Cosmolo-
gists have identified various mechanisms to amplify pri-
mordial overdensities that could undergo gravitational
collapse into PBHs, to yield an appropriate population
that addresses the DM mystery [6, 8, 9].
The PBH mass at the peak of the mass distribution,

M̄(tc), is proportional to the mass enclosed within a Hub-
ble volume MH(tc) at the time of the PBHs’ formation,
tc [10–13]. This establishes a relationship between the
typical PBH mass and the time of collapse. A combina-
tion of theoretical and observational bounds leaves a win-
dow 1017 g  M̄(tc)  1022 g within which PBHs could
constitute all of dark matter today [4–8], which in turn
constrains the time of collapse to 10�21 s  tc  10�16 s.
At these very early times, the plasma filling the uni-

verse had a temperature 105 GeV  T (tc)  107 GeV,
exponentially greater than the QCD confinement scale
⇤QCD = 0.17GeV. At such high temperatures, the
quarks and gluons in the plasma were unconfined [14–16].
Therefore PBHs of relevance to DM necessarily formed
by absorbing large collections of quarks and gluons from
the quark-gluon plasma (QGP), which were not confined
within color-neutral hadronic states.
Non-Abelian dynamics among the unconfined quarks

and gluons yield a nontrivial distribution of QCD color
charge within the QGP [17–19]. In particular, collective
modes of soft gluons, with momenta ksoft ⇠ gsT , where gs
is the dimensionless gauge coupling strength, can produce
spatial regions of nonvanishing net color charge, whose
typical size is set by the Debye screening length �D(T ) ⇠
1/(gsT ) [20, 21].
The mechanism by which PBHs form, known as “criti-

cal collapse,” indicates that some PBHs would form with
arbitrarily small masses, M ⌧ M̄ [22–28]. Therefore

⇤ elba am@mit.edu
† dikaiser@mit.edu

some PBHs would be a↵ected by the nontrivial distribu-
tion of QCD charge within the medium. Some PBHs
would form with net QCD charge; a subset of these,
moreover, would form with extremal enclosed charge,
Q =

p
GM .

The abundance of near-extremal PBHs depends sen-
sitively upon the ratio Mextr/M̄ , which scales with the
temperature of the plasma at the time of PBH formation,
and hence falls over time as the plasma cools. Nonethe-
less, even if relatively few near-extremal PBHs would be
expected to form in a given cosmological scenario, they
could have been formed under realistic conditions within
the early phases of our universe. They therefore provide
an interesting theoretical laboratory in which to try to
understand black hole physics.
Exact solutions of the Einstein-Yang-Mills equations

for black holes in vacuum have been known for some
time. (For reviews, see Refs. [29, 30].) In this work,
we focus on realistic mechanisms that could yield QCD-
charged black holes amid a nontrivial medium, within
well-motivated cosmological scenarios. In this paper, we
adopt “natural” units ~ = c = kB = 1, restrict attention
to (3+1) spacetime dimensions, and work in terms of the
reduced Planck mass, Mpl ⌘ 1/

p
8⇡G ' 2.43⇥1018 GeV.

PBHs and Critical Collapse. For decades, the numer-
ical relativity community has studied the processes by
which overdensities collapse to form black holes. One of
the most striking results is that the mass of the resulting
black hole depends upon a one-parameter family of ini-
tial data and a single universal critical exponent, in close
analogy to phase transitions in statistical physics [22–
27]. In particular, the black hole mass M at the time of
collapse tc obeys the relation

M(tc) = MH(tc)|C̄ � Cc|
⌫
, (1)

where MH(tc) is the mass contained within a Hubble
volume at tc, C(r) = 2G�M(r)/r is the compaction as a
function of areal radius r [31, 32], C̄ is the compaction
averaged over a Hubble radius, Cc ' 0.4 is the threshold
for black hole formation [33], and  is an O(1) dimension-
less constant whose value depends on the spatial profile
of C(r) and the averaging procedure [8, 27, 34–40]. The
universal scaling exponent ⌫ depends on the equation of
state of the fluid that undergoes collapse; numerical stud-
ies show ⌫ = 0.36 for a radiation fluid [23, 24, 27, 41].
Early numerical studies only considered spherically sym-
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Given the long tail of y(Mpbh) for PBH masses 
Mpbh < Mpbh, some PBHs will necessarily form from 
regions of size r ~ lD(T). Given the color-charge 
distribution in the QGP on scales r ~ lD(T), such 
PBHs would form with net QCD color charge.

Only a small subpopulation of very tiny PBHs would form with nonvanishing QCD charge. 
The PBHs with M ~ Mpbh — most relevant for dark matter — would absorb exponentially 
many color-charge regions, and hence should be net-color neutral.
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Rare events of large-scale spatially-correlated exponential random fields are studied. The influence
of spatial correlations on clustering and non-sphericity is investigated. The size of the performed
simulations permits to study beyond-7.5-sigma events (1 in 1013). As an application, this
allows to resolve individual Hubble patches which fulfill the condition for primordial black hole
formation. It is argued that their mass spectrum is drastically altered due to co-collapse of clus-
tered overdensities as well as the mutual threshold-lowering through the latter. Furthermore, the
corresponding non-sphericities imply possibly large changes in the initial black hole spin distribution.

Introduction— Spatially-correlated random fields are
fundamental to numerous physical phenomena, ranging
from the microstructure of materials [1] to large-scale
patterns in cosmology [2]. Understanding their statistical
properties is important for describing for instance phase
transitions [3], pattern formation [4] as well as other col-
lective behaviours.

Classical extreme-value theory, pioneered by Fisher &
Tippett [5] and formalised by Gnedenko [6] and Gum-
bel [7], primarily addresses independent and identically
distributed random variables. However, many physical
systems exhibit significant spatial correlations that in-
validate the independence assumption [8]. These correla-
tions can lead to substantial deviations from predictions
of classical extreme-value statistics, a↵ecting universality
classes and scaling behaviours [9].

Clustering properties in random fields can be impor-
tant in many cases, for instance near critical points where
fluctuations become long-ranged [10]. Furthermore, the
formation and distribution of clusters have profound im-
plications for percolation processes [11] and transport
phenomena in disordered media [12]. The interplay be-
tween extreme events and clustering can, in general, give
rise to emergent behaviours that are not evident when
these aspects are considered independently (cf. Ref. [13]).

The statistics of peaks and clustering in Gaußian and
near-Gaußian random fields have been investigated in the
literature, especially with cosmological and astrophysi-
cal applications [14–18]. Our study extends works such
as these by considering exponentially-distributed random
fields. While for (spatially-correlated) Gaußian random
fields, not only many studies have been made, but, for a
class of power spectra, even analytical formulæ have been
derived (cf. Ref. [19]), this is not the case for spatially-
correlated exponential random fields. The latter have be-
come fundamentally important in cosmological contexts,
especially for primordial black holes (PBHs) [20, 21],
whose probability distribution in many cases has expo-
nential tails (cf. Refs. [22–24]). For our studies, we have

generated simulated data of a much larger size than any
previous work, which enables further precision analysis of
block maxima estimators for exponential random fields,
for which no analytical expressions exist.

In this Letter, we discuss results of our simulation of
spatially-correlated exponential random fields, being the
currently largest one. We first focus on the extreme-value
statistics emerging through block maxima, and then turn
to the study of clustering in dependence of the strength
of the spatial correlation. Here, we highlight the various
emerging non-spherical shapes. This is then followed by
a discussion of the application of our results to the for-
mation of black holes in the early Universe. Finally, we
conclude with a discussion of our results and an outlook.

Simulation of Correlated Random Fields— In this work,
we have simulated more than 107 discrete random fields
F : R3 ! R, with each simulation having N ⇥ N ⇥ N

pixels for N = 29. The utilised class of power spectra is

P (k) / k
n
, (1)

where
⌦
Fk F

⇤
p

↵
= �

3(k + p)P (k) , (2)

with Fk being the Fourier transform of F (x), k ⌘ |k|;
the spectral index n is taken to be either 0 (white noise),
�1, �2 or �3, for definiteness. In order to address the in-
frared divergence of P (k) for n < 0 at k = 0, we imposed
an infrared cuto↵ to remove the zero mode.

The generation of spatially-correlated exponential ran-
dom fields E is performed by first generating spatially-
correlated Gaußian random fields utilising the discrete
convolution method outlined in Ref. [25]: Let m denote
an integer triplet with components mi 2 [0, N � 1] for
i = 1, 2, 3, which specifies the grid positions x(m) =
(L/N)m with a simulation cube of length L. Then

F (m) =
1

N3

X



exp

✓
ı
2⇡

N
 ·m

◆p
P (k) ⇠(k) , (3)
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Introduction— Spatially-correlated random fields are
fundamental to numerous physical phenomena, ranging
from the microstructure of materials [1] to large-scale
patterns in cosmology [2]. Understanding their statistical
properties is important for describing for instance phase
transitions [3], pattern formation [4] as well as other col-
lective behaviours.

Classical extreme-value theory, pioneered by Fisher &
Tippett [5] and formalised by Gnedenko [6] and Gum-
bel [7], primarily addresses independent and identically
distributed random variables. However, many physical
systems exhibit significant spatial correlations that in-
validate the independence assumption [8]. These correla-
tions can lead to substantial deviations from predictions
of classical extreme-value statistics, a↵ecting universality
classes and scaling behaviours [9].

Clustering properties in random fields can be impor-
tant in many cases, for instance near critical points where
fluctuations become long-ranged [10]. Furthermore, the
formation and distribution of clusters have profound im-
plications for percolation processes [11] and transport
phenomena in disordered media [12]. The interplay be-
tween extreme events and clustering can, in general, give
rise to emergent behaviours that are not evident when
these aspects are considered independently (cf. Ref. [13]).

The statistics of peaks and clustering in Gaußian and
near-Gaußian random fields have been investigated in the
literature, especially with cosmological and astrophysi-
cal applications [14–18]. Our study extends works such
as these by considering exponentially-distributed random
fields. While for (spatially-correlated) Gaußian random
fields, not only many studies have been made, but, for a
class of power spectra, even analytical formulæ have been
derived (cf. Ref. [19]), this is not the case for spatially-
correlated exponential random fields. The latter have be-
come fundamentally important in cosmological contexts,
especially for primordial black holes (PBHs) [20, 21],
whose probability distribution in many cases has expo-
nential tails (cf. Refs. [22–24]). For our studies, we have

generated simulated data of a much larger size than any
previous work, which enables further precision analysis of
block maxima estimators for exponential random fields,
for which no analytical expressions exist.

In this Letter, we discuss results of our simulation of
spatially-correlated exponential random fields, being the
currently largest one. We first focus on the extreme-value
statistics emerging through block maxima, and then turn
to the study of clustering in dependence of the strength
of the spatial correlation. Here, we highlight the various
emerging non-spherical shapes. This is then followed by
a discussion of the application of our results to the for-
mation of black holes in the early Universe. Finally, we
conclude with a discussion of our results and an outlook.

Simulation of Correlated Random Fields— In this work,
we have simulated more than 107 discrete random fields
F : R3 ! R, with each simulation having N ⇥ N ⇥ N

pixels for N = 29. The utilised class of power spectra is

P (k) / k
n
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where
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the spectral index n is taken to be either 0 (white noise),
�1, �2 or �3, for definiteness. In order to address the in-
frared divergence of P (k) for n < 0 at k = 0, we imposed
an infrared cuto↵ to remove the zero mode.

The generation of spatially-correlated exponential ran-
dom fields E is performed by first generating spatially-
correlated Gaußian random fields utilising the discrete
convolution method outlined in Ref. [25]: Let m denote
an integer triplet with components mi 2 [0, N � 1] for
i = 1, 2, 3, which specifies the grid positions x(m) =
(L/N)m with a simulation cube of length L. Then
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[BC, Gilbert, Lidsey 1994]

LSS

PBHs as a Unique Probe Small Scales

PBHs are a unique probe of e on small scales. 

They need either blue spectrum or spectral feature or pressure reduction
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MEMORY BURDEN EFFECT

New Mass Window for Primordial Black Holes as Dark Matter

from Memory Burden E↵ect
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The mass ranges allowed for Primordial Black Holes (PBHs) to constitute all of Dark Matter
(DM) are broadly constrained. However, these constraints rely on the standard semiclassical ap-
proximation which assumes that the evaporation process is self-similar. Quantum e↵ects such as
memory burden take the evaporation process out of the semiclassical regime latest by half-decay
time. What happens beyond this time is currently not known. However, theoretical evidence based
on prototype models indicates that the evaporation slows down thereby extending the lifetime of a
black hole. This modifies the mass ranges constrained, in particular, by BBN and CMB spectral
distortions. We show that previous constraints are largely relaxed when the PBH lifetime is ex-
tended, making it possible for PBHs to constitute all of DM in previously excluded mass ranges. In
particular, this is the case for PBHs lighter than 109 g which enter the memory burden stage before
BBN and are still present today as DM.

I. INTRODUCTION

Since it was first proposed that black holes could form
from primordial fluctuations [1–3], the possibility of Pri-
mordial Black Holes (PBH) constituting all or part of the
Dark Matter (DM) in the Universe has been considered
[4]. This possibility has recently seen a renewed interest
as a result of the LIGO detection of merging black hole
binaries with masses around 1� 50M� [5] whose forma-
tion is not easily explained by astrophysical processes.
Although at the moment there is no observational evi-
dence for their existence, several constraints have been
put on the fraction of DM in the form of PBHs [6–8],
defined as

fPBH(t) ⌘ ⇢PBH(t)

⇢DM (t)
, (1)

for di↵erent values of the PBH mass M in terms of
physical time t. Currently, there are only a few mass
ranges of interest that still leave the door open for
fPBH = 1 (for a review on PBHs, see [9]).

Another important point of interest is that PBHs are
the only ones that can be small enough for Hawking ra-
diation to be relevant [10]. For a PBH forming from
primordial fluctuations, its mass should be comparable
to the horizon mass at the time of its formation, tf . As-
suming this takes place during radiation domination, we

⇤
Electronic address: alexand@mpp.mpg.de

†
Electronic address: emi@mpp.mpg.de

can estimate it as

M ⇠ ⇢V

����
tf

⇠ M
2

P

H

����
tf

⇠ MPtf . (2)

Here, ⇢ denotes the total energy density of the universe,
H, the Hubble parameter and, V (t) ⇠ H(t)�3, the
Hubble volume.

The standard Hawking evaporation time, which de-
scribes the lifetime of a PBH of massM , can be expressed
as

tH ⇠ rg S ⇠ M
3

M
4

P

, (3)

where

rg ⇠ M

M
2

P

, S ⇠
✓

M

MP

◆2

, (4)

denote the gravitational radius and entropy of the black
hole, respectively. In this scenario, for a PBH to be
present in the Universe today, its mass must be larger
than M ⇠ 1014g, meaning that smaller PBHs cannot
account for any DM.

However, this estimate is based on the semi-classical
evaporation scenario which relies on the assumption of
self-similarity. That is, during its evaporation, a black
hole gradually shrinks in size while maintaining the
standard semi-classical relations between its parameters,
such as its mass, the radius and the temperature. Notice
that this is a very strong assumption, since the evapora-
tion rate has been reliably derived exclusively for a black
hole of a fixed radius and in exact-zero back-reaction
limit: there exists no reliable semi-classical calculation
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Systems of enhanced memory capacity are subjected to a universal e↵ect of memory burden, which
suppresses their decay. In this paper, we study a prototype model to show that memory burden
can be overcome by rewriting stored quantum information from one set of degrees of freedom to
another one. However, due to a suppressed rate of rewriting, the evolution becomes extremely slow
compared to the initial stage. Applied to black holes, this predicts a metamorphosis, including a
drastic deviation from Hawking evaporation, at the latest after losing half of the mass. This raises
a tantalizing question about the fate of a black hole. As two likely options, it can either become
extremely long lived or decay via a new classical instability into gravitational lumps. The first option
would open up a new window for small primordial black holes as viable dark matter candidates.
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I. INTRODUCTION

A. Big Picture

This paper is about understanding a very general phe-
nomenon [1, 2], called memory burden, exhibited by sys-
tems that achieve a high capacity of memory storage and
its potential applications to black holes. The essence of
the story is that a high load of quantum information car-
ried by such a system stabilizes it. This means that,
in order to decay, the system must o↵-load the memory
pattern from one set of modes into another one. Our
studies show that this becomes harder and harder with
larger size. As a result, the quantum information stored
in the memory back-reacts and stabilizes the system at
the latest after its half-decay. The universality of the phe-
nomenon suggests its natural application to black holes.

The present paper is a part of a general program, ini-
tiated some time ago, which consists of two main direc-
tions. One is the development of a microscopic theory de-
scribing a black hole as a bound state of soft gravitons, a
so-called quantum N -portrait [3]. The occupation num-
ber Nc of gravitons is critical in the sense that it is the
inverse of their (dimensionless) gravitational interaction.
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A B S T R A C T 
The energy injection through Hawking e v aporation has been used to put strong constraints on primordial black holes as a 
dark matter candidate at masses below 10 17 g. Howev er, Ha wking’s semiclassical approximation breaks down at latest after 
half-decay. Beyond this point, the e v aporation could be significantly suppressed, as was shown in recent work. In this study we 
re vie w existing cosmological and astrophysical bounds on primordial black holes, taking this effect into account. We show that 
the constraints disappear completely for a reasonable range of parameters, which opens a new window below 10 10 g for light 
primordial black holes as a dark matter candidate. 
Key words: black hole physics – dark matter – gamma-rays: general. 

1  I N T RO D U C T I O N  
The hypothesis of black holes forming in the early universe has 
been discussed for more than 50 years (Zel’dovich & No viko v 1967 ; 
Hawking 1971 ; Carr & Hawking 1974 ), with Chapline ( 1975 ) first 
to suggest that primordial black holes (PBHs) could constitute the 
entire dark matter of the universe. Since the 1970s, people have 
studied the consequences of PBHs as a dark matter candidate from 
the Planck mass M PBH = M pl up to the’ incredulity limit’ 1 beyond 
M PBH ∼ 10 10 M ⊙. This has led to strong bounds that exclude PBHs 
of a single mass from constituting the entirety of the dark matter 
with the exception of a mass window in the asteroid range M PBH ∈ 
[10 17 , 10 22 ] g (Carr et al. 2021 , and references therein). 

The lower limit is a result of constraints due to black hole 
e v aporation at lo w masses. This process was first described by 
Hawking ( 1974 ), as he was studying the consequences of light PBHs. 
He showed that a black hole will emit a thermal spectrum of particles, 
with the temperature of the radiation scaling as T ∼ 1/ M PBH . The 
described e v aporation process is self-similar and ends with a final 
burst as M → 0. 

It was soon realized that the energy injection from low-mass PBHs 
is in conflict with observations of γ rays, the cosmic microwave 
background (CMB) and the abundance of light elements produced 
during big bang nucleosynthesis (BBN) unless these black holes 
constitute only a tiny fraction of the dark matter (Chapline 1975 ; 
⋆ E-mail: vthoss@mpe.mpg.de 
1 This term was coined by B. Carr and refers to the limit that at least one black 
hole must exist in a given environment (e.g. galaxy and universe). 

Ha wking 1975 ; No viko v et al. 1979 ; Carr et al. 2010 , for a historical 
o v erview). Furthermore, if the PBHs have a mass below M ≃ 5 ×
10 14 g, the y would hav e completely e v aporated by no w [see Auf finger 
( 2023 ) for a re vie w on constraints of e v aporating PBHs]. 

Ho we ver, it is possible to a v oid some of the constraints that 
are a result of black hole e v aporation. Pacheco et al. ( 2023 ) have 
studied ‘quasi-extremal’ PBHs and found that they can be a viable 
dark matter candidate. Friedlander et al. ( 2022 ) and Anchordoqui, 
Antoniadis & L ̈ust ( 2022 ) have investigated PBHs in the context of 
large extra dimensions (Arkani-Hamed, Dimopoulos & Dvali 1998 ) 
and showed that this opens up new mass windows for light PBHs as 
dark matter candidate. 

Even in the case of non-spinning, uncharged 4D black holes, it has 
al w ays been clear that Hawking’s semiclassical (SC) calculations will 
break down before the black hole vanishes entirely . Previously , this 
breakdown has been assumed to happen when the mass of the black 
hole reaches the Planck mass. While Hawking ( 1975 ) acknowledged 
this, he argued that the black hole will nevertheless completely 
disappear. Others have discussed the idea that the e v aporation comes 
to a halt, leaving behind Planck-mass relics that can make up the 
entirety of the dark matter and a v oid any constraints (MacGibbon 
1987 ; Barrow, Copeland & Liddle 1992 ; Torres 2013 ; Taylor et al. 
2024 ). 

Ho we ver, Dv ali et al. ( 2020 ) have shown that the SC approximation 
will break down at a much earlier time – at latest when the black hole 
has lost roughly half of its initial mass. Hawking’s result entirely 
neglects the backreaction of the emission on the quantum state of 
the black hole itself. Ho we ver, this ef fect can no longer be ignored 
when the energy of the released quanta becomes comparable to that 
of the black hole. The crucial insight by Dvali et al. ( 2020 ) is that 

© 2024 The Author(s). 
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The essence of the memory burden effect is that a load of information carried by a system stabilizes it.
This universal effect is especially prominent in systems with a high capacity of information storage, such as
black holes and other objects with maximal microstate degeneracy, the entities universally referred to as
“saturons.” The phenomenon has several implications. The memory burden effect suppresses a further
decay of a black hole, the latest, after it has emitted about half of its initial mass. As a consequence, the light
primordial black holes that previously were assumed to be fully evaporated are expected to be present as
viable dark matter candidates. In the present paper, we deepen the understanding of the memory burden
effect. We first identify various memory burden regimes in generic Hamiltonian systems and then establish
a precise correspondence in solitons and in black holes. We make transparent, at a microscopic level, the
fundamental differences between the stabilization by a quantum memory burden versus the stabilization by
a long-range classical hair due to a spin or an electric charge. We identify certain new features of potential
observational interest, such as the model-independent spread of the stabilized masses of initially degenerate
primordial black holes.
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I. INTRODUCTION

The phenomenon of memory burden, originally
described in [1], is summarized in the following statement:
Information loaded in a system resists its decay.
Naturally, the effect is especially sound in systems with

enhanced information storage capacity. This capacity can be
quantified by the number and degeneracy of microstates that
the system possesses for the given values of macroscopic
parameters, such as, e.g., the radius R and the total energy.
Black holes are the prominent representatives of this

category. This is obvious from Bekenstein-Hawking
entropy [2],

SBH ¼ πR2M2
P; ð1Þ

where MP is the Planck mass. Correspondingly, it was
suggested in [1,3] that the phenomenon of memory burden
must be applicable to black holes.
This effect explains, in terms of an explicit microscopic

mechanism, why, at the early stages of Hawking’s decay, the
information stored in a black hole cannot be released together
with radiation. This matches the semiclassical expectation.
However, an important new feature emerges. The inter-

nally maintained information backreacts and creates resis-
tance against the decay of a black hole. This is the effect of
the memory burden phenomenon in a black hole.
Furthermore, by performing a detailed analysis of the

prototype systems, it was concluded in [3] that not only do
black holes undergo the memory burden effect, but they
likely are stabilized by it. That is, in the process of a black
hole decay, the memory burden grows, and after a certain
characteristic time, tM, reaches a critical value. tM is
bounded from above by the age of a black hole that lost
about half of its initial mass.
At this point, the black hole has evolved into a “remnant”

that cannot continue an ordinary quantum decay. A
remarkable feature is that the remnant is macroscopic,
with a mass comparable to the initial black hole. The fate of
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The radiation of these light black holes goes beyond the energy range 
co v ered by an y current γ ray observations. In this case, one would 
need to consider indirect effects of these highly energetic photons 
(beyond PeV) to obtain limits. For each value of k , the constraints 
on f PBH, 0 extend roughly two orders of magnitude beyond the mass 
at which the PBHs would completely e v aporate by today. 
3.2 Extragalactic γ ray background 
In Fig. A2 , the constraints from the extragalactic γ ray background 
are shown. In the Hawking picture, the dark matter fraction of PBHs 
is limited to f PBH, 0 < 1 in the mass range from M 0 ≈ 3 × 10 13 g to 
M ∼ 10 17 g. As explained before, for initial black hole masses M ! 
5 × 10 14 g, there are no changes. In the range M 0 ∈ [3 × 10 13 , 5 ×
10 14 ] g, the constraints are softened at most by one order of magnitude 
when taking into account all observational data. This is because the 
SC e v aporation phase is still ongoing after recombination. The lower 
end of the constrained mass range (which is roughly set by the mass 
of a black hole that e v aporates at recombination) changes by only 
4 per cent. A new window for PBHs as dark matter candidates opens 
at lower masses for k > 0.35. It extends down to M = 10 9 g for k 
= 1 and to M = 10 5 g for k = 2. If only primary photon emission 
is considered, then the constraints become significantly weaker as 
can be seen from the dashed lines in Fig. A2 . We are not able to 
constrain black hole holes with M 0 " 10 2 g as the energy exceeds 
the current observational range, as already discussed for the galactic 
γ ray emission. 
3.3 Other constraints 
The constraints on PBHs from CMB anisotropies are weaker than 
those from galactic and extragalactic γ ray emission by 4–6 orders 
of magnitude for M 0 < 10 12 g and by around 2 dex for M 0 ∈ [10 12 , 
3 × 10 13 ] g. Note that for M 0 < 10 9 g, our results rely on extrapolation 
of the transfer function and are thus subject to some uncertainty. For 
M 0 > 3 × 10 13 g, we just give the constraints from St ̈ocker et al. 
( 2018 ), as explained in Section 2.7 . 

The bound from BBN in the mass range M 0 ∈ [10 10 , 10 13 ] g 
weakens by around 45 per cent if the e v aporation is stopped at half- 
mass. As discussed in Section 2.8 , there are no other constraints from 
BBN for black holes that survive to the present day. 
3.4 Combined constraints 
The combined map of constraints f PBH, 0 ( k , M 0 ) is shown in Fig. 1 . 
Fig. 2 shows f PBH, 0 ( M 0 ) for k = 2, which is chosen for illustrative 
purposes. One can identify the constraints from the SC e v aporation 
phase as the vertical, almost k -independent band in the range M 0 
∈ [10 10 , 10 17 ] g. The slo wed do wn e v aporation phase leads to 
constraints that are dependent on k . For k ! 1 . 0, a new mass window 
emerges for which PBHs can make up the entirety of the dark 
matter. The upper mass limit of M 0 ∼ 10 10 g is set by the time 
of nucleosynthesis as the PBHs must reach the stage of suppressed 
e v aporation before the onset of BBN. On the other hand, the lower 
bound depends on the strength of the suppression k , as it determines 
the lifetime of the black hole. 

We can understand our results in simple terms by considering the 
fraction α of the PBH mass that e v aporates during memory burden 
until today ( qM 0 → (1 − α) qM 0 ). From equation ( 6 ), it follows that 
M 0 ≈ (

F ( qM 0 ) t 0 
α

) 1 
3 + 2 k ( ! c 

4 πG 
) k 

3 + 2 k 
, (16) 

Figure 2. Constraints on f PBH, 0 ( M 0 ) for k = 2. The different linestyles are 
chosen for better readability. 
where t 0 is the age of the universe. This is is plotted in Fig. 1 for α
= 10 −13 and F ( qM 0 ) ≈ F (0) ≈ 8 . 2 × 10 26 g 3 s −1 and gives a good 
approximation for the lower bound on the black hole mass in the 
parameter range that we study. Put differently, this implies that the 
memory burden effect must increase the lifetime of the black hole 
to at least ∼10 13 times the age of the universe in order to a v oid all 
existing constraints. 
3.5 Model uncertainties 
Due to the lack of a detailed understanding of the e v aporation process 
beyond the SC limit, we keep our model of the e v aporation process 
as simple as possible. Moti v ated by Dvali et al. ( 2020 ), we model 
the strength of the suppression by a factor 1 /S k 0 with S 0 being the 
black hole entropy. This means k only depends logarithmically on 
other parameters in our models. Therefore, any uncertainties in our 
models of the constraints will only weakly affect the bound on k ( M 0 ), 
where f PBH, 0 = 1 (i.e. the coloured lines in Fig. 1 ). More specifically, 
if e.g. the rate of galactic γ ray emission decreases by a factor of 
10, this will shift the bound k ( M 0 ) by less than 0.05 for the range of 
mass that we study. 

Another uncertainty in our model is the question on how to set the 
black hole temperature and its spectrum. When the SC approximation 
breaks down, we can no longer expect the emission to be thermal. 
In our model, we keep the shape of the spectrum fixed as a zeroth- 
order approximation. Should the spectrum change very drastically 
(but keeping d N /d t constant) then this will most strongly affect the 
constraints from galactic and extragalactic emission. If the emission 
becomes more soft, then the bounds would become weaker and vice 
versa. This is due to the larger observed γ ray flux at lower energies. 
Ho we ver, e ven a drastic change in f PBH will not shift the bound on 
k ( M 0 ) by much as explained. The constraints from CMB anisotropies 
are very robust to uncertainties in the black hole spectrum since they 
depend mostly on the total rate of emission. In fact, in the mass range 
that we study, the transfer function is approximately constant (see 
Section 2.7 ) w.r.t. to the energy. 

Similar arguments can be made about the uncertainties regarding 
the secondary emission of the PBHs. During the phase of memory 
burden, it is in principle possible that the emission of particles is 
no longer ’democratic’, i.e. the emission of certain particle species 
are preferred [see also the discussion in Alexandre et al. ( 2024 )]. 
Ho we ver, as long as the emission rate only changes within an order 
of magnitude, our bounds should not change dramatically. 
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PBHS AND INFLATION

PBHs formed before reheat inflated away =>

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

   CMB quadrupole  => Treheat < 1016GeV

But inflation generates fluctuations

 

Can these generate PBHs?     

[HUGE NUMBER OF PAPERS ON THIS]

39

QUANTUM DIFFUSION

ultra-slow roll
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D-BRANE INFLATION

Dvali & Tye (1998) arXiv: hep-ph/9812483

Only form of inflation in string theory and generically produces PBHs

ar
X

iv
:h

ep
-p

h/
98

12
48

3v
1 

 2
2 

D
ec

 1
99

8

NYU-TH/12/98/01, CLNS 98/1600

Brane Inflation
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Abstract

We present a novel inflationary scenario in theories with low scale (TeV)
quantum gravity, in which the standard model particles are localized on the
branes whereas gravity propagates in the bulk of large extra dimensions. This

inflationary scenario is natural in the brane world picture. In the lowest
energy state, a number of branes sit on top of each other (or at an orientifold

plane), so the vacuum energy cancels out. In the cosmological setting, some
of the branes ”start out” relatively displaced in the extra dimensions and the
resulting vacuum energy triggers the exponential growth of the 3 non-compact

dimensions. The number of e-foldings can be very large due to the very weak
brane-brane interaction at large distances. In the effective four-dimensional

field theory, the brane motion is described by a slowly rolling scalar field
with an extremely flat plateau potential. When branes approach each other
to a critical distance, the potential becomes steep and inflation ends rapidly.

Then the branes ”collide” and oscillate about the equilibrium point, releasing
energy mostly into radiation on the branes.
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BBNS => Wbaryon= 0.05

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

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

BLACK HOLES COULD BE DARK           
MATTER ONLY IF PRIMORDIAL

No evidence yet for WIMPs!

SUSY 2018 in BarcelonafDM ~ (b /10-9) (M/Mo)-1/2 Fraction of PBH dark matter 

THE DARK SIDE
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Early paper on PBHs as dark matter
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Carr (1977) corrected some errors

Early paper on generation of galaxies by PBHs
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Early paper of inflation and PBH dark matter

7178 (1994)

Also proposed by Carr & Lidsey (1993) and Garcia-Bellido, Linde & Wands (1996)

arXiv:1501.7565

ar
X

iv
:1

50
1.

07
56

5v
1 

 [a
str

o-
ph

.C
O

]  
29

 Ja
n 

20
15

Massive Primordial Black Holes from Hybrid Inflation
as Dark Matter and the seeds of Galaxies

Sébastien Clesse1, ∗ and Juan Garćıa-Bellido2, †
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In this paper we present a new scenario where massive Primordial Black Holes (PBH) are produced
from the collapse of large curvature perturbations generated during a mild waterfall phase of hybrid
inflation. We determine the values of the inflaton potential parameters leading to a PBH mass
spectrum peaking on planetary-like masses at matter-radiation equality and producing abundances
comparable to those of Dark Matter today, while the matter power spectrum on scales probed by
CMB anisotropies agrees with Planck data. These PBH could have acquired large stellar masses
today, via merging, and the model passes both the constraints from CMB distortions and micro-
lensing. This scenario is supported by Chandra observations of numerous BH candidates in the
central region of Andromeda. Moreover, the tail of the PBH mass distribution could be responsible
for the seeds of supermassive black holes at the center of galaxies, as well as for ultra-luminous X-rays
sources. We find that our effective hybrid potential can originate e.g. from D-term inflation with a
Fayet-Iliopoulos term of the order of the Planck scale but sub-planckian values of the inflaton field.
Finally, we discuss the implications of quantum diffusion at the instability point of the potential, able
to generate a swiss-cheese like structure of the Universe, eventually leading to apparent accelerated
cosmic expansion.

PACS numbers: 98.80.Cq

I. INTRODUCTION

A major challenge of present-day cosmology is the un-
derstanding of the nature of dark matter, accounting for
about thirty percent of the total energy density of the
Universe. Among a large variety of models, it has been
proposed that dark matter is composed totally or par-
tially by Primordial Black Holes (PBH) [1–6]. These
are formed in the early Universe when sufficiently large
density fluctuations collapse gravitationally. A threshold
value of δρ/ρ ∼ O(1) is a typical requirement to ensure
that gravity overcomes the pressure forces [7–15].
Several mechanisms can lead to the formation of PBH,

e.g. sharp peaks in density contrast fluctuations gen-
erated during inflation [16], first-order phase transi-
tions [17], resonant reheating [18], tachyonic preheat-
ing [19] or some curvaton scenarios [20–22]. Large curva-
ture perturbations on smaller scales than the ones probed
by CMB anisotropy experiments can also be generated
during inflation [5, 6, 23–28], e.g. for hybrid models end-
ing with a fast (in terms of e-folds of expansion) wa-
terfall phase. In this case, exponentially growing modes
of a tachyonic auxiliary field induce order one curvature
perturbations [16, 29, 30] and PBH can be formed when
they re-enter inside the horizon during the radiation era.
However, in the standard picture of hybrid inflation, the
corresponding scales re-enter into the horizon shortly af-
ter the end of inflation, leading to the formation of PBH

∗ sebastien.clesse@unamur.be
† juan.garciabellido@uam.es

with relatively low masses, MPBH
<∼ O(10) kg. These

PBH evaporate in a very short time, compared to the age
of the Universe, and cannot contribute to dark matter to-
day. This process can nevertheless eventually contribute
to the reheating of the Universe [16].

Tight constraints have been established on PBH mass
and abundance from various theoretical arguments and
observations, like the evaporation through Hawking radi-
ation, gamma-ray emission, abundance of neutron stars,
microlensing and CMB distortions. It results that PBH
cannot contribute for more than about 1% of dark mat-
ter, except in the range 1018 kg <∼ MPBH

<∼ 1023 kg,
as well as for masses larger than around a solar mass,
M >∼ M⊙ ∼ 1030 kg, under the condition that they do
not generate too large CMB distortions. It is also unclear
whether some models predicting a broad mass spectrum
of PBH can be accommodated with current constraints,
while generating the right amount of dark matter when
integrated over all masses.

In this paper, we present a new scenario in which the
majority of dark matter consists of PBH with a relatively
broad mass spectrum covering a few order of magnitudes,
possibly up to O(100) solar masses. The large curvature
perturbations at the origin of their formation are gen-
erated in the context of hybrid inflation ending with a
mild waterfall phase. This is a regime where inflation
continues for several e-folds (up to 50 e-folds) of expan-
sion during the final waterfall phase. Compared to the
standard picture of fast waterfall, important curvature
perturbations are generated on larger scales, that reen-
ter into the horizon at later times and thus lead to the
formation of PBH with larger masses.
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PRIMORDIAL BLACK HOLES AS DARK MATTER
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The possibility of primordial black holes constituting dark matter is studied in detail, focussing
on the intermediate-mass range from 10�8 M� to 102 M�. All relevant up-to-date constraints are
reviewed and any e↵ect necessary for a precision calculation of the primordial black-hole abun-
dance, such as non-Gaussianity, non-sphericity, critical collapse, merging, etc., is discussed in depth.
A general novel procedure for confronting observational constraints with an extended primordial
black-hole mass spectrum is introduced. This scheme together with the various formation e↵ects
provides a guideline, for arbitrary constraints, for how to systematically approach the problem of
primordial black holes as dark matter, both from a model-independent observational point of view
and starting from a fundamental formation model for primordial black holes. It is also pointed
out which e↵ects in the formation process should be studied further in order to provide a realistic
mapping from inflationary power spectra to the mass function of primordial black holes in order
to use the observational constraints on the latter to put constraints on inflation and early-universe
physics. This scheme is applied to two specific inflationary models. It is demonstrated under which
conditions these models can yield primordial black holes constituting 100% of the dark matter.
Interestingly, the respective distributions peak in the mass region where the recent LIGO black-
hole mergers were found. We also show which model-independent conclusions can be drawn from
observable constraints in this mass range.

I. INTRODUCTION

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

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

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

SLABs

Stupendously Large Black Holes (SLABs) BC, Kuhnel & Visinelli 2021

B. Carr, K. Kohri, Y. Sendouda & J. Yokoyama
Rep. Prog. Phys. 84 (2021) 116902, arXiv:2002.12778
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Primordial Black Holes in the Solar System
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ABSTRACT

If primordial black holes (PBHs) of asteroidal mass make up the entire dark matter they could be
detectable through their gravitational influence in the solar system. In this work, we study the pertur-
bations that PBHs induce on the orbits of planets. Detailed numerical simulations of the solar system,
embedded in a halo of PBHs, are performed. Using the Earth-Mars distance as an observational probe,
we show that the perturbations are below the current detection limits and thus PBHs are not directly
constrained by solar system ephemerides. We estimate that an improvement in the measurement ac-
curacy by more than an order of magnitude or the extraction of signals well below the noise level are
required to detect the gravitational influence of PBHs in the solar system in the foreseeable future.

1. INTRODUCTION

Primordial black holes (PBHs) as a dark matter (DM) candidate have been studied for half a century (Carr & Green
2024), gaining special attention after the first direct detection of gravitational waves from binary black hole mergers
(Abbott et al. 2016). By now, a large number of constraints have been derived that limit the fraction of dark matter
that can be in the form of PBHs (Carr et al. 2021). However, these constraints come with some uncertainty and can
even disappear entirely, as was recently demonstrated for light PBHs (Thoss et al. 2024; Alexandre et al. 2024).
The asteroid-mass window (MPBH 2 [1017, 1023] g) has been studied with particular interest as it remains a viable

parameter region for PBHs. Within this mass range, their interaction with stars, neutron stars and white dwarfs has
been studied as a pathway to detect them or constrain their dark matter fraction. However, many of the bounds that
were obtained in this way are disputed for various reasons (see Carr et al. (2021) for an overview).
Another approach to study PBHs of asteroidal mass is through their e↵ect within the solar system. It has been

suggested to look for craters as a signature for collisions of PBHs with moons and planets (Yalinewich & Caplan 2021;
Caplan et al. 2023). Other work focuses on the gravitational e↵ects of PBHs. This includes perturbations to the
orbits of moons and planets (Li et al. 2023; Tran et al. 2023), satellite constellations (Bertrand et al. 2023) and future
space-based gravitational wave detectors such as LISA (Adams & Bloom 2004; Seto & Cooray 2004). So far these are
mostly proof-of-concept studies which suggest that an accurate model for solar system ephemerides, combined with
a sophisticated data analysis will make the detection of individual asteroid-mass PBHs feasible. Tran et al. (2023)
showed that if the extraction of signals with an amplitude of 10�4 relative to the noise is achieved, then one can expect
to detect PBHs with a mass of 1018 g < MPBH < 1023 g using already existing data.
Recently, Loeb (2024) argued that PBHs within most of the asteroid-mass window are already excluded from making

up the entire dark matter, based on their perturbations of solar system bodies. The result was obtained by considering

vthoss@mpe.mpg.de
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Figure 2. Left: Probability distribution function of the perturbation |�r|/r of the Earth-Mars vector, evaluated at t = 1.0 yr

for di↵erent values of the PBH mass MPBH. The black dashed line indicates a power law with slope of -2. Vertical, dashed

lines indicate the critical perturbation (|�r|/r)
crit

, that is defined in Equation 11, for each value of MPBH. Right: Perturbation

strength |�r|/r of the Earth-Mars vector, evaluated at t = 1.0 yr vs. the minimum impact parameter bmin observed within the

simulation period. The black, dashed lines correspond to Equation 7. The dotted line for MPBH = 10
21

g takes into account

the finite distance travelled by the PBHs within the simulation time and is explained in Section 4.4.

Figure 3. Left: Perturbation of the vector between Earth and Mars induced by PBHs for MPBH = 10
20

g as a function of

time. Each blue line corresponds to one simulation run. We only show 100 simulation runs to improve readability. The black

dashed/dotted line indicates the median/mean value obtained from all 500 simulations. The analytical result of the impulse

model is displayed as an orange line. The green line shows a model for the median perturbation strength, given by Equation 14.

The red line is an estimate of the 3� observational detection limit. Right: Mean perturbation strength |�r|/r as a function of

time for the vector between Earth and each planet.

50% of the simulations reach |�r| > 0.9|�r| at least once within the orbital period. This justifies our approach of
studying the perturbation of the vector �r as a good approximation of the largest observable perturbation of the
distance �r.

4. DISCUSSION

4.1. Impulse Model

The results obtained from our simulations show that the perturbations induced by a halo of PBHs grow over time,
to a median value of |�r|/r ⇠ 10�13 within 20 years. To provide some analytical understanding of our results we make
use of the impulse approximation (Binney & Tremaine 2008), which assumes that a PBH moves in a straight line with
an impact parameter (distance of closest approach) b. Then the velocity change induced on a SSO in the direction

MPBH ~ 1020g

MIT-CTP/5650

Close encounters of the primordial kind:
a new observable for primordial black holes as dark matter
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Primordial black holes (PBHs) remain a viable dark matter candidate in the asteroid-mass range. We point
out that in this scenario, the PBH abundance would be large enough for at least one object to cross through the
inner Solar System per decade. Since Solar System ephemerides are modeled and measured to extremely high
precision, such close encounters could produce detectable perturbations to orbital trajectories with characteristic
features. We evaluate this possibility with a suite of simple Solar System simulations, and we argue that the
abundance of asteroid-mass PBHs can plausibly be probed by existing and near-future data.

I. INTRODUCTION

Our Universe contains a substantial amount of dark mat-
ter (DM), per decades-old consensus [1, 2]. Despite well-
motivated theoretical models for various particle DM candi-
dates spanning nearly fifty orders of magnitude in mass (see
e.g. Refs. [3–7]), there is as yet no direct evidence that DM
consists of a new elementary particle species. In recent years,
an alternative hypothesis has regained traction: that perhaps
much or all of the DM consists of primordial black holes
(PBHs) [8–10]. Numerous observables restrict the properties
of PBHs that could account for DM, but a window of about
six orders of magnitude in mass remains fully unconstrained.
For masses 1017 g . MPBH . 1023 g—that is, for masses
typical of asteroids—PBHs could account for the entire DM
abundance. (For recent reviews, see Refs. [11–15].)

The constraints at the boundaries of this region are well
established. The upper limit is set by constraints from ex-
tragalactic microlensing surveys [16, 17]. The lower limit
arises from efficient Hawking evaporation, since high-energy
cosmic rays emitted by light black holes would be read-
ily detectable [18–24]. (See also Refs. [11–15].) How-
ever, the asteroid-mass range has proven difficult to probe.
Originally, microlensing constraints were thought to apply
in this regime as well as at higher masses [25]. However,
Refs. [16, 17, 26] demonstrated that the effects of wave optics
and finite source sizes severely weaken lensing constraints be-
low 1023 g.1 Moreover, limits from stellar capture estimated
by Ref. [27] were later weakened by updated arguments in
Ref. [26]. As a result, PBH DM remains largely unconstrained
in the asteroid-mass regime, and the future of the PBH DM
hypothesis depends crucially on probes of this portion of the
parameter space.

In this paper, we consider a novel means to probe PBHs
in the asteroid-mass range. We focus on the effects of PBHs

⇤ tungtran@mit.edu
† sageller@ucsc.edu
‡ benvlehmann@gmail.com
§ dikaiser@mit.edu
1 These effects were later incorporated into an updated version of Ref. [25].

on the motions of visible objects, similarly to Refs. [28–33].
In particular, in order to achieve the highest possible sensitiv-
ity, we propose the use of the highest-precision astronomical
measurements available: Solar System ephemerides. Given
more than five decades of lunar laser-ranging data [34–36],
more than two decades of precision monitoring of Mars or-
biters [37, 38], and sophisticated tracking of the motions of
thousands of smaller objects [39–43], our own Solar System
is richly instrumented for the detection of massive interlopers.
We therefore evaluate the observable effects of low-mass PBH
encounters on the revolutions of the celestial spheres [44].

In particular, we study the prospects for detecting perturba-
tions to the measured distances between Earth and Solar Sys-
tem objects (SSOs) due to PBH flybys. If they account for all
of DM, the abundance and phase space distribution of PBHs
can be readily determined—and if MPBH lies in the asteroid-
mass range, then at least several flybys through the Solar Sys-
tem should be expected to have occurred over the lifetime of
modern observing programs. The expected rate of observ-
able events depends both on the PBH mass distribution and
on the precision with which the motions of various Solar Sys-
tem objects are presently monitored. As we demonstrate here,
if the entire DM abundance consists of PBHs with masses
1018 g . MPBH . 1023 g, then Solar System ephemerides
could plausibly detect PBH flybys at a rate of order once per
decade. This could either enable a quasi-direct detection of
PBHs or place new constraints in the asteroid-mass range.

This paper is organized as follows. In Section II, we per-
form a simple order-of-magnitude estimate of the expected ef-
fects of a PBH transit on Solar System observables, demon-
strating a favorable detection rate for perturbations to the dis-
tances between Earth and Solar System objects from flybys
at an impact parameter of several au. In Section III, we im-
prove on our analytical estimate with simplified Solar Sys-
tem simulations, and we identify the expected properties of
observable signals, focusing on the distances between Earth
and various inner planets (Mercury, Venus, and Mars). We
justify this choice with a discussion of damping mechanisms
that might attenuate a signal of a PBH transit, and argue that
our minimalist simulations are representative of the qualita-
tive features of transits. In Section IV, we analyze ensembles
of simulated PBH transits, and estimate the sensitivity of So-
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FIG. 5. Estimated detectable encounter rate as a function of PBH
mass. The rate peaks for PBH masses within the unconstrained
asteroid-mass range. Dots indicate the transition from scaling with
PBH number density to scaling with flyby detectability (Mdet). The
dashed line shows the peak rate varying the threshold q0, following
Eq. (20). See text for details.

the linear regime, so we can always obtain �r at any mass of
interest from a simulation at a single mass by simply rescal-
ing the result. We choose to perform all simulations with
MPBH = Mbase

PBH ⌘ 1027 g.
The numerical sampling produces a full distribution of qfom

at MPBH = Mbase
PBH. Given that qfom can also be rescaled lin-

early with the PBH mass, we can readily study the behavior of
the detection rate as a function of mass. We fit a power law to
the tail of the distribution of qfom, truncating at the most ex-
treme values (qmin

fom , qmax
fom ) obtained in our simulations. This

simple form for the distribution of qfom, combined with the
simple form for p(⇧), leads to a simple and interpretable mass
dependence. The survival function of qfom takes the form

S(qfom) =

8
>>><

>>>:

1 qfom < qmin
fom

(qmax
fom )�+1

� q�+1
fom

(qmax
fom )�+1 � (qmin

fom)�+1
qmin
fom  qfom  qmax

fom

0 qfom > qmax
fom ,

(18)
where � is the index of the power law fit, which we find to
be �1.68. As noted above, the quantity S(qfom) is computed
only for MPBH = Mbase

PBH. Then the rate with a threshold q0 is
estimated as

�(q0) '
⇢PBH

MPBH
⇥ �̄v0 ⇥ S

✓
Mbase

PBH

MPBH
q0

◆
. (19)

This estimate is shown for several values of q0 in Fig. 5,
assuming ⇢PBH = ⇢DM. The features of �(MPBH) are read-
ily understood. At masses above a critical value Mdet =
(q0/qmin

fom)Mbase
PBH, the probability of detection is very high, i.e.,

the survival function in Eq. (19) is 1. In this regime, the detec-
tion rate is simply the flyby rate, which scales with the PBH

number density, and hence inversely with the PBH mass at
fixed mass density. The mass Mdet is marked with a dot for
each curve in Fig. 5. As the mass is lowered below Mdet, the
survival function drops below 1, and the detectable event rate
is limited by the detection sensitivity. The rate peaks at

Mpeak
PBH = Mbase

PBH ⇥ (� + 2)1/(�+1)
⇥

q0
qmax
fom

, (20)

which corresponds to Mpeak
PBH ⇡ 2.3 ⇥ 1018 g ⇥ q0. This is

indicated by the dashed black line in Fig. 5. At yet lower
masses, the survival function drops rapidly to zero, and the
detection rate with it.

Under the assumptions above, Fig. 5 demonstrates the po-
tential for nontrivial constraints on PBH DM in the range
1018 g < MPBH < 1023 g with the use of O(30 yr) of
ephemeris data. Above 1023 g, the rate is suppressed by the
very small number density of PBHs in the neighborhood of
our Solar System. Below 1018 g, despite the high rate shown
in Fig. 5, the flux becomes so large that there are many en-
counters over the observing period, and our estimates are no
longer valid. Backgrounds also become much more signifi-
cant in this regime, as there are numerous Solar System ob-
jects with masses of this order, and not all of them are well
tracked.

Our findings suggest that the method proposed here is com-
plementary to that of Refs. [32, 33], which propose a means
of detecting (or constraining) PBHs within the asteroid-mass
range using decades of high-precision tracking data from the
network of global navigation satellite systems (GNSS) in
Earth orbit. Whereas our proposed method is most sensitive
to the mass range 1018 g < MPBH < 1023 g, the GNSS data
are most effective for MPBH  1017 g.

V. DISCUSSION AND CONCLUSIONS

Primordial black holes (PBHs) remain a compelling can-
didate for dark matter (DM). To date, a combination of ob-
servational and theoretical constraints leaves open a window
1017 g . MPBH . 1023 g within which PBHs could ac-
count for the entire DM abundance [11–15]. Probing this mass
range—either to yield a quasi-direct detection of a DM can-
didate or to further constrain PBHs as DM—has proven dif-
ficult. In this paper, we describe a new observable for PBHs
as DM, which leverages decades of precision tracking of the
motions of objects within the inner Solar System. In partic-
ular, we demonstrate that the inner Solar System itself could
function as a compact-object detector, by exploiting state-of-
the-art observing programs and Solar System ephemerides.

In this paper we have identified robust observables from
transient flybys of PBHs within several au of the Solar Sys-
tem barycenter; estimated the likely effects on the motion of
closely tracked Solar System objects from such flybys; and
simulated an ensemble of such flybys with which to estimate
a realistic detection rate. Given these simulations, much of
the presently allowed mass range 1017 g . MPBH . 1023 g
could be successfully probed using the types of data and Solar
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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.

49

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.

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) =
fPBH

p
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.

f(M) limits themselves depend on PBH mass function

=>  fPBH(Mc,s)+

[BC, Raidal, Tenkanen, Vaskonen, Veermae 2017]
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Generic Mass Function – The Lognormal Case
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Seven observations point towards the existence of primordial black holes (PBH), constituting the
whole or an important fraction of the dark matter in the Universe: the mass and spin of black
holes detected by Advanced LIGO/VIRGO, the detection of micro-lensing events of distant quasars
and stars in M31, the non-detection of ultra-faint dwarf satellite galaxies with radius below 15
parsecs, evidences for core galactic dark matter profiles, the correlation between X-ray and infrared
cosmic backgrounds, and the existence of super-massive black holes very early in the Universe’s
history. Some of these hints are newly identified and they are all intriguingly compatible with the re-
constructed broad PBH mass distribution from LIGO events, peaking on PBH mass mPBH ⇡ 3M�
and passing all other constraints on PBH abundances. PBH dark matter also provides a new
mechanism to explain the mass-to-light ratios of dwarf galaxies, including the recent detection of a
di↵use galaxy not dominated by dark matter. Finally we conjecture that between 0.1% and 1% of
the events detected by LIGO will involve a PBH with a mass below the Chandrasekhar mass, which
would unambiguously prove the existence of PBH.

Despite a series of indirect evidences the nature of Dark
Matter (DM) accounting for about 85% of today’s matter
density of the Universe remains a mystery. The failure
of a long series of direct detection experiments [1–3] to
detect a Weakly Interacting Massive Particle (WIMP)
or any other particle candidate now leads some cosmol-
ogists to reconsider alternatives to particle Dark Matter
models. One of them has received recently a lot of at-
tention, after the detection of several black hole mergers
by Advanced LIGO/VIRGO since September 2015 [4–7]:
the possibility that Dark Matter could be constituted in
part or entirely by Primordial Black Holes (PBH).

PBH are naturally an ideal Dark Matter candidate,
being non-luminous, non-relativistic and nearly collision-
less. They could have formed in the early Universe due
to the gravitational collapse of pre-existing order one
density fluctuations, eventually generated during infla-
tion. The unexpected large mass of the GW150914 and
GW170814 black holes [4, 7], combined with the inferred
merger rate coinciding with PBH abundances comparable
to the one of Dark Matter [8, 9] has revived the interest
for PBH as a plausible Dark Matter candidate. Since
then, a series of new studies have established improved
constraints in the mass range [10-100] M�, e.g. from the
dynamics and the existence of star clusters in faint dwarf
galaxies [10–13] and from the non-observation of X-ray
and radio sources towards the galactic center [14]. Others
have re-evaluated the constraints from the CMB temper-
ature anisotropies [15–17], which are indirectly a↵ected

⇤ sclesse@uclouvain.be, sebastien.clesse@unamur.be
† juan.garciabellido@cern.ch

by matter accretion onto PBH that impacts on the ther-
mal history of the Universe. When these constraints are
combined with the ones coming from the non-observation
of microlensing of stars in the Magellanic clouds [18], it
seems that the whole range [1-100] M� is now excluded.

In this letter, we argue that a careful investigation of
these constraints reveals that the case of a broad mass
distribution in the range [1� 10]M� is still allowed. By
using the latest LIGO merging events and rates, we re-
construct the plausible PBH mass spectrum, in case they
constitute the dominant component of Dark Matter, and
find that it falls exactly within the allowed range. Even
more, by reanalyzing previous constraints and by using
physical arguments based on first principles, we show
that there exists seven types of observations pointing to-
wards this PBH-DM scenario [19]. Finally, we claim that
PBH as cold dark matter would provide a natural expla-
nation to the longstanding problems of cosmology and
astrophysics, namely the existence of supermassive black
holes at high redshifts, the missing galactic satellites, the
too-big-to-fail, the core-cusp problems, and the missing
baryons in the Universe.

Hint 1 : Black Hole merger rates and recon-

struction of the mass spectrum. One can calculate
the merger rates expected if PBH constitute all the dark
matter, following and extending [8, 9]. These rates de-
pend on the shape of the PBH mass spectrum. We con-
sider a PBH-DM model with a log-normal density dis-
tribution [20] of width �, centered on the mass µ, but
our results can easily be extended to any mass function
and any PBH abundance. Such a lognormal spectrum
is motivated by PBH formation models in the context of
inflation, e.g. in mild-waterfall hybrid inflation [20]. The
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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.
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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.
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Predictions for PBH mass spectrum
Carr, Clesse, JGB, Kühnel (2019)

PBH formation  
at the QCD phase transition

• Change in the relativistic     
degrees of freedom 

• Equation of state reduction,    
particularly at the QCD transition 

• Critical threshold is reduced 

• Boosted PBH formation, resulting 
in a bumpy mass function

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

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

arXiv:1906.08217

From known thermal history:

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
↵ = dns/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH

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

ns = 0.965 
ns = 0.97 
ns = 0.975 
fDM = 1 
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R-process elements

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

Fuller et al. PRL 119 (2017) 061101
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... but OGLE detected also another population of microlensing events:

Did OGLE Detect PBHs?
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ML LC timescale: tE [days]
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OGLE data

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

[Niikura et al. 2019]

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

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

Niikura et al. arXiv:1901.07120Planetary-mass microlenses

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

Exploding white dwarfs

1021 g < M < 1024 g with 10-3< fPBH < 0.1 

Smirnov et al. arXiv:2211.00013

PRD 99 (2019) 083503, arXiv:1901.07120
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Hawkins arXiv:1503.01935

Caustic 
crossing

Quasar microlensing

Hawkins arXiv:2010.15007 The most plausible micolenses are PBHs in
galactic halos or along line of sight to quasar 

MNRAS 527, 2393 (2024)
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Early searches => MACHOs with 0.5 MO

Later found they provide at most 20% of DM

LMC/SMC microlensing

This assumes flat rotation curves and spherical 
halos and more recent models allow 100%

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.
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Excess of lenses in Galactic Bulge

A&A 636, A20 (2020)

However…
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ABSTRACT
Measurements of the microlensing optical depth and event rate toward the Large Magellanic Cloud

(LMC) can be used to probe the distribution and mass function of compact objects in the direction
toward that galaxy – in the Milky Way disk, Milky Way dark matter halo, and the LMC itself. The
previous measurements, based on small statistical samples of events, found that the optical depth
is an order of magnitude smaller than that expected from the entire dark matter halo in the form
of compact objects. However, these previous studies were not sensitive to long-duration events with
Einstein timescales longer than 2.5–3 years, which are expected from massive (10 � 100M�) and
intermediate-mass (102 � 105 M�) black holes. Such events would have been missed by the previous
studies and would not have been taken into account in calculations of the optical depth. Here, we
present the analysis of nearly 20-year-long photometric monitoring of 78.7 million stars in the LMC
by the Optical Gravitational Lensing Experiment (OGLE) from 2001 through 2020. We describe the
observing setup, the construction of the 20-year OGLE dataset, the methods used for searching for
microlensing events in the light curve data, and the calculation of the event detection efficiency. In
total, we find 16 microlensing events (thirteen using an automated pipeline and three with manual
searches), all of which have timescales shorter than 1 yr. We use a sample of thirteen events to
measure the microlensing optical depth toward the LMC ⌧ = (0.121 ± 0.037) ⇥ 10�7 and the event
rate � = (0.74 ± 0.25) ⇥ 10�7 yr�1 star�1. These numbers are consistent with lensing by stars in the
Milky Way disk and the LMC itself, and demonstrate that massive and intermediate-mass black holes
cannot comprise a significant fraction of dark matter.

Keywords: Gravitational microlensing (672), Dark matter (353), Milky Way dark matter halo (1049),
Large Magellanic Cloud (903), Primordial black holes (1292), Intermediate-mass black holes
(816)

1. INTRODUCTION

The discoveries of gravitational waves produced dur-
ing mergers of massive black holes in distant galaxies
by LIGO and Virgo detectors (Abbott et al. 2016, 2019,
2021, 2023) raised questions if such black holes exist in
the Milky Way and, if yes if they can be detected us-

Corresponding author: Przemek Mróz
pmroz@astrouw.edu.pl

ing other means than gravitational waves. Most black
holes detected in the Milky Way using electromagnetic
observations have typically masses below 15 � 20M�
(Corral-Santana et al. 2016), whereas those detected by
gravitational-wave detectors are on average more mas-
sive. They can reach more than 100M� (Abbott et al.
2020a,b).

The origin of black holes discovered by gravitational-
wave detectors is a subject of vigorous debate (e.g.,
Costa et al. 2023 and references therein). Several
authors (e.g., Bird et al. 2016; Sasaki et al. 2016;
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Abstract

The recent astrometric data of hundreds of millions of stars from Gaia DR3 has
allowed a precise determination of the Milky Way rotation curve up to 28 kpc.
The data suggests a rapid decline in the density of dark matter beyond 19 kpc. We
fit the whole rotation curve with four components (gas, disk, bulge and halo) and
compute the microlensing optical depth to the Large Magellanic Cloud (LMC).
With this model of the galaxy we reanalize the microlensing events of the MACHO
and EROS-2 Collaborations. Using their published e�ciency function for the
duration of their surveys, together with the rate of expected events according to
the new density profile, we find that the Dark Matter halo could be composed
up to 100% of massive compact halo objects (MACHOs) for any mass between
0.001 to 100 M�, except a narrow range around 0.3 M�, where it cannot be
larger than ⇠ 30%. This result assumes that MACHOs have all the same mass.
If these were distributed in an extended mass function like that of the Thermal
History Model, the constraints are weakened, allowing 100% of all DM in the
form of Primordial Black Holes.

Keywords: Galactic Rotation Curves, Gaia Astrometry, Primordial Black Holes
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But combination of extended mass function, clustering and falling rotation curve get around this.
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P E O P L E

3 Physics  EducationSeptember 2016

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

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

Cappelluti, Hasinger, Natarajan
           arXiv:2109.08701

61 Cusp-to-core transition in dwarf galaxies    
Boldrini  et al.  arXiv:1909.07395

Non-detection of galaxies smaller than 10-20pc  
Stegmann et al   arXiv:1910.04793

Minimum radius of ultra-faint dwarf galaxies and DM cores

Boldrini  et al.  arXiv:1909.07395
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Do we need PBHs?

LIGO DETECTION OF GRAVITY WAVES (2016)
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LIGO/Virgo/KAGRA black holes

ns=0.975, a = 0, q = 0.5,0.1

Are LIGO/Virgo BH Primordial?

BBH
 M

erger R
ates

Thermal History 
Model

Clesse, JGB [2007.06481]
Escrivá, Bagui, Clesse [2209.06196]
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subsolar candidates?
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A follow-up of a subsolar black hole candidate identified in the second part of the third observ-
ing run of the LIGO-Virgo-KAGRA collaboration is carried out. With a search signal-to-noise
ratio of 8.90 and a false-alarm rate of 1 per 5 years, close to the usual thresholds for claiming a
gravitational-wave event, we cannot exclude a noise origin. A complete Bayesian parameter esti-
mation of this candidate, denoted SSM200308, reveals that if the signal originates from a compact
binary coalescence, the component masses are m1 = 0.62+0.46

�0.20M� and m2 = 0.27+0.12
�0.10M� (90%

credible intervals) with at least one component being firmly subsolar, below the minimum mass of
a neutron star. This discards the hypothesis that the signal comes from a standard binary neutron
star. The signal coherence test between the two LIGO detectors brings support to a compact object
coalescence origin.

I. INTRODUCTION

Since the very first detection of a gravitational wave
event by LIGO in September 2015 [1], the LIGO-
Virgo-KAGRA (LVK) collaboration has reported nearly
a hundred gravitational-wave (GW) events from the
coalescence of compact binary systems [2–6]. These
broad-band GW detectors are able to detect a wide
range of compact binary coalescences (CBC) masses
and are even sensitive to the merging of hypothetical
subsolar mass (SSM) compact objects m < 1M�. As
stellar evolution models predict that neither black holes
(BH) nor neutron stars can be significantly lighter than
one solar mass, the detection of SSM compact objects
would clearly indicate a new formation mechanism
alternative to the classical scenario. The discovery of
an SSM merger would therefore have revolutionary im-
plications for astrophysics, cosmology and fundamental
physics. Several GW searches for CBCs having at least
a component mass of less than 1 M� have been carried
out using the Advanced LIGO-Virgo data [7–11] with
no firm detection. However, in the latest LIGO-Virgo
observing run, O3b [6], three candidates of SSM binary
black hole events were reported [11]. One candidate
found in O2 data [12] were also analysed in [13]. Those
triggers are not classified as confirmed SSM GW events
but rather as candidate events due to their false alarm
rate (FAR) being too large to confidently claim for the
existence of such revolutionary objects. However, these
candidates are very promising and, as the sensitivity of
the detectors improves and observation time is accumu-
lated [14], the perspectives for the future detection of an
SSM compact object are hopeful.

In this work, we further investigate one of these SSM
triggers, the candidate event observed on March 8th
2020 �referred here as SSM200308� reported in Table I.
With a FAR of 1 per 5 years, SSM200308 is the most
significant candidate of the search, found by GstLAL
[15] in coincidence in both LIGO Hanford and LIGO
Livingston detectors. Even though SSM200308 did not
generate a trigger in Virgo with a signal-to-noise ratio
(SNR) above the single detector threshold, Virgo was
taking data at that time, which we will include in the
parameter estimation (PE). We perform a follow-up of
this candidate and analyze the data in detail, performing
a careful PE of the signal. As a by-product, the PE
allows us to infer the probability that the source of
SSM200308 has SSM components, if one assumes that
the signal comes from a binary black hole merger event.

The goal of this work is not to claim the detection
of SSM black holes by the LVK collaboration. The
possibility that the candidate is not of astrophysical
origin but induced by environmental or instrumental
noise cannot be excluded. Given the expected increase
in sensitivity of future observing runs, this work aims to
show that a proper PE on such long duration and low
mass signals can be performed, by using Reduced Order
Quadrature (ROQ) methods [16], in preparation for O4,
O5, and subsequent SSM BH searches.

This paper is organized as follows. In Section 2, we
describe the method used to perform the PE. In Section
3, we present the inferred properties of the source. In
Section 4, we present the tests carried out to assess the
significance of the candidate and investigate the potential
nature of the source of SSM200308 before concluding in
Section 5.
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arXiv:2311.1608565 arXiv:1801.00672 BBNS => t < 1 s => M < 105MO

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

but non-Gaussian model evade limits.

 (Nakama et al 2017) 

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

but b < 10-6 (t/s)1/2 

PBHs as seeds for SMBHs

nS=0.97

nS=0.96

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

BH mass prop’ to stellar mass

Dolgov talk?

Kusenko
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High-redshift JWST massive galaxies and the initial clustering of supermassive primordial black holes
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ABSTRACT

In this paper, we show that the initial clustering of supermassive primordial black holes (SMPBHs)
beyond a Poisson distribution can e�ciently enhance the matter power spectrum, and thus the halo
mass function. As a result, the population of initially clustered SMPBHs with MPBH ⇠ 109M� and
the fraction of energy density fPBH ⇠ 10�3 (consistent with current constraints on SMPBHs) has
the potential to naturally explain high-redshift massive galaxies observed by the James Webb Space
Telescope.

Keywords: Early universe — Galaxy formation — Supermassive black holes

1. INTRODUCTION

Recent observations with the James Webb Space Tele-
scope (JWST) have discovered a large number of quasars
powered by supermassive black holes (SMBHs) already
in place within the first few hundred million years after
the Big Bang (e.g. Harikane et al. 2023; Larson et al.
2023; Maiolino et al. 2023a; Matthee et al. 2023; Übler
et al. 2023a; Goulding et al. 2023; Kokorev et al. 2023;
Übler et al. 2023b; Furtak et al. 2023; Maiolino et al.
2023b; Bogdán et al. 2024; Greene et al. 2024; Natara-
jan et al. 2024; Kovács et al. 2024). The existence of
such SMBHs at very high redshifts poses a significant
challenge. It is commonly assumed that SMBH seeds
initially form, such as seed black holes expected from
Pop III stellar remnants (Madau & Rees 2001), and then
grow into SMBHs over time until the redshifts of obser-
vations. However, even if they accrete at the maximal
Eddington rate, there does not seem to be enough cos-

huanghailong18@mails.ucas.ac.cn

jiangjq2000@gmail.com

yspiao@ucas.ac.cn

mic time to grow them su�ciently.1 In this scenario, the
direct birth of SMBHs in the very early Universe, i.e.,
SMPBHs, becomes rather appealing.
The initial clustering of stellar-mass PBHs has been

ruled out by microlensing and Lyman-↵ forest obser-
vations (De Luca et al. 2022). However, it seems that
SMPBHs prefer an initially clustered spatial distribu-
tion. In the standard mechanism that PBHs are from
a direct collapse of large amplitude perturbations af-
ter horizon entry (e.g. Sasaki et al. 2018; Carr et al.
2021; Green & Kavanagh 2021; Escrivà et al. 2022;
Green 2024), non-Gaussian primordial perturbations
seems to necessary to evade the µ-distortion constraints
for SMPBHs (Nakama et al. 2018; Ünal et al. 2021;
Gow et al. 2023; Hooper et al. 2024; Byrnes et al. 2024;
Sharma et al. 2024; Cai et al. 2024), while the non-
Gaussianity of primordial perturbation will possibly lead
to the initial clustering of SMPBHs (Franciolini et al.
2018; Tada & Yokoyama 2015; Young & Byrnes 2015;
Suyama & Yokoyama 2019). In the mechanism (Huang
et al. 2023; Huang & Piao 2023) where SMPBHs are

1
It might be thought the hypothesis that heavy seeds could be

direct collapse black holes (DCBHs) might alleviate this problem.

However, DCBHs have long been considered too rare to account

for the entire observed SMBH population, see also Bhowmick

et al. (2024) for recent numerical simulations.
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Supermassive primordial black holes for the GHZ9 and UHZ1 observed by the JWST
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ABSTRACT

The high redshift (z > 10) galaxies GHZ9 and UHZ1 observed by the James Webb Space Telescope
(JWST) are very massive and have exceptionally high black hole-to-star mass ratios with the central
black hole masses M & 107 M�. In this paper, we explore the possibility that they are seeded by the
supermassive primordial black holes (SMPBHs), which came into being in the very early universe, with
initial masses ⇠ 107 M�. We present the self-similar accretion solutions for SMPBHs, and find that the
mass growth of SMPBHs during pregalactic era may be negligible. These SMPBHs, when the redshift
z . 20, can accelerate seeding high-redshift galaxies and their baryonic content, and consequently
explain the central supermassive black holes (SMBHs) of high-redshift massive galaxies through sub-
Eddington accretion. According to our results, SMPBHs actually could lead to the existence of more
massive SMBHs at higher redshifts compared to other SMBH seed scenarios, specially SMBHs with
masses M & 107 M� at z > 20 might only origin from SMPBHs, thus the corresponding observation
can serve as a potential probe to PBHs.

Keywords: Early universe — Galaxy formation — Supermassive black holes
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1. INTRODUCTION

Recent observations with the JWST have identified
a population of quasars powered by SMBHs already in
place in the first few hundred million years after Big
Bang (e.g. Larson et al. 2023; Matthee et al. 2023; Übler
et al. 2023a; Goulding et al. 2023; Kokorev et al. 2023;
Übler et al. 2023b; Furtak et al. 2023; Maiolino et al.
2023a; Natarajan et al. 2024; Kovács et al. 2024; Bogdán
et al. 2024). These comprise the so-called “Little red
dots”, which are compact and heavily obscured, charac-
terised by a steep red continuum in the rest-frame UV
(Harikane et al. 2023; Kocevski et al. 2023; Maiolino
et al. 2023b; Greene et al. 2024; Killi et al. 2023; Koko-
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P#b2`p�iBQM�H 1pB/2M+2 7Q` S`BKQ`/B�H "H�+F >QH2b

6B;m`2 jX 1tT2+i2/ /�`F K�ii2` /2MbBiv /Bbi`B#miBQM Qp2` � b+�H2 Q7 2h−1 kpc �i `2/b?B7i z = 100 Q#i�BM2/
7`QK i?2 N @#Q/v bBKmH�iBQMb Q7 _27X (9N) 7Q` m = 30M⊙ �M/ fPBH = 10−5 UH27iV Q` fPBH = 0.1 U`B;?iVX

�b TQBMi2/ Qmi BM _27X (8k)- i?2 +QMi`B#miBQM 7`QK SQBbbQM ~m+im�iBQMb iQ i?2 K�ii2` TQr2` bT2+i`mK
#2+QK2b /QKBM�Mi QM bK�HH b+�H2b �M/ 7Q` bi2HH�`@K�bb S">b H2�/b iQ i?2 ?B;?@`2/b?B7i ;`�pBi�iBQM�H
+QHH�Tb2 Q7 �HKQbi �HH bK�HH@b+�H2 T2`im`#�iBQMb BMiQ +Hmbi2`b rBi? K�bb2b mT iQ 106 Ĝ 107 M⊙X h?2
SQBbbQM +QMi`B#miBQM BM i?2 K�ii2` TQr2` bT2+i`mK Bb b+�H2@BMp�`B�Mi �M/ Bib �KTHBim/2 �i `2/b?B7i z

Bb r2HH �TT`QtBK�i2/ #v (8R)

PPoisson ≃ 2× 10−3 fPBH

g(z)2

(
m

3M⊙

)
Mpc3 , UAAX3V

r?2`2 g(z) Bb i?2 ;`Qri? 7�+iQ` 7Q` BbQ+m`p�im`2 ~m+im�iBQMbc i?Bb BM+`2�b2b HBM2�`Hv rBi? i?2 b+�H2
7�+iQ` BM i?2 K�ii2`@/QKBM�i2/ 2`�- r?2M +Hmbi2`b �`2 7Q`K2/X G�i2`- i?2 ;`Qri? 7mM+iBQM i�F2b �
KQ`2 +QKTH2t #mi biBHH �M�HviB+ 7Q`KX

6Q` 2t�KTH2- B7 r2 +QMbB/2` i?2 bi�M/�`/ Λ*.J KQ/2H rBi? m = 3M⊙ �M/ fPBH = 1- i?2 SQBbbQM
i2`K /QKBM�i2b 7Q` +QKQpBM; r�p2KQ/2b k ! 100Mpc−1 �i z ≈ 20X h?2 +m``2Mi U/BK2MbBQMH2bbV
/2MbBiv T2`im`#�iBQM ∆(k)- `2H�i2/ iQ i?2 TQr2` bT2+i`mK i?`Qm;? ∆(k)2 = P (k)k3/(2π2)- Bb b?QrM
BM 6B;X 9 UM2;H2+iBM; MQM@HBM2�` 2z2+ibVX 6Q` +QKT�`BbQM- r2 �HbQ b?Qr i?2 2tT2+i2/ bT2+i`mK 7Q`
i?2 bi�M/�`/ Λ*.J b+2M�`BQ �M/ 7Q` � T`BKQ`/B�H bT2+i`mK rBi? � b?�`T 2M?�M+2K2Mi �i ktrans =

103 Mpc−1 iQ ;2M2`�i2 S">b �i bK�HH b+�H2bX h?Bb 2z2+i KQ/B}2b i?2 bT2+i`mK #2HQr i?2 b+�H2 �i
r?B+? i?2 SQBbbQM 2z2+i #2+QK2b /QKBM�Mi- #mi 2p2M 7Q` HQr2` p�Hm2b Q7 m Q` fPBH QM2 K�v ?�p2 iQ
i�F2 BMiQ �++QmMi i?2 2z2+i Q7 i?2 2M?�M+2/ T`BKQ`/B�H TQr2` bT2+i`mK QM i?2 S"> +Hmbi2` 7Q`K�iBQM-
r?B+? Bb bQK2iBK2b Qp2`HQQF2/X

PM2 +�M �bbQ+B�i2 � +Hmbi2` K�bb b+�H2 rBi? 2�+? ~m+im�iBQM r�p2H2M;i? λ = 2π/k,

Mc(λ) = (4π/3)λ3 ρ0m (1 + δc) ≃ 1.15× 1012 (λ/Mpc)3 (1 + δc)M⊙ , UAAXNV

r?2`2 ρ0m Bb i?2 +m``2Mi K�ii2` /2MbBivX SQBbbQM@BM/m+2/ ~m+im�iBQMb /2+QmTH2 7`QK i?2 2tT�MbBQM
�M/ 7Q`K � #QmM/ S"> +Hmbi2` r?2M i?2v #2+QK2 H�`;2` i?�M i?2 Qp2`/2MbBiv i?`2b?QH/ δc ≃ 1.686-

Ĝ RRfRRd Ĝ

P#b2`p�iBQM�H 1pB/2M+2 7Q` S`BKQ`/B�H "H�+F >QH2b

AA *Hmbi2`BM; Q7 S">b

� K�DQ` /Bz2`2M+2 #2ir22M /�`F K�ii2` T�`iB+H2b �M/ S">b +QK2b 7`QK i?2 H�`;2` K�bb Q7 i?2 H�ii2`X
h?Bb BKTHB2b bB;MB}+�Mi SQBbbQM ~m+im�iBQMb BM i?2 S"> bT�iB�H /Bbi`B#miBQM �M/ 2p2Mim�HHv H2�/b iQ
#QmM/ S"> +Hmbi2`bX h?Bb r�b }`bi TQBMi2/ Qmi #v Jûbx�`Qb (e) �M/ H�i2` K�Mv Qi?2` �mi?Q`b bim/B2/
i?Bb 2z2+i (jNĜ9j)X Ai Bb +`m+B�H 7Q` bm{+B2MiHv K�bbBp2 �M/ �#mM/�Mi S">b �M/ ?�b b2p2`�H bB;MB}+�Mi
+QMb2[m2M+2b, URV aQK2 Q7 i?2 S"> +QMbi`�BMib ě BM+Hm/BM; i?2 KB+`QH2MbBM; QM2b (99Ĝ9e) ě K�v #2
�z2+i2/c UkV h?2 +Hmbi2`BM; BM~m2M+2b i?2 S"> K2`;2` `�i2 �M/ i?2`2#v T`QpB/2b � +QMM2+iBQM #2ir22M
i?2 /�`F K�ii2` �M/ ;`�pBi�iBQM�H@r�p2 U:qV Q#b2`p�iBQMbc UjV Ai BKTHB2b i?2 7Q`K�iBQM Q7 MQM@HBM2�`
bi`m+im`2b �i ?B;?2` `2/b?B7ib i?�M BM i?2 bi�M/�`/ 7Q`K�iBQM ?BbiQ`v- rBi? BKTHB+�iBQMb 7Q` +QbKB+
#�+F;`QmM/b �M/ i?2 Q#b2`p�iBQMb Q7 ?B;?@`2/b?B7i ;�H�tB2bc U9V Ai K�v 2tTH�BM i?2 KBMBKmK bBx2 �M/
H�`;2 K�bb@iQ@HB;?i `�iBQ Q7 mHi`�@7�BMi /r�`7 ;�H�tB2b Ul6.:bV �M/ i?2 B/2MiB}+�iBQM Q7 � bm#b2i Q7
S"> +Hmbi2`b rBi? i?2b2 K2�Mb i?�i r2 +�M `2;�`/ +Hmbi2`BM; �b T`QpB/BM; TQbBiBp2 2pB/2M+2 7Q` S">bX
h?2 *QmHQK# 2z2+i Q7 �M BM/BpB/m�H S">- r?B+? KB;?i #2 +QMbB/2`2/ � bT2+B�H +�b2 Q7 i?2 SQBbbQM
2z2+i- Bb �HbQ BKTQ`i�MiX "2+�mb2 bQK2 Q7 i?2 Q#b2`p�iBQM�H 2pB/2M+2 7Q` S">b /2T2M/b QM i?2B`
+Hmbi2`BM; T`QT2`iB2b- r2 #2;BM rBi? � /Bb+mbbBQM Q7 i?Bb iQTB+X q2 }`bi `2+�HH i?2 ?2m`BbiB+ i`2�iK2Mi
Q7 i?2 SQBbbQM �M/ *QmHQK# 2z2+ib BM _27X (9d)X q2 i?2M T`2b2Mi � KQ`2 /2i�BH2/ �++QmMi Q7 i?2
7Q`K�iBQM �M/ /vM�KB+�H 2pQHmiBQM Q7 S"> +Hmbi2`b- BM+Hm/BM; bQK2 2ti`� 2z2+ib r?B+? r2`2 MQi 7mHHv
BM+Q`TQ`�i2/ BM 2�`HB2` i`2�iK2MibX

�X a22/ �M/ SQBbbQM 1z2+ib

S">b T`QpB/2 � bQm`+2 Q7 ~m+im�iBQMb 7Q` Q#D2+ib Q7 H�`;2` K�bb BM irQ r�vb, URV pB� i?2 b22/ 2z2+i-
�bbQ+B�i2/ rBi? i?2 *QmHQK# �ii`�+iBQM Q7 � bBM;H2 #H�+F ?QH2c UkV pB� i?2 SQBbbQM 2z2+i- �bbQ+B�i2/
rBi? i?2

√
N ~m+im�iBQM BM i?2 MmK#2` Q7 #H�+F ?QH2bX A7 i?2 S">b ?�p2 � bBM;H2 K�bb m- i?2 BMBiB�H

~m+im�iBQM BM i?2 K�ii2` /2MbBiv QM � b+�H2 M Bb (9d)

δi ≈

⎧
⎨

⎩
m/M (seed)

(fPBH m/M)1/2 (Poisson) ,
UAAXRV

r?2`2 fPBH Bb i?2 7`�+iBQM Q7 i?2 /�`F K�ii2` BM i?2 S">b- �bbmK2/ iQ #2 +QMbi�Mi /m`BM; i?2
+Hmbi2`BM; T`Q+2bbX A7 fPBH ∼ 1- i?2 SQBbbQM 2z2+i /QKBM�i2b 7Q` �HH M c B7 fPBH ≪ 1- i?2 SQBbbQM
2z2+i /QKBM�i2b 7Q` M > m/fPBH �M/ i?2 b22/ 2z2+i 7Q` M < m/fPBHX AM/22/- i?2 K�bb #QmM/ #v
� bBM;H2 b22/ +�M M2p2` 2t+22/ m/fPBH #2+�mb2 Q7 +QKT2iBiBQM 7`QK Qi?2` b22/bX

h?2`2 Bb �Hr�vb � K�bb MCDM #2HQr r?B+? i?2 S"> ~m+im�iBQMb /QKBM�i2 i?2 *.J ~m+im�iBQMb-
bQ i?Bb T`Q/m+2b 2ti`� TQr2` QM bK�HH b+�H2bX >Qr2p2`- i?2 *.J ~m+im�iBQMb 7�HH Qz bHQr2` i?�M #Qi?
i?2 SQBbbQM �M/ b22/ ~m+im�iBQMb rBi? BM+`2�bBM; M �M/ bQ ;2M2`�HHv /QKBM�i2 7Q` bm{+B2MiHv H�`;2
M X 6Q` i?Bb `2�bQM- i?2 bi`m+im`2 Q7 i?2 lMBp2`b2 Bb mM+?�M;2/ BM Λ*.J KQ/2Hb QM bm{+B2MiHv H�`;2
b+�H2b #mi Bi +�M #2 `�/B+�HHv /Bz2`2Mi QM bK�HH@b+�H2bX

Ĝ 3fRRd Ĝ

P#b2`p�iBQM�H 1pB/2M+2 7Q` S`BKQ`/B�H "H�+F >QH2b

"Qi? ivT2b Q7 S"> ~m+im�iBQMb �`2 7`Qx2M /m`BM; i?2 `�/B�iBQM@/QKBM�i2/ 2`� (93) #mi ;`Qr �b
(1+ z)−1 7`QK i?2 bi�`i Q7 i?2 K�ii2`@/QKBM�i2/ 2`�X aBM+2 K�ii2`@`�/B�iBQM 2[m�HBiv +Q``2bTQM/b iQ
� `2/b?B7i zeq ≈ 4000 �M/ �M Qp2`/2Mb2 `2;BQM #BM/b r?2M δ ≈ 1- QM2 +�M 2biBK�i2 i?2 K�bb Q7 `2;BQMb
r?B+? #2+QK2 ;`�pBi�iBQM�HHv #QmM/ �i `2/b?B7i zc �b

Mc ≈

⎧
⎨

⎩
4000 m (1 + zc)−1 (seed)

107fPBH m (1 + zc)−2 (Poisson) .
UAAXkV

>Qr2p2`- i?2`2 Bb �M BKTQ`i�Mi /Bz2`2M+2 #2ir22M i?2 irQ 2z2+ibX AM i?2 SQBbbQM +�b2- KQbi Q7 i?2
lMBp2`b2 ;Q2b BMiQ #QmM/ `2;BQMb Q7 K�bb Mc �i `2/b?B7i zcX 6Q` BMbi�M+2- B7 fPBH ∼ 1 �M/ m ∼ 1 M⊙-
i?2 lMBp2`b2 Bb �H`2�/v BM?QKQ;2M2Qmb �i z ∼ 100 rBi? i?2 7Q`K�iBQM Q7 S"> +Hmbi2`b Q7 �`QmM/
103 M⊙X � bBKBH�` `2bmHi Bb Q#i�BM2/ 7Q` �Mv +QK#BM�iBQM 7Q` r?B+? mfPBH ∼ 1M⊙X AM i?2 b22/ +�b2-
i?2 7`�+iBQM Q7 i?2 lMBp2`b2 BM #QmM/ `2;BQMb �i `2/b?B7i zc Bb �TT`QtBK�i2Hv fPBH zeq/zc- r?B+? Bb
BMBiB�HHv bK�HH 7Q` fPBH ≪ 1 �M/ QMHv `2�+?2b 1 �i zc ≈ fPBH zeqX h?2`2�7i2`- +QKT2iBiBQM #2ir22M i?2
b22/b rBHH HBKBi i?2 K�bb Q7 2�+? b22/@#QmM/ `2;BQM iQ �i KQbi M ∼ m/fPBHX h?Bb Bb Dmbi i?2 p�Hm2 Q7
M �#Qp2 r?B+? i?2 SQBbbQM 2z2+i /QKBM�i2bX 1�+? S"> Bb bm``QmM/2/ #v � HQ+�H #QmM/ `2;BQM Q7 i?Bb
K�bb- bQ QM2 ?�b � +QK#BM�iBQM Q7 i?2 b22/ �M/ SQBbbQM 2z2+iX AM/22/- i?2 `2;BQMb Q7 K�bb m/fPBH

+�M i?2Kb2Hp2b #2 `2;�`/2/ �b bQm`+BM; SQBbbQM ~m+im�iBQMb, TmiiBM; fPBH → 1 �M/ m → m/fPBH

BM 1[X UAAXRV- �M/ �bbmKBM; ;`Qri? bi�`ib �i z ≈ fPBH zeq- ;Bp2b i?2 b�K2 #QmM/ K�bb �b i?2 Q`B;BM�H
SQBbbQM 2tT`2bbBQM UAAXkVX

6Q` �M 2ti2M/2/ S"> K�bb 7mM+iBQM- i?2 `2H�iBQMb?BT #2ir22M i?2 b22/ �M/ SQBbbQM 2z2+i Bb KQ`2
+QKTHB+�i2/ (9d)X 6Q` bBKTHB+Biv- r2 +QMbB/2` � TQr2`@H�r K�bb 7mM+iBQM rBi? dn/dm ∝ m−α rBi?
mTT2` �M/ HQr2` +mi@Qzb �i mmax �M/ mmin- `2bT2+iBp2HvX h?Bb BKTHB2b i?2 K�bb 7`�+iBQM Q7 i?2
lMBp2`b2 BM S">b Q7 K�bb m Bb f(m) ∝ m2 dn/dm ∝ m−α+2X h?2 iQi�H /�`F K�ii2` 7`�+iBQM fPBH

Bb i?2`27Q`2 /QKBM�i2/ #v i?2 mmin S">b 7Q` α > 2X h?2 /QKBM�Mi ~m+im�iBQM QM � b+�H2 M +QK2b
7`QK i?2 b22/ 2z2+i 7Q` M < mmin/fPBH- bQ 1[X UAAXkV BKTHB2b i?�i i?2 K�bb #BM/BM; �i `2/b?B7i zc Bb

Mc ≡ M(zc) ∼ 4000 mmin (1 + zc)
−1 for Mc < mmin/fPBH . UAAXjV

h?2 SQBbbQM 2z2+i /QKBM�i2b 7Q` M > mmin/fPBH #mi i?2 `2H2p�Mi p�Hm2 Q7 m 7Q` ;Bp2M M /2T2M/b
QM i?2 7Q`K Q7 i?2 7mM+iBQM f(m)mX A7 i?Bb /2+`2�b2b rBi? BM+`2�bBM; m U+Q``2bTQM/BM; iQ α > 3V-
i?2 ?QH2b Q7 K�bb mmin /QKBM�i2 i?2 SQBbbQM 2z2+i �M/ 1[X UAAXkV BKTHB2b i?�i i?2 K�bb #BM/BM; �i
`2/b?B7i zc Bb

Mc ∼ 107fPBH mmin (1 + zc)
−2 for M > mmin/fPBH . UAAX9V

h?2 2tT`2bbBQMb 7Q` Mc +`Qbb �i zc = zeq fPBH- r?B+? Bb r?2M i?2 SQBbbQM 2z2+i i�F2b Qp2`X
A7 f(m)m Bb �M BM+`2�bBM; 7mM+iBQM Q7 m U+Q``2bTQM/BM; iQ α < 3V- i?2 H�`;2bi m /QKBM�i2b i?2

SQBbbQM ~m+im�iBQMX A7 i?2 K�bb Q7 i?2 H�`;2bi S"> BM i?2 `2;BQM Bb H2bb i?�M mmax- BX2X B7 M <

mmax/fmax r?2`2 fmax ≡ f(mmax)- i?2M i?2 SQBbbQM b+2M�`BQ 2z2+iBp2Hv `2/m+2b iQ i?2 b22/ b+2M�`BQ
rBi? �M M @/2T2M/2Mi b22/ K�bb

mseed ∼
(
M fPBH mα−2

min

)1/(α−1)
. UAAX8V

Ĝ NfRRd Ĝ

P#b2`p�iBQM�H 1pB/2M+2 7Q` S`BKQ`/B�H "H�+F >QH2b

!"

M|

m/f

_f

(a)

|

m

_1

>
Meq

|
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MCDM

|

m/f3

|
4000f

|
4000
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_

(b)

< zB
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6B;m`2 kX _2H�iBp2 BKTQ`i�M+2 Q7 i?2 b22/ �M/ SQBbbQM 2z2+ib �b +QKT�`2/ iQ i?2 bi�M/�`/ *.J b+2M�`BQ
BM i2`Kb Q7 i?2 BMBiB�H /2MbBiv ~m+im�iBQM δi �b � 7mM+iBQM Q7 K�bb UH27iV �M/ i?2 #BM/BM; K�bb M �b � 7mM+iBQM
Q7 `2/b?B7i zc U`B;?iVX 6`QK _27X (9d)X

h?2 K�bb #BM/BM; �i `2/b?B7i zc Bb i?2`27Q`2

Mc ∼ f1/(α−2)
PBH mmin

(
1 + zc/4000

)(α−1)/(2−α)
for mmin/fPBH < Mc < mmax/fmax . UAAXeV

>Qr2p2`- B7 M Bb H�`;2` i?�M mmax/fmax- Bi rBHH +QMi�BM K�Mv S">b Q7 K�bb mmax �M/ i?2 �bbQ+B�i2/
SQBbbQM ~m+im�iBQM rBHH #BM/ � K�bb

Mc ∼ 107 fmaxmmax (1 + zc)
−2 ∼ 107 fPBH mα−2

min m3−α
max

(
1 + zc

)−2
for M > mmax/fmax . UAAXdV

h?2`2 Bb i?2`27Q`2 � +QKTHB+�i2/ i`�MbBiBQM #2ir22M i?2 b22/ �M/ SQBbbQM 2z2+ib BM i?2 2ti2M/2/ +�b2-
i?Bb /2T2M/BM; b2MbBiBp2Hv QM i?2 b?�T2 Q7 i?2 S"> K�bb 7mM+iBQMX PM2 ?�b Mc ∝ (1 + zc)−1 �i
H�`;2 zc- (1 + zc)−2 �i HQr zc �// �M BMi2`K2/B�i2 `2;BK2 rBi? Mc ∝ (1 + zc)−(α−1)/(α−2) 7Q` α < 3X
LmK2`B+�H bBKmH�iBQMb �`2 `2[mB`2/ 7Q` � KQ`2 /2i�BH2/ �M�HvbBbX LQi2 i?�i � KQ`2 +QKTHB+�i2/ K�bb
7mM+iBQM K�v biBHH #2 �TT`QtBK�i2/ #v � TQr2`@H�r Qp2` bQK2 K�bb `�M;2X

"X 1pQHmiBQM Q7 SQBbbQM 6Hm+im�iBQMb �M/ 6Q`K�iBQM Q7 S"> *Hmbi2`b

q2 MQr T`QpB/2 � KQ`2 �++m`�i2 /2b+`BTiBQM Q7 S"> +Hmbi2`BM; BM/m+2/ #v SQBbbQM ~m+im�iBQMbX
:QBM; #2vQM/ i?2 bBKTH2 �M�HviB+�H 2biBK�i2b Q7 i?2 T`2pBQmb b2+iBQM Bb 2bb2MiB�H BM �bb2bbBM; i?2
TQbBiBp2 Q#b2`p�iBQM�H 2pB/2M+2 HBMF2/ iQ i?2 /vM�KB+b Q7 i?2b2 +Hmbi2`b �M/ +�H+mH�iBM; i?2 �++`2iBQM
QMiQ i?2 S">b i?2v +QMi�BMX q2 +QMbB/2` i?2 +�b2 Q7 � KQMQ+?`QK�iB+ K�bb 7mM+iBQMX aBM+2 i?2
SQBbbQM ~m+im�iBQM b+�H2b HBF2 mfPBH- r2 +�M ;2M2`�HBb2 iQ �Mv S"> K�bb 7mM+iBQM #v `2TH�+BM;
mfPBH rBi?

∫
d lnm mfPBH f(m)X

h?2 7Q`K�iBQM Q7 SQBbbQM@BM/m+2/ S"> +Hmbi2`b ?�b #22M bim/B2/ MmK2`B+�HHv mbBM; N @#Q/v bBK@
mH�iBQMb (9N- 8y) �M/ �M�HviB+�HHv mbBM; i?2 S`2bbĜa+?2+?i2` 7Q`K�HBbK �M/ i?2 i?2Q`v Q7 bT?2`B+�H
+QHH�Tb2 (8R)X �b �M BHHmbi`�iBp2 2t�KTH2- 6B;X j b?Qrb i?2 /2MbBiv /Bbi`B#miBQM �i `2/b?B7i z = 100

Q#i�BM2/ #v _27X (9N) 7Q` KQMQ+?`QK�iB+ S">b rBi? m = 30M⊙ �M/ fPBH = 10−5 �M/ 10−1X h?2b2
`2bmHib �HbQ �TTHv 7Q` �Mv +QK#BM�iBQM rBi? mfPBH/M⊙ = 3X h?2 /Bz2`2M+2 rBi? i?2 bi�M/�`/
+QbKQHQ;B+�H b+2M�`BQ- BM r?B+? i?2 lMBp2`b2 Bb biBHH ?QKQ;2M2Qmb �i bm+? � ?B;? `2/b?B7i- Bb bi`BFBM;X

Ĝ RyfRRd Ĝ

SEED AND POISSON EFFECT OF PBHS ON LARGE-SCALE STRUCTURE

Inman & Ali-Hamoud
  arXiv:1907.08129

Carr & Silk
  arXiv:1801.00672

=>

Evidence from HST
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69 Toni RiottoSome models predict this

DARK MATTER IN ASTEROIDAL MASS RANGE?

arXiv:2207.10056

70

Carr, Kuhnel & Visinelli, arXiv:2011.01930

If the LIGO/Virgo black holes are 
primordial, this would rule out any 

standard WIMP scenario!

PBHs & WIMPs?

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

fPBH + f� = 1

Even small values of fPBH strongly constrain f   <latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�

For                               and                   GeV,  both 

WIMP and PBH fractions are             . 

If 1-10 Mo PBHs provide dark matter, then f   is tiny<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�

Boucenna et al. arXiv:1712.06383, Adamek et al. arXiv:1901.08528, Boudad et al. arXiv:2106.07480, 
Gines et al. arXiv:2207.09481, Oguri et al. arXiv:2208.05957, Chanda et al. arXiv:2209.07541,
Cole et al. arXiv:2207.07576,

If 1-10 Mo PBHs provide dark matter, 
then f  < 10-5

If WIMPs provide dark matter, then fPBH is tiny
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Ka Hei Choi “May the year of the snake be the year of primordial black hole  discovery” 
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