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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 effects. 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 1 M could
provide much of the dark matter in galactic halos, this being allowed by the Large Magellanic Cloud
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, puzzling 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 sufficiently large ones could seed the supermassive black holes in galac-
tic 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 1 My, and this would allow PBHs to

explain much of the evidence in a unified way.
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I Introduction

It is just over 50 years since Hawking proposed the formation of PBHs [1]. Although his specific model
turned out to be wrong (because it assumed the black holes were electrically charged and therefore
able to capture charged particles to form neutral “atoms”), this might be regarded as the first positive
paper on the topic. Zeldovich and Novikov [2] had also speculated about this possibility in 1967 but
concluded on the basis of a simple Newtonian argument that PBHs were unlikely to have formed
because they would have grown through accretion to masses of order 10'® My and the existence of
such behemoths was excluded. However, in 1974 their accretion argument was disproved by a more

precise relativistic analysis and it was shown that PBHs would not grow much at all [3].

PBHs would be expected to have the cosmological horizon mass at formation, which is well below
the mass ~ 1 Mg of the smallest astrophysical black holes for those forming before the quantum
chromodynamics (QCD) epoch at 10~°s. This prompted Hawking to consider the quantum effects of
smaller black holes and led to his discovery in 1974 that they emit particles like a black-body with
temperature T' oc M ~! and evaporate completely on a timescale 7 o< M3 [4]. (We note that the study
of PBHs prompted the study of black hole quantum effects and not vice versa.) PBHs of around
10'% g would be completing their evaporation at the present epoch and those smaller than this would
no longer exist. Even though Hawking’s prediction has still not been experimentally confirmed, this
might be regarded as one of the most important theoretical developments of the late 20th century
since it unifies general relativity, quantum theory and thermodynamics. Since only PBHs could be
small enough for this effect to be important, this shows that it has been useful to think about them

even if they never actually formed.

In the aftermath of Hawking’s discovery, there was a flurry of papers about the cosmological con-
sequences of evaporating PBHs (such as their contribution to cosmic rays or gamma-ray bursts) but
this did not lead to conclusive evidence for such objects. Later attention turned to the consequences
of PBHs larger than 10' g, for which quantum effects are unimportant, but there was no compelling
evidence even in this context, so the topic remained a minority interest for many years. It was clear
that PBHs were a unique probe of the early Universe, even their non-existence giving valuable infor-
mation (eg. about the form of the density fluctuations on small scales and inflationary scenarios), but
few people thought they might actually have formed. For this reason the number of publications in

the area was initially very small.

However, in recent years the situation has changed radically and PBH publications have soared to
several hundred per year. There are many reasons for this but perhaps the main ones are: (1) growing
interest in the possibility that PBHs larger than 10'° g could provide the dark matter in galactic
halos; (2) the LIGO/Virgo/KAGRA (LVK) detection of gravitational waves from coalescing binary
black holes, at least some of which might be primordial; (3) the possibility that very large PBHs could
provide seeds for the supermassive black holes (SMBHs) which reside in galactic nuclei. None of these
arguments is decisive but they are sufficiently suggestive to have excited both the cosmological and

particle physics communities.

As regards (1), the suggestion that PBHs could provide the dark matter goes back to the earliest
days of PBH research [5], as does the realisation that this would have important consequences for

galaxy formation [6]. This interest was intensified in the 1990s, when the Massive Compact Halo
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Object (MACHO) microlensing survey suggested that the dark matter in our own halo could be PBHs
of around 1 M. Alternative microlensing candidates could be excluded and PBHs of this mass might
naturally form at the quark-hadron phase transition [7]. Although later microlensing data indicated
that such objects could comprise only 20% of the dark matter in our halo [8] and indeed excluded the
mass range 1077 My to 10 M, [9] from providing 100%, we will argue that PBHs are still a viable
explanation for the MACHO events if they have an extended mass function.

As regards (2), although the mainstream view is that all the LVK detections derive from astrophys-
ical black holes, the sources are larger than initially expected and include mass gaps where stellar
remnants should not be found. Also the observations suggest smaller spins than would be expected
for astrophysical holes [10]. The PBH proposal is still controversial but future observations of the
mass, spin and redshift distribution of the objects should clarify the issue soon. It should be stressed

that the PBHs invoked in this context do not necessarily provide most of the dark matter.

As regards (3), the mainstream view is that the SMBHs in galactic nuclei form from dynamical
processes after galaxies, but this proposal is becoming increasingly challenged by the high mass and
redshift of some SMBHs. It is unclear that such objects can form quickly enough in the standard
model, so this has led to the suggestion that the SMBHs— or at least their seeds — could form before
galaxies. Such seeds would only have a tiny fraction of the dark matter density and would probably

undergo a huge amount of accretion after decoupling.

Although these three arguments have attracted most attention, several other cosmological conundra
might be explained by PBHs. For example, provided the PBHs have an appreciable density, the
formation of some galaxies at times earlier than predicted by the standard cold dark matter (CDM)
model can be explained through their Poisson fluctuations. There are also other problems with the
standard scenario which Silk claims to resolve with PBHs [11]. In this context, it should be stressed
that non-evaporating PBHs may still be of great interest even if they provide only a small fraction of
the dark matter. For example, the PBHs seeding SMBHs in galactic nuclei and the PBHs required to
explain planetary-mass microlensing events would only have a tiny cosmological density.

The possible evidence for PBHs is summarised in Fig. 1 in terms of fppp (M), the fraction of the dark
matter in PBHs with mass around M. The derivation of this figure is the main purpose of this review,
although a detailed justification for each region is postponed until later. This figure supports what we
term a “positivist” approach to the topic because of the association with the philosophy movement
known as “logical positivism”. This was born nearly a century ago and stressed the importance
of positive evidence as opposed to theoretical speculation. The movement is no longer popular in
philosophical circles but the term seems appropriate in the context of this review.

Besides the positive evidence for PBHs, there are numerous constraints on their number density. The
limits on f(M) have recently been reviewed in Ref. [12]. If the PBH mass function is monochromatic,
these limits are often thought to imply that 10'7 — 1023 g is the only mass range where fppy ~ 1 is
possible. However, it must be stressed that all limits have caveats and other mass ranges are possible
if the PBH mass function is extended. Specifically, we will argue that the mass range 1 — 10% M,
is still possible. On the other hand, some PBH advocates prefer the lower mass range, so there is a
sociological parallel with the split between the search for light and heavy particle candidates. However,
whereas advocates of low-mass PBHs rely on the absence of limits, stellar-mass advocates rely on the
existence of evidence.
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Figure 1. Summary of positive evidence for PBHs in terms of fpgu values required by or consistent with
the claimed detections. These come from PBH-attributed signals from supernovz (SNe), various microlensing
surveys (Gaia, HSC, OGLE, MACHO), POINT-AGAPE pixel-lensing (P-A), gravitational waves (LVK), ultra-
faint dwarf galaxies (UFDGs), supermassive black holes (SMBHs), core/cusp (C-C) profiles for inner galactic
halos, and correlations of the source-subtracted cosmic infrared and X-ray backgrounds (CIB-XRB). The
method used to calculate each region is described in Section VIID.

Although this review focusses on the positive evidence for PBHs, it should be stressed that none
of the evidence is conclusive because there is always some uncertainty associated with either the
observations or the theoretical interpretations. Even when the observations are definite, we cannot
exclude some other explanation (eg. one involving some other dark matter candidate). For example,
there is clear evidence for microlensing and gravitational wave events but still no consensus that these
are associated with PBHs. Therefore, as with the constraints, one can associate varying degrees of
confidence with each item of evidence and the confidence level is in part associated with the possibility
of other explanations. Nevertheless, we would claim that the attraction of PBHs (at least with an

extended mass function) is that they can provide a unified explanation of all the evidence.

This review does not include a detailed discussion of the numerous formation mechanisms for PBHs,
although the credibility of the evidence is clearly influenced by the plausibility of the mechanisms.
The most natural ones invoke inhomogeneities generated by inflation and there is a huge literature
on this topic, starting with Refs. [13-16]. However, there are also other mechanisms, including a
reduction of pressure due to early matter-domination [17], quark confinement [18], the collapse of
cosmic strings [19, 20] or vacuum bubbles [21] or a scalar field [22], and collisions of domain walls [23]
or bubbles [24]. Nor will we cover the numerical studies of PBH formation [25-29]. For a more

comprehensive review of these issues, see Refs. [30, 31].

Despite our neglect of these topics, we will highlight one particular formation mechanism. This is
because the concentration of evidence at the solar-mass scale suggests a possible association with the
QCD epoch [32, 33] and a particular unified scenario in this context is described in Ref. [34]. This is
based on the idea that the thermal history of the Universe naturally led to dips in the sound-speed

and therefore enhanced PBH formation at scales corresponding to the electroweak phase transition
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(1076 Myg,), the QCD transition (1 M), the pion-plateau (10 M) and ete™ annihilation (10 Mg).
This scenario allows an appreciable fraction of the dark matter to be PBHs formed at the QCD peak.
Indeed, this fraction would naturally be around the value inferred by the MACHO project if the total
PBH density is comparable to that of the dark matter. Towards the end we discuss how our preferred
model in some detail. In particular, Fig. 1 is reproduced, together a curve representing the prediction

of our unifying PBH scenario, showing how they are remarkably concordant.

The plan of this paper is as follows. We start with a discussion of the inevitable Poisson clustering
of PBHs in Section II because this is an important aspect of the positive evidence and also affects the
constraints. We discuss lensing evidence in Section III, dynamical/accretion evidence in Section IV
and gravitational-wave evidence in Section V. Various other problems with the standard ACDM model
which could easily be resolved by PBHs are covered in Section VI. We consider some more general
issues related to the PBH scenario in Section VII, including a discussion of our favoured model for
their production at the QCD epoch, a possible resolution of the fine-tuning problem and mixed dark
matter scenarios. We draw some conclusions in Section VIII, and a table of acronyms is included as

an appendix.
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IT Clustering of PBHs

A major difference between dark matter particles and PBHs comes from the larger mass of the latter.
This implies significant Poisson fluctuations in the PBH spatial distribution and eventually leads to
bound PBH clusters. This was first pointed out by Mészdros [6] and later many other authors studied
this effect [35-39]. It is crucial for sufficiently massive and abundant PBHs and has several significant
consequences: (1) Some of the PBH constraints —including the microlensing ones [40-42] — may
be affected; (2) The clustering influences the PBH merger rate and thereby provides a connection
between the dark matter and gravitational-wave (GW) observations; (3) It implies the formation of
non-linear structures at higher redshifts than in the standard formation history, with implications for
cosmic backgrounds and the observations of high-redshift galaxies; (4) It may explain the minimum
size and large mass-to-light ratio of ultra-faint dwarf galaxies (UFDGs) and the identification of a
subset of PBH clusters with these means that we can regard clustering as providing positive evidence
for PBHs. The Coulomb effect of an individual PBH, which might be considered a special case of
the Poisson effect, is also important. Because some of the observational evidence for PBHs depends
on their clustering properties, we begin with a discussion of this topic. We first recall the heuristic
treatment of the Poisson and Coulomb effects in Ref. [43]. We then present a more detailed account
of the formation and dynamical evolution of PBH clusters, including some extra effects which were

not fully incorporated in earlier treatments.

A. Seed and Poisson Effects

PBHs provide a source of fluctuations for objects of larger mass in two ways: (1) via the seed effect,
associated with the Coulomb attraction of a single black hole; (2) via the Poisson effect, associated
with the v N fluctuation in the number of black holes. If the PBHs have a single mass m, the initial

fluctuation in the matter density on a scale M is [43]

5 ~ m/M (seed) (IL1)
T (fesu m/M)Y?  (Poisson), .

where fppy is the fraction of the dark matter in the PBHs, assumed to be constant during the
clustering process. If fpgu ~ 1, the Poisson effect dominates for all M; if fppy < 1, the Poisson
effect dominates for M > m/ fppy and the seed effect for M < m/ fppu. Indeed, the mass bound by
a single seed can never exceed m/ fppy because of competition from other seeds.

There is always a mass Mcpy below which the PBH fluctuations dominate the CDM fluctuations,
so this produces extra power on small scales. However, the CDM fluctuations fall off slower than both
the Poisson and seed fluctuations with increasing M and so generally dominate for sufficiently large
M. For this reason, the structure of the Universe is unchanged in ACDM models on sufficiently large

scales but it can be radically different on small-scales.
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Both types of PBH fluctuations are frozen during the radiation-dominated era [44] but grow as
(14 2)~! from the start of the matter-dominated era. Since matter-radiation equality corresponds to
a redshift z.q ~ 4000 and an overdense region binds when § ~ 1, one can estimate the mass binding

at redshift z. as

4000 m (1 + z) 7! (seed)
M.~ (I1.2)
107 fegr m (14 2.)~2  (Poisson) .

However, there is an important difference between the two effects. In the Poisson case, most of the
Universe goes into bound regions of mass M at redshift zg. For instance, if fppg ~1and m ~1 Mg,
the Universe is already inhomogeneous at z ~ 100 with the formation of PBH clusters of mass around
103 Mg. A similar result is obtained for any combination for which m fppy ~ 1 Mg. In the seed case,
the fraction of the Universe in bound regions at redshift z. is approximately fpu Zeq/zc, Which is
initially small for fppa < 1 and only reaches 1 at z. = fppH 2cq. Thereafter, competition between the
seeds will limit the mass of each seed-bound region to at most M ~ m/ fppn. This is just the value of
M above which the Poisson effect dominates. Each PBH is surrounded by a local bound region of this
mass, so one has a combination of the seed and Poisson effect. Indeed, the regions of mass m/ fppn
can themselves be regarded as sourcing Poisson fluctuations: putting fpgy — 1 and m — m/ fppu
in Eq. (I.1), and assuming growth starts at z &~ fppu zeq, gives the same bound mass as the original

Poisson expression (11.2).

For an extended PBH mass function, the relationship between the seed and Poisson effect is more
complicated [43]. For simplicity, we consider a power-law mass function with dn/dm o« m~% with
upper and lower cut-offs at mpax and mpyi,, respectively. This implies the mass fraction of the

—a+2 The total dark matter fraction fpeu

Universe in PBHs of mass m is f(m) o m?dn/dm o« m
is therefore dominated by the my;, PBHs for @ > 2. The dominant fluctuation on a scale M comes

from the seed effect for M < mumin/ fpeH, s0 Eq. (I1.2) implies that the mass binding at redshift z. is
M, = M(2.) ~ 4000 Mmuyin (14 2.)"" for M < mmin/ frBH - (11.3)

The Poisson effect dominates for M > mumin/ fraa but the relevant value of m for given M depends
on the form of the function f(m)m. If this decreases with increasing m (corresponding to a > 3),
the holes of mass my;, dominate the Poisson effect and Eq. (I1.2) implies that the mass binding at
redshift z. is

M, ~ 107 fpp Mmin(1 + 2.) ™2 for M > muyin/ freH - (I1.4)

The expressions for M, cross at z. = zeq fpBH, Which is when the Poisson effect takes over. If f(m)m is

an increasing function of m (corresponding to a < 3), the largest m dominates the Poisson fluctuation.

If the mass of the largest PBH in the region is less than mmpmayx, ie. if M < Mmax/fmax Where
fmax = f(mmax), then the Poisson scenario effectively reduces to the seed scenario with an M-

dependent seed mass

a2\ 1/(a—1
Mgeed ~ (M frpaame?) [y, (I1.5)

min
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Figure 2. Showing the relative importance of the seed and Poisson effects compared to the standard CDM
scenario in terms of the initial density fluctuation ¢&; as a function of mass (left) and the binding mass M as a
function of redshift z. (right). From Ref. [43].

The mass binding at redshift z. is therefore
M~ FY™ min (14 2¢/4000) 7 for i/ fopr < Me < Mima/ foax - (I16)

However, if M is larger than mmax/ fmax, it will contain many PBHs of mass mpax and the associated

Poisson fluctuation will bind a mass
M ~ 107 frnax Mmax (1 + 20) 72 ~ 107 fppg mo 2 m3_ ¢ (1+ zc)_2 for M > mmax/fmax - (IL.7)

There is therefore a complicated transition between the seed and Poisson effects in the extended case,
this depending sensitively on the shape of the PBH mass function. One has M, o (1 + z.)~ ! at
large z., (1 + ZC)_2 at low z. add an intermediate regime with M, o< (1 4+ zc)_(a_l)/(a_Q) for a < 3.
Numerical simulations are required for a more detailed analysis. Note that a more complicated mass

function may still be approximated by a power-law over some mass range.

B. Evolution of Poisson Fluctuations and Formation of PBH Clusters

We now provide a more accurate description of PBH clustering induced by Poisson fluctuations.
Going beyond the simple analytical estimates of the previous section is essential in assessing the
positive observational evidence linked to the dynamics of these clusters and calculating the accretion
onto the PBHs they contain. We consider the case of a monochromatic mass function. Since the
Poisson fluctuation scales like m fppu, a generalisation to any PBH mass function by replacing m fppu
with [dInm m fpgn f(m).

The formation of Poisson-induced PBH clusters has been studied numerically using N-body sim-
ulations [45, 46] and analytically using the Press—Schechter formalism and the theory of spherical
collapse [47]. As an illustrative example, Fig. 3 shows the density distribution at redshift z = 100
obtained by Ref. [45] for monochromatic PBHs with m = 30 My and fppug = 107> and 1071. These
results also apply for any combination m fppu/Me = 3. The difference with the standard cosmological

scenario, in which the Universe is still very homogeneous at such a high redshift, is striking.
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Figure 3. Expected dark matter density distribution over a scale of 2h~! kpc at redshift z = 100 obtained
from the N-body simulations of Ref. [45] for m = 30 My and fesu = 107° (left) or fepm = 0.1 (right).

As pointed out in Ref. [48], the contribution from Poisson fluctuations to the matter power spectrum
becomes dominant on small scales and for stellar-mass PBHs leads to the high-redshift gravitational
collapse of almost all small-scale perturbations into clusters with masses up to 106 — 107 M. The
Poisson contribution in the matter power spectrum is scale-invariant and its amplitude at redshift z

is well approximated by [47]

- _zfeeu [ m 3
PPoisson ~2x10 9(2)2 (3M@> MPC ) (118)
where g(z) is the growth factor for isocurvature fluctuations; this increases linearly with the scale
factor in the matter-dominated era, when clusters are formed. Later, the growth function takes a

more complex but still analytic form.

For example, if we consider the standard ACDM model with m = 3 My, and fppy = 1, the Poisson
term dominates for comoving wavemodes k > 100Mpc™' at z =~ 20. The current (dimensionless)
density perturbation A(k), related to the power spectrum through A(k)? = P(k) k3 /(27?) is shown in
Fig. 4 (neglecting non-linear effects). For comparison, we have also show the expected spectrum in the
standard ACDM scenario, and for a primordial spectrum with a sharp transition at kgans = 10° Mpc™!
between the cosmological and enhanced small-scales associated to PBH formation. This effect modifies
the spectrum below the scale at which the Poisson effect becomes dominant, but even for lower values
of m or fpgy one may have to take into account the effect of the enhanced primordial power spectrum

on the PBH cluster formation, which is sometimes overlooked.
One can associate a cluster mass scale with each fluctuation wavelength A = 27 /k:
Mo(N) = (47/3) X3 p% (1 +6,) ~ 1.15 x 102 (A\/Mpc)? (1 + 6.) M, (11.9)
where p? is the current matter density. Poisson-induced fluctuations decouple from the expansion

and form a bound PBH cluster when they become larger than the overdensity threshold §. ~ 1.686,
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which implies a redshift of collapse around

mfPBH)_1/2 ~ 39 x [106mfPBH:| 12

e+ 1~37x103k3/2
Zc + X M, M.

(I1.10)
in the matter era. One recognises the same dependence on m and M, as in Eq. (II.2), however the
formation redshift is lower, which demonstrates the needs of going beyond those estimations. This
implies that clusters of mass up to 106 — 107 M, will form well before the present epoch. When a
bound cluster is formed, the theory of spherical collapse predicts that its density is approximately 178

times the background density, giving a cluster radius at formation:

71/2 5/6
m fpeH M.
.~ 135 . IL.11
" pc( M, ) (106M@> (IL.11)

According to the Press—Schechter formalism [49-52], the fraction of fluctuations that collapse into
halos with a mass M.t is given by

Fo (M., z.) = erfc {\/?(7(5]‘;42')} , (I1.12)

where
kS
(M, 20) = /dlnk oo Pk 2) W(E) (IL13)
T

Here W (k) a window function, commonly taken to be a top-hat at k(M. ) with width In k(M,). Figure 4
shows the expected value of F, for the previous example (M = 3 My, fppu = 1) and indicates that
F.(M. < 105 M) is very close to unity. This means that almost all fluctuations below this scale
collapse to clusters, so most PBHs end up in such clusters at some point. The maximum mass of PBH

clusters for this model is therefore around 10% — 107 M, in this case.

C. Relaxation, Dynamical Heating and Evaporation of PBH Clusters

When Poisson-induced PBH clusters have formed, it takes some time for the PBH velocities and
the cluster size to relax towards the values expected from the virial theorem. The relaxation time for
a halo of N = fpguy M./m objects is

3 1/2 3/2
tg o~ | AN e _91x100yr (Mc/Mo) e} | (IL.14)
In(0.14N) | \| GM. (m/Mg)In[0.14 M /m] \ pc

where 7. is the initial halo median radius, estimated in the previous subsection. After relaxation the
clusters continue to expand due to dynamical heating. This process is taken into account, for instance,
to derive limits on fppy from the minimum size of UDFGs or their globular star clusters. The cluster
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Figure 4. Dimensionless (linear) density contrast A(k) today in the standard ACDM model without PBHs
(dotted blue line) and with them for fpgu = 1 at mppu = 2.6 Mg (solid red line), including the inevitable
Poisson term in the matter power spectrum (dashed green line). For comparison, we also show the possible
power spectrum enhancement leading to PBH formation for a transition scale at Ktrans = 103 Mpcfl. The
horizontal dashed lines represents the critical threshold for halo formation dcust ~ 1.686. The upper z-axis is
halo mass implied by Eq. (IL.9). The right y-axis shows the halo collapsed fraction F'(Mciust); this is almost
1 for k > 100 Mpc™ !, meaning that all PBHs are regrouped in clusters with masses of 10° — 107 M. Figure
adapted from Ref. [53].

radius increases according to

dre _ 4ﬂﬂGprHm1H(fPBHMc/2m)
dt 2vairrc ’

(I1.15)

where vy, = /GM./2r. is the halo virial velocity and § ~ 10 is a parameter depending on the halo
profile. By integrating this equation, one can relate the time elapsed since cluster formation tqy, to

the current cluster radius r.:

_ 6o B (M /Mo)"/? e\ e\
e = L8 A o) In Mo/ () Kp> (5) | e

This can be inverted and estimated at tqyn = tg to get the cluster size today. For example, with a
cluster of mass M, = 105 M, made entirely of PBHs with mass m = 3 Mg, one finds r.(to) ~ 20 pc,

which characterises the minimum mass and size of observed UFDGs (see later).

Eventually, if the PBH clusters are initially very compact and dense, they will completely evaporate

through dynamical heating. This happens within the evaporation time, given approximately by

tey ~ 100 ;g .
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Figure 5. Regions in the (M, r.) plane of PBH clusters induced by Poisson fluctuations that are excluded
or favoured by (1) Galactic disk heating (red), (2) disruption by the Galactic tidal field (green lines) for a
Galactocentric distance of 8kpc (dotted) and 16 kpc (solid), (3) cluster collisions (blue lines), (4) dynamical
friction (pink lines), (5) cluster evaporation (below the dashed orange line) or dynamical heating (below the
dashed black line) assuming an initial negligible size. The expected size of clusters in a scenario with m = 3 Mg
and fpa = 1 is indicated by the thick solid black line that takes into account the dilution of sub-clusters
inside more massive host clusters. For comparison, the cases fpeam = 0.3 Mg and 30 Mg are also represented
(thin black lines). The dotted black line shows the initial cluster size from Eq. (I1.11). The vertical blue lines
indicate the cluster mass for which there is a probability of collapse F. = 0.99 and F. = 0.90 (dashed and
dotted lines respectively) of Poisson fluctuations in the Press—Schechter formalism. The crosses indicate actual
observations of UFDGs, with r. ~ r;/3 and M. computed from the virial theorem, for the best-fit values of
the half-light-radius /2 and velocity dispersion.

As a result, for a given cluster mass M., one can deduce a minimal radius r. from the requirement
that the cluster has not totally evaporated. The time scales t,cl, tayn, tev have the same dependence
on M., fppu and m but with different numerical factors. They have sometimes been confused. For
example, in the context of the microlensing limits, the evaporation time was considered in Ref. [42] in

order to find the minimum cluster mass, whereas the dynamical heating time should have been used.
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Another point that has often been overlooked is that the initial size of the PBH clusters that can be
large enough for the heating over the age of the Universe to be inefficient. This happens for cluster
masses above 10° — 106 Mg for m fppag ~ 1 — 10. Another commonly overlooked effect is that PBH
clusters dynamically expand in another more massive host cluster as long as F. =~ 1. This implies
that below some critical mass, the PBH clusters must have been completely diluted within their host

and should not remain today. This introduces a minimum mass scale for PBH clusters, which is of
order 105 My, when m fpgu ~ O(1).

In order to illustrate these different process and infer the PBH cluster mass-size relation today,
we have shown in Fig. 5, for the case fppumppu/Mg = 3 (relevant for the thermal history model
discussed in Section VIIC), the minimum cluster size as a function of its mass from the evaporation
(dashed red line) and dynamical heating process (dashed black line), and by combining the initial
cluster size, dynamical heating and dilution inside host clusters (solid black line). In this last case,
one obtains a relation between the cluster size and its mass, starting around M. ~ 10° My and
r. =~ 20pc. Below this critical mass and radius, PBH clusters expand through dynamical heating
until they are diluted in their host cluster. Then the cluster size increases with the mass in a way
that roughly follows the distribution of observed UFDGs (whose most likely half-light radius and
mass are represented by crosses), as argued later. The figure also shows the cluster masses for which
Fo(M.) = 0.9 and F.(M.) = 0.99 (vertical blue lines), showing that the almost all Poisson fluctuations
have collapsed into such clusters in the relevant mass scale.

D. Dynamical Friction

Encounters between either SMBHs or clusters in our halo and lower mass objects (such as the
spheroid stars) will steal energy from them so that they drift towards the Galactic centre. One can
show that the clusters will reach the nucleus within the age of the Milky Way (¢, ~ 1.5 x 10'%yr)
from inside a Galactocentric radius

10/21
1.3 kpe (i) (Rar < Ry)
2/3
Rar =~ { 2.2 kpe (wMiM@) (Ri < Ryt < R») (IL.17)

1/2
Lakpe () (Rar > Ra),

where R; = 800 pc is the core radius of the spheroid stars and R is the radius beyond which the halo
density dominates the spheroid density. The first two expressions were derived by Carr & Lacey [54]
but this neglects the dynamical friction effects of the halo objects themselves if they have an ex-
tended mass function. The third expression allows for this and comes from an analysis by Carr &
Sakellariadou [55]. In the SMBH case, the mass dragged into the Galactic nucleus will exceed the
observational upper limit of 4 x 10% M, [56] unless one imposes an upper limit on the SMBH mass of
around 10* (R./2kpc)? M. This assumes that the halo density is constant within some core radius
R, and falls off like R~2 outside this. However, this conclusion can be avoided for halo clusters since,
as discussed below, they may be disrupted by collisions before dynamical friction can drag them into
the nucleus.
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E. Collisional and Tidal Disruption

The proposal that galactic halos comprise SMBHs is precluded by dynamical and accretion con-
straints. However, it is still possible that halos are made of supermassive clusters of black holes of
more modest mass. Indeed, many years ago Carr & Lacey [54] suggested that the dark matter could
be clusters of around 10° M comprising compact objects (MACHOSs), this being the Jeans mass at
decoupling. The accretion luminosity is then reduced by the number of objects per cluster, since the
Bondi accretion rate and hence luminosity scale as the square of the black hole mass (see Section IVF),
and the dynamical limits can be circumvented if the clusters are disrupted by collisions before the
dynamical effects become operative. Although Carr & Lacey did not discuss the nature of the MA-
CHOs or assume any particular mass for them, it is natural to assume that they are PBHs if they
provide the dark matter because other MACHO candidates would have to derive from baryons and
could only comprise 20% of the dark matter. A simplified discussion of the dynamical constraints on
the mass and radius of such clusters follows below and the results are summarised in Fig. 5. Most of
the constraints are for the Milky Way halo but the arguments could also be applied to other galaxies.

Collisions between clusters will lead to their disruption if the velocity dispersion of the halo ob-
jects oy, exceeds their internal dispersion o.. Outside the halo core (R > R.), this requires r. >
0.05 (M./105 M) pe. The time scale for collisional disruption is constant within the core and in-
creases further outward, so clusters will only be disrupted if the time scale at R, is less than the
lifetime of the Milky Way. This requires 7. > 0.9 f; ' (R./2 kpc)? pc and clusters will be disrupted
within a Galactocentric distance 2.1 fﬁ/Q (rc/pc)l/2 kpc. An upper limit on 7. comes from requiring
that the clusters survive at our own Galactocentric distance,

re <20 f ' (Ro/8kpe)? pe. (I1.18)

We have represented this line in Fig. 5, together with the limit obtained at a distance of R. = 12kpc,
and interestingly, this scale corresponds to the minimum size of PBH clusters if fpggm/Mg ~ O(1).
It is therefore expected that in the inner part of the Milky Way halo, PBH clusters in this case would
have been disrupted by collisions. They nevertheless remain stable at larger Galactocentric distance

that is typical of ultra-faint-dwarf galaxies.

Clusters will also be destroyed by the Galactic tidal field at R, unless
Te < 100 (M, /106 Mg)'3(R, /8 kpc)? pe. (I1.19)

As for collisional disruption, we show this limit in Fig. 5 for R, = 8kpc and R, = 12kpc. Again,
the predictions for PBH clusters cross these regions, implying that they should have been destroyed
by the tidal field in the inner part of halo. But at larger Galactocentric distances, corresponding to
ultra-faint dwarfs, they should remain stable. On the other hand, clusters will be destroyed within
the Galactocentric radius at which dynamical friction would drag them into the nucleus, given by
Eq. (II.17), only if

re > (I1.20)
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where My is the mass for which Eq. (II.17) gives Rqsf = Ro. This condition is necessary in order to
obviate the upper limit on their mass which would apply for SMBHs. In the specific case of PBH
clusters represented on Fig. 5, the cluster destruction due to dynamical friction is not relevant at
large Galactocentric distances, except for the very massive clusters with M, > 108 My and only at
distances below < O(10) kpec.

F. PBH Clustering from Non-Gaussian Effects during Inflation

Non-Gaussian corrections to the matter density distribution may provide an important additional
component to the initial PBH clustering during the radiation era. This arises because quantum
diffusion during inflation creates high exponential tails in the probability distribution function for the
density contrast [57]. These non-Gaussian effects increase the probability of finding another PBH
near a given one, with successive waves of enhanced curvature fluctuations inevitably generating
dense clusters. Their size and mass depend very strongly on the form of the non-Gaussian tails
and is still under investigation. In particular, plateau-type potentials like those of Critical Higgs
Inflation [58, 59] naturally generate such tails, and significant clustering is also expected in the thermal-
history scenario [34]. These non-Gaussian exponential tails also have important consequences for the
early formation of massive structures like galaxies and clusters at high redshift [60]. In fact, the James
Webb Space Telescope (JWST) have detected massive galaxies at z ~ 13 — 16 with SMBHs at their
centres, whereas according to the ACDM model there should be none. These exponential tails not
only affect the large-scale structure evolution during the matter era, but also early PBH formation

and clustering.

The effect of large exponential tails in the distribution of density contrasts on the evolution of
PBH clusters comprising some or all of the dark matter has been explored using N-body simulations
of large-sale structure, these also including gas and other components [61, 62]. However, Ref. [63]
claims that we do not expect clustering on very small scales beyond what is expected from a Poisson
distribution. Moreover, the usual analysis of the formation of binaries during the radiation era [64]
assumes Poisson statistics, with binary formation occurring due to (rare) three-body encounters.
Nevertheless, the additional clustering effect discussed here modifies both the formation of binaries
and their disruption due to energetic close encounters. This prevents the early development of a

stochastic gravitational-wave (GW) background.
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III Lensing Evidence

This section discusses the evidence for PBHs from gravitational lensing. We distinguish between four
effects, all of which have been observed and are relevant to the detection of PBHs: (1) multiple images
of quasars produced by massive objects such as galaxies (macrolensing); (2) brightness variations in
isolated quasars induced by much less massive objects, typically in the stellar mass range (microlens-
ing), including microlensing by an intergalactic population of compact bodies, or individual stars or
halo objects within galaxies; (3) microlensing by such objects of the images of a macrolensed quasar;

(4) microlensing of individual nearby stars by other compact bodies.

The idea that a cosmological distribution of compact bodies might be detected by observing the
microlensing of distant point-like light sources such as quasars or stars has a long history. In an
early paper [65], Press & Gunn proposed that a cosmological distribution of compact bodies could
be detected from the amplification of quasar light due to microlensing, an idea which was put on
a more practical basis [66] by Chang & Refsdal. A similar idea was suggested by Gott [67], who
proposed that this method could determine whether the dark halos of galaxies were composed of
compact bodies. The first practical suggestion as to how such bodies might be detected was put
forward by Paczyniski [68]. His idea was to determine whether the dark halo of the Milky Way
was composed of stellar-mass bodies by monitoring several million stars in the Magellanic Clouds to
look for the distinctive signature of microlensing events. This was put to the test by the MACHO
collaboration [69, 70] and the experiment was a resounding success. We discuss the results in more
detail below.

Attempts to detect a cosmological distribution of compact bodies from the microlensing of quasars
were more problematic. The difficulty was that should compact bodies make up a sizeable fraction of
dark matter, a web of caustics would be formed, leading to the erratic variation of the quasar light
as it traversed the complex amplification pattern. The resulting light curve would not have an easily
identifiable shape and would be hard to distinguish from an intrinsic variation in the quasar accretion
disc. There are, nonetheless, unmistakable features associated with caustic crossings which have been
observed and cannot plausibly be associated with intrinsic variations [71]. We discuss some typical
examples below. Despite these difficulties, Hawkins [72] presented the first evidence for a cosmological
distribution of PBHs from the microlensing of quasar light curves. Further lines of evidence were later

summarised [73] in a more comprehensive case for PBHs as dark matter.

The difficulty of distinguishing microlensing events from intrinsic variations can largely be removed
by focussing on multiply-lensed quasar systems. In these systems intrinsic variations in the quasar
light will show up in each image, with a small time lag corresponding to differences in light travel time
to the observer. However, it is well known that the individual quasar images can vary independently,
often by large amounts. This is generally accepted to be the result of microlensing by compact
bodies along the line of sight to each image, which might suggest a cosmological distribution of lenses.
However, since a massive galaxy will inevitably lie along the line of sight to a gravitationally lensed
quasar system, it is also possible that stars in the galaxy act as the lenses. The problem with this
idea is that there are a number of systems where the microlensed quasar images lie well beyond the
stellar population of the lensing galaxy [74], so the stellar lenses must either reside in the dark halo

or more generally along the line of sight to the quasar images. The most striking example is a cluster

~ 18/107 -



Observational Evidence for Primordial Black Holes

lens [75] which we discuss below. If such a population of compact bodies exists, it must make up a
significant fraction of the dark matter and should be detectable by microlensing along more general
lines of sight to quasars. This possibility was investigated in early work by Schneider [76] and has
more recently been updated by Hawkins [77] to reveal a cosmological population of compact bodies

associated with the dark matter distribution, most plausibly identified as primordial black holes.

There are a number of other puzzling features of quasar light curves which seem to point towards
microlensing variations. These include lack of correlation between emission line and continuum vari-
ation, lack of evidence for time dilation in samples of quasar light curves, statistical symmetry of the
variations, and colour effects which seem inconsistent with accretion disc instabilities [73]. For the
remainder of this section we shall focus on the most conclusive evidence for microlensing by a cosmo-
logical distribution of compact bodies. Should this be confirmed, then at present the only plausible

candidates would appear to be primordial black holes [74].

A. Galactic Halo

The proposal of Paczyniski [68] to search for compact objects in the halo of the Milky Way by looking
for microlensing of stars in the Magellanic Clouds was based on the fact that the half-crossing time
of the magnification curve depends on three quantities: the mass of the deflector Mp, the reduced
distance 1/d = 1/dop + 1/dps (where dop and dpg are the observer-deflector and deflector-source

distances, respectively) and the velocity v of the lens across the line of sight. This gives

VG d Mp 1/2 d 1/2 v -1
Aty = YACUDD ), <> ( ) < ) . (IL1)
v Mg 10kpc 200km/s

The results of the survey for compact bodies in the Milky Way by the MACHO collaboration [69, 70]
have been widely and perhaps simplistically interpreted as ruling out the possibility that stellar-mass
compact bodies make up the dark matter. However, we shall argue that the experiment puts no useful
constraints on this proposal and, on the contrary, provides the first positive detections of stellar-mass
PBHs. The number of microlensing events detected was around 15, depending on the details of the
selection criteria. This is far larger than can be attributed to known stellar populations in the Milky
Way or Magellanic Clouds [70]. The population of compact bodies making up the lenses was an
obvious dark matter candidate, but the MACHO collaboration stopped short of making such a claim
because they concluded on the basis of their preferred ‘heavy’ halo model that there were too few
compact bodies to account for the Milky Way rotation curve. Indeed, they concluded that such objects
could make up at most 40% of the halo. This limit was, among other things, based on the assumption
of a narrow mass range for the lenses making up the dark matter. However, if the lenses have an
extended mass function, as predicted for PBHs [34], it is to be expected that the dark matter fraction
at around 1 Mg will be significantly less than 1.

When the first MACHO results were published, little was known about the rotation curve of the
Milky Way and a variety of models were considered, as illustrated in the top left panel of Fig. 6.
However, most of these models were rejected as being unrealistic and it is now clear that their Model
F (blue dotted line) fits recent rotation curve measures well and is consistent with their observed

microlensing optical depth. The collaboration assumed an essentially flat rotation curve, in line with
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Figure 6. Upper panel: Rotation curves for models of the Milky Way out to 60kpc from Ref. [78]. The

observed rotation curves are shown as filled circles [79], open circles [80] and filled triangles [81]. In the top-left
panel, the red (dashed), green (dot-dash), blue (dotted) and purple (dash-dot-dot-dot) curves are for Models
B, S, F and E, respectively, from [69]. In the top-right panel the coloured curves are for power-law models
from Ref. [82], consistent with the optical depth measurements of Ref. [70]. Lower panel: More recent data
for the rotation curve, extending to 100 kpc, from Ref. [83]. This shows the best-fit plots and 20 uncertainties
(shaded) for the power-law model with fixed bulge model included in the combined constraints. The difference
between the combined rotation curve for the low prior (LP) and high prior (HP) cases is not discernible at
the resolution of this plot, so a combined shaded region is shown. The HP case makes a slightly more massive
disk and therefore a slightly lighter dark halo in the inner regions.

the consensus at the time on the statistics of the rotation curves of nearby galaxies. This implied a
massive halo and considerably more microlensing events than were observed, so compact bodies were
rejected as candidates to account for all of the halo dark matter [70], although the possibility of a
partial contribution was left open. Since then, much work has been done on the dynamics of the
Milky Way and it is clear that the rotation curve is not flat but declines, as illustrated by the top
right and bottom panels of Fig. 6. These observations [79-81] can easily be fitted by halo models [82]
with a microlensing optical depth consistent with the MACHO observations, as illustrated by the
observations shown in Fig. 12. Further doubt has been cast on the validity of the MACHO constraints
by considering the effects of a broad mass function, as mentioned above.
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The reality of the MACHO detections has been challenged by similar microlensing experiments by
the EROS [9] and OGLE [84] collaborations. Comparison of the results of these three groups is com-
plicated, as EROS and OGLE failed to observe the excess of microlensing events detected by MACHO.
The results were also inconsistent, in the sense that no common detections were made, although there
was considerable overlap of the observational programmes. The statistical incompatibility of the MA-
CHO and EROS results has been the subject of extensive discussion [9, 85]. One of the most obvious
differences between the MACHO and EROS experiments is the respective use of faint and bright star
samples. Only 2 of the 17 MACHO microlensing candidates were bright enough to be included in the
EROS Bright-Stars sample [9], which is consistent with the low detection rate for bright microlensing
events in the EROS survey. Although there are advantages in the restriction of the EROS analysis to
bright stars, it would have resulted in problems associated with the resolution of stellar discs. In this

sense, the MACHO detections can be seen as a lower limit to the total population of compact bodies.

This raises the question of the reliability of the estimates of detection efficiency, which are essential
to setting limits on the frequency of microlensing events. There are a number of problems with these
estimates, as discussed in detail by Hawkins [78]. These include gaps in the data due to weather and
mechanical failure, the consequences of variable seeing on overlapping images in the dense star fields
of the Magellanic Clouds, the elimination of true variable stars, and the distortion of light curves due
to the presence of binary or planetary companions. A related issue is the question of self-lensing by
stars in the Magellanic clouds rather than the Galactic halo [86]. This effect is hard to quantify given
lack of detailed knowledge of the structure of the Magellanic Clouds, but subsequent analysis [87] has

shown that self-lensing can only have a small effect on the observed optical depth to microlensing.

It is also important to point out that all three groups used the same flat rotation-curve model and
so are all subject to the criticism raised above. To summarise, the large excess of events associated
with solar-mass lenses detected by the MACHO project cannot be attributed to the stellar population
of the Milky Way and at present the only plausible candidates are PBHs [74]. This possibility was
considered by the MACHO collaboration [88], but rejected on the basis of their constraints.

B. Galactic Bulge

Another approach for the detection of PBHs in the Milky Way has involved the monitoring of
large numbers of stars in the Galactic bulge by the OGLE collaboration [89]. These observations are
particularly focussed on the detection of white dwarf, neutron star and black hole lensing events, using
parallax effects and brightness changes to estimate the mass of the lenses. This approach has led to
the detection of a small sample of ‘dark’ lenses, where the contribution of light from the lensing body
is negligible [90]. This sample is of particular interest as it appears to bridge the mass range between
2 Mg and 5 Mg, where there is a gap in the distribution of X-ray binaries [91]. This gap may be
explained by ‘natal kicks’, where the tangential velocity of the remnant is given a boost at birth, thus
distorting the measurement of the lens mass. However, a more significant possibility [90] is that the

mass gap is populated by PBHs which would not be part of X-ray binary systems.

An unexpected indication of the existence of Earth-mass PBHs has come from a microlensing survey
for unbound planetary mass bodies [92]. Although the survey was primarily focussed on Jupiter-mass
planets with an expected microlensing timescale of 1 — 2 days, a small number of very short events
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Figure 7. Mass distribution of OGLE/GAIA events (red curves) overlaid onto the model of Ref. [34].
The mode of the distribution for each microlensing event is shown by grey vertical lines. Figure taken from
Ref. [94].

with timescales less than half a day were also detected. This implies a lens with around an Earth
mass and raises the question of the identity of such objects. This was addressed by Niikura et al. [93],
who used an accurate model for the stellar population of the Galactic bulge and disc, including their
remnants, to account for the observed microlensing events in this mass range. The most obvious
explanation for the six Earth-mass outliers is that they are detached or free floating planets, resulting
from gravitational interactions between stellar systems. However, there is no continuity of detections
between these outliers and events associated with low mass stars or brown dwarfs. Figure 8 shows
the distribution of events as a function of timescale and also the values of fppu(Mppn) required to

explain the data for a monochromatic mass function.

C. Andromeda Galaxy

The search for the microlensing of stars in M31 is more challenging because the microlensed star is
unresolved and just one of many stars contributing to each CCD pixel. The pixel-lensing technique,
which involves subtracting a reference image from a target image taken at a different epoch, must
therefore be used. This has been attempted by several groups. In particular, the POINT-AGAPE
collaboration detected six microlensing events [95]. They argued that this was more than could be
expected from self-lensing alone and concluded that 20% of the halo mass in the direction of M31 could
be PBHs in the range 0.5 — 1 M. This supports our conclusion above. In addition, they discussed
a likely binary microlensing candidate with caustic crossing, whose location supported the conclusion
that they were detecting a MACHO signal in the direction of M31.
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Figure 8. Left panel: Number of observed microlensing events as a function of lightcurve (LC) timescale in
days. The bold-purple solid line indicates the best-fit PBH model (with Mpgu = 9.5 X 1076 Mg and fppu =
0.026) for explaining the distribution of six ultrashort-timescale OGLE events; Right panel: 95% confidence
level (CL) region for PBH abundance (blue-shaded region), assuming that the six observed ultrashort-timescale
events in the OGLE data are due to PBHs with monochromatic mass function. Both panels from Ref. [93].
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Figure 9.  Best-fit microlensing model (blue curve) for the light curve of the single pixel-lensing event

reported by Niikura et al. [96]. Error bars denote photometric errors in the brightness measurement in the
image difference at each epoch. From Ref. [96].

Niikura et al. [96] carried out a dense-cadence, 7-hour observation of M31 with the Subaru Hyper
Suprime-Camera (HSC) and then used the pixel-lensing technique to search for microlensing of stars
by PBHs lying in the halo of the Milky Way or M31. The pointing was towards the central region of
M31 and they reported the observation of a single microlensing event by a compact body with mass in
the range 10711 — 107° M,,. 15,571 candidate variable stars were extracted from the difference images
and this was subsequently reduced to 66 by selecting only those with a best-fit reduced x-squared
value and a light curve which is symmetrical around the peak. Further visual inspection left a single
but solid candidate which passed all applied criteria and its light-curve is shown in Fig. 9. Assuming
that the number of microlensing events follows a Poisson distribution, and given the 10® monitored
stars, Niikura et al. estimated that about 1000 microlensing would have been observed during the
7-hour observation period if the PBHs constituted all the dark matter. Here, it is assumed that the
PBHs are not subject to any additional (i.e. non-Poissonian) clustering and have a monochromatic
mass spectrum. Figure 10 shows the expected event rate for various PBH masses as a function of
trwaM. Translating this into estimates for fpgy yields the result shown in Fig. 11.
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PBH mass function with fpgg = 1. The unshaded band is where the utilised data has the highest sensitivity
to the lightcurves (tpwum =~ 0.07 — 3 hours). From Ref. [96].
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Figure 11. Combination of the prediction for the PBH abundance inferred from HSC/Subaru [96] and
OGLE [93] observations (95% CL).

D. Caustic Crossings of Quasars

If solar-mass PBHs make up a significant fraction of dark matter, then the detection of microlensing
in the light curves of distant compact sources such as quasars becomes an interesting possibility. The
frequency of such events is a function of the cosmological density of lenses and the redshift of the
quasar [97], while the structure of the resulting light curve depends upon the relative sizes of the quasar

accretion disc and the Einstein radius of the lenses, as well as the optical depth to microlensing 7.

~24/107 -



Observational Evidence for Primordial Black Holes

QR116—441 =z = 1.392 Q2139-432 =z = 1.645
r T ] [
2 ; o O ¢ o o ; : o @ [0}
r o © 1 L [} °o o
L V] . * e [0} [0} b 8 L ° o o) .. |
[ © ¢ 1 ) R
oL °° . e 1 0¥ Coo ™ et .
= a . o o . o ] =
F - — | N . . i
Y ] « .
L | .
S [ * . LI o e
C P B P B P B 7 QL | | | i
1985 1990 1995 1985 1990 1995
Years Years

Figure 12. Light curves for two quasars showing all the characteristics expected of caustic crossing events.
Filled and open circles are blue and red passband measures respectively. Error bars are based on measured
photometric errors. From Ref. [71].

From simulations it is clear that it will be hard to unambiguously identify most microlensing events in
quasar light curves. A large source size will smear out the characteristic features and make them hard
to distinguish from intrinsic changes in quasar luminosity. Some interesting candidates for isolated
microlensing events have recently been proposed [98] but such featureless light curves are hard to pin

down as the result of microlensing, as opposed to intrinsic variations in the quasar luminosity.

The most distinctive features of microlensing light-curves are caustic crossings. For low optical
depth (7 < 0.3), microlensing events tend to be isolated, with no readily identifiable features. How-
ever, as T increases, caustic features emerge in the amplification pattern, with characteristic shapes
and structures. These are well illustrated by simulations [99], where the effect of increasing source
size can also be seen. Although the identification of caustic crossings in quasar light curves would
be an unambiguous signature of a component of dark matter in the form of PBHs, the difficulty of
disentangling microlensing events from the distorting effects of intrinsic variations means that uncon-
taminated detections of caustic crossings will be quite rare. However, in a large enough sample of
light curves these difficulties can be largely overcome [71].

The requirements for detecting caustic crossings in quasar light-curves are quite demanding. For a
population of solar-mass lenses, the typical time for a compact source to cross a caustic is 10 to 20
years. To define the structure of the resulting light curve, it must be sampled at least once a year with
an accuracy of ~ 0.05 mags, ideally for around 20 years. Given that for a cosmological distribution of
lenses well-defined caustic crossings are quite rare, a large sample of light curves will be required for
a reasonable chance to find an unambiguous detection of a caustic crossing. These requirements are
largely satisfied in the large-scale quasar monitoring programme undertaken by the UK 1.2m Schmidt
telescope from 1975 to 2002 in ESO/SERC Field 287. The survey comprises yearly sampled light
curves covering up to 25 years for over 1000 quasars [100], and has proved an excellent database for
the detection of caustic-crossing events.
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In Fig. 12 we show two examples of caustic crossing events from the Field 287 survey, where the
blue and red symbols are for blue and red passband magnitudes, respectively. The two light curves
were selected as they clearly show the characteristic distinguishing features of caustic crossing events.
A well-known feature of the gravitational lensing of a point source is that changes in amplitude
are achromatic. The question of whether intrinsic quasar variations are achromatic is complicated.
Low-luminosity active galactic nuclei are known to become bluer as they brighten [101], whereas
more luminous quasars can show little or no colour change as they vary [102]. This means that for
point sources, colour changes are not a useful way of distinguishing between microlensing and intrinsic
variations. A more interesting situation arises where the source is resolved, or larger than the Einstein
radii of the lenses, and there is a radial colour gradient as might be expected in a quasar accretion
disc. In this case the blue and red passband light curves can have very different and characteristic
structures. The colour gradient effectively results in the source of blue light being more compact than
the red source. When a quasar crosses a caustic in the amplification pattern of the lenses, the blue
light curve can show the unresolved features of the caustic, while in the red light curve the features are
smoothed out from the partial resolution of the red source. An additional effect is that as the quasar
accretion disc traverses the caustic pattern, it will start to amplify the red light before the blue, and
will continue to do so for longer. The light curves in Fig. 12 clearly show all these features. The blue
curves show the characteristic cusps associated with caustic crossings, which are smoothed out in the
red curves. Amplification of the quasar light first appears in the red curves, followed by sharper and

larger rises and falls in the blue. The red light then continues to decline to the base level.

The features in the two light curves in Fig. 12 are commonly seen in the Field 287 sample, although
in some cases apparently distorted by intrinsic variations. It is not easy to see how accretion disc
instabilities can produce these symmetrical feature, as instabilities originating at the centre should
start simultaneously in the red and blue light curves, and persist longer in the red as the disc cools
with increasing radius. This asymmetry can be seen in individual light curves [71], and statistically
in the form of time lags [102]. The identification of caustic crossings in quasar light curves implies a
cosmological distribution of lenses. This rules out stars as lens candidates, which would have negligible
probability of forming a universal cosmic web. Given the large optical depth to microlensing required
to produce caustics, the lenses must make up a large part of the dark matter, and in this case the

only plausible candidates are PBHs [74].

E. Multiply Lensed Quasars

Perhaps the most convincing detections of stellar-mass PBHs come from the analysis of microlensing
events in the light curves of multiply lensed quasar systems. The first detection of such a gravitational
lens [103] showed the quasar Q09574561 split into two separate images by a massive galaxy along
the line of sight. A photometric monitoring programme revealed that small brightness changes in one
image were repeated in the second image around a year later. This confirmed the identification of the
system as a gravitational lens, but also revealed that the images varied in brightness independently
of each other [104]. This result has been universally interpreted as the result of microlensing by
a population of solar-mass bodies along the line of sight to the quasar images. The different light
trajectories from each of the quasar images to the observer result in independent amplification patterns,
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Figure 13. Deep HST frame of the area around the lensed quasar images of the cluster J1004+4112, in
the photometric passband F160W, close to the H band. The frame is approximately 15 arcsec on a side. The
yellow circle defines the point at which starlight from the central cluster galaxy is lost in the background noise
at 25 kpc. From Ref. [75].

and hence light curves, for each image. Somewhat surprisingly, it was widely assumed from the
outset [105-107] that the microlenses were in the lensing galaxy, and it was only some time later [73—
75] that evidence was presented that the microlenses were part of a cosmological distribution of
stellar-mass compact bodies making up the dark matter. In this case, they would be situated in the

halo of the lensing galaxy, or in other galaxy halos, along the line of sight to the quasar images.

Since the identification of microlensing features in lensed quasar systems, there have been a number
of attempts to demonstrate that these can be attributed to stars in the halo of the lensing galaxy
and to put limits on any population of non-stellar compact bodies [108, 109]. Using a large sample of
lensed quasar systems, a maximum likelihood analysis is used to estimate the most likely percentage
of compact bodies in the galaxy halos, consistent with the observed microlensing statistics of the
quasar images. The results of this type of analysis generally imply that the observed microlensing
is consistent with a halo population of compact bodies of about 10%, similar to the expected stellar

component.

The problem with this approach is that the sample of gravitational lenses is dominated by systems
where due to the configuration of the quasar and lens redshift and alignment, and the mass and

compactness of the lensing galaxy, the quasar images lie deeply embedded in the stellar component of
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Figure 14. Convergence as a function of radial distance for the lensing cluster J10044-4112. The solid line
shows the total convergence  from the lensing model and the filled circles show convergence &, for the stellar
population of the lensing cluster. The arrows indicate the positions of the quasar images. From Ref. [75].

lensing galaxy. In these cases, there is no question that the observed microlensing can be attributed
to the stellar population. There are however a few cases where the microlensed quasar images lie
well outside the stellar distribution of the lensing galaxy, where the probability of microlensing by
stars is negligible, and in this case the observed microlensing must be seen as the detection of a large
population of non-stellar compact bodies. This point is in fact implicit in the separate analysis of the
few wide-separation systems in the sample of Pooley et al. [109], but not commented upon by them.
The issue is that in their sample of wide-separation lens systems, there is a much higher likelihood
than in the sample as a whole that the dark matter component of the lensing galaxies is made up of
compact objects [74].

In order to clarify this issue, a more direct approach was taken by Hawkins [74] where, instead of
treating the stellar population as a free parameter, the surface mass density in stars was measured from
observations of the lensing galaxy, thus enabling a direct estimation of the probability of microlensing
by the stellar population. The optical depth to microlensing 7 is given by:

T=ke/(1 — Ke), (I11.2)

where k, is the surface mass density in units of critical density and k. is the convergence due to
smoothly distributed dark matter, which for most lens systems is close to 0.5 in the vicinity of the
quasar images. Precise values can be obtained from mass modelling of the system. For large values
of 7 a complex network of caustics is formed, resulting in a non-linear amplification pattern for the

source, but for low values, 7 is effectively the probability that the quasar image will be significantly
microlensed.
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Microlensing variations in J1004+4112
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Figure 15. Difference light curve for images A and C of the gravitationally lensed quasar SDSS J1004+4112.
The differential variations of the images are attributed to microlensing. From Ref. [75].

In order to test the possibility that in wide separation systems the observed microlensing can be
attributed to the stellar population of the lensing galaxy, a sample of four of the widest separation
lens systems was selected where the quasar images appeared to lie well clear of the distribution of
star light [74]. As for most gravitationally lensed quasars, the images in this sample were strongly
microlensed, in the sense that photometric variations in the individual images were not correlated.

The first step was to measure the surface brightness profile of the lensing galaxy from deep Hubble
Space Telescope (HST) frames in the F160W infrared passband. The surface brightness was then
converted to surface mass density using a mass-to-light ratio based on stars in globular clusters,
where the mass can be measured directly from velocity dispersions. Working in the infrared made
this step more straightforward than in optical bands, as the mass-to-light ratio for the F160W band is
only weakly dependent on stellar type. The resulting values of k, were then combined with values for
K¢ to derive 7 from Eq. (II1.2) and hence the probability of microlensing at the positions of the quasar
images. The result of this analysis [74] is that any individual quasar image has a probability of ~ 0.05
of being microlensed by the stellar population of the lensing galaxy. This probability is confirmed by
computer simulations where non-linear effects and the amplitude of the light curves can be taken into
account. The simulations also show that the combined probability of the observed microlensing is of
order 10™* [74].

Although for most quasar gravitational lens systems, the lens is a massive early type galaxy,
where the image separation is typically less than 3 arcsec, there is one well known example (SDSS
J10044-4112) of a quadruple system where the lens is a massive cluster, with a central dominant
galaxy together with a number of smaller galaxies. The separation of the quasar images is 16 arcsec,
putting them well clear of any detectable starlight, but the most striking feature is that the images
are strongly microlensed. Figure 15 shows the difference light curve for two of the quasar images. The
amplitude of variation is more than a magnitude, which is very large for any known quasar system,

and raises the question of the identity of the lenses.
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Figure 16. Cumulative probability P(Am) that a source varies by more than Am magnitudes for the sample
of 1033 quasars from the Field 287 survey for lens mass 0.3 M. The black curve represents the data, and the
red curve shows the cumulative probability for a combination of lognormal intrinsic variation combined with
microlensing amplification assuming a quasar disc radius of 4 light-days. From Ref. [77].

Figure 14 shows the relation between k, or 7 and the radial distance from the cluster centre,
constructed as described above for galaxy lenses. It can be seen that the optical depth to microlensing
from stars is effectively negligible beyond 25 kpc from the cluster centre. The overall configuration is
illustrated in Fig. 13, showing the cluster galaxies from an HST frame in the F160W passband, close
to the infrared H-band. The quasar images are visible as part of arcs centred on the cluster. The
yellow circle has a radius of 25 kpc and shows the point at which convergence from starlight becomes
negligible, as illustrated in Fig. 14. The whole analysis is described in detail in Ref. [75], including
the investigation of the possibility of the chance superposition of a small cluster galaxy exactly in the
position of one of the quasar images. The overall conclusion of this work is that the probability that

the observed microlensing of the quasar images can be attributed to stars is less than 1074,

The only way to account for the observed microlensing of the quasar images in SDSS J1004+4112
is to invoke a cosmological distribution of solar-mass compact bodies. For a number of reasons
summarised in Ref. [74], these bodies can only be PBHs making up a significant fraction of the dark

matter. This would appear to be an uncontroversial detection of solar-mass PBHs.

F. Cosmological Distribution of Primordial Black Holes

The detection of a significant population of PBHs in the halo of the Milky Way and more distant
galaxies and clusters suggests that these objects might also betray their presence by microlensing the
light from quasars with a cosmological distribution. The detection of caustic crossings discussed in
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subsection IITD supports this possibility, but the idea of putting limits on dark matter by comparing
the expected microlensing amplifications with observed quasar amplitudes was first suggested by
Schneider [76], some 30years ago. He found that assuming a point source for the quasar light, the
expected variation due to microlensing far exceeded the observed amplitudes for plausible values of
lens mass and lens density €25,. Subsequent work [110] showed that for more realistic values of the
quasar disc size, the simulated microlensing amplitudes put no meaningful constraint on £2,. The main
drawback with this approach is the unknown contribution of intrinsic variations to the microlensing

amplifications.

In a recent paper [77], the problem of modelling intrinsic quasar variations has been addressed by
using luminous quasars where the accretion disc is too large to be significantly microlensed as a tem-
plate for changes in quasar luminosity. The idea was to simulate the intrinsic variations in luminosity
for a large sample of quasars and to apply the amplifications expected for a dark matter component
of stellar-mass compact bodies, and then to compare the resulting distribution in amplitudes with
the observed distribution from the quasar sample. The optical depth to microlensing was calculated
from the redshift of each quasar in a standard ACDM cosmology. Other input parameters, such as
the size of the quasar accretion disc and the mass of the lenses, were not optimised but taken from in-
dependent and unrelated measurements in the literature. The quasar sample for comparison with the
observations comprised 1033 with blue-band lightcurves covering 26 years from the UK 1.2 m Schmidt
telescope [111], and covering a wide range of luminosity and redshift.

Figure 14 shows the result of repeating Schneider’s original test with the new large sample and
modelling the intrinsic changes in quasar brightness. The black line in Fig. 16 shows the cumula-
tive probability of quasar amplitudes from the observed quasar light curves. The red line shows a
similar curve for the combination of intrinsic luminosity changes amplified by the expected effects of
microlensing due to the optical depth corresponding to each quasar redshift. The parameters of the
simulations as described above are not fitted to the data but independently measured, with the result
that to understand the distribution of quasar amplitudes it is necessary to include the microlensing
effects of a cosmologically-distributed population of stellar-mass compact bodies. These bodies must
make up a significant fraction of the dark matter and are most plausibly identified as primordial black

holes.

G. Galaxy-Galaxy Strong Lensing

Meneghetti et al. [112] have recently investigated the probability of strong lensing events produced
by dark matter substructure using HST data for 11 galaxy clusters. As an example, Fig. 17 shows
a color-composite image of the galaxy cluster MACSJ1206, together with several of its critical lines,
which indicate the boundaries of the inner regions of the cluster near which the most dramatically
distorted gravitational arcs occur. This implies significantly more substructure than expected. Indeed,
all studied galaxy clusters show an order of magnitude more substructures than predicted by standard
CDM simulations (c.f. Fig. 18). Either systematic issues with simulations or incorrect assumptions

about the properties of dark matter could explain these findings.
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Figure 17. Composite HST image of the central region of the galaxy cluster MACSJ1206, where the critical
lines of the cluster at source redshifts of 1 and 7 are indicated with dashed and solid lines, respectively. The
panels (B), (C), and (D) zoom into three galaxy-galaxy strong lensing events. From Ref. [112].

In contrast to the solutions to other well-known issues, like the “missing satellite” [113, 114], “cusp-
core” [115], and “too-big-to-fail” problems [116, 117], or discrepancies with planes of satellite galax-
ies [118], which require that observed small satellite galaxies are fewer in number and less dense than
expected, the excess in dark matter clumps discussed above requires that subhalos are more con-
centrated than predicted by simulations. Strikingly, the clustering of PBHs induced by an extended
mass function of the form imprinted by the thermal history of the Universe [34] predicts the required
excess of compact dark substructures. Furthermore, this scenario can address a related issue recently
pointed out by Safarzadeh & Loeb [119]. They found that several Milky Way satellites, in particular
Horologium I and Tucana II, are too dense, leading to the conclusion that the formation masses and
redshifts of CDM halos are incompatible with their being satellites. These “too-dense-to-be-satellite

systems” can easily be accounted for by clustered PBHs with an extended mass function.

H. Identity of Lenses

If dark matter is indeed made up of compact bodies, then there are several strong constraints on the
form it can take. Combining measurements of light element abundances with the photon density from
the CMB gives a fairly robust limit of Qy < 0.03 [120] which effectively rules out baryonic objects as
dark matter candidates. This of course includes stars and planets as well as later products of stellar
evolution such as white dwarfs, neutron stars and stellar black holes. A second constraint comes from
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Figure 18. Mean observed galaxy-galaxy strong lensing (GGSL) probability (solid blue line) based on three
reference samples (coloured bands show the 99.9% CL) versus median simulation results (orange line). From
Ref. [112].

the timescale of microlensing events, which constitute much of the evidence for compact bodies as
dark matter. Both the MACHO events in the Milky Way halo and the microlensing events observed
in multiple quasar systems of the type discussed here point to a lens mass of around a solar mass, with
an uncertainty of at least a factor of 10 either way. This is nonetheless sufficient to rule out a wide
range of candidates, which we discuss below. A final constraint is compactness. Again, since much of
the evidence for a cosmological distribution of compact bodies comes from microlensing, dark matter

bodies must be compact enough to act as lenses in the configuration in which they are observed.

In many respects, stars are the most obvious candidates for the microlenses, and in a review of
baryonic dark matter, Carr [121] discusses the plausibility of various stellar populations acting as
lenses. This is relevant to the microlensing observations described in this paper, as a major issue is
the possibility that a significant fraction of the lenses might be stars. In her review of the nature
of dark matter, Trimble [122] lists quark nuggets, cosmic strings and primordial black holes as non-
baryonic non-particle candidates. Quark nuggets have some virtue as dark matter candidates [123],
and the basic idea has been generalised in a number of ways [124], but as their mass is limited
to around 1078 M), they cannot be the objects detected in the microlensing experiments. This low-
mass constraint also applies to other classes of compact dark matter objects such as N-MACHOs [125].
Another recent paper [126] has investigated the possibility that boson stars might contribute to the
dark matter in the Milky Way halo, but the problem here is that such objects are predicted to be
insufficiently compact to microlens solar-mass stars. The possibility that cosmic strings might betray
their presence by the microlensing of distant quasars has been investigated in some detail by Kuijken
et al. [127]. Their motivation is to establish a method for detecting the presence of cosmic strings,
and they estimate that a typical microlensing event would last about 20 years. This fits in well with
other microlensing signatures, but the problem they face is that such events would be extremely rare.
The optical depth to microlensing for cosmic strings derived in Ref. [127] is of the order 7 ~ 1078

which completely rules them out as the source of the microlensing seen in multiple quasar systems.
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An interesting idea proposed by Walker & Wardle [128] suggesting that extreme radio scatter-
ing events might be caused by cold self-gravitating gas clouds has been investigated by Rafikov &
Draine [129] with a view to establishing whether such clouds could be detected by microlensing
searches. The clouds are predicted to have masses of around 1072 Mg, and radii of ~ 10 AU, and
would make up a significant fraction of the mass in galaxy halos. Reference [129] concluded that al-
though strongly constrained by MACHO microlensing searches, such clouds could not be definitively
ruled out as the dark matter component of the Milky Way halo. However, as an explanation for the
microlensing seen in multiple quasar systems they can be ruled out on the basis of their low proposed
mass, and also the fact that they are essentially baryonic and so cannot make up the dark matter on

cosmological scales.

The steady improvement in numerical simulations of the formation of large-scale structure from pri-
mordial perturbations culminating in the discovery of a universal profile for dark matter halos [130] has
raised the question of the nature of their internal structure on small scales. An ambitious programme
to solve this problem was undertaken by the Aquarius Project [131] which focussed on simulating the
evolution of individual galaxy halos with unprecedented resolution. The two main results of this and
other similar simulations were that galaxy halos have cuspy dark matter profiles, and that there should
be a very large population of dark matter subhalos. In their largest simulation they resolve nearly
300,000 gravitationally bound subhalos within the virialised region of the halo. At first sight these
subhalos might seem attractive candidates for microlensing quasars, but their structure as described
in Ref. [131] imply that they would not be compact enough to act as microlenses for the accretion
discs of distant quasars, even if subhalos as small as a solar mass can form. The objects which have
received the most attention as candidates for dark matter in the form of compact bodies are primordial
black holes. They satisfy the basic constraints mentioned above in that they are non-baryonic, very
compact and can in principle form over a wide range of masses, including those relevant to quasar
microlensing, and as things stand they appear to be the only plausible candidates for dark matter in
the form of compact bodies.
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IV  Dynamical and Accretion Evidence

In this section we consider a number of constraints and signatures related to dynamical and accretion
effects. Numerous dynamical effects were discussed in Ref. [55], these being associated with the heating
of galactic disks [132], effects on dwarf galaxies [133], triggering of white dwarf explosions [134],
disruption of wide binaries [135-137] and globular clusters [138] and star clusters [139], capture of
PBHs by white dwarfs and neutron stars [140, 141], dynamical friction effect of spheroid stars, tidal
distortions in galaxies [142] and the CMB dipole anisotropy [55]. Many of them involve the heating or
destruction of astronomical systems by the passage of nearby PBHs. If the PBHs have density p and
velocity dispersion V', while the systems have mass M., radius R., velocity dispersion V. and survival

time ?1,, then the constraint has the form [55]:

M. V/(GMpty, R.) [M < M(V/Ve)]
f(M) < q Mc/(pVetr R?) [Mc(V/Ve) < M < M(V/Ve)?] (IV.1)
MVZ2/(pR2V3tL) exp[(M/Mc)(Ve/V)3]  [M > Mc(V/Ve)?].

The three limits correspond to disruption by multiple encounters, one-off encounters and non-impulsive
encounters, respectively. These are all potential signatures of PBHs but we just focus below on the
three effects for which positive evidence has been claimed. These come from the heating of the Galactic
disk, features of UFDGs, the cusp/core problem for dwarf galaxies, recent observations by JWST of
galaxies at higher redshift than allowed by standard galaxy formation models, and the triggering of

white-dwarf explosions.

There are many constraints and possible signatures for PBHs resulting from their accretion lumi-
nosity. These are associated with point source observations for individual PBHs [143-145] and with
the generation of cosmic background radiation [146] and effects on the thermal history of the Universe
for a population of PBHs [147]. The signatures all depend upon astrophysical assumptions and on
the black hole environment (gas density and temperature), so there is inevitably some uncertainty. If
the PBHs reside in galactic nuclei or halos, they will accrete local gas and stars. If they reside outside
galaxies, they will still accrete intergalactic gas, the consequences of which depend on the (somewhat
uncertain) state of the intergalactic medium. There are also indirect constraints associated with the
p-distortions in the CMB spectrum associated with the dissipation by Silk damping of the density
fluctuations invoked to generate PBHs [148-151]. Although all these effects are usually presented as
constraints, clearly they are also potential signatures. The positive accretion evidence comes from
the existence of SMBHs in galactic nuclei, the spatial coherence of the X-ray and infrared source-
subtracted backgrounds, this requiring the existence of bound baryon clouds earlier than expected in
the standard scenario but as predicted by the Poisson effect, and a radio background. Finally PBHs

may accrete dark matter in this period, this being relevant to the considerations of Section VII B.

Some of these points have also been made by Silk, who argues that intermediate-mass PBHs could
be ubiquitous in early dwarf galaxies, being mostly passive today but active in their gas-rich past [11].
This would be allowed by current active galactic nuclei observations [152-154] and early feedback from
intermediate-mass PBHs could provide a unified explanation for many dwarf galaxy anomalies [155].
Besides providing a phase of early galaxy formation and seeds for SMBHs at high redshift, they could:
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(1) suppress the number of luminous dwarfs; (2) generate cores in dwarfs by dynamical heating; (3)
resolve the “too big to fail” problem; (4) create bulgeless disks; (5) form UFDGs and ultra-diffuse
galaxies; (6) reduce the baryon fraction in Milky-Way-type galaxies; (7) explain ultra-luminous X-ray
sources in the outskirts of galaxies; (8) trigger star formation in dwarfs via active galactic nuclei. They

would also induce microlensing of extended radio sources [156, 157].

A. Dynamical Heating of the Milky Way Disk

As halo objects traverse the Galactic disk, they will impart energy to the stars there. This will
lead to a gradual puffing up of the disk, with older stars being heated more than younger ones. This
problem was first studied by Lacey [158] in the context of a very general analysis of disk-heating and
then by Lacey & Ostriker [132], who argued that SMBHs could generate the observed disk-puffing if
they provide the dark matter (fppy ~ 1). In particular, they claimed that this could explain: (1)
why the velocity dispersion of disk stars o scales with age as t!/2; (2) the relative velocity dispersions
in the radial, azimuthal and vertical directions; and (3) the existence of a high-energy tail of stars
with large velocity (cf. Ipser & Semenzato [159]). In order to normalise the o(¢) relationship correctly,
the number density n of the holes must satisfy n M? ~ 2 x 10% M% pc~3. Combining this with the
local halo density, pg = n M =~ 0.01 Mg pc3, then gives M ~ 2 x 10° M. Wielen & Fuchs [160]
claimed that black hole heating could also explain the dependence of the velocity dispersion upon
Galactocentric distance. If some other mechanism explains disc heating, these arguments still give an

upper limit on the fraction of dark matter in black holes:
fo(M.) < (M./10% Mg) ™. (IV.2)

For example, this would apply if the heating were due to giant molecular clouds, which is the more

mainstream explanation.

Although disc heating can no longer be attributed to such large black holes, because this is now
excluded by other constraints, Carr & Lacey pointed out that it may still provide evidence for clusters
of much smaller PBHs [54]. Indeed, since PBH clusters with mass close to the value of 105 Mg
required for disc heating are expected to form, this might be regarded as a prediction if PBHs provide
the dark matter. The stellar velocity change in close encounters is smaller in the cluster case because
of the finite size of the clusters but most of the disk heating comes from distant encounters anyway.
However, scattering off the clusters can only produce the high-velocity disk stars with v > 100 kms™!

if r. < 0.5(M./10% M) pc, and the associated constraint is shown by the red region in Fig. 5.

B. Dynamical Heating of Ultra-Faint Dwarf Galaxies

UFDGs have been used to constrain the PBH abundance [161]. This requires fppy < 1 for
m 2 10 Mg, with the precise limit depending on model assumptions and the possible effect of an
intermediate-mass black hole at their centre. It was suggested in Ref. [155] that the argument could

be reversed, with the observed critical radius and mass of UFDGs indicating that a large fraction of
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dark matter comprises stellar-mass compact objects. Although Ref. [161] claims that this is excluded,
not all effects mentioned in the previous section —in particular, the presence of Poisson-induced clus-

ters — were allowed for.

Figure 5 shows the most likely half-light radius and mass of recently observed UFDGs, using the
tables of Ref. [162] and the virial theorem to obtain the mass from the stellar velocity dispersion.
Comparison with the predicted relation between between r. and M. supports the model providing
fpeam does not deviate much from our favoured value of 3 Mg; the 0.3 My and 30 M, cases are
represented in the figure. In addition, the critical radius and mass matches the one obtained from
the dynamical heating effect. This was first noted in Ref. [155], which also pointed out that the large
mass-to-light ratios observed in UFDGs could be explained by a rapid PBH accretion phase after the
formation of the clusters. Furthermore, the Galactocentric distances of the UFDGs are sufficiently

large for them to evade the limits from collisional disruption, the Galactic tidal field and disk heating.

C. Cusp/Core Problem

N-body simulations in the standard ACDM scenario yield galactic halos with central cusps [163],
contradicting observations of dwarf galaxies with central cores [164]. One resolution of this problem
is to invoke stellar feedback — since this redistributes gas clouds, generates bulk motions and galactic
winds— or reheating by dynamical friction of massive clumps [165]. Another is to include dark matter
self-interaction [166, 167], this leading to cored halo profiles for sufficiently large cross-sections.

Boldrini et al. [165] have used an N-body code to explore an alternative explanation, which involves
a galactic halo comprising both particles and PBHs. As a specific example, they consider 107 M,
dwarf galaxies with PBHs in the mass window 25 — 100 M. They find that cores can form as a
result of dynamical heating of the CDM through the PBH infall and two-body processes, providing
PBHs provide at least 1% of the non-baryonic halo. The halo shape depends upon the PBH mass
distribution, this being subject to mass segregation, PBH mergers, possible slingshotting of light
PBHs, and PBH interactions with the central black hole. This may resolve the cusp/core problem.

In the context of our own galaxy, the observed rotation curve near the centre indicates the presence
of a supermassive central black hole of 4 x 10 M, and a ring of dark matter at a distance of about
100 pc with the usual 2 fall-off at larger distances. These features are predicted by detailed numerical
simulations of PBHs in the central region of an all-black-hole halo [62]. Because the PBHs scatter
off each other and the central SMBH, they accumulate in a ring around the centre [168] and the
density profile has a hill at a distance of about 100 pc for a galaxy like our own and 10 pc for dwarf
galaxies. This configuration could be transitory but it currently seems universal for all sizes of galaxies
and halos. The profile looks like a core at large distances, so one needs more precise observations of
rotation curves in the inner parts of galaxies to test the model [83]. Note that several IMBHs have
been observed in the Central Molecular Zone around the Galactic Centre [169], which could could be
interpreted as a subpopulation of massive PBH that have migrated to the centre of our Milky Way

due to dynamical friction.
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D. Primordial Black Holes as Seeds for Quasars and Galaxies

The mainstream view is that the 106 — 10'° M, black holes in galactic nuclei form from dynamical
processes after galaxies, but this proposal is becoming increasingly challenged by the high mass and
redshift of some SMBHs. This has led to the suggestion that the SMBHs could form before galaxies,
in which case they may have been seeded by PBHs. For a monochromatic PBH mass function with
f <m/M (i.e. only one PBH per bound region), Eq. (IL.1) and the growth law ¢ oc (1 4 2)~! imply
that the mass bound by a seed could exceed the seed mass by a factor of 10% at the redshift z ~ 4
when SMBHs are observed. For example, the softening of the pressure through ete™ annihilation
at 10s naturally produces 10° M, PBHs and Eq. (I1.2) implies that the seed effect could then bind
a region of 10° M. Of course, one cannot infer that all the bound mass is swallowed by the black
hole —that depends on the efficiency of accretion. Also the limit would not be attained anyway for
f > 1073, since the filling factor of the bound regions reaches 1 when M ~ m/f, so there will be
competition between the seeds thereafter. If larger galaxies are produced by the mergers of smaller
galaxies, with the original central black holes themselves possibly merging to form a single central
SMBH, this would naturally explain the observed proportionality between the mass of the galaxy and
the central black hole. However, one cannot be sure that the original SMBHs will all drift to the

centre of the larger galaxy and merge, so there is clearly some uncertainty about this.

There is also the possibility that either the SMBHs or the PBHs which seeded them could help
generate the galaxies themselves. Hoyle and Narlikar [170] first suggested the seed picture of galaxy
formation in the context of the steady state theory, arguing that a typical galactic mass M, ~ 10! M,
would require a seed of mass m ~ 10° M. Their model was not constrained by the existence of a
radiation-dominated era but Ryan [171] argued that SMBHs could also seed galaxies in the context
of the big bang theory. Using a spherically-symmetric Newtonian cosmology, he showed that the
hydrodynamic equations permit a solution in which the density contrast has a particular form in
the radiation-dominated and matter-dominated eras. This gave expressions for the galactic mass
M, oc m?/® and radius Ry o m!/3. For the Milky Way, Ryan obtained m = (1 — 9) x 10 M,, which
encompasses the now established mass of 4 x 105 Mg, [172]. Gunn and Gott [173] pointed out an
interesting prediction of the seed theory. If each shell of gas virialises after it has stopped expanding
and virialised, then one would expect the resultant galaxy to have a density profile p(r) o r9/4,
This does not agree with the standard Navarro—Frenk—White (NFW) profile [130], but one would not
expect the latter to apply within the radius of gravitational influence of the central black hole anyway.

Of course, one could not claim that all galaxies are produced by PBH seeds since the standard
CDM model works well on large enough scales. However, one might want to invoke the PBH effect
for early galaxies (ie. below the mass Mcpy discussed in Section ITA). For a monochromatic PBH
mass function, all the galaxies binding at a given redshift will have the same mass until the CDM
fluctuations take over. For an extended mass function, the PBH seeds will naturally produce a range
of galactic masses at a given redshift. However, there are two distinct situations. In the first, the
PBHs are sufficiently rare that there is only one per galaxy. The galaxy mass is then proportional
to the seed mass and one would expect the galactic mass function to be the same as the PBH mass
function. However, only a small fraction of the Universe is going into these galaxies In the second
situation, the filling factor of the bound regions reaches 1, so that the competition between seeds

becomes important and one can no longer assume M o« m. However, there should still be a simple
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relation between the mass spectrum of the holes, dn/dm o« m~%, and that of the resulting galaxies,

as we now demonstrate.

If My oc m?, we expect the number of galaxies with mass in the range (M, M +dM) to be dNg(M)
where dNg/dM o MO=7=9/7 For a < 3, the considerations of Section IT A imply that one expects
an M-dependent seed mass for M < mmax/ fmax, where mp.x is the upper cut-off in the PBH mass
function and fiax is the dark matter fraction on that scale. In this mass range, Eq. (IL.5) predicts
v = a — 1, so one expects [43]

% x M2 (M < Mpax = Mimax/ fmax) - (IV.3)
This prediction depends on the concept of an M-dependent seed mass, although the simple analytic
treatment of this concept in Section II. A needs to be backed up by numerical calculations. The
form of the galactic mass function above My,.x corresponds to the Poisson effect and one expects an

exponential decline. For comparison, the Press—Schechter mass function is [174]

AN,

e M2 exp[ - (M/M*)%} : (IV.4)

where n is the power-spectrum index, P(k) oc k™, which ranges from 1 at large scales to —3 at small
scales in the ACDM model. Coincidentally, this corresponds to form (IV.3) at small scales. It is
supposed to explain the Schechter galaxy luminosity function at large scales [175]:

dn,

—dLg x L%exp(—L/L.), (IV.5)
where a = —1.07 £ 0.07 and L, = 1.2 x 10'° Ly h=2 in the blue band. However, it also matches the
prediction of Eq. (IV.3), providing mumax/ fmax ~ 1012 M.

E. Exploding White Dwarfs

PBHs can trigger explosions of white dwarfs, leading to potentially observable signatures [177—
183]). It is therefore interesting that some recently observed supernovee, the so-called calcium-rich
transients [184, 185], do not trace the stellar density but are located off-centre from the host galaxies.
Furthermore, they appear to originate from white dwarfs with masses of around 0.6 My [186], well

below the Chandrasekhar limit, and they predominantly occur in old systems.

It has been argued [183] that these transient events could have been triggered by collisions with
asteroidal-mass PBHs, with the associated event rate being within reach of current or near-future
microlensing surveys [187, 188]. The left panel of Fig. 20 shows the cumulative type-Ia supernova
event rate, normalised to the half-light radii of the host galaxies, as determined in Ref. [185]. This
is different from standard type-Ia supernovee, whose locations closely follow the stellar distribution.
However, the distribution of these events with galactocentric distance follows that expected from dark
matter/white dwarf interactions. This, together with the unique chemical properties and atypical
progenitors of calcium-rich transients, strongly supports the hypothesis that these events originate
from such interactions.
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Figure 19. Black hole growth rate as a function of time for an initial PBH seed mass of 10 My (black
dashed line), together with the growth rate for a seed mass 10° M (red solid line), from Hasinger, and the
rate of gas deposition into the innermost 100 pc for the galaxy model used in Ref. [176] (black solid line).
The shaded area corresponds to Eddington-limited accretion, persisting until 0.5 — 0.7 Gyr, with the accretion
being sub-Eddington over the subsequent 1 Gyr. From Ref. [176].
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Figure 20. Left panel: Radial distributions of standard type-Ia supernovae (black dashed) and calcium-rich
transients (red dashed) within their host galaxies compared to the distribution of galactic stars (black solid)
and the expected PBH/white dwarf interactions (red solid). Right panel: PBH dark matter fraction as a
function of mass required to produce the observed supernova rate. Also shown (blue) is the 95% CL exclusion
region from stellar microlensing in M31 by the Subaru HSC [187, 188]. Figures adapted from Ref. [183].
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The modelling of Ref. [183] suggests that PBHs with 10! g < M < 10*?*g and 1073 < fppy < 0.1
are the most plausible triggers for these events (see right panel of Fig. 20). Future observations will
further explore this possibility. Interestingly, the Zwicky Transient Facility (ZTF), which is the largest
ongoing systematic survey, classified 8 new events in its first 16 months of operation [189]. In 2024,
the Large Synoptic Survey Telescope (LSST) is expected to increase the search volume by at least
two orders of magnitude. Furthermore, observations with the JWST should be able to resolve dwarf
spheroidal galaxies for the current sample of calcium-rich transients [189], these two populations being

closely connected.

F. PBH Accretion: Pregalactic Era

Here we focus on the accretion of gas by PBHs before the formation of galaxies or other cosmic
structures. This problem was first studied in Ref. [147], although this work was later superseded by
more detailed numerical investigations. It is usually associated with PBH constraints but it may also
lead to positive evidence since PBH accretion in this period could ionise the Universe or generate
to X-ray background [146]. Reference [147] assumes the Bondi accretion formula and covers epochs
between matter-radiation equality at teq = 2.4 X 10'%s or Zeq A 4000 and galaxy formation. Before
teq, the sound-speed is cs = ¢/+/3 and one can show that there is very little accretion [3]. After to,
the accretion radius is increased, so the accretion rate is larger. However, the problem is complicated
because the black hole luminosity will boost the matter temperature of the background Universe above
the standard Friedmann value even if the PBH density is small, thereby reducing the accretion. Thus
there are two distinct but related PBH constraints: one associated with the effects on the Universe’s
thermal history and the other with the generation of background radiation.

We assume that each PBH accretes at the Bondi rate,

. A7 G*nmy, M? M\ n T \"°?
M= p ~ 10 [ — — ) —— -1 V.
(kT /my + V?2)3/2 0 (M@> (cm3)(104K) &5 (IV-6)

where kg is the Boltzmann constant, a dot indicates a derivative with respect to cosmic time, V' is the
black hole velocity (neglected in the second expression since it is small before the formation of cosmic

structures) and n and T" are the particle-number density and temperature of the gas at the black-hole

M T \*
~10M (/) —— . V.
R, ~ 10 <M®)<1O4K) em av.7)

Each PBH will initially be surrounded by an ionised (HII) region of radius Rs. If R, > R; or if

the whole Universe is ionised (so that the individual ionised regions merge), the appropriate values

accretion radius,

of n and T are those in the background Universe (72 and 7). In this case, after decoupling, M is
epoch-independent so long as T has its usual Friedmann behaviour (T’ o 2%). However, M decreases
with time if T is boosted above the Friedmann value. If the individual ionised regions have not
merged and R, < Rs, the appropriate values for n and T are those which pertain within the ionised
region. In this case, 7" is usually close to 10* K and pressure balance at the edge of the region implies
n ~ 7 (T/10* K). This implies M  z°, so the accretion rate rapidly decreases in this phase.
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We assume that accreted mass is converted into outgoing radiation with constant efficiency €, so

that the associated luminosity is
L=eMc?, (IV.8)

until this reaches the Eddington limit,

A7 G M M
LED”C”’"pmo%(

M) ergs ', (Iv.9)

aT ©)

at which the Thomson drag of the outgoing radiation balances the gravitational attraction of the
hole. (Here or is the Thomson cross-section and m,, is the proton mass.) The assumption that € is
constant is simplistic and more sophisticated models allow it to be M -dependent. We also assume
that the spectrum of emergent radiation is constant, extending up to an energy E,.x = 10nkeV, with
Ref. [147] considering models with n = 0.01, 1 and 100. We must distinguish between the local effect
of a PBH at distances sufficiently small that it dominates the effects of the others and the combined
effect of all the PBHs on the mean conditions of the background Universe. Both effects are very
dependent on the spectrum of the accretion-generated radiation and on the process by which this
heats the background. The dominant process is Compton heating until a redshift [147]

2, = 102 QL3 (nQ,) =3, (IV.10)

where O, ~ 0.2 and 2, =~ 0.05 are the density parameters of the matter and gas, respectively.

Providing the Bondi formula applies, the analysis of Ref. [147] shows that a PBH will accrete at
the Eddington limit for some period after decoupling if

M > Mgp = 10°¢ ' Q' Mo, (IV.11)

so this condition only applies for supermassive PBHs. This phase will persist until a redshift zgp
which depends upon M, Qpgn, 2, and e. The overall effect on the thermal history of the Universe
is illustrated in Fig. 21, which is adapted from Ref. [190] and indicates the (Qppn, M) domain for
which the Universe is reionised. T is boosted above 10* K in regions (1) and (2) with zgp > z, and
2ED < Z, respectively; it reaches 10* K but never exceeds it in region (3). Associated constraints
from the background-radiation density in various wavebands are discussed in Ref. [191] and the limit
on the PBH density parameter in domain (1) is

—5/6

Qppn < (10€) /6 (M/2 x 10° Mg) >/ 15/ (24,/0.05) (IV.12)

This is shown by the blue line in Fig. 21.

Two complications modify this analysis. First, accretion increases the PBH mass, although this
has been assumed constant in the above analysis. During the Eddington phase, each PBH doubles

its mass on the Salpeter timescale, tg ~ 4 x 10%¢yr [192], so M can only be regarded as constant if
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tep < ts. This requires zgp > zg =~ 10 €~2/3 and corresponds to the condition

1019 Q. €2 (Qppun)®? Mo, (1)
M < (IV.13)
10° 05 e Mg, (3).

This is indicated by the bold line on the right of Fig. 21, where zgp ~ 40 for ¢ = 0.1. Beyond this
line, the PBH mass increases by the factor,

exp(tep/ts) ~ exp[(0.1/€)(40/zpp)>?] . (IV.14)

The above analysis must be modified in this regime but, since most of the final black hole mass gener-
ates radiation with efficiency ¢, the current energy of the radiation produced is E(M) ~ e Mc?/z(M),
where z(M) is the redshift at which most of the radiation is emitted. The current background-radiation
density is Qr ~ € Qppn 2(M) ™1, so the constraint becomes

Qppr < € 1Qr 2 ~ 107°(10€)75/3 (IV.15)

This is shown by the flat part of the blue line in Fig. 21 and is equivalent to the Soltan constraint [193].
This argument has been used to suggest that PBHs might generate the cosmic X-ray background [146].

The second complication is that the steady-state assumption fails if the Bondi accretion timescale,

M T \"?
1012
w0 () (1) e

exceeds the cosmic expansion time (i.e. the Bondi formula is inapplicable at times earlier than ¢g).

This arises if the mass within the accretion radius exceeds M, in which case the accretion radius
is reduced to the value for which the gas mass contained is comparable to M. However, the Bondi
formula becomes applicable by tgp providing M < 10* My, and this applies for most of the expected
PBH mass range [190].

Later, an improved numerical analysis of pregalactic PBH accretion was provided by Ricotti et
al. [194]. They used a more realistic model for the efficiency parameter ¢, allowed for the increased
density in the dark halo expected to form around each PBH and included the effect of the velocity
dispersion of the PBHs [ie. the V-term in Eq. (IV.6)] on the accretion in the period after cosmic
structures start to form. They found much stronger accretion limits by considering the effects of
the emitted radiation on the spectrum and anisotropies of the cosmic microwave background (CMB)
rather than the background radiation itself and excluded fppy = 1 above 10 Ms. However, this
problem has subsequently been reconsidered by several groups, who argue that the limits are weaker
than indicated in Ref. [194].

Ali-Haimoud and Kamionkowski [195] calculate the accretion on the assumption that it is suppressed
by Compton drag and Compton cooling from CMB photons and allowing for the PBH velocity relative
to the background gas. The point here is that accreting gas will have an inward velocity (vi,) relative
to the expanding background of CMB photons and the Thomson drag of these photons will inhibit
accretion at sufficiently early times. They find the spectral distortions are too small to be detected,
while the anisotropy constraints only exclude fppg = 1 above 10> M. Horowitz [196] performs
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Figure 21. This shows how the evolution of the background matter temperature depends on the PBH mass
and density, adapted from Ref. [190]. We assume ¢ = 0.1, Qz = 0.05 and Emax = 10keV. The accretion rate
exceeds the Eddington limit for some period after decoupling to the right of the line zgp = 10 and the mass
cannot be regarded as constant the right of the line zgp = 40. In domains (1) and (2), T is boosted above
10* K by Compton heating; tgp exceeds t. in domain (1) but it is less than it in domain (2). In domain (3),
T is boosted to 10* K but not above it. PBHs reionise the Universe, with no neutral phase after decoupling,
throughout these regions and they could generate the X-ray background on the blue line.

a similar analysis and gets an upper limit of 30 M. Poulin et al. [197] argue that the spherical
accretion approximation probably breaks down, with an accretion disk forming instead, and this affects
the statistical properties of the CMB anisotropies. Provided the disks form early, these constraints

exclude a monochromatic distribution with masses above 2 Mg as the dominant form of dark matter.

G. PBH Accretion: X-Ray/Infrared/Radio Backgrounds

The most compelling evidence for PBHs is associated with the X-ray and infrared source-subtracted
cosmological backgrounds (requiring intermediate-mass PBHs) and the radio background (requiring
supermassive PBHs). As shown by Kashlinsky and his collaborators [48, 200-202], the spatial coher-
ence of the X-ray and infrared source-subtracted cosmological backgrounds suggests that black holes
are required. Although these need not be primordial, the level of the infrared background suggests
an overabundance of high-redshift halos and this could be explained by the Poisson effect discussed
above if a significant fraction of the CDM comprises solar-mass PBHs. In these halos, a few stars
form and emit infrared radiation, while PBHs emit X-rays due to accretion. It is challenging to find

other scenarios that naturally produce such features.

Hasinger [203] has estimated the contribution from PBH baryon accretion and stars to the cosmic
X-ray and infrared backgrounds, and analysed their cross-correlation using deep Chandra and Spitzer
survey data [200]. Assuming Bondi capture and advection-dominated disk accretion, he finds that a
population of 1078 —10'° M, PBHs is consistent with the residual X-ray fluctuation signal, peaking at
redshifts z &~ 17—30. Furthermore, he argues that PBHs could have an important bearing on a number
of other phenomena: (i) amplifying primordial magnetic fields; (47) modifying the reionisation history

of the Universe (while being consistent with recent Planck measurements [204]); (44) impacting on X-
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Figure 22. Illustration of PBH clustering at redshifts 10 — 15. Initially, PBHs (black dots) capture baryons
while accreting, thereby contributing to the cosmic X-ray background. Lighter PBHs later form halos around
more massive ones and initiate star formation; the lowest mass halos first form Population III stars, which
generate a faint cosmic infrared background, and the higher mass ones then yield Population II stars. The
most massive (central) supermassive PBH continues to accrete and merge with other PBHs. It appears as the
central source in the infrared and X-ray emission, with the smaller PBHs and stars filling the halo as satellites.
Figure adapted from Ref. [198].

ray heating, thereby providing a contribution to the entropy floor observed in groups of galaxies [205];
(4v) certain 21-cm absorption-line features [206] which could be connected to radio emission from
PBHs.

In a recent related study, Cappelutti et al. [207] have explored the high-redshift properties of PBH
dark matter with an extended mass spectrum induced by the thermal history of the Universe (see
Ref. [34] and Section VII C). Their main results are summarised in Figure 22. Further findings are: (1)
a secondary peak of star formation at z ~ 15—20 (beyond the well- established observed peak at z ~ 3),
being driven by mini halos, which are likely to host the first episode of Population-III star formation;
(it) a significant enhancement of the X-ray background fluctuations and the unresolved cosmic X-
ray and infrared-background cross-power spectrum, with only a minor effect on the cosmic infrared-
background fluctuations; (#ii) while the required integrated 1 nWm~2 sr~! measured signal [202, 208]
cannot be fully account for by non-PBH cosmologies, beyond-solar-mass PBHs could well achieve
it; (iv) the X-ray spectral-energy distribution of the cosmic X-ray and infrared-background cross-
correlation signal also contains information about their production mechanism (c.f. Ref. [209]).
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Figure 23. Left panel: Star formation rate (SFR) density versus redshift for the thermal-history model (see
Section VIIC). The green band indicates compatibility with measurements from extragalactic background
light and high-redshift surveys. The grey continuous line indicates the best fit to the data used. Right panel:
Fraction of collapsed halos with mass exceeding M as a function of redshift for various virilisation temperatures
Tyir- Results are for both particle dark matter (dotted lines) and PBH dark matter (solid lines). Figures from
Ref. [198].

Mittal & Kulkarni [199] discuss the generation of a radio background by accreting supermassive
PBHs and claim that this could explain the excess observed by the second generation Absolute Ra-
diometer for Cosmology, Astrophysics and Diffuse Emission (ARCADE2) [210] and the Long Wave-
length Array (LWA1) [211]. They take the comoving radio emissivity due to accreting PBHs to be

~0.6
_ 19 0.6 ( JpBH PDM E 1 3
€ace(E) = 5.65 x 101 fauey (fx ) ( g3 ) (5.79ucv) sim=2. (IV.17)

where fquty is the duty cycle parameter, (i.e. the probability that a black hole is active at a particular
time) and fx is the ratio of the total X-ray luminosity to the bolometric luminosity. The specific

intensity due to this emissivity is then

e [ el BULDEI] (v.18)

Jace(B, 2) = 4 H(2') 142

This is shown in Fig. 24 for typical values for SMBHs, fx = 0.1, fauty = 5 x 1072, A = 0.5, which

shows that the observed excess (dotted blue line) and can be explained (solid blue line).
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Figure 24. Net radio background temperature 7} for photon of energy F, due to accretion onto supermassive
PBHs. The CMB temperature (black dashed line) is also shown. Figure adapted from Ref. [199].

V Gravitational-Wave Evidence

This section reviews the evidence for PBHs from gravitational-wave (GW) observations. The first
detections of such waves were in 2015 [212] and came from the merging of black holes which were
unexpectedly large (around 30 M) compared to those in X-ray binaries. This triggered renewed
interest in PBHs, not only as a source of the mergers but also as a possible solution to the dark
matter problem. Seven years later there are about 90 detections in the third Gravitational-wave
Transient Catalog (GWTC-3) [213], as shown in Fig. 25, and the properties of the GW sources are still
intriguing. A unifying PBH scenario may explain the merging rates, the black hole mass distribution,
the existence of events in the high- and low-mass gaps for stellar remnants, the mergers with highly
asymmetric masses, the reported low spins and some subsolar black hole candidates. PBHs in the
stellar-mass range can also lead to a GW background at nanohertz frequency, with contributions from
both the PBH binaries themselves and the waves generated at 2nd order in perturbation theory by the
density fluctuations which produce the PBHs. Such a background may have already been observed
by Pulsar Timing Arrays (PTAs)—the North American Nanohertz Observatory for Gravitational
Waves (NANOGrav) [214], the European Pulsar Timing Array (EPTA) [215], the Parkes [216] and
the International Pulsar Timing Array (IPTA) [217] collaborations—but future observations are
needed to confirm this.
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Figure 25. Summary of compact binary coalescences observed by LIGO/Virgo, from the GWTC-3 [213]
(with all events having an astrophysical probability greater than 0.5), together with black holes and neu-
tron stars previously constrained through electromagnetic observations. Figure credit: LIGO-Virgo/Aaron
Geller /Northwestern University.

A. Merger Rate of Compact Binaries

One month after the first GW detection, Bird et al. [218] and Clesse & Garcia-Bellido [219] claimed
that the expected PBH merging rates of binaries formed at late times in compact halos is compatible
with the LIGO/Virgo analysis if they comprise all the dark matter. This was later supported by
other studies [220]. On the other hand, Sasaki et al. [221] argued that the mergers of PBH binaries
formed before matter-radiation equality, when neighbouring PBHs are sufficiently close to form pairs,
are much more frequent and this implies that the fraction of dark matter in 30 My PBHs can be at
most 1%. However, Raidal et al. [222, 223] studied the evolution and merging of early PBH binaries
in more detail with N-body simulations. They found that the rates are highly suppressed if PBHs
significantly contribute to the dark matter, due to binary disruption by nearby PBHs, early-forming
PBH clusters (see Section IT) and matter inhomogeneities. Other groups obtained similar results with
both analytical and numerical methods [224] but without including all these effects.

The most recent rate analyses [53, 225-228] seem to exclude all the dark matter being in ~ 30 Mg
PBHs but it is still debated if a significant fraction of the dark matter could comprise solar-mass
PBHs for the wide mass distribution expected if PBH formation is boosted at the QCD transition
(see Section VII C). Given the uncertainties related to the clustering of PBHs, it remains unclear which
binary formation channel (early or late) is dominant in the solar-mass range. Another complication
is that the perturbation of early binaries [229] and their formation by three-body capture [230] may
significantly contribute to the merger rate. We now review some recent calculations of the merger rates
for each production channel and show that they could be compatible with LIGO/Virgo observations

if solar-mass PBHs dominate the dark matter.
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Early Binaries A PBH binary can form when two PBHs are produced sufficiently close to each
other, which happens regularly due to their Poisson distribution. The gravitational influence of one
or more nearby PBHs prevents them from merging directly and allows them to form a binary which
takes of order the age of the Universe to merge. For an arbitrary (normalised) mass function f(m),
the differential merging rate R°*Y = dR/(dInm; dlnmsy) is given by [46, 231, 232]

early __ 6 53/37 t(Z) 34757
R = 1.6 x 10° foup(m1, me, 2) fpppy f(ma) f(ma) .

—32/37 —34/37
X <m1 + m2) {( [ M2 ] Gpc 3 yr—t. (V.1)

My, mi1 + mo)?

Assuming my > mg mass ordering, an additional factor of two must be included in these rates. For
a monochromatic mass function, this reduces to the Sasaki et al. [233] expression, except for the
suppression factor fsup. Analytical prescriptions derived from N-body simulations in Refs. [46, 234]
determine this suppression factor. It has a complex dependence on redshift, fpgy and the mass
distribution f(m). Nevertheless, if one assumes that the mass distribution has a sharp peak and that
PBHs contribute significantly to the dark matter (0.1 < fppg < 1), one gets a useful low-redshift

approximation [53],
Foup ~ 2.3 x 1073 f5.0:65 (V2)

that is independent of the mass distribution. The more complete results of Refs. [46, 234] have been
tested against IN-body simulations but only for monochromatic or lognormal distributions, which
makes their validity uncertain for broad mass functions. Moreover, in this case, the value of fup
depends on the low-mass cut-off [226]. Binary disruption by nearby black holes has not been explored
for very asymmetric binaries, which provides another source of uncertainty.

If one assumes f(m ~ 2My) ~ 1 and fppg = 1, one gets merger rates of order 103 yr—! Gpc=3,

which is in tension with the upper limits inferred from LIGO/Virgo observations. But one can have
fper 2 0.1 to explain merger rates. This could be obtained with a very wide mass distribution,
implying that the PBH fraction in the solar-mass range is somewhat below 1. The case of an extended
mass distribution is however more complex and the current prescription is not valid for arbitrary mass
distributions. One must be cautious when applying them to a broad mass function, even if it exhibits
a sharp solar-mass peak, because the influence of small mass black holes on binary disruption tends
to be overestimated, even when they do not contribute significantly to the total PBH density. There
are also subtleties related to the exact definition of the PBH mass distribution, which has led some
studies [46, 234] to use inconsistent prescriptions, as pointed out in Ref. [226]. This can induce

significant differences when the PBH density is inferred from GW observations.

Finally, large uncertainties remain in the formation rate of early binaries, the suppression factor for
binaries with very low mass ratios, and the contribution to the merging rates of disrupted binaries [46]
that can dominate when fpgy 2 0.1, the shape of the mass function or the clustering after matter-
radiation equality. Strong claims relying on these merging rates are therefore probably premature.

Nevertheless, Eq. (V.1) gives a good estimate of the merging rates, at least in some cases.
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Late Binaries PBH binaries can also form by capture in clusters at late times, in which case the
merging rate becomes [53, 219, 235, 236)

(ml 4 m2)10/7

-1 -3
()T yr 1 Gpe™?, (V.3)

Rlate(mlv m2) = Raust f132>BH f(ml) f(mQ)
where R¢ust is a scaling factor that depends on the typical halo mass, size and virial velocity. Halo
mass functions compatible with the standard ACDM scenario typically lead to Rcust &~ 1 — 10, as
assumed by Bird et al. [218]. This is too low to explain the rates observed at the solar-mass scale,
and a model with f(m =~ 30 My) =~ 1 would be inconsistent with the increased rates expected for

Poisson-induced clusters (see Section II).

Poisson fluctuations induce an additional clustering compared to that expected in the ACDM sce-
nario and in this case more realistic values of R, are between 100 and 1000. A value of around
400 is needed to explain exceptional events like GW190425, GW190814 and GW19052 with the wide
mass distribution expected in the thermal history scenario [53] (see Section VIIC). The exact value
of Recust, however, is still uncertain and model-dependent. It could have a more or less complex
dependence on the component masses, fpgy and redshift.

From the PBH cluster properties identified in Section II, one can estimate R..s as a function of
the PBH velocity and the enhanced local density contrast §'°°® compared to the cosmological dark
matter density, which gives

2 §local 02 p G (857 2/7 c /7
Relust = M ( ) () rtGpe3. V.4
clust c 6\/5‘ ﬁv\,ir y p ( )

With realistic values of §'°°4! = 3 M0/ (4773, pha), assuming clusters with Mya, = 106 Mg and
Thalo = 20 pc and the corresponding virial velocity, this gives Reiust = 100, while for M., = 107 Mg
and Thao & 10pc, one gets Reust =~ 750. Merger rates that are obtained with these values are
consistent with those inferred from observations at the solar-mass scale.

Using the most recent merging rate calculations and the latest limits from LIGO/Virgo observations
from the GWTC-3 [237], one can conclude that PBHs around 30 Mg can explain at most 0.1 — 1% of
the dark matter, despite Poisson clustering reducing the merging rate of early binaries and increasing
the rate of late ones. However, it is still possible that PBHs in the solar-mass range explain at
least a significant fraction of the dark matter. In this case, the rate of late and early binaries are
comparable and coincide with the rate of neutron star binaries inferred from GW observations. Apart
from GW170817 (which had an electromagnetic counterpart), these could be PBHs at the QCD peak.
PBH scenarios with extended mass functions generically lead to many asymmetric mergers (involving
PBHs of order 10 and 1 M) and their rate be of order 10 yr~* Gpc~2. On the other hand, the observed
merging rates of asymmetric binaries like GW190814 challenges all current astrophysical models, as
mentioned in the abstract of the LIGO/Virgo discovery paper of GW190814 [238]. In the next section,
we expand the discussion of the evidence for PBHs from the mass distribution of the GW events.
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B. Mass Distribution

While merging rates indicate the PBH abundance, the mass distribution of the coalescences indicates
the PBH mass function and therefore provides an important probe of the scenario. Because the
sensitivity of the detectors depends on frequency, they are more able to detect mergers with large
chirp masses, even if these are less frequent than solar-mass mergers. In order to predict the observed

mass distribution, one must therefore multiply the merging rates by the volume probed, which is fixed

fo 3w

min

by the detector range:

1/2

, (V.5)

Raaw ™ -0

V5 (GM3)5/6 1
24 w2/3 2.26

where M is the binary chirp mass, fiin = 50Hz is the minimum frequency used in the search, fiax
is the smaller of the maximal search frequency (~ 4000 Hz) and the merger frequency (estimated as
twice the innermost stable circular orbit (ISCO) frequency fisco = 4400 (Mg /(my1 + mg) Hz), and
Sk(f) is the spectral density of the detector noise. The exponent « is 7/3 in the post-Newtonian limit
up to the ISCO frequency and 2/3 during the merging phase. For distant sources, one includes the
redshift of the GW signal by replacing the source-frame chirp mass M with M (1 4 z) and adapting
the probed frequency range. Another, more precise, method used in Ref. [226] is to multiply the
merger rates by the volume-time sensitivity (VT), computed by the LVK collaboration by injecting
sets of waveform into the data, marginalised over all possible inclinations, sky locations, luminosity

distances, spins etc.

The resulting distribution of detections for the combination of early and late binaries in the unified
model of Ref. [34], but improved by using simulations of PBH formation at the QCD epoch [226], is
shown in Fig. 29. GW events are most likely observed between 30 M, and 60 M, which is where most
observations lie. The second most likely region is the solar-mass scale, as expected for QCD peak.
One coalescence has been observed in this region without an electromagnetic counterpart (GW190425)
and attributed to a neutron star merger [239]. For early binaries, the event distribution would have
a dominant peak at the solar-mass scale and so it is less likely that all the black holes between
20 Mg and 100 Mg were in early binaries. The distribution also exhibits a region with less expected
events, between 5 Mg and 15 M, where a few observations were made. This seems to conflict with
the favoured PBH scenario but the importance of this gap depends on the model details and the
statistical significance of this problem should be studied with Bayesian methods, as in Ref. [225].

Finally, some regions are not occupied by stellar black hole mergers but are a distinctive prediction
of PBH models. These regions correspond to the pair-instability mass gap (above 60 M), the subsolar
region, the low-mass gap (between 2.5 and 5 M) and binaries with low mass ratios. There are multiple
observations of compact objects in these regions and the GWTC-3 indicates that these regions exhibit
only smooth transitions in merger rates [237]. This is hard to explain with a stellar model but natural

for PBHs. We now discuss each case in more detail.

~ 51/107 -



Observational Evidence for Primordial Black Holes

Event Mass 1 [ M) Mass 2 [ M) Rate R[yr!Gpc3]

GW190403_051519 851278 20.0735°
GW190426_190642 105.51553 76.0720-2
GW190519_153544 66.0719¢ 40.51119

CGW190521 95.3738-7 69.07227 (0.02 — 0.43]
GW190602_175927 69.1715°7 47.8712%
GW190706_222641 67.07145 38.27135
GW190929_012149 80.87339 2417193
GW191109.010717 651 47118
GW200220-061928 87139 61728

CW190814 23.271% 2.5910-08 [1-23]
GW190917_114630 9.7733 21701
CGW190924 021846 89779 50115
GW191219.163120 31.1722 1174008
GW200105_162426 9.0 7 1911533
GW200210_092254 241172 2.8370-47

Table I. GW events reported in the GWTC-1 [240], GWTC-2 [241], GWTC-2.1 [242] and GWTC-3 [213],
with at least one component in the pair-instability mass gap (above 60 Mg) or low-mass gap (between 2.5 Mg
and 5 Mgy), or with low mass ratios (¢ ~ 0.1), together with the mass uncertainties. When available, the
associated merger rates are given.

C. Black Holes in the Pair-Instability Mass Gap

The most intriguing and unexpected GW observations involve black hole mergers with component
masses in the pair-instability mass gap. Above a mass of around 60 Mg, the temperature in the
core of stars becomes so high during oxygen burning that electron-positron pair production leads to
a reduction of the pressure and core collapse. Below a mass of around 150 Mg, the star explodes
as a supernova without any remnant. As a result, stars are not expected to directly form black
holes with mass between about 60 M and 150 M. This pair-instability mass gap is well established

theoretically, even if the exact range can be debated.

With component masses of 66 Mg and 85 Mg, GW190521 is the first observation of at least one
(and probably two) black holes in this mass gap. Reference [243] argues that the error bars on the
masses might allow the two objects to be just at the limit of the mass gap. However, the GWTC-
3 contains several additional candidates (GW190403_051519, GW190426_190642, GW190519_153544,
GW190602_175927, GW190706_222661, GW190929_012149, GW191109.010717, GW200220_061928)
with components in the range from 61 Mg, to 107 Mg (shown in Tab. V B together with corresponding
uncertainties), so this becomes unlikely. A deeper analysis of the merger rates provides statistical
evidence for a smooth transition across the mass gap, with no evidence for a break [237]. Also, there
is some evidence for the dynamical formation of the progenitor binary [244], with some Bayesian
evidence in favour of an hyperbolic merger. PBHs offer an interesting alternative explanation for the
events, still in the context of a dynamical capture, since their mass function should vary smoothly in
the 10 — 100 M range. However, if they form from primordial density fluctuations, there should be
a bump at around 30 — 100 M, coming from the epoch of the pion formation (see Section VIIC).
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In principle, black holes in the pair-instability mass gap could result from previous mergers (e.g. of
two 30 — 50 Mg black holes). However, the observed merger rates require binary formation in dense
black hole environments, such as globular clusters or active galactic nuclei disks. There are sev-
eral difficulties with this scenario. First, it is intriguing that GW190521, GW190426_190642 and
GW200220-061928 probably have two components in the mass gap; one would expect the secondary
black holes to mainly merge with primary black holes between 20 Mg and 50 M. Second, the velocity
kick acquired in a previous merger typically exceeds the escape velocity of globular clusters. Third,
the black hole mass and rate distribution above 20 M, change continuously across the pair-instability
mass gap. Even if one cannot rule it out, the previous-merger scenario may conflict with the latest

observations.

D. Black Holes in the Low-Mass Gap

Observations of X-ray binaries provide strong statistical evidence for a gap between 2.5 My and
5 Mg in the stellar black hole mass distribution [245, 246]. This can be explained by numerical simula-
tions of supernova explosions due to carbon deflagration. A gap in the mass distribution of binary coa-
lescences from GW observations was therefore expected. However, the latest catalogs [213, 241, 242] re-
veal two mergers with at least one progenitor in the expected gap (GW190814 and GW200210.092254)
and two others lying near the boundary of the gap (GW190924 021844, GW200115.042309). Overall,
observations do not support the existence of this gap, even if the statistical significance is not yet very
high and the mass uncertainties are large. The existence of black holes in the mass gap is also sup-
ported by microlensing observations of OGLE/GAIA towards the Galactic centre (see Section IIIB).
If confirmed, this discrepancy between X-ray and GW observations cannot easily be explained with
stellar models. However the existence of black holes in the low-mass gap is natural for PBHs since
they would come from the large-mass tail of the QCD peak.

E. Binaries with Asymmetric Masses

The event GW190814 [238] is exceptional, not only because its secondary component lies in the
lower mass gap, but also because of the observed very low mass ratio, ¢ = msa/my =~ 0.1. The
existence of such asymmetric binaries is not excluded for astrophysical black hole populations, but
it is difficult to explain why their associated merger rate is only slightly lower than for binaries with
similar masses. Asymmetric binaries are also interesting because one can reconstruct the individual
spin of the primary component Y1, which is very low for GW190814: x; < 0.07 at 90% CL (see
next subsection). This has led the LVK collaboration to claim that “the combination of mass ratio,
component masses, and the inferred merger rate for this event challenges all current models of the
formation and mass distribution of compact-object binaries.” On the other hand, such binaries are
expected for PBH models [53], especially when one includes QCD-induced features in their mass
function: a dominant bump at m; ~ 2.5 Mg and a smaller bump at m; ~ 30 — 50 My. GW190814
could therefore involve PBHs from both bumps, as shown in Fig. 28. We note that Egs. (V.1, V.3)
naturally give rates of order R ~ 10yr~—' Gpe™® with f(m1) ~ 1 and f(my) ~ 0.02.
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Figure 26. Signal-to-Noise Ratio (SNR) as a function of source redshift and total source mass for various
GW detectors: Einstein Telescope (design model D), advanced LIGO, LISA (L3 proposal), IPTA30 (WN only)
and NANOGrav (11yr). From Ref. [249].

The GWTC-3 contains information about a few additional coalescences with mass ratios be-
low 0.25: GW200210.092254 (similar to GW190814), GW200115_042309 (5.4 M and 1.4 M) and
GW191219.163121. For the latter, the secondary mass is around 1.2 Mg and ¢ ~ 0.04, which would
make it the lowest mass neutron star ever observed. The mass properties of these GW events are
indicated in Tab. II. As shown in Fig. 29, one can obtain a broad range of low-mass-ratio mergers
for a wide PBH mass function. Future observations may soon provide additional information on the
abundance of such asymmetric binaries and their merger rates. For PBHs, one cannot exclude LVK
observing even lower mass ratios (down to ¢ ~ 0.001) using continuous-wave methods [247, 248] but
specific waveforms must be assumed for such searches. For broad PBH mass distributions, asymmetric

binaries also boost the stochastic GW background to a level observable with upcoming runs [236].

F. Subsolar Candidates

Given the broad variety of PBH and stellar black hole scenarios, such models could accommodate
very different mass, rate and spin distributions. It is therefore crucial to identify a clear signature of
PBHs that cannot be explained by black holes of stellar origin. There are two observations that would
point towards a PBH origin. The first is detecting a black hole merger from a redshift before the first
star formed (viz. z > 20) [250]. For chirp masses above or around 30 Mg, such redshifts will become
accessible to the 3rd generation of ground-based GW detectors, such as the Einstein Telescope [251]
and Cosmic Explorer [252]. Their expected redshift range for different values of the signal-to-noise

ratios is shown in Fig. 26, as a function of the total binary black hole mass. As indicated in Fig. 26,
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intermediate-mass or supermassive black holes will be probed by space interferometers like LISA [253]
and pulsar timing arrays. The second signature would be the detection of a black hole smaller
than 1 Mg. Detecting a subsolar black hole can already be achieved with the current generation
of GW detectors. The first subsolar LIGO/Virgo searches were unsuccessful [254, 255] but only
focused on binaries with a primary component smaller than 2 M. Similar searches were performed
independently [256, 257] and rate limits obtained for asymmetric binaries in Refs. [258, 259].

A recent re-analysis of data from the 2nd Advanced LIGO run, including binaries with a 2 Mg <
my < 10 Mg primary component and a subsolar secondary component, has revealed four subsolar
black hole candidates with a signal-to-noise larger than 8 and a false-alarm-rate smaller than 2 per
year [260]. These threshold are the usual ones for LVK detections. Two candidates are seen by only
a single detector (one in Livingston and the other in Hanford), so are more likely attributed to noise

but the others are seen in several detectors.

The properties of these candidates, inferred from the template bank, are shown in Tab. II. Some
parameter estimation is ongoing to check their validity and confirm that the secondary component
is indeed subsolar. Although noise might mimic such a signal, we tentatively consider these four
candidates as possible PBHs. Recently, three additional subsolar triggers have been reported by
the second half of the 3rd LIGO/Virgo run [261] based on the same threshold. Their properties
are shown in Tab. II but they were only detected by one of the pipelines used in the search. If
more clear-cut candidates are observed in future observing runs, this would clearly provide evidence
for PBHs. Alternative explanation exist, such as black holes formed from accretion of dark matter
particles [262, 263], by dissipative dark matter [264, 265], or neutron stars with non-standard equation
of state (a subsolar neutron star may have already been observed [266]). However, PBHs would be

the favoured interpretation of subsolar-mass compact objects.

For one of these subsolar-mass triggers, SSM170401, a parameter estimation has been per-
formed [267], assuming that the signal comes from a real GW event. The results are consistent
with expectation for a real signal. However, after removing a glitch, even if one considers more precise
waveforms and a lower minimum frequency of 20 Hz, the signal-to-noise ratio does not increase and is
even slightly reduced from 8.6 to 7.94 if one includes marginalisation over the analysed parameters.
Nevertheless, the posterior probability distribution for the secondary mass supports a subsolar-mass
at 84% CL. The posterior distributions are shown in Fig. 28. These results are not sufficiently statis-
tically significant to claim a firm observation of a subsolar object, so the signal could be due to noise,
but it remains an interesting possibility. In order to better assess this possibility, one would have to
run similar parameter estimations for the other triggers reported in the 3rd observing run. One also
has to understand the origin of the different ranking statistics obtained with the various pipelines.
But it is plausible that SSM170401 is the first subsolar-mass PBH observed by GW detectors. We
emphasise that observing a subsolar-mass black hole is the only way to prove the existence of PBHs
with the current generation of detectors, so this research line should be pursued in a cautious way,
given the far-reaching consequence of such a discovery.

In a recent study, Wolfe et al. [268] have presented a detailed analysis of the measurability of the
mass, spin and sky location for binary black hole mergers with least one SSM component. They
find that next-generation detectors, such as Cosmic Explorer and the Einstein Telescope, will enable
measurements of the source-frame component masses towards O(107°) M. Furthermore, due to the
long duration of these signals, it should be possible to confidently identify sub-solar components at
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Date  FAR [yr—!] m1[Mg] mo[Mg] spin-1-z spin-2-z H SNR L SNR V SNR, Network SNR

2017-04-01 0.41 4.90 0.78 -0.05 —-0.06 6.32 5.94 - 8.67
2017-03-08 1.21 2.26 0.70 -0.04 -0.04 6.32 5.74 - 8.54
2020-03-08 0.20 0.78 0.23 0.57 0.02 6.31 6.28 - 8.90
2019-11-30 1.37 0.40 0.24 0.10 —=0.05  6.57 5.31 5.81 10.25
2020-02-03 1.56 1.52 0.37 0.49 0.10 6.74 6.10 - 9.10

Table II. Reported properties (date, component masses and spins) of the subsolar triggers in Refs. [260, 261],
with a network signal-to-noise ratio (SNR) > 8 and false-alarm rate (FAR) < 2yr~" in the second and third
observing runs of LIGO/Virgo.
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Figure 27. Localisation areas (90% CL) as function of network SNR for all SSM merger signals studied
in Ref. [268]. Coloured dots indicate injected signals into the LVK O4-design sensitivity network (purple)
and a network of Cosmic Explorer and Einstein Telescope (yellow), respectively. The light-blue star indicates
the near equal-mass binary neutron star GW170817. Also shown as gray lines are the fields of view for the
electromagnetic follow-up observations with ZTF (dash-dot-dotted), Vera Rubin Observatory (dotted), next-
generation Very Large Array (ngVLA; dash-dotted), Dark Energy Camera (DECam; wide-spaced dots), and
the Thirty-Meter Telescope (TMT; dashed). From Ref. [268].

the threshold of detectability even during the fourth observing run of LVK, with these events being
well sky-localised and possibly revealing characteristic spin information. This is indicated in Fig. 27.
However, for a clear attribution of these signals to black holes, future work on the development
of waveforms—including tidal deformability and calibrated for SSM compact-object mergers—is

necessary.
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Figure 28. Posterior probability distributions of the primary and secondary component masses mi and mo
of SSM170401, observed during the 2nd observing run of Advanced LIGO, assuming that the signal comes
from a real GW event. A subsolar-mass mg is preferred at 84% CL but one cannot rule out that the signal is
due to noise or a neutron star/black hole merger. From Ref. [267].

G. Black Hole Spins

Another unexpected property of the first detected coalescences is their low effective spins, often
compatible with zero. The effective spin xeg of a binary is defined as
1
Xeff = P — m1.S7 cos(Ors, ) + maSe cos(GLsz)} , (V.6)
where m; is the mass, S; the spin and 6y, the angle between the spin and the orbital momentum for
each component (¢ =1, 2). If the two masses are almost equal, a low effective spin may indicate that
the individual spins are similar and anti-aligned, as expected for stellar black hole binaries. But the fact
that yef remains low and compatible with zero for the vast majority of binaries observed so far [213],
even for different progenitor masses, suggests that the individual spins are also low. This is further
supported by the individual spin of the primary component of GW190814, x; = S cosfrg, < 0.07
at 90% CL, this being well determined due to the mass asymmetry. Low spins are also most likely
for the primary components of other asymmetric binaries, which disfavours a spin orientation that is
orthogonal to the orbital plane for GW190814 by chance. Low spins for black hole binaries are not
expected for popular stellar models, such as the Geneva model, since these should produce a wide

effective spin distribution with a peak around yeg = 0.8.
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In some astrophysical scenarios, it is possible to produce such low spins (see eg. Refs. [269, 270]), so
an astrophysical origin cannot be excluded on this basis alone. But low spin is a generic outcome for
PBHs since these must have almost vanishing spin at formation [271]. This is because they are close
to the Hubble horizon size at formation and therefore do not collapse much. Also the rare large initial
fluctuations from which they form are expected to be nearly spherical [272]. While chaotic accretion
may reduce the PBH spin, other factors —such as coherent accretion, previous mergers and hyperbolic
encounters in dense PBH environments —are expected to broaden the spin distribution [273]. In
particular, for coalescences in the pair-instability mass gap, this would result in a distribution of xeg
centred on zero but with some non-zero values. There is some evidence for non-zero Xeg in the most
recent catalogue. In particular, GW190521 has at least one component in the pair-instability gap.
PBHs therefore provide a natural explanation for the low binary spins inferred from GW observations

and this complements the other evidence.

In order to quantify the weight of this evidence, several studies [274-277] have compared the Bayes
factor for PBH and astrophysical black hole models. All of them favour either PBHs or a mixed
population. However, more data and more precise PBH and astrophysical models are needed to

better distinguish them with a Bayesian approach [275].

Finally, some events in the GWTC-3 seem to have spins compatible with a random spin orientation,
which suggests a dynamical formation channel in a dense black hole environments [237]. Active galactic
nuclei and globular clusters are a plausible context for this but PBHs are also expected to be clustered
due to Poisson fluctuations (Section IT). An important difference between the two scenarios is that
black holes from secondary mergers should have all acquired large spins, whereas smaller spins are
expected for PBHs. A statistical analysis of the spins of black holes in the pair-instability mass gap

could soon discriminate between these explanations.

H. Pulsar-Timing Arrays

The NANOGrav collaboration have recently reported a possible detection of a GW background
at nano-Hertz frequency [214] using pulsar timing arrays (PTA). This has been confirmed by the
European Pulsar Timing Array (EPTA) [215], Parkes [216] and IPTA [217] collaborations, although
the GW origin still has to be demonstrated. Such a GW background could have been sourced by the
2nd order perturbations associated with the large density fluctuations needed to form PBHs. Several
groups have suggested this and the signal frequency would be associated with PBHs in the stellar mass
range [278-283], or even in the planetary mass range [284]. The uncertain shape of the primordial
power spectrum, the possibility of non-Gaussian tails in the fluctuation statistics [283], the model
dependence of the critical overdensity threshold, and other uncertainties make it difficult to estimate
the PBH dark matter fraction required to explain such a signal, but the range 1072 < fppn < 1 could
be accommodated. Given its shape and assuming Gaussian fluctuations, it is however possible to set
limits on, and identify the most likely amplitude of the primordial power spectrum on scales that are
relevant for the formation of stellar-mass PBHs. The results obtained using the most recent IPTA
data and a log-normal primordial power spectrum are shown in Fig. 30 from Ref. [282], where the

required amplitude to get fpgyg = 1 is also estimated.
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Figure 29. Expected probability distribution of PBH mergers with masses m1 and mg for a mass function
with ns = 0.97 and LIGO sensitivity for O3 run. Solid and dashed white lines correspond to mass ratios
g = ma/my of 0.1 and 0.5, respectively. From Ref. [226].

Some papers claim that there is an inconsistency between the value of fppy required for this model
and the merger rates inferred from LVK observations [283]. However, given the large uncertainties
and model-dependence of the critical threshold, mass distributions and merger rates, we regard the
order-of-magnitude coincidence between the value of fppy required for the NANOGrav signal and
the LIGO/Virgo merger rates as favouring PBHs. Even if the NANOGrav detection has a GW
origin, there are alternative sources, such as SMBH binaries or cosmic strings. Another PBH-related
explanation, given that the signal for extended mass distribution is boosted, could be late binaries in
clusters [236]. It has also been proposed that such a GW background is produced by the mergers of
stupendously large PBHs [285], or during a first order phase transition at the origin of stellar-mass or
heavier PBHs [286].
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Figure 30. Two-dimensional posterior distributions (1o and 20 contours) of the primordial power spectrum
amplitude A¢ at peak scale k., assuming a log-normal shape of width A =1, from the NANOGrav 12.5-year
(green) and IPTA-DR2 (blue) observations of PTAs, if the observed signal comes from scalar-induced GWs.
The dotted line represents the expected amplitude leading to fpeay = 1 on which one can identify the bumpy
feature due to the QCD-epoch leading to solar-mass PBHs. From Ref. [282].

VI Potential Solutions to Cosmic Problems

There are a number of other unresolved problems in cosmology which PBHs might help to solve.
We discuss them separately from the problems discussed above, since they are less studied and the

arguments are less compelling.

A. Fast Radio Bursts

Fast radio bursts (FRBs) are bright radio transient events with millisecond pulse widths and GHz
frequencies; their nature is still unknown [287]. All of them are extragalactic and most are non-
repeating. Many explanations have been proposed, including cataclysmic events involving merging
neutron stars and stellar black holes, neutron star seismic activity, black hole accretion and active
galactic nuclei (see Refs. [288-290] for recent reviews). FRBs may also be explained by collisions of
neutron stars with planetary-mass PBHs. For example, Abramowicz et al. [291] argue that this could
apply if PBHs of around 10%! g constitute around 1% of the dark matter. This mechanism can also
lead to the production of some r-process elements, as argued in Ref. [292]. Interestingly, this would
be consistent with the ‘thermal history’ model [34], which is discussed in Section VIIC. As pointed
out by Kainulainen et al. [293], the Bondi formula implies that the characteristic time for accretion
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of neutron star material onto the PBH is

3 15 -3 —12
Cs 10° gcm 10 M@)
tg =~ 2.5yr | — . VI.1
? Y (0-6> ( Pc )( Mpgn ( )

Using ¢ = 0.6 as a characteristic sound speed in the core of a neutron star, this is longer than 10 yr for

PBHs smaller than 2 x 1072 M. Reference [293] suggests that one needs accretion on this timescale
to explain the irregular bursts of the repeating FRBs, such as FRB 121102 (cf. Ref. [294]), through
intermittent reconnection of the magnetic field-line bundles. Hence planetary-mass PBHs could be
the source of repeating FRBs. Indeed, a PBH mass function with fpgg ~ O(10%) in the range 10~ 14
— 1071 Mg (101 — 10?2 g) might explain all the FRBs.

B. Missing-Pulsar Problem

One expects a large population of pulsars in the Galactic centre but none have been detected within
the innermost 20 pc and there is a lack of old pulsars even at much larger distances [295]. This may
be accounted for if the Galactic halo comprises PBHs because they would sink into the centres of
the pulsars due to dynamical friction and then consume them. Assuming a Maxwellian PBH velocity
distribution, the capture rate for a PBH by a neutron star is [296]

PDM 2GMns Rns 3 Eloss
r. — NG 1- _ _OBoss )| VI.2
cap = JPBE VOT 37 (1 — 2GMns/Rns) P\ Mppy o2 (V1.2)

Here, ppy is the local dark matter density, oy is the velocity dispersion of the PBHs, and Rns and Mygs
are radius and mass of the neutron star, respectively. The upper panel of Fig. 31 shows the number
of captures over 10!° yr as a function of Galactocentric distance, assuming a NFW profile [297]. For
PBHs smaller than about 10?4 g, no neutron star older than 10'° yr survives within the innermost
10 fppu pc and this increases to 100 fppy pc for Mppy ~ 10%° g.

This effect is significantly enhanced if the dark matter density near the Galactic centre is increased
relative to an NFW profile due to adiabatic accretion of dark matter, as expected in the spike models
of Gondolo and Silk [298]. Sadeghian et al. [299] suggest the following analytic approximation for the
spike density profile (see also Refs. [300, 301]):

N\ 9 RN 7 B \—(9-27)/(4—7)
Psp(T) o <R5p) (1 — RS) (Rbp) (2Rs <1 < Ryp). (VL3)

To r r

Here, Rg is the Schwarzschild radius of Sgr A* and Rj, is the spike radius (see Refs. [298, 302] for
details). The lower-left panel of Fig. 31 shows the capture rate for the profile (VI.3) and indicates
that a steeper profile (i.e. larger 7) results in more efficient removal. For v = 2 and Mppy = 10%*? g,
no neutron stars older than 107 feBu yr survive inside 10 pc. N-body simulations using more refined
PBH velocity distributions and mass profiles will be needed to better assess this model.

~61/107 -



Observational Evidence for Primordial Black Holes

NFW
108 T T T T T T T
| ——— mppn = 102 g |
® 4 ----- mppy = 10* g
5 10433 %
:Z """""""""" mppy = 10 g
L““ Mo TSRS - mppy = lO%g
X <>
2 et iy
5 el e TSI
) L TSt~ e, TSST
L e R LS
N e SOU R SO
S 04 T T
Semee ~J
108 L L L L L L o
107° 10~ 1072 10° 10?
rkpc]
1020 e 1012
- NFW 2 .
(BN
a2 Fres ———--y =01 £
g 120 L=< 8
8102 e eeaeene oy = >
> ! X
3 w 10%F
= S
= )
= >
< o
=
—
10—4 s s s s s s s s s n 10—4
1070 10°* 10° 10* 1072 10° 107°

r{kpc]

Figure 31. Upper panel: Capture rate (V1.2) as a function of Galactocentric distance assuming an NFW
profile, fepn = 1, oy = Tkm/s and Mpgn = 10*g (solid), 10** g (dashed), 10*® g (dotted), 10** g (dot-
dashed). Lower-left panel: Spike halo density profile (VL.3) with v = 0.1 (dashed), v = 1 (dotted), v = 2
(dot-dashed) as a function of Galactocentric distance, compared to NFW profile (solid). Lower-right panel:
Capture rate (V1.2) for Mppu = 10?2 g as a function of Galactocentric distance using the halo density profiles
of the left panel.

C. Hubble Tension

The value of the Hubble constant reported by the Planck collaboration [303], Hy = 67.37 +
0.54km/s/Mpe, is less than the value measured by Cepheids and Type Ia supernovee [304], Hy =
73.52 + 1.62km/s/Mpc. No standard explanation has been found so far. However, several authors
have questioned whether this tension is real or as large as suggested. For example, systematic un-
certainties in the Cepheid colour-luminosity calibration might exclude measuring Hy to the precision
claimed [305]. Also Rameez and Sarkar [306] argue that discrepancies between supernova Ia datasets
(the Pantheon and JLA compilations) undermine the claimed Hubble tension. Recently, Schwarz et
al. [307] have pointed out that 30% of the CMB dipole is not caused by the movement of the Sun,
implying an error in Planck’s dipole subtraction. This could substantially change the Planck best-fit
model, and might remove the tension entirely. Measurements from HOLICOW [308] show a clear trend
towards smaller values of Hy with distance and this also conforms with data from X-ray clusters [309)].

Future research is clearly needed to clarify the situation.
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If the tension prevails, PBHs could help to alleviate it. Eroshenko [310] studies a scenario in which
PBHs have (1) a mass distribution peaking within the range 102° — 1024 g, and (2) a weakly-relativistic
velocity dispersion. He points out that if these PBHs have been in dense clusters with initial masses
18 — 560 My, their further dynamical evolution might have lead to a vastly increased merger rate,
transforming about 10% of their initial mass into gravitational waves. In turn, the Hubble constant
might have increased by ~ 5% as compared to its value without these merger processes. This would
imply a shortening of the first acoustic-peak scale, such that the present Hubble constant Hy would

be less than that deduced from local measurements.

D. Falling Rotation Curves at Large Distances

There is increasing evidence for non-flat rotation curves of galaxies at z ~ O(1) [311], with the
curves falling beyond twice the half-light radius (cf. Fig. 6 in Section III). This could be accounted
for if the dark matter were subdominant in the outer regions of galactic disks at those redshifts. This
is expected if the dark matter comprises PBHs in dense clusters since—as they merge with larger
halos—they would tend to fall to the centre. Moreover, in the standard ACDM scenario, galaxy
halos are formed by successive mergers of smaller halos and galaxies move along cosmic web filaments,
where most of the baryonic gas is located. For PBH dark matter, the galaxy halos have edges, so
the rotation curves of galaxies should fall off at sufficiently large distances. This works for PBHs but
not particle dark matter since only the former are affected by dynamical friction. The galactocentric
distance at which this fall-off occurs depends on the type of galaxy and its merger history. In the case
of the Milky Way, this happens at around 30 kpc, which is closer than the Large and Small Magellanic
Clouds [83]. This significantly weakens the microlensing constraints from the Large Magellanic Cloud,
as discussed in Section ITI. The estimate in Ref. [83] suggests fppu ~ 0.4 at Mppy ~ 1 Mg, which

agrees with the MACHO microlensing result and the thermal-history scenario.

E. Hyper-Velocity Stars

High-velocity stars have been recently detected in the Milky Way halo and observations suggest
a Galactic bulge and LMC origin [312]. They could have resulted from slingshot interactions with
massive PBHs [10] or massive black hole binaries [313]. The existence of the former in the Galactic
centre is supported by a recent observation [314]. High-velocity stars are also detected in the core of
globular clusters [315], which might also indicate a population of massive PBHs. A recent analysis [316]
has found a few candidates for high-velocity stars in the DR2 catalog of Gaia Mission, which seem
to come from the centre of the Sagittarius dwarf galaxy, a highly compact tidal stream with a high
concentration of black holes at the centre. These are probably primordial, given the stellar evolution
in the tidally stripped dwarf galaxy. The core of the Sagittarius dwarf galaxy could be a cluster of
10° PBHs with mass peaked around a solar mass [316, 317].
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F. Properties of Low-Mass X-Ray Binaries

The majority of Low Mass X-ray Binaries (LMXBs) have been detected in globular clusters or
towards the Galactic centre, but not in the Galactic disk [318]. This favours formation through a
process of tidal capture. If stellar-mass PBHs provide a significant fraction of the dark matter, they
should reside in both globular clusters and the Galactic bulge and their contribution may dominate
that from black holes of stellar origin and neutron stars. This suggests that the compact objects
in LMXBs could have a mass below the Chandrasekhar mass and are PBHs rather than neutron
stars [155]. Because the gravitational-wave amplitude depends on the black hole mass, while the X-
ray luminosity from a LMXBs is detectable whatever the PBH mass is, a broad PBH mass distribution
centred on a few solar masses would also explain why most LMXB have a mass in that range, whereas
GW events involve heavier black holes due to the detector optimal sensitivity at higher masses.
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VII Evidence from Dark Matter and Unified Model

Of all the observational evidence discussed in this review, that pertaining to dark matter is most firmly
established and this surely points towards new physics. The dark matter has about 26% of the critical
density and evidence for it has been found on many different scales — galactic halos, clusters of galaxies
and intergalactic space. The usual assumption is that it comprises some form of cold dark matter
(CDM) since, in this case, as progressively larger scales of structure bind from the initial fluctuations,
the dark matter will inevitably be found on all these scales. It must have the following properties: (1)
it must be dark enough to explain the lack of observations across the whole electromagnetic spectrum;
(2) it must be “cold” in order to agree with the observed large-scale structure and CMB anisotropies;
(3) it must be non-interacting or weakly interacting to be consistent with the dark matter distribution
in dwarf galaxies; (4) it cannot have an astrophysical origin since CMB observations show that it was

present in the early Universe. Only some new type of particle or a PBH can satisfy all these criteria.

A. PBHs versus Particle Dark Matter

Until recently, the most popular CDM candidates were WIMPs (weakly interacting massive parti-
cles) since they arise naturally in supersymmetric extensions of the standard model. However, neither
direct searches (using accelerators and underground detectors) nor indirect searches (using astronomi-
cal observations) have provided any evidence for such particles and this has ruled out most versions of
the scenario. This has led to the search for other particle candidates (sterile neutrinos [319, 320], axions
and axion-like particles [321-323] as well as ultralight bosons [324]) or even proposed modifications to
the law of gravity (such as MOND [325] or TeVeS [326]).

Black holes might also be regarded as a form of CDM. However, while black holes are certainly
dark, it should be stressed that those which form at late times (eg. as stellar remnants or in galactic
nuclei) could not provide all the dark matter because they derive from baryons and are therefore
subject to the well-known big bang nucleosynthesis constraint that baryons can have at most 5% of
the critical density [327]. By contrast, PBHs formed in the radiation-dominated era before big bang
nucleosynthesis and avoid this constraint. They should therefore be classified as non-baryonic and
behave like any other form of CDM. There are certainly some dark baryons, including those in stellar
remnants, but most of them are probably in the form of intergalactic gas. For recent reviews of PBHs
as dark matter, see Refs. [328, 329].

It is sometimes argued that PBHs are more natural dark matter candidates than WIMPs or other
particles since black holes holes definitely exist, so that one does not need to invoke new physics.
While most models of PBH formation depend on processes in the early Universe which may involve
new physics, there exists at least one scenario, Critical Higgs Inflation, which only needs to include
a non-minimal coupling of the Higgs field to gravity in the Lagrangian of the Standard Model. This
is very different from the particle dark matter scenario, which requires the addition of at least a new
field beyond the Standard Model since the known particles cannot account for CDM. Such theoretical
arguments cannot be decisive but we believe the observational evidence discussed in this review boosts
the odds in favour of PBHs. Finally, we stress that PBHs could still play an important cosmological
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role even if they only contribute a small part of the dark matter. This resembles the situation with
neutrinos: these definitely exist and are enormously important even though their cosmological density
is low. However, as discussed below, PBHs and particles cannot both make significant contributions
to the dark matter.

The basic recipe for PBH formation is simple. One just requires density fluctuations of some form,
so that a small fraction of regions are dense enough to collapse. The obvious source of such fluctuations
is inflation but there are other sources, such as cosmic strings. Another possibility is that the pressure
was reduced for some period (e.g. at the QCD epoch), so that PBHs could form more easily from the
initial fluctuations, or that there was some form of phase transition, which might itself generate the

required fluctuations.

The PBH parameter space — just like the parameter space for the particle model — has been progres-
sively constrained by various observations. In particular, many papers have constrained the function
f(Mpgn), usually for a monochromatic mass distribution. However, the comparison is entirely valid
for several reasons: (1) fwmup is not considered as a free parameter in the WIMP case; (2) no theo-
retical model leads to monochromatic PBH mass function; (3) most limits on particle dark matter are

rather precise, whereas the PBH limits depend on many astrophysical and theoretical uncertainties.

It is worth elaborating on the last point. All the limits below 107 g rely on the theory of black
hole evaporation but this has never been proved experimentally and evaporation might be suppressed
in alternative theoretical models. Between 107° My and 1 M, (ie. ten decades of mass) the limits
come from ML surveys but these depend on assumptions about the dark halo (its density profile),
the PBHs (their velocity and mass distributions and clustering) and the efficiency of ML detections.
The claimed limits are not very strong anyway, ranging from 1072 to 1. Most of the limits above
10 M rely on black hole accretion. However, this is not well understood either observationally or
theoretically and could be more complex than usually assumed. In particular, accretion depends on
the black hole velocity relative to gas and this depends on the exact model. A modest change in the
PBH velocity distribution could change the abundance limits by several orders of magnitude. The
limits above 10* M, depend on the primordial power spectrum and could be evaded if PBHs formed

from highly non-Gaussian fluctuations, as applies in a variety of theoretical models.

Given these uncertainties, PBHs or the relics of their evaporation could provide a significant fraction
of the dark matter for the hundred decades of mass between ~ 1g (for PBHs formed around the GUT
scale) and 10° M. They may therefore provide all the dark matter even if f(Mppy) ~ 1072 for
any particular mass, thereby obviating many of the constraints. However, one still needs 0.01 <
f(Mppu) < 1 somewhere in this broad mass range, so this is the region represented in our plot of the

observational evidence. See Refs. [330-333] for detailed analyses of extended PBH mass functions.

B. Mixed Dark Matter

If most of the dark matter is in the form of elementary particles, these will be accreted around
any small admixture of PBHs. In the case of WIMPs, this can even happen during the radiation-
dominated era, since Eroshenko [334] has shown that a low-velocity subset will accumulate around
PBHs as density spikes shortly after the WIMPs kinetically decouple from the background plasma.

Their annihilation will give rise to bright y-ray sources and comparison of the expected signal with
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Fermi-LAT data then severely constrains Qpgy for M > 1078 M. These constraints are several orders
of magnitude more stringent than other ones if one assumes a WIMP mass of m, ~ O(100) GeV and
the standard value of (ov) = 3 x 10726 cms™! for the velocity-averaged annihilation cross-section.
Boucenna et al. [335] have investigated this scenario for a larger range of values for (ov) and m, and
reach similar conclusions. Although this might be regarded as a PBH constraint, it also represents

potential signature of even a small density of PBHs.

Besides the early formation of spikes around light PBHs, WIMP accretion can also occur by sec-
ondary infall around heavier PBHs [336]. This leads to a different halo profile and WIMP annihilations
then yield a constraint fppy < O(1077) for the same values of (ov) and m,,. This result was obtained
by Adamek et al. [337] for solar-mass PBHs but the argument was extended by Carr et al. [338] to the
mass range from 1078 My to 10'® My; this even includes stupendously large black holes (SLABs)
larger than 102 Mg, [190]. Recently, Ginés et al. [339] used the same dark matter halo profile as

derived by Carr et al. [338] and their extended analysis of annihilation signals found similar results.

The basis for all those constraints is the derivation of the density profile of the WIMP halos around
the PBHs, which was given in Ref. [338]. Their result is depicted in Fig. 32, which shows the presence
of three initial scaling regimes,

Fxpxpr?/t (r<rc)
Py, spike(T) X & fy poq M3/2 1732 (rq < r < 1K) (VIL1)

Fx Peq MP/Ar=%/% (1 > k).

Here, f, is the dark matter fraction in the WIMPs, pkp is the cosmological density when they ki-
netically decouple, peq is the density at matter-radiation equality, and r¢ and rx depend on M and
m, . However, the dynamical evolution of the halo needs to be taken into account, since WIMP anni-
hilations significantly change the profile from its initial form and produce a flat core. The derivation
of these results and further details can be found in Ref. [338]. Using N-body simulations, Boudaud
et al. [340] obtained exactly the same density profile as Carr et al. [338], confirming the three-fold
behaviour of Eq. (VIL.1).

The most stringent constraints come from extragalactic vy-ray background observations. The dif-
ferential flux of vy-rays is produced by the collective annihilations of WIMPs around PBHs at all
redshifts [341],

o, [ e (= E) N, dnppr(M)
= [ C Y [ () B 1.2
dEdQ|, / * 8nH(z) dE &= (VIL2)

where H (z) is the Hubble rate at redshift z, “eg” indicates extragalactic and nppy is the PBH number
density. Also I'(z) = Tgh(z)*?, where I'y = Y 17 M/ My, is the WIMP annihilation rate around
each PBH, with T = 1.2 x 103*s~! (TeV/mX)4/3, and 7y is the optical depth at redshift z resulting
from (1) photon-matter pair production, (2) photon-photon scattering, and (3) photon-photon pair
production [342, 343]. The numerical expressions for both the energy spectrum dN,/dE and the
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Figure 32. Density profile before (p;) and after (py) annihilations of WIMPs bound to a PBH of mass
1072 Mg or 1076 Mg (left panel) and 1 Mg or 10° M, (right panel) for f, =~ 1. We set m, to be 10 GeV
(magenta), 100 GeV (orange) and 1TeV (green). From Ref. [338].

optical depth are taken from Ref. [344]. Integrating over the energy and solid angle leads to a flux

B ,, — JPBHPDM FLTN (my), (VIL3)

v.e8 T 2H0 M@

where ppy is the present dark matter density and N,Y is the number of photons produced:

dN e~ Te(z E)
(m dz . VIL.4
o= e [ e G iy
Here, the lower limit in the redshift integral corresponds to the epoch of galaxy formation, assumed

to be z, ~ 10. The analysis becomes more complicated after z,.

Comparing the integrated flux with the Fermi sensitivity ®,es yields

2M Hy B, 25 1079 (my /TeV) ! (M 2 M,)
feBHS — = & 50 9
por Lo Noy(mo) | 1.1 x 10712 (my /TeV) >0 (M/10710 M) (M < M),
where M, is given by
M, ~2 %1072 (m, /TeV) ™30 My, . (VIL5)

The full constraint is shown by the blue curves in Fig. 33 for a WIMP mass of 10 GeV (dashed line),
100GeV (dot-dashed line) and 1TeV (dotted line). We note that the extragalactic bound intersects
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Figure 33. Left panel: constraints on fpeu as a function of PBH mass from extragalactic v-ray background
for m, = 10GeV (dashed line), 100 GeV (dot-dashed line) and 1TeV (dotted line), setting (cv) = 3 x
1072 cm3s ™!, and fepa + fy = 1. Also shown is the incredulity limit (one black hole within the particle
horizon). Right panel: the colour shows the fraction of WIMPs f, as a function of the PBH and WIMP
masses. From Ref. [338].

the cosmological incredulity limit (corresponding to one PBH within the particle horizon) at a mass

2 Hy Mgy @ M
Mgy = —070 71 7B o 5% 10" M (my/TeV), (VIL6)
ag ppm T Ny (my)

where we have used our fit for N, (m,) and set Mg = ppy c®/Hg ~ 3 x 102! M.

The above analysis can be extended to the case in which WIMPs do not provide most of the dark
matter [338]. Figure 33 shows the results, with the values of f, being indicated by the coloured scale
as a function of M and m,. This shows the maximum WIMP density if most of the dark matter
comprises PBHs of a certain mass and complements the constraints on the PBH density if most of
the dark matter comprises WIMPs with a certain mass and annihilation cross-section. Figure 33 can
also be applied in the latter case, with all the constraints weakening as f, L7 The important point is

that even a small value of fppy may imply a strong upper limit on f,.

If Mpgy 2 1071 Mg and m,, < 100GeV, both the WIMP and PBH fractions are O(10%). Since
neither of them can provide all the dark matter, this motivates a consideration of the situation with
feeu + fx < 1, which requires a third dark matter candidate. Particles which are not produced
through the mechanisms discussed above or which avoid annihilation include axion-like particles [345—

347], sterile neutrinos [348, 349], ultra-light or “fuzzy” dark matter [350, 351].
The latter is interesting because of its potential interplay with stupendously large black holes [190].

If light bosonic fields exist in nature, they could accumulate around rotating SMBHs and form a
condensate, leading to superradiant instabilities [352]. As shown in Ref. [190], this leads to strong
constraints on the mass my of such a hypothetical boson (see Fig. 34).

Recently, Kadota & Hiroyuki [353] 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 fpgy in the range 10~8 — 10~°, depending on the
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Figure 34. Superradiance constraints on the mass my of a hypothetical boson as a function of PBH mass
M. Results are shown for the observed black hole spin parameter a. = 0.99 (solid line), a. = 0.2 (dashed
line) and a. = 0.01 (dotted line), defined in terms of the angular momentum J as a. = Je/(GM?). From
Ref. [190).

WIMP annihilation channel and WIMP mass (10 — 103 GeV). These authors also investigated [354]
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 v-ray data. Using 21-cm observations and assuming strong Lyman-
« coupling, this work finds improved PBH limits for the canonical WIMP annihilation cross-section
(ov) =3x10726 cm®s™: fppu < 4 x 10710 for m, = 100 GeV and fppu < 2 x 1079 for m, = 1 TeV.

C. Thermal-History Scenario

In this Section, we explore the possibility of explaining all the observational evidence for PBHs
with a single unified theoretical scenario, as first described in Ref. [34]. Because the evidence covers
a wide range of masses, this requires that the PBH mass function also be extended. We will argue
that this could be a natural consequence of the standard thermal history of the Universe, combined
with the dependence of the critical threshold for PBH formation on the sound-speed. In particular,
one expects a rather specific mass function in the planetary to intermediate mass range, which is
independent of the origin of the density fluctuations. For all formation scenarios, PBH clustering is
another key ingredient in explaining the evidence and the inevitable clustering induced by the Poisson
fluctuations was discussed in Section II. We must also consider the relationship between the primordial
fluctuations on large and small cosmological scales (as probed by the CMB and PBHs, respectively),
with particular emphasis on scenarios producing non-Gaussian tails in the fluctuation statistics [57].
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Figure 35. Equation-of-state parameter w as a function of temperature 7', from Ref. [34]. The grey vertical
lines correspond to the masses of the electron, pion, proton/neutron, W/Z bosons and top quark. The grey
dashed horizontal line correspond to w = 1/3.

Reheating at the end of inflation fills the Universe with radiation. In the standard model, it remains
dominated by relativistic particles until matter-radiation equality with an energy density decreasing
as the fourth power of the temperature. As time increases, the number of relativistic degrees of
freedom remains constant until around 200 GeV, when the temperature of the Universe falls to the
mass thresholds of the Standard Model particles. The first particle to become non-relativistic is the
top quark at 172 GeV, followed by the Higgs boson at 125 GeV, the Z boson at 92 GeV and the W
boson at 81 GeV. At the QCD transition, occurring at a temperature of around 200 MeV, protons,
neutrons and pions condense out of the free light quarks and gluons. A little later the pions become
non-relativistic and then the muons, with eTe™ annihilation and neutrino decoupling occur at around
1 MeV.

Whenever the number of relativistic degrees of freedom suddenly drops, it changes the effective
equation-of-state parameter w = p/pc?. As shown in Fig. 35, there are thus four periods in the
thermal history of the Universe when w decreases. After each of these, w resumes its relativistic
value of 1/3 but because the threshold overdensity required for PBHs §. is sensitive to the equation-
of-state parameter w(7T), the sudden drop modifies the probability of gravitational collapse of any
large curvature fluctuations. This results in pronounced features in the PBH mass function even
if the primordial fluctuations have a uniform power spectrum. If the PBHs form from Gaussian
inhomogeneities with root-mean-square amplitude 0,5, the fraction of horizon patches undergoing
collapse to PBHs on mass scale M is [355]

(VIL7)

Sc ([T (M)])
V2 6ms (M) |

B(M) =~ Erfc l
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where the mass and temperature are related by

T ~ 200 \/ Mo /M MeV . (VILS)

Thus S(M) is exponentially sensitive to w(M) and the present CDM fraction for PBHs of mass M is

Meq
M )

feen(M) = L deeon(M)

= ~ 24 B(M
pcom  dlnM p)

(VILY)

where M, = 2.8 x 107 M, is the total horizon mass at matter-radiation equality and the numerical
factor is 2 (1 + QB/QCDM) with Qcpy = 0.245 and Qg = 0.0456 [356]

There are many inflationary models and they predict a variety of shapes for d,ms(M). Some models
produce an extended plateau or dome-like feature in the power spectrum. For example, this applies
for two-field models like hybrid inflation [357] and even some single-field models like Critical Higgs

Inflation. This results in a quasi-scale-invariant spectrum,

M (1—ng)/4+ as/8In(M/Mg)
) , (VIL10)

5rms(M) =A (%
where the spectral index ng, its running a5 = dInng(k)/dInk and the amplitude A are treated as free
phenomenological parameters. This could represent any spectrum with a broad peak, such as might
be generically produced by a second phase of slow-roll inflation. We choose A = 0.0218 for ny; = 0.986
and o = —0.0018, in order to get an integrated abundance fppy = 1. Following Refs. [358, 359], the
ratio of the PBH mass and the horizon mass at re-entry is assumed to be 0.8. The resulting mass
functions are represented in Fig. 36. There is a dominant peak at M ~ 2 Mg and three additional
bumps at 107° Mg, 30 Mg, and 106 M. Earlier works [32, 53, 360, 361] have also discussed the effect
of the QCD transition on PBH formation but not that of the other nearby transitions. All the effects
were first considered in a unified way in Ref. [34]. Depending on the running and tilt, these bumps
are more or less pronounced, as can be seen in Fig. 36. This shows that small variations of the tilt

and its running can dramatically change the normalisation and thus the height of the main peak.

Two recent numerical studies of PBH formation at the QCD epoch by Escriva et al. [226] and Musco
et al. [362] have included more consistently the effects of the varying sound speed and equation of
state during PBH formation. Both give a somewhat different PBH mass function, although the same
qualitative feature of a peak at around 1 Mg is retained. The differences may be explained by subtle
differences in the considered curvature profiles, the interpolation method between data points of the
equation of state as a function of the temperature and by the exact receipt for the computation of
the PBH mass distribution. One should therefore bear in mind that the exact mass distribution is
still uncertain and model dependent. This can impact the analysis of PBH merger rates. Moreover,
different fundamental physics dynamics around the QCD epoch, like or gluon condensation [363], could
drastically change the shape of the mass distribution around 1 Mg [363]. A detailed spectroscopic
mass resolution around that peak could thus reveal the nature of the phase transition and possibly

new fundamental physics associated with it.
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Figure 36. The effect of the spectral tilt (upper panel) and its running (lower panel) on the thermal-
history-induced mass function fpgu(M). From Ref. [168]

Another example of how fundamental physics can change the shape of the PBH mass function
concerns lepton-flavour asymmetries. Observationally allowed lepton flavour asymmetries [364] could
dramatically change the functional form of the bumps and even their location [365]. Figure 37 illus-

trates this for the three examples analysed in Ref. [365]:
(1) be =1, =€, = —5.3 x 107! [green, solid line];
(2) be =0and £, = — £, =4 x 1072 [red, dotted line];
(3) be=—8x10"2and £, = ¢, =4 x 1072 [blue, dashed line],

where the lepton flavour asymmetries are defined as

No — Ng + Ny, — Ny

la

>, aed{epu 7). (VIL11)
s
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Figure 37. Left panel: Effective equation-of-state parameter as a function of temperature. Shown are the
three cases of different lepton flavour asymmetry and the 1/3 for a radiation fluid. The standard scenario
[case (¢)] is indicated by the green solid line. Right panel: Spectral density of the PBH dark matter fraction
as a function of PBH mass, for the three cases. The green solid line indicates the standard scenario. Also
shown is the LIGO sensitivity curve (grey dot-dashed line) from Ref. [240], for equal-mass mergers and using
the maximal GW frequency fiax =~ 4400 Mg /M for the conversion from frequency to mass.

Here, n,, and ng denote the number density of the particles and antiparticles, and s is the entropy den-
sity. For adiabatic expansion, the ¢, are conserved between the electroweak transition at T' >~ 160 GeV
and T~ 10 MeV. The baryon asymmetry of the Universe is constrained from CMB observations [356]
and primordial element abundances [366] to be n = 8.7x 10~!!. Constraints on the lepton asymmetries

are, however, many orders of magnitude weaker and allow for a total lepton asymmetry [364]
e + 0, +0:] <1.2x 1072, (VIL.12)

In particular, as pointed out in Refs. [367-369], scenarios with unequal lepton flavour asymmetries
(before the onset of neutrino oscillations) are observationally almost unconstrained and therefore open

up a whole new parameter space for the evolution of the Universe around the QCD transition.

The left panel of Fig. 37 shows how non-zero flavour asymmetries weaken the softening of w during
the transition, with even ¢, = 0 yielding a pronounced effect. Two cases of unequal lepton flavour
asymmetry are chosen for illustrative purposes. Note that a lepton flavour asymmetry always weakens
the softening of the equation of state during the QCD transition, as it adds leptons to the Universe
which do not interact strongly. This is different from the smaller effect at the pion/muon plateau,
where lepton flavour asymmetries can lead to either stiffening or softening of the equation of state
(cf. the two cases of unequal flavour asymmetry) as pions and muons become non-relativistic. The
corresponding result for the PBH dark matter fraction is depicted in the right panel of Fig. 37. Due
to the exponential enhancement of Eq. (VIL.7), the three cases differ significantly. The effect of lepton
flavour asymmetries are currently being explored. As shown by Gao & Oldengott [370], the cosmic
QCD transition might even become first order if the asymmetries are sufficiently large. This would

have a dramatic impact on the PBH mass function.

~ 74/107 -



Observational Evidence for Primordial Black Holes

0.100

0010

fPBH(M)

0.001 OGLE+Gaia

PTA
104 ¢
1073 . : ; .
10712 108 1074 100 104 108

M[Mo)

Figure 38. PBH mass function with peaks induced by the thermal history of the Universe (thick, dashed curve;
cf. Ref. [34]). Figure includes the same pieces of positive evidence for PBHs as in Fig. 1. Also included, as a
comparison, are various monochromatic constraints on fppu (M) (light-shaded regions), taken from Ref. [371].

D. Comparing Evidence with Thermal-History Model

In Figs. 1 and 38, we have indicated the PBH mass and dark matter fraction required to explain the
various type of observational evidence discussed in this review. We now explain the derivation of these
regions in more detail, considering the lensing, dynamical and GW arguments in turn. However, just
as for PBH constraints, all these estimates are based on various assumptions and subject to significant
uncertainties. In particular PBH properties (such as mass function, clustering etc.) can modify the

different regions. Unless indicated otherwise, we assume a monochromatic PBH mass function.

PBH dark matter fraction from lensing evidence. We have estimated the PBH dark matter

fraction for six types of lensing evidence in the following way:

e For HSC, we have reinterpreted the limits of Ref. [96]. Instead of assuming no detection, we have
computed the 20 confidence intervals for fppy assuming that one PBH microlensing event was
observed. The limit is identified with a band using simple Poisson statistics. All the assumptions
are therefore identical to those of Ref. [96].

e For OGLE, we show the 20 allowed region provided in Fig. 8 of Ref. [93], combining the OGLE

confidence region with the HSC exclusion region
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e For P-A, we provide a band of possible fppy values based on the Table 9 of Ref. [95], where 20

confidence intervals were estimated for different PBH masses.

e For quasars, there is not yet a robust estimation of a confidence region despite the fact that
we consider them as a strong evidence for a large fraction of dark matter made of compact
objects. We therefore considered a relatively broad range of possible PBH mass, between 1072
and 10 Mg and a lower dark matter fraction limit of fppy > 0.1, but this is a rough order of

magnitude estimation.

e For MACHO, the 20 region comes from Refs. [69, 372]. We have argued that the MACHO
microlensing events are real and plausibly due to PBHs, despite EROS and OGLE later claiming

more stringent limits.

e For OGLE+Guaia, we assume that all the microlensing events are due to PBHs. The indicated
band comes from the lowest and highest mean mass value shown in Fig. 7, obtained by the
analysis of Ref. [90], and there is a somewhat arbitrary lower bound, fppu &~ 1073, below which

PBHs are unlikely to explain so many microlensing events.

All these estimates are subject to large uncertainties. In particular, the size of PBH clusters could
alter the PBH fraction inferred from microlensing of stars towards the Magellanic clouds. Figure 1
represents the ideal situation, in which all the observations are due to PBHs. However, since alternative

origins are not excluded, it is also possible that only a some of them are.

PBH dark matter fraction from dynamical and accretion evidence. We have estimated
the PBH dark matter fraction for the five types of dynamical and accretion evidence as follows:

e For SNe, the band corresponds to the one shown in Fig. 20, which is taken from Ref. [183].

e For UFDGs, we assume 0.3 < fpgamppu/Mg < 30, with a largest possible mass of 10* M.
These values are somehow arbitrary and do not result from a robust statistical analysis, but
the large cosmological, astrophysical and observational uncertainties would limit the validity of
a more refined analysis. The values shown correspond to the two extreme cases displayed in
Fig. 5. With our simple modelling of PBH clustering, these values could simultaneously explain
(i) the minimum size of observed UFDGs, (ii) the relation between their radius and mass, and

(iii) their very large mass-to-light ratios due to PBH gas accretion.

e For C-C (core-cusp), the displayed region is based on the lower limits from Fig. 7 of Ref. [165],
extrapolated up to a mass of 103 M, since there is no theoretical restriction on this, other than

there being enough PBHs for dynamical heating to be efficient.

e For CIB-XRB correlations, the band corresponds to 1 < fpgympu/Me < 100 up to a mass
of 10* M. We have not used a rigorous statistical analysis to get more precise values but the

proposed band agrees with the order of magnitude estimate in Ref. [48].

e For SMBHs, we have followed Ref. [34] in assuming a linear relation between the central IMBH
or SMBH, as suggested by the gray band in Fig. 1 of Ref. [373], as well as a Press—Schechter
halo mass function. The upper limit neglects the effects of accretion and mergers. The origin of
IMBHs and SMBHs in clusters and galaxies is therefore related to the PBH mass distribution.
The lower limit assumes that the PBH mass increased during the pregalactic era at the Bondi
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rate, given by Eq. (IV.6), until it reached the Eddington limit, given by Eq. (IV.9). However,
this is subject to the large uncertainties in the accretion process. We note that Fig. 36 suggests
f(M) oc M—Y* for M > 10 M, in the thermal-history model, which corresponds to a power-law

function with o = 9/4.

The proposed regions depend on the very uncertain physical processes which underlie the dynamical
evolution of PBH clusters and the accretion process throughout cosmic history. Most of the dynamical
and accretion evidence relates to the mass range from one to a billion solar masses and therefore
complements the microlensing and GW evidence. This clearly favours models with an extended PBH
mass distribution. In this case, all the evidence depends on Poisson-induced clustering. Since this is
determined by the product fppy mppu, PBHs with different masses would contribute to the effect in
such a way that a distribution not crossing the proposed region can still provide the required effect.
Although such extended mass distributions may conflict with the stringent constraints on the CMB
distortions and anisotropies, these can be relaxed for realistic accretion models [374] if PBH formation

is associated with curvature fluctuations with non-Gaussian tails.

PBH dark matter fraction from gravitational-wave evidence. We have estimated that the
PBH dark matter fraction for various types of GW evidence. For this purpose, we have considered
the merger rates of early binaries for a monochromatic model, but obviously the range of component

masses associated with the observed coalescences points to an extended mass distribution.

e For SSM candidates, we have used the three SSM triggers in the LVK O3b observing run to
derive credible 20 intervals for fpgy in the monochromatic case. More precisely, we use the
chirp mass associated with each candidate to compute an associated interval for fpgy, this mass
being well reconstructed for GW events. In each case, it is sufficiently below 1 Mg to guarantee
that at least one of the components is an SSM compact object for a real GW signal. We then
assume that the two components have the same mass and use the volume-time sensitivity (V1)
obtained in Ref. [261] for each mass. When combined with the expected merger rate of early
binaries, using simple Poisson statistics, one can compute a 2¢ interval for fpgy for each SSM

trigger.

e For LVK, we have used the inferred merger rates in intervals at different masses, for the O1, 02
and O3 runs and the binned BGP model of Ref. [237], considering only the rates for equal-mass
mergers shown in their Fig. 4 (orange regions). For each bin, we have then compared this with
the expected merger rates of early binaries for a monochromatic model to infer the 90% CL
intervals for fpgy. This model does not allow fppy to reach unity but it could still exceed 0.1

at the solar-mass scale, bearing in mind all the uncertainties associated with the rate model.

e For PTAs, we have used the two-dimensional marginalised posterior distributions of the primor-
dial power spectrum amplitude and pivot wavelength mode calculated for IPTA observations in
Ref. [282], as shown in Fig. 30; this assumes a log-normal primordial power spectrum. In order to
translate these contours into fppy constraints, we have assumed a critical overdensity threshold
for PBH formation at the QCD epoch and a corresponding PBH abundance in agreement with
the recent numerical simulations of Ref. [226]. The obtained region is extremely sensitive to the
threshold values and the method used to compute the PBH abundance, so it can vary by several

orders of magnitudes.
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The uncertainties and model dependence of the merger rate model, the exact PBH formation mech-
anism, and the various possibilities for the statistics of the curvature fluctuations, clearly blur the
calculated intervals for GW mergers and PTAs. Nevertheless, GW observations hint at a peak in
the PBH dark matter fraction at the solar-mass scale, as expected for PBHs forming at QCD epoch.
These observations complement and agree well with the lensing, dynamical and accretion evidence.
The fit with the data is consistent with all the constraints if one uses a running spectral index for the
power spectrum at PBH scales, as suggested in Ref. [375]. In this case, we are considering a spectral
tilt ng = 0.986 and running as = —0.0018 at PBH scales. These values are surprisingly close to those
measured at CMB scales, which may hint that Critical Higgs Inflation generates the full matter power

spectrum.

E. PBHs, Baryogenesis and the Fine-Tuning Problem

In this section we argue that the coincidence between the dark matter and baryonic densities suggests
a common origin, which is linked to baryogenesis. There are several ways in which PBHs could have
induced baryogenesis and, in this sense, the observed baryon asymmetry might be considered positive
evidence for them. In particular, we emphasise that the density coincidence is naturally explained
if the PBHs have around a solar mass and form at the QCD epoch. This is because each region
collapsing to a PBH is surrounded by a hot expanding shell, in which all the Sakharov conditions for
efficient low-temperature electroweak baryogenesis are satisfied. This provides a natural connection

between the PBH collapse fraction and the cosmological baryon asymmetry.

The important point is that observations imply that only a tiny fraction of the early Universe could
have collapsed into PBHs. The current density parameter Qpgy of PBHs which form at a redshift z
is related to the initial collapse fraction g by [355]

; o\ 12 . Mo\ Y2

Qppu =LA (14 2) =~ 10°8 <s> ~10° 3 (1015g> , (VIL.13)
where Qr ~ 5 x 107° is the density parameter of the CMB. The (1 + z) factor arises because the
radiation density scales as (1 + 2)*, whereas the PBH density scales as (1 + 2)3. The CDM density
parameter is Qcpy ~ 0.25, so S must be tiny even if PBHs provide all of it. For example, PBHs of
10'° g, the smallest ones avoiding evaporation, would have 3 ~ 108 while those of 1 M would have
B ~ 107, More generally, any limit on Qppg places a constraint on 3(M). Requiring Qppg < Qcpm
above 10'% g is the most basic constraint but there are many stronger ones, as discussed in numerous
papers (eg. Ref. [376]). In particular, interesting constraints are associated with PBHs smaller than
105 g since they would have evaporated by now. The strongest one is the ~-ray limit associated with

PBHs evaporating at the present epoch.

The fine-tuning of the collapse fraction required to explain the dark matter is sometimes regarded
as a criticism of the PBH dark matter proposal. Furthermore, it implies even more fine-tuning on the
amplitude of the density fluctuations generating the PBHs, since Eq. (VIL.7) implies that 8 depends
exponentially on this amplitude. However, the small value of 8 implied by Eq. (VII.13) itself derives
from the high photon-to-baryon ratio associated with the small baryon asymmetry of the Universe
(BAU) at the QCD epoch (7 ~ 10~?). The origin of this asymmetry and the PBH collapse fraction are
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thus linked. The standard assumption is that high-energy physics generates the baryon asymmetry
everywhere simultaneously via out-of-equilibrium particle decays or a first-order phase transition well
before PBH formation. However, there is no direct evidence for this and — even if the process occurs —

it may not provide all the baryon asymmetry required.

Garcia-Bellido et al. [359] have proposed an alternative scenario in which the gravitational collapse
to PBHs at the QCD epoch can resolve both these problems. The collapse is accompanied by the
violent expulsion of surrounding material, which might be regarded as a sort of “primordial super-
nova”. Such high density hot spots provide the out-of-equilibrium conditions required to generate
a baryon asymmetry [377] through the well-known electroweak sphaleron transitions responsible for
Higgs windings around the electroweak vacuum [378]. The charge-parity symmetry violation of the
Standard Model then suffices to generate a local baryon-to-photon ratio of order one. The hot spots
are separated by many horizon scales but the outgoing baryons propagate away from them at the
speed of light and become homogeneously distributed well before BBN. The large initial local baryon
asymmetry is thus diluted to the tiny observed global BAU. This naturally explains why the observed
BAU is of order the PBH collapse fraction and why the baryons and dark matter have comparable
densities. The situation is illustrated qualitatively in Fig. 39. Only at the QCD epoch are the condi-
tions such that over-the-barrier sphalerons can occur via the heating of the surrounding plasma due to
the violent shockwave at PBH formation. This is because the rapid quenching at QCD temperatures

prevents baryon washout [359].

The energy available for hot spot electroweak baryogenesis can be estimated as follows. Energy
conservation implies that the change in kinetic energy due to the collapse of matter within the Hubble
radius to the Schwarzschild radius of the PBH is

AK ~ <1 - 1) My = (1 _27> Mpgn , (VIL14)
Y Y
where v is the size of the black hole compared to the Hubble horizon. The energy acquired per
proton in the expanding shell is Fy = AK/(n, AV), where AV = (1 — 43)Vy is the difference
between the Hubble and PBH volumes, so Ey scales as (v + 72 + 72)~1. For a PBH formed at
T ~ Aqcp ~ 140MeV, the effective temperature is Teg = 2 Ey/3 ~ 5TeV, which is well above the
sphaleron barrier and induces a charge-parity violation parameter cp (1) ~ 107° (T/20 GeV) =12 [379].
The appropriate reheat temperature Ty, is the geometric mean of Tog and the temperature of the
thermal plasma, T}, ~ 10 MeV, right after the collision of the shockwave with the plasma, since this
corresponds to the centre-of-mass energy. This gives Ty, ~ 5 GeV, which implies dcp ~ 1. The final
baryon number comes from the Boltzmann equation, with all three temperatures playing a role: Tyg
for B-violation, Ty}, for CP-violation and T}, for baryon washout [359]. The production of baryons can
therefore be very efficient, giving n ~ 1 locally. Note that PBH formation at a transition at higher
temperature would result in a smaller value of dcp, which is why the QCD transition is optimal. Since
the temperature at the QCD epoch is close to the proton mass m,, the ratio of the photon and baryon
densities, n, T'/n,my, is just of order the photon-to-baryon ratio S ~ n~!, so this proposal naturally
links the BAU to the PBH collapse fraction (n ~ (). The observed ratio of the dark matter and

baryon densities is also explained provided v = 0.8.
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Figure 39. Qualitative representation of the three steps in the discussed scenario: gravitational collapse
of the curvature fluctuation at horizon re-entry; sphaleron transition in hot spot around the PBH, producing
n ~ O(1) locally through electroweak baryogenesis; propagation of baryons to rest of Universe through jets,
resulting in the observed BAU with 7 ~ 107°. From Ref. [359)].

The spectator-field mechanism for PBH production from curvature fluctuations [380] also avoids the
need for a fine-tuned peak in the power spectrum, which has long been considered a major drawback
of PBH scenarios. One still needs fine-tuning of the mean field value to produce the observed values
of n and B, which are both around 107°. However, the stochasticity of the field during inflation
ensures that Hubble volumes exist with all possible field values and one can explain the fine-tuning
by invoking a single anthropic selection argument. In this scenario, the curvature fluctuations at the
origin of PBH formation are seeded after inflation when the field transiently dominates the energy
density of the Universe. One attractive feature is that the primordial power spectrum could remain
small on all scales, as in standard slow-roll inflation, because the curvature fluctuations are generated
by non-Gaussian tails in the curvature fluctuation statistics. The scenario is discussed in Ref. [358]
and depends on the fact that only a small fraction of patches will have the PBH and baryon abundance
required for galaxies to form. Here we can briefly review the possibilities proposed to solve the fine-

tuning issue of the PBH abundance.
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VIII Conclusions

Previous literature has usually focussed on PBH constraints, identifying the mass ranges in which their
density could be large enough to have interesting cosmological consequences but without providing
positive evidence that this is the case. In this paper we have taken the opposite approach, identifying
the observational data which specifically support the PBH proposal. In this sense, we are following
the lead of the positivist philosophers of the early 20th century.

What is striking is the large number of strands of evidence for PBHs which we have described in
this paper. We have mentioned numerous arguments, many of which relate to solar-mass PBHs. One
may argue about the strength of any particular strand, be it on observational or theoretical grounds,
but the collective impact seems very strong—like a rope whose strength far surpasses that of any
individual fibre. We have also considered observations which could potentially be explained by PBHs,
even though there are other explanations here and the evidence is less secure. Of course, the division

between weak and strong evidence is not clear-cut and amounts to merely selecting a confidence level.

As regards the dark matter problem, it is interesting that much of the evidence point towards dark
matter in PBHs with around a solar mass, this also corresponding to the peak of the mass function of
ordinary stars, both being close to the Chandrasekhar mass. This coincidence is naturally explained if
PBHs form at the QCD epoch and this is our preferred scenario. Some PBH advocates have claimed
that this is precluded and favour a scenario in which the dark matter comprises PBHs in the planetary
mass range. Although this is not excluded and we have argued for at least a small number of PBHs

in this mass range, there is currently no evidence that they contain all the dark matter.

As regards the GW events, we have argued that the black holes which dominate the LIGO/Virgo/
KAGRA detections can only provide a small fraction of the dark matter but this is expected if PBHs
have an extended mass function since the GW events inevitably peak at a higher mass than the
density. The natural proximity of the PBH and stellar masses might be regarded as unfortunate
from the perspective of distinguishing between astrophysical and primordial sources. However, other
characteristics (such as spin) may remove this degeneracy. In any case, it seems most likely that one
has a combination of the two, striking evidence for at least some primordial component coming from
observations of black holes in the two mass gaps in which stellar remnants are not expected.

As regards seeding the SMBHs in galactic nuclei our favoured scenario predicts that there should be
at least some PBHs large enough to seed the SMBHs. However, the evidence for this is certainly not
definitive, the primary uncertainty being the amount of growth of the seeds as a result of accretion.
Since most of the final SMBH mass may derive from accretion at late times (i.e. from ordinary baryonic
material), we emphasise that the SMBHs are merely seeded by PBHs. Although we have not discussed
them much here, there could even be a population of stupendously large black holes of primordial

origin, although again most of their mass might come from accretion at a late epoch.

An important aspect of our approach is that it is very broadly based, being multi-production-mode
(invoking different PBH formation mechanisms), multi-epoch (the relevant data coming from many
different redshifts), multi-scale (the predicted PBH mass function having bumps on several different
scales) and multi-probe (invoking many types of observational evidence). The last point implies that
several new or impending telescopes (such as the LSST, Einstein Telescope, SKA, LOFAR, or JWST)
may be brought to bear on the PBH proposal.
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