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PLAN  OF  TALK

• Evaporation  of primordial  black  holes

• Primordial  black  holes  as  dark  matter



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

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

105MO at 1s      (maximum?)

Small black holes can only form in early Universe

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

ð PBHs have horizon mass at formation

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

PRIMORDIAL BLACK HOLES

But larger PBHs may form in some circumstances
NO  EVIDENCE  FOR  PRIMORDIAL  BLACK  HOLES

=> huge possible mass range



HOW PRIMORDIAL HOLES FORM

Primordial inhomogeneities  Inflation

Pressure reduction  Form more easily but need spherical symmetry

Cosmic strings  PBH constraints => G µ < 10-6

Bubble collisions  
Need fine-tuning of bubble formation rate      

Domain walls   Can be larger than usualString necklaces
http://www.damtp.cam.ac.uk/research/gr/public/cs_phase.html

Oscillons?

Khlopov



PBH EVAPORATION

Black holes radiate thermally with temperature

T =               ~  10-7 K (Hawking 1974)

=> evaporate completely in time     tevap ~ 1064 y

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

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

=> explosions undetectable in standard particle physics model

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

But PBHs are important even if they never formed!
(Page & Hawking 1976)

Only PBHs with  M >> 1015g could provide dark matter 



Quantum Mechanics

General Relativity

Thermodynamics

Calmet, BC, Winstanley

PBHs are important even if they never formed!



WHY PBHS ARE USEFUL

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

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

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

M~10-5g => Probe quantum gravity
Planck mass relics, Generalized Uncertainty Principle



1015g

1010g

10-5g

1 MO

109 MO QSO

Stellar

evaporating

exploding

Planck Universal

BLACK HOLES

106 MO MW

1021glunar

1022 MO

102 MO IMBH

1025gterrestrial

HIGHER  DIMENSIONS

QUANTUM/CLASSICAL



Limit on fraction of Universe collapsing

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

General limit

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

Unevaporated M>1015g => WPBH < 0.25   (CDM)
Evaporating now M~1015g => WPBH < 10-8      (GRB)
Evaporated in past M<1015g 

   => constraints from entropy, g-background, BBNS

fDM(M)  ~  (b /10-8) (M/Mo)-1/2



CONSTRAINTS ON FRACTION OF UNIVERSE IN PBHS 

Carr, Gilbert & Lidsey (1994)



UPDATED CONSTRAINTS FOR EVAPORATING PBHS 

CMB distortions

Neutrino relics

LSP relics

Reionization and 21cm

Extragalactic cosmic rays

Big bang nucleosynthesis

Gamma-ray background

This assumes monochromatic mass function

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



PBH FORMATION => LARGE INHOMOGENEITIES

To collapse against pressure, need                         (Carr 1975)

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

Gaussian fluctns with <dH
2>1/2 = e(M) 

Þ fraction of PBHs 

      b(M) ~ e(M) exp

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

Separate universe for dH > 1 but recently disputed

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

Analytic prediction (d > 0.3 for a = 1/3) confirmed by early 
numerical studies but pressure gradient means  PBHs are
somewhat smaller than horizon (Nadezhin et al 1978) 
p=0 => subhorizon holes but need spherical symmetry 



Constraints on amplitude of density fluctuations at horizon epoch

b(M) ~ e(M) exp

LSS

PBHs are unique probe of e on small scales. 
Need blue spectrum or spectral feature.



MORE PRECISE ANALYSIS OF PBH FORMATION 

Analytic calculations imply need d > 0.3 for a = 1/3  (Carr 1975)

Confirmed by first numerical studies (Nadezhin et al 1978)

but pressure gradient => PBHs smaller than horizon 

Critical phenomena => d > 0.7          M = k MH(d-dc)g
(Niemeyer & Jedamzik 1999, Shibata & Sasaki 1999) 

Þ spectrum peaks at horizon mass with extended low mass tail
(Yokoyama 1998, Kribs 1999, Green 2000)

Later calculations and peak analysis => d > 0.4 - 0.5     
(Musco et al 2005, Green et al 2004)



PBHs from near-critical collapse

=> broad mass spectrum => strong constraints above 1014g

DM from 1016g PBHs without violating GRB constraints?
But this slope does not apply in all scenarios (Kuhnel et al. 2016)

(Yokoyama 1998)(g = 0.35)

dC ~ 0.45 and applies to  d - dC ~ 10-10 (Musco & Miller 2013)



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

… even more so, as the PBH abundance 
depends exponentially on the amplitude 
of the perturbations.

As shown by Byrnes et al., there is a very 
strong modal coupling between long- and 
short-wavelength modes.

… typically larger than 

5 to 10 sigma

This generates isocurvature perturbations, and 
basically rules out all multi-field models with 
significant non-Gaussianity.

PBH production is  deep inside tail of distribution.

[Byrnes et al. 2014]

NON-GAUSSIAN  EFFECTS



Non-‐Spherical	  Effects

Non-Sphericity

Simple estimate:

prolatenessellipticity

spherical threshold

ellipsoidal threshold

As the collapse starts along shortest axis first,

consider collapse of largest enclosed sphere (green curve):

NORDITA-2016-14

On Ellipsoidal Collapse and Primordial Black-Hole Formation
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We reinvestigate gravitational ellipsoidal collapse with special focus on its impact on primordial
black-hole formation. For a generic model we demonstrate that the abundance and energy density
of the produced primordial black holes will be significantly decreased when the non-sphericity of
the overdensities is taken into account.

The process of gravitational collapse is of utmost impor-
tance to our understanding of the Universe. From the
formation of galaxies [1, 2], clusters of galaxies [3, 4],
haloes [5–9] (for a recent review see [10]) or even to the
possible formation of primordial black holes [11, 12], the
nature of the collapse is crucial in determining character-
istics like abundance, mass or shape.

In many cases, both for its calculational simplicity as
well as being a reasonable first approximation, spherical
symmetry has been an integral assumption to investi-
gate gravitational collapse processes [13–15]. Although in
most cases initial non-sphericity is either small or eventu-
ally leads to (approximately) spherical objects, its e↵ect
might nevertheless be consequential. For instance, esti-
mates of the abundance of small galactic haloes receive
considerable corrections [16], the formation of space-time
singularities might be very di↵erent [17], or, the precise
geometric way in which collapse proceeds may lead to
major intermediate deformations [18, 19].

The space of all possible shapes a collapsing overden-
sitiy might have is enormously large. Hence, one needs
to focus on the most relevant structures. One of the sim-
plest and most studied, deviating from spherical symme-
try, is an ellipsoidal one, also because it gives a fairly
good approximation to objects of many shapes. This has
been and still is the focus of a vast amount of literature
(cf. [16, 20–26]), including the seminal work of Sheth,
Mo and Tormen [16] who obtained a fitting formula for
the mentioned collapse threshold which they found to be
supported by numerical evidence. More recent evidence
for the improvement of fits with an ellipsoidal collapse
model can be found for instance in [27, 28].

While most of the quoted references on ellipsoidal col-
lapse deal with the formation of dark-matter haloes, the
investigation of how the shape distribution of initial over-
densities may a↵ect the formation of primordial black
holes is relatively modest. In [29] the authors studied
tri-axial collapse of black holes and critical collapse in
a way which is relevant also for primordial black-hole
formation, and in [30] a non-spherical critical collapse
was considered. However, to the best of our knowledge,
there has not been a thorough investigation of the e↵ect
of the abundance, or, the energy density of primordial
back holes when lifting the spherical assumption on the
overdensities.

This is what we are going to study here. Specifically,
we shall first argue that the ellipsoidal collapse threshold
in the case of primordial black holes should be similar to

that found in halo formation with only small deviation to
the exact fitting constants. As we shall argue, the details
of the radiation medium will essentially be contained in
the spherical collapse threshold which has been obtained
in the case for primordial black holes through detailed
numerical studies [31–33]. We will then investigate the
influence of non-spherical e↵ects on the final mass-density
spectrum for a generic model of primordial black-hole
formation.
To start, the ellipsoidal collapse threshold obtained by

Sheth, Mo & Tormen (cf. Eq. (3) of Ref. [16]) for the case
of halo collapse can be expressed via
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with the threshold value for spherical collapse �c, the el-
lipticity e, and the hight of the density power spectrum at
the given scale �2. The parameter values for  and � were
found to be 0.47 and 0.62, respectively. The final equality
holds after inserting the most-probable (mp) value for the
ellipticity, emp = (�/�) /

p
5. Actually, this is not entirely

correct as the average value hei = 9/
p
10⇡ (�/�) 6= emp,

as was pointed out in [28]. There they found another set
of values for  = 0.6536 and � = 0.6387 [28].
The above result (1) has been derived and numerically

confirmed for a very limited class of cosmologies only,
mostly relevant to structure formation. This in par-
ticular does not include the case of ellipsoidal collapse
in radiation domination, which is the most important
one for primordial black-hole formation[12]. Below, for a
Gaussian-distributed density-perturbation spectrum, we
shall justify why the functional form of Eq. (1) is rele-
vant also for the case of primordial black-hole formation.
In fact, by giving an approximate physical argument in
which both the derivation and the approximations made
are dependent only upon the geometry of the collapse
process, we suggest that the form Eq. (1) should indeed
hold for ellipsoidal gravitational collapses in arbitrary en-
vironments.
In order to estimate the modification of the thresh-

old in the case of non-spherical collapse, we note that in
the ellipsiodal case, the collapse starts with the small-
est axis first and after that the longer axes will collapse
faster than linearly [22]. It is hence suggestive from the
mass dependence of the overdensity �(M) that the den-
sity perturbation will be smaller by �(�M), where �M
accounts for the di↵erence in mass M of a sphere to that
of an ellipsoid.
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NON-SPHERICITY  EFFECTS
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Abstract

Based on a physical argument, we derive a new analytic formula for the amplitude of density

perturbation at the threshold of primordial black hole formation in the Universe dominated by a

perfect fluid with the equation of state p = wρc2 for w ≥ 0. The formula gives δUH
Hc = sin2[π

√
w/(1+

3w)] and δ̃c = [3(1 +w)/(5 + 3w)] sin2[π
√
w/(1 + 3w)], where δUH

Hc and δ̃c are the amplitude of the

density perturbation at the horizon crossing time in the uniform Hubble slice and the amplitude

measure used in numerical simulations, respectively, while the conventional one gives δUH
Hc = w and

δ̃c = 3w(1 + w)/(5 + 3w). Our formula shows a much better agreement with the result of recent

numerical simulations both qualitatively and quantitatively than the conventional formula. For

a radiation fluid, our formula gives δUH
Hc = sin2(

√
3π/6) ≃ 0.6203 and δ̃c = (2/3) sin2(

√
3π/6) ≃

0.4135. We also discuss the maximum amplitude and the cosmological implications of the present

result.

PACS numbers: 04.70.Bw, 97.60.Lf, 95.35.+d

∗ harada@rikkyo.ac.jp
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This expectation motivates us to adopt the criterion that if and only if the sound wave

crosses from the center to the surface outwardly or from the surface to the center inwardly

before the maximum expansion, the pressure gradient force prevents the overdense region

from becoming a black hole. This requirement is naturally equivalent to the formation

criterion that the sound crossing time over the radius be longer than the free fall time from

the maximum expansion to complete collapse. See Fig. 2, which shows the trajectory of

the sound wave for the threshold case, where the sound wave crosses over the radius of the

overdense region at the same time of the maximum expansion. The present criterion reduces

to the following condition:

χa >
π
√
w

1 + 3w
. (4.32)

This means that the Jeans scale RJ at the maximum expansion can be identified with

RJ = amax sin

(

π
√
w

1 + 3w

)

. (4.33)

Therefore, we obtain the following formula for the threshold value of primordial black hole

formation:

δUH
Hc = sin2

(

π
√
w

1 + 3w

)

(4.34)

and δUH
H for primordial black hole formation must satisfy

δUH
Hc < δUH

H ≤ 1. (4.35)

This can be considered as a (roughly) necessary and sufficient condition for primordial black

hole formation.

Formula (4.34) implies that δUH
Hc increases from 0, reaches a maximum value sin2(

√
3π/6) ≃

0.6203 at w = 1/3 and decreases to 1/2, as w increases from 0 to 1. δUH
Hc decreases as w

increases from 1/3 because of the factor 1/(1 + 3w) on the right-hand side in Eq. (4.30).

This factor appears because the dynamical time of the collapse gets shortened by the con-

tribution of the pressure to the source of gravity. δUH
Hc is approximated as δUH

Hc ≈ π2w if

w ≪ 1, which is π2 times the conventionally used Carr’s threshold value w, and almost

twice for a radiation fluid w = 1/3. This means that our analytic formula implies much

less production efficiency for w ≪ 1 and considerably less efficiency for w = 1/3 than the

conventional estimate. On the other hand, for w ! 0.6, our formula gives a lower threshold

value and hence implies higher production efficiency than the conventional estimate.

14
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FIG. 3. The threshold values and the maximum value of the density perturbation variable δ̃ in the

comoving slice for different values of w. The crosses plot the result of numerical simulations by

Musco and Miller [15] for the profile parameter α = 0 or a Gaussian curvature profile. The solid,

long-dashed and dashed lines denote the analytic formula obtained in Sec. IVB, Carr’s original

formula and its gauged version, respectively. We also plot our stronger and weaker conditions

with thin dotted-dashed lines, which are discussed in Sec. IVB. The short-dashed line denotes the

geometrical maximum value, corresponding to a three-hemisphere.

Our threshold formula implies that the threshold values are approximately given by δUH
Hc ≃

0.5− 0.6 and δ̃c ≃ 0.4 and for 1/3 ! w ! 1 and are not so sensitive to w in this range. Our

formula also suggests that primordial black holes can be formed from type I fluctuations

even for very hard equations of state, i.e., w ≃ 1, because δ̃c is well below δ̃max.

VI. PROBABILITY DISTRIBUTION

Conventionally, it has been assumed that the probability distribution for the density

perturbation follows a Gaussian distribution. Then, the fraction β0(M) of the Universe

18

0.62	  for	  radiation	  

MORE  PRECISE  ESTIMATE  OF  dC



PBHS AND INFLATION

PBHs formed before reheat inflated away =>

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

CMB quadrupole  => Treheat < 1016GeV

But inflation generates fluctuations

Can these generate PBHs?

V

f

o



Slow roll plus friction-domination  

=> nearly scale-invariant fluctuations

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

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

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

Planck gives (wrong sign!)

Can reasonable inflation model allow  n > 1 at large k? 

Feature in V(f) => discrete PBH mass spectrum on any scale

Hodges & Blumenthal 1990, Ivanov et al 1994 ……



Can  massive  primordial  black  holes  be  produced  in  
mild  waterfall  hybrid  inflation?
M  Kawasaki    and  Y  Tada    arXiv:1512.03515

Curvature  perturbation  spectra  from  waterfall  transition,  black  
hole  constraints  and  non-Gaussianity
E  Bugaev and  P  Klimai JCAP  11  (2011)  028

Second  inflationary  phase  
=>  PBHs  in  any  mass  range
P  Frampton  et  al.  JCAP  04  (2010)  023

Massive  black  holes  from  hybrid  inflation  as  dark  matter
and  seeds  of  galaxies
S  Cleese  and  J  Garcia-Bellido arXiv:1501.07565

INTERMEDIATE  MASS  PBHS?



BBNS => Wbaryon=  0.05

Þ need  baryonic  and  non-baryonic DM

MACHOs

Wvis=  0.01,  Wdm=  0.3

PBHs  non-baryonic  with  features  of  both WIMPs  and  MACHOs

1017-1020g  PBHs  excluded  by  femtolensing of  GRBs
1026-1033g  PBHs  excluded  by  microlensing  of  LMC
Above  103M0 excluded  by  dynamical  effects

IMBHsAtomic

But  windows  at  1016-1017g  or  1020-1024g  or  1033-1036g

Sublunar

WIMPs



CAN PLANCK MASS RELICS PROVIDE DARK MATTER?
reheat

Natural outcome of inflation if fine-tune TR

Wrelic< 0.25 => b(M) < 8x10-28k-1(M/MP)3/2

                                                        Mrelic /MP

but only applies over limited mass range

(TR/TP)-2 < M/MP < 1011k2/5

diluted by inflation       PBHs dominate before evap’

Relics from asymptotic safety (Bonanno &  Deuter PRD  62,  043508)
Sub-Planckian relics from Loop BHs (Modesto  &  Premont-Schwarz}



Early microlensing searches suggested MACHOs with 0.5 MO

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

=> PBH formation at QCD transition?

Pressure reduction => PBH mass function peak at 0.5 MO



MACHO microlensing

Femtolensing GRBs

Microlensing QSOs

Millilensing Compact Radio Sources

LENSING LIMITS



Binary disruption

Globular cluster disruption

Dynamical friction

Disk heating

DYNAMICAL LIMITS

Some  of  these  effects  have  been  claimed  as  evidence  for  PBHs



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



Will  measurements  of  gamma-ray  bursts,  
like  the  one  shown  sterilizing  a  planet  in  
this  artist's  rendering,   reveal  the  existence  
of  tiny  black  holes?  We  may  know  soon.

DETECTION  OF  1017G  PBHS  BY  FEMTOLENSING?

Barnacka  et  al.  (2012)  =>  fDM<1  for  1017g  <  M  <  1020g
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We investigate constraints on primordial black holes (PBHs) as dark matter candidates that arise
from their capture by neutron stars (NSs). If a PBH is captured by a NS, the star is accreted onto
the PBH and gets destroyed in a very short time. Thus, mere observations of NSs put limits on the
abundance of PBHs. High DM densities and low velocities are required to constrain the fraction of
PBHs in DM. Such conditions may be realized in the cores of globular clusters if the latter are of
a primordial origin. Assuming that cores of globular clusters possess the DM densities exceeding
several hundred GeV/cm3 would imply that PBHs are excluded as comprising all of the dark matter
in the mass range 3⇥ 1018g . mBH . 1024g. At the DM density of 2⇥ 103 GeV/cm3 that has been
found in simulations in the corresponding models, less than 5% of the DM may consist of PBH for
these PBH masses.

I. INTRODUCTION

The existence of the dark matter (DM) has been es-
tablished so far only through its gravitational interaction.
Consequently, little is known about the DM nature apart
from the fact that it is non-baryonic, non-relativistic,
weakly interacting and constitutes about 26.8% of the
total energy budget of the Universe (for a recent review
see, e.g., [1–3]).

Various candidates for the DM have been considered in
the literature. In the context of particle physics they are
associated with new stable particles beyond the Standard
Model, a popular example being the so-called Weakly
Interacting Massive Particles (WIMPs). However, can-
didates that do not require new stable particles also exist
and are still viable. An attractive candidate of this type
is primordial black holes (PBHs) [4, 5]. This is the pos-
sibility we consider in this paper.

In the early universe, some primordial density fluctua-
tions could have collapsed producing a certain amount
of black holes. These PBHs possess properties that
make them viable DM candidates: they are nonrela-
tivistic and have a microscopic size of the order r ⇠
10�8cm (mBH/1020g), which makes them e↵ectively col-
lisionless. The initial mass function of PBHs depends on
their production mechanism in the early universe and is,
essentially, arbitrary.

There exist a number of observational constraints on
the fraction of PBHs in the total amount of DM. First,
PBHs with masses mBH  5 ⇥ 1014g evaporate due to

⇤
fregocap@ulb.ac.be

†
pshirkov@prao.ru

‡
petr.tiniakov@ulb.ac.be

Hawking radiation [6] in a time shorter than the age of
the Universe and cannot survive until today. At slightly
larger masses, even though the PBH lifetime is long
enough, the Hawking evaporation still poses a problem:
the PBHs emit �-rays with energies around 100MeV [7]
in the amount that contradicts the data on the extra-
galactic gamma-ray background. For instance, the Ener-
getic Gamma Ray Experiment Telescope [8] has put an
upper limit on the cosmological density ⌦PBH  10�9

for mBH = 1015g [9]. From such observations, one
can infer that PBHs with masses mBH  1016g can-
not constitute more than 1% of the DM. In the mass
range between ⇠ 1018g and ⇠ 1020g the PBH fraction
is constrained to less than 10% by the femto-lensing of
the gamma-ray bursts [10]. More massive PBHs were
constrained by EROS microlensing survey and the MA-
CHO collaboration, which set an upper limit of 3% on
the fraction of PBHs in the Galactic halo in the mass
range 1026g < mBH < 1030g [11, 12]. These constraints
may be improved in the future [13, 14]. At even larger
masses 1033g < mBH < 1040g, the three-year Wilkin-
son Microwave Anisotropy Probe (WMAP3) data and
the COBE Far Infrared Absolute Spectrophotometer (FI-
RAS) data have been used to put limits on the abundance
of PBHs [15]. These constraints are summarized in Fig. 1.
They leave open the windows of masses (a few)⇥1016g <

mBH < 1018g and 1020g < mBH < 1026g.

In order to put constraints on PBHs in the remaining
allowed mass range, in Ref. [16] we have considered the
capture of PBHs by a star during star formation process
and their further inheritance by the star’s compact rem-
nant, the neutron star (NS) or the white dwarf (WD).
The presence of even a single PBH of a corresponding
mass inside the remnant (NS or WD) leads to a rapid
destruction of the latter by the accretion of the star mat-
ter onto the PBH [17–21]. Thus, mere observations of
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FIG. 3: Constraints on the fraction ⌦PBH/⌦DM. Purple
shaded region is excluded by observations of WDs and NSs in
the centers of globular clusters. Thin curves show the exclu-
sions from di↵erent star masses.

stages of the BH sinking are exponential, and these are
the (longer) initial stages that set the overall time scale.

The number of BHs inside the collection region NBH

can be found from the total DM mass trapped by the
star (see Table II) and the DM density profile inside the
star. The DM profile inside the star after the adiabatic
contraction is determined by Eqs. (3) and (4) and the
baryonic density, for which we assume the density profile
of the polytrope n = 3 model. From Eq. (4), the DM
and baryonic masses are related as follows,

MDM(r) = Mbound

✓
M(r)r3

M⇤R3
⇤

◆1/2

, (12)

where M(r) and MDM(r) are the baryonic and DM mass
within the radius r, respectively. The number of BH
within rc is then given by Eq. (10).

The resulting constraints on the fraction of PBHs in
the total amount of DM are shown in Fig. 3. Purple
shading shows the region excluded by the observations
of WDs and NSs in the globular clusters. Thin curves
show the exclusion regions resulting from di↵erent star
masses. One can see that the constraints from WDs and
NSs complement each other and together cover the range
of masses from 1016 g to 3⇥ 1022 g.

The shape of the excluded regions is similar in all cases
shown in Fig. 3. It can be understood from the mass
dependence of the collection radius rc, Fig. 2, as follows.
At large PBH masses, the size of the collection region is
close to the star size, so that MDM(rc) ' Mbound and
the maximum PBH fraction ⌦PBH/⌦DM scales like mBH,
i.e., the constraints improve at smaller masses. However,
at some point around mBH ⇠ mtrans the collection radius
rc decreases (cf. Fig. 2) and the constraints relax very
rapidly.

IV. CONCLUSIONS

We have derived the constraints on the abundance of
PBH from observations of the existing WDs and NSs.
The origin of these constraints is as follows. If PBHs were
present at the time of star formation, i.e., at z . 10, they
would pollute the newly formed stars and, after sinking to
the center, would end up in the compact remnant result-
ing from the star evolution (WD or NS). Once inside the
remnant, PBHs would rapidly destroy it by accretion.
Mere observations of WDs and NSs, therefore, impose
constraints on the abundance of PBHs.
We have found that the most stringent constraints

come from observations of WDs and NSs in globular
clusters. WDs and NSs are sensitive to the mass ranges
1016 g . mBH . 1021 g and 1021 g . mBH . 3 ⇥ 1022 g,
respectively, thus complementing each other. Every-
where in this mass range the PBHs are excluded as com-
prising all of the DM. The best constraint on the PBH
fraction ⌦PBH/⌦DM . 10�2 was found for mBH in the
range 1017 g � 1018 g.

The constraints derived from the globular clusters are
based on the assumption that at least some of those were
formed in a primordial DM-dominated environment. As
a word of warning, it should be noted that this issue is
still debated in the literature. For instance, observations
of a low-metallicity cluster NGC 2419 [49, 50] seem to
indicate that its mass-to-light ratio is in a good agree-
ment with what is expected for a pure baryonic system.
However, NGC 2419 has a number of extreme proper-
ties [51–53] that make the globular cluster nature of this
object questionable. In addition, high-resolution N-body
simulations [35, 45] indicate that the mass-to-light ratio
may not be sensitive to the presence of the DM compo-
nent in GCs.

In order to derive the constraints on the PBH abun-
dance we have investigated the baryonic contraction of
the DM during the star formation process. In particular,
we have calculated numerically the resulting DM profile
and found the slope close to �3/2. We also estimated
the total amount of DM that is trapped inside the star
at the time of its formation. This part of our results is
not specific to any particular form of the DM.
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Constraints on primordial black holes as dark matter candidates from star formation
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By considering adiabatic contraction of the dark matter (DM) during star formation, we estimate
the amount of DM trapped in stars at their birth. If the DM consists partly of primordial black
holes (PBHs), they will be trapped together with the rest of the DM and will be finally inherited
by a star compact remnant — a white dwarf (WD) or a neutron star (NS), which they will destroy
in a short time. Observations of WDs and NSs thus impose constraints on the abundance of PBH.
We show that the best constraints come from WDs and NSs in globular clusters which exclude the
DM consisting entirely of PBH in the mass range 1016g � 3 ⇥ 1022g, with the strongest constraint
on the fraction ⌦PBH/⌦DM . 10�2 being in the range of PBH masses 1017g � 1018 g.

PACS numbers:

I. INTRODUCTION

Various observational evidence points at the existence
of a new matter component in the Universe, the dark
matter (DM) (for a recent review see, e.g., [1, 2]). Ob-
servations of the cosmic microwave background imply
that DM comprises ⇠ 23% of the total energy budget
of the Universe, thus dominating in the matter sector,
where the baryonic component sums up to only 4% [3].
However, the nature of the DM remains unknown, and
masses of possible candidates range over many orders of
magnitude from a fraction of eV to many solar masses.
Although most popular candidates are new stable parti-
cles, other possibilities are not excluded.

In the early Universe density perturbations with high
initial amplitude could collapse forming black holes [4].
If some of these black holes survive until now they could
constitute (at least) a fraction of the DM. Properties of
these primordial black holes (PBHs) make them a suit-
able DM candidate: they are nonrelativistic and have
subatomic size r ⇠ 10�8 cm (mBH/1020g), which makes
them e↵ectively collisionless. Unlike most of the other
DM candidates, PBHs do not require the existence of
new particle species.

The initial mass function of PBHs is flat in the case of
a flat power spectrum of primordial density fluctuations.
However, models with strongly nonflat mass function of
PBHs can be constructed, see, e.g., Refs. [5, 6]. The
constraints at di↵erent masses, therefore, should be con-
sidered independently.

Due to Hawking evaporation [7], the PBHs with masses
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mBH  5⇥1014 g have lifetimes shorter than the present
age of the Universe. Such PBHs thus cannot contribute
to the DM.

PBHs with slightly larger masses emit ��rays with
energies around ⇠ 100 MeV [8]. Observations of the
extragalactic gamma-ray background with the Energetic
Gamma Ray Experiment Telescope (EGRET) [9] set an
upper limit on the cosmological density ⌦PBH of such
PBHs as a function of their mass, e.g. ⌦PBH  10�9

for mBH = 1015 g [10]. These observations show that
PBHs with masses mBH  1016 g cannot constitute more
than 1% of DM. However, the constraints coming from
the process of Hawking evaporation disappear for PBH
masses larger than mBH & 7⇥ 1016 g.

The PBHs in the mass range mBH . 1019 � 1020 g
can be constrained with the so-called “femto lensing” of
the gamma-ray bursts [11]. Present day observations of
gamma-ray bursts constrain the mass fraction of PBHs
in the narrow mass range around mBH ⇠ 1018 g at sev-
eral percent level [12]. The abundance of more massive
PBHs can be constrained from microlensing surveys. The
EROS microlensing survey sets an upper limit of 8% on
the fraction of the Galactic halo mass in the form of PBHs
with masses in the range of 1026 g < mBH < 3 ⇥ 1034 g
[13]. At even higher mass scales, 1033 g < mBH < 1040 g,
the analysis of the cosmic microwave background can be
used to constrain PBHs at the level of 10�7 [14].

The range of PBH masses from roughly 1017 to 1026g
remains essentially unconstrained, apart from the above-
mentioned narrow region around 1018 g. The aim of this
paper is to constrain PBHs as the DM candidates in this
still allowed mass range. To this end, we investigate the
e↵ect of PBHs on the evolution of compact stars – neu-
tron stars (NSs) and white dwarfs (WDs). The main
idea is as follows. PBHs may be captured by a star in
the process of its formation. This leads to no observa-
tional consequences until the evolution of the star reaches

ar
X

iv
:1

20
9.

60
21

v3
  [

as
tro

-p
h.

CO
]  

21
 Ja

n 
20

13

arXiv:1209.6021	  	  	  PRD	  87	  023507	  (2013)



4

10!18 10!13 10!8 0.001 100 107
10!5

10!4

0.001

0.01

0.1

1

MPBH!M!

"
PB
H
!"

D
M

femto!lensing

EGB

NS capture

MACHO

EROS

FIRAS

WMAP3

PBH

FIG. 1. Limits on the abundance of PBH today, from ex-
tragalactic photon background (orange), femto-lensing (red),
micro-lensing by MACHO (green) and EROS (blue) and
CMB distortions by FIRAS (cyan) and WMAP3 (purple).
The constraints from star formation and capture by neu-
tron stars in globular clusters are displayed for ρGlob.Cl.

DM =
2×103 GeVcm−3 (brown). The black dashed line corresponds
to a particular realization of our scenario of PBH formation.
Figure adapted from [56].

of the star in presence of the PBH gravitational field.
PBH of masses larger than 1018 kg are potentially ob-
servable [62]. Even if highly unlikely (1 event in ∼ 107

years for ρPBH = ρDM with MPBH ∼ 1012 kg), the
transit of PBH of masses MPBH

>∼ 1012 kg through or
nearby the Earth could be detected because of the seis-
mic waves they induce [63]. X-rays photons emitted by
non-evaporating PBH should ionize and heat the nearby
intergalactic medium at high redshifts. This produces
specific signatures in the 21cm angular power spectrum
from reionization, which could be detected with the SKA
radio-telescope [64]. For PBH of masses from 102M⊙

to 108M⊙, densities down to ΩPBH
>∼ 10−9 could be

seen. A PBH transiting nearby a pulsar gives an impulse
acceleration which results in residuals on normally or-
derly pulsar timing data [65, 66]. Those timing residuals
could be detected with future giant radio-telescope like
the SKA. The signal induced by PBH in the mass range
1019 kg <∼ MPBH

<∼ 1025 kg and contributing to more
than one percent to dark matter should be detected [66].
Binaries of PBH forming a fraction of DM should emit
gravitational waves; this results in a background of grav-
itational waves that could be observed by LIGO, DE-
CIGO and LISA [67, 68].

Finally, the recent discovery by CHANDRA of tens of
black hole candidates in the central region of the An-
dromeda (M31) galaxy [42–46] provides a hint in favor
of models of PBH with stellar masses. As detailed later
in the paper, such massive PBH can be produced in our
model. The CMB distortions and micro-lensing limits
could be evaded if PBH were less massive at the epoch of

recombination and then have grown mostly by merging
to form black holes with stellar masses today.

III. HYBRID-WATERFALL INFLATION

It has been shown recently that the original non-
supersymmetric hybrid model [31, 32] and its most well-
known supersymmetric realizations, the F-term and D-
term models [69, 70], own a regime of mild waterfall [36–
40]. Initially the field trajectories are slowly rolling along
a nearly flat valley of the multi-field potential. When tra-
jectories cross a critical field value, denoted φc, the po-
tential becomes tachyonic in the orthogonal direction to
the valley. In the mild-waterfall case, inflation continues
for more than 50 e-folds of expansion after crossing the
critical instability point and before tachyonic preheat-
ing [33] is triggered. This scenario has the advantage
that topological defects formed at the instability point
are stretched outside our observable patch of the Uni-
verse by the subsequent inflation.
According to Refs. [37–39], the mild waterfall can be

decomposed in two phases (called phase-1 and phase-2).
During the first one, inflation is driven only by the infla-
ton, whereas the terms involving the auxiliary field can be
neglected. At some point, these terms become dominant
and trajectories enter in a second phase. When the wa-
terfall lasts for much more than 50 e-folds, the observable
scales exit the Hubble radius in the second phase, when
trajectories are effectively single field and curvature per-
turbations are generated by adiabatic modes only. For
the three hybrid models mentioned above (original, F-
term and D-term), the observable predictions are conse-
quently modified and a red scalar spectral index is pre-
dicted (instead of a blue one for the original model fol-
lowed by a nearly instantaneous waterfall). If one denotes
by N∗ the number of e-folds between horizon exit of the
pivot scale k∗ = 0.05Mpc−1 and the end of inflation, the
scalar spectral index is given by ns = 1 − 4/N∗, too low
for being within the 95% C.L. limits of Planck. Only
a low, non-detectable, level of local non-gaussianitiy is
produced, characterized by fNL ≃ −1/N∗ [37].
When inflation continues during the waterfall for a

number of e-folds close but larger than 50 e-folds, the
pivot scale becomes super-Hubble during the phase-1.
Trajectories are not effectively single-field, and entropic
perturbations source the curvature perturbations [37].
This leads to a strong enhancement in the scalar power
spectrum amplitude, whose thus cannot be in agreement
with observations.
In this paper, we focus on an intermediate case, be-

tween fast and mild waterfall. We consider the regime
where inflation continues for a number of e-folds be-
tween about 20 and 40 after crossing the instability point.
There is a major difference with the previous case: ob-
servable scales leave the Hubble radius when field tra-
jectories are still evolving along the valley, when the
usual single-field slow-roll formalism can be used to de-
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In this paper we present a new scenario where massive Primordial Black Holes (PBH) are produced
from the collapse of large curvature perturbations generated during a mild waterfall phase of hybrid
inflation. We determine the values of the inflaton potential parameters leading to a PBH mass
spectrum peaking on planetary-like masses at matter-radiation equality and producing abundances
comparable to those of Dark Matter today, while the matter power spectrum on scales probed by
CMB anisotropies agrees with Planck data. These PBH could have acquired large stellar masses
today, via merging, and the model passes both the constraints from CMB distortions and micro-
lensing. This scenario is supported by Chandra observations of numerous BH candidates in the
central region of Andromeda. Moreover, the tail of the PBH mass distribution could be responsible
for the seeds of supermassive black holes at the center of galaxies, as well as for ultra-luminous X-rays
sources. We find that our effective hybrid potential can originate e.g. from D-term inflation with a
Fayet-Iliopoulos term of the order of the Planck scale but sub-planckian values of the inflaton field.
Finally, we discuss the implications of quantum diffusion at the instability point of the potential, able
to generate a swiss-cheese like structure of the Universe, eventually leading to apparent accelerated
cosmic expansion.

PACS numbers: 98.80.Cq

I. INTRODUCTION

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

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

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

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

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

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

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

In this paper, we present a new scenario in which the
majority of dark matter consists of PBH with a relatively
broad mass spectrum covering a few order of magnitudes,
possibly up to O(100) solar masses. The large curvature
perturbations at the origin of their formation are gen-
erated in the context of hybrid inflation ending with a
mild waterfall phase. This is a regime where inflation
continues for several e-folds (up to 50 e-folds) of expan-
sion during the final waterfall phase. Compared to the
standard picture of fast waterfall, important curvature
perturbations are generated on larger scales, that reen-
ter into the horizon at later times and thus lead to the
formation of PBH with larger masses.

arXiv:1501.07565
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Abstract

The transit of primordial black holes through a white dwarf causes localized heating around the

trajectory of the black hole through dynamical friction. For su�ciently massive black holes, this

heat can initiate runaway thermonuclear fusion causing the white dwarf to explode as a supernova.

The shape of the observed distribution of white dwarfs with masses up to 1.25M� rules out pri-

mordial black holes with masses ⇠ 1019 gm - 1020 gm as a dominant constituent of the local dark

matter density. Black holes with masses as large as 1024 gm will be excluded if recent observations

by the NuStar collaboration of a population of white dwarfs near the galactic center are confirmed.

Black holes in the mass range 1020 gm - 1022 gm are also constrained by the observed supernova

rate, though these bounds are subject to astrophysical uncertainties. These bounds can be further

strengthened through measurements of white dwarf binaries in gravitational wave observatories.

The mechanism proposed in this paper can constrain a variety of other dark matter scenarios such

as Q balls, annihilation/collision of large composite states of dark matter and models of dark mat-

ter where the accretion of dark matter leads to the formation of compact cores within the star.

White dwarfs, with their astronomical lifetimes and sizes, can thus act as large space-time volume

detectors enabling a unique probe of the properties of dark matter, especially of dark matter can-

didates that have low number density. This mechanism also raises the intriguing possibility that a

class of supernova may be triggered through rare events induced by dark matter rather than the

conventional mechanism of accreting white dwarfs that explode upon reaching the Chandrasekhar

mass.
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III. PRIMORDIAL BLACK HOLES
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FIG. 1: The minimum mass of a black hole whose transit can destroy a carbon white dwarf of a

given mass. The black holes transit the star with a speed equal to the escape velocity of the star,

estimated using the mass-radius relationship of the white dwarf to be ⇡ 2⇥ 10�2. The plot uses a

digitization of the equation of state of the white dwarf from [17] to relate the density of the white

dwarf to its mass. The density is nearly constant for much of the star and hence o↵-center transits

of black holes are also equally explosive.

Primordial black holes are intriguing dark matter candidates. While it is challenging to

produce them through conventional standard model processes (see [9, 10] for one mecha-

nism), it is possible that new physics in the sector responsible for dark matter may produce

them. There are constraints on such black holes being dark matter - if they are lighter than

/ 1017 gm, Hawking emission from them contributes too much to the observed cosmic ray

spectrum. Black holes heavier than ⇠ 1024 gm are constrained by lensing data [11] and

Kepler observations [12]. Attempts have been made to place bounds between ⇠ 1017 gm -

1024 gm [11, 13, 14], but are subject to uncertainties [11, 15].

Suppose a black hole with a mass in the presently allowed region (⇠ 1017 gm - 1024

gm) goes through a white dwarf. These black holes are small enough (Schwarzschild radii

between ⇠ 10�9 cm - 10�4 cm) that they will simply go through the star. The purely
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FIG. 2: The minimum dark matter density of primordial black holes as a function of its mass for one

black hole to transit a white dwarf in 1 Gyr, with the minimum black hole mass of interest set by

the mass necessary to destroy RX J0648.04418. To estimate the gravitational capture cross-section,

the white dwarf radius was taken to be ⇡ 3000 km with a stellar escape velocity of ⇡ 2 ⇥ 10�2.

These were obtained using the mass-radius relationship of the star. While these numbers vary as

a function of the mass of the star, the variation is not significant. The black holes were assumed

to have virial velocities ⇡ 10�3.

IV. CONSTRAINTS

We use two classes of observations to place bounds on primordial black holes. For these

bounds to constrain primordial black hole parameter space, the black holes need to traverse

white dwarfs that are su�ciently heavy (as estimated in figure 1). One class of bounds

arises from direct observations of white dwarfs whose masses have been measured. Their

existence constrains primordial black holes that are abundant enough that they would have
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FIG. 3: The supernova rate as a function of primordial black hole mass under the assumption that

the black hole density is equal to the local dark matter density ⇡ 0.4 GeV/cm3. The assumptions

used to calculate this rate and the attendant caveats are described in the text.

transited the white dwarf with high probability. A second class of bounds arises from the

measured rate of type 1a supernova. These can constrain primordial black holes with a low

abundance, wherein they have a low probability of transit through a given white dwarf but

may nevertheless destroy enough of them to produce too many supernovae.

Both cases require the computation of the transit rate for primordial black holes through

a white dwarf. The cross section for primordial black holes to transit the white dwarf is

given by the gravitational capture cross section of the star which is equal to ⇠ ⇡R2
s (vesc/v)

2

where vesc is the escape velocity of the star and v ⇡ 10�3 is the virial velocity of primordial

black hole dark matter. The transit rate �� is equal to ⇠ (⇢�/M�) ⇡R2
s (v

2
esc/v). While this

rate increases as the black hole mass decreases, the minimum mass of the white dwarf that

can be destroyed by the transit increases. While most white dwarfs have masses ⇠ 0.6M�,

there are a few known systems such as RX J0648.04418 that have masses ' 1.25M� [18].

This star is in a binary system, accreting matter from its companion and is thus likely to

be a carbon white dwarf. This star can be destroyed by primordial black holes with masses

' 1019 gm (see figure 1), setting the minimum primordial black hole mass that can be

probed by our method. RX J0648.04418 is by no means the only such heavy white dwarf

9
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Fig. 9.— Exclusion contours for three different binary samples from our catalog. For comparison,
we plot also the result of Yoo et al., labeled as “wide binaries”. The contours plotted correspond
to the results using unbinned data and the KS criterion Q for goodness of fit (see also Table 1).
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The end of the MACHO era- revisited: new limits on MACHO masses from
halo wide binaries
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ABSTRACT

In order to determine an upper bound for the mass of the massive compact halo
objets (MACHOs) we use the halo binaries contained in a recent catalog (Allen &
Monroy-Rodrı́guez 2013). To dynamically model their interactions with massive per-
turbers a Monte Carlo simulation is conducted, using an impulsive approximation
method and assuming a galactic halo constituted by massive particles of a charac-
teristic mass. The results of such simulations are compared with several subsamples
of our improved catalog of candidate halo wide binaries. In accordance with Quinn et
al. (2009) we also find our results to be very sensitive to the widest binaries. However,
our larger sample, together with the fact that we can obtain galactic orbits for 150 of
our systems, allows a more reliable estimate of the maximum MACHO mass than that
obtained previously. If we employ the entire sample of 211 candidate halo stars we
obtain an upper limit of 112 M⊙. However, using the 150 binaries in our catalog with
computed galactic orbits we are able to refine our fitting criteria. Thus, for the 100
most halo-like binaries we obtain a maximum MACHO mass of 21 − 68 M⊙. Further-
more, we can estimate the dynamical effects of the galactic disk using binary samples
that spend progressively shorter times within the disk. By extrapolating the limits
obtained for our most reliable -albeit smallest- sample we find that as the time spent
within the disk tends to zero the upper bound of the MACHO mass tends to less than
5 M⊙. The non-uniform density of the halo has also been taken into account, but the
limit obtained, less than 5 M⊙, does not differ much from the previous one. Together
with microlensing studies that provide lower limits on the MACHO mass, our results
essentially exclude the existence of such objects in the galactic halo.

Subject headings: binaries: general – dark matter – Galaxy: halo stars: kinematics –
stars: statistics

arXiv:1406.5169
– 10 –

in the disk we see that the maximum MACHO decreases to about 3 M⊙.

If instead of using the Couteau (1960) formula for transforming observed separations into
expected major semiaxes we use the expression derived by Bartkevicius (2008) we obtain the
results shown in Table 4. The table shows that the derived limits increase somewhat, but this
increase (on average about 5%) does not significantly alter the main conclusions of this study.

Finally Fig. 8 shows the exclusion contours resulting from the present study and obtained
using the prescription of Quinn et al. (2009). Our results, taken together with the microlensing
data, practically exclude the presence of MACHOS in the galactic halo.

6. Summary and conclusions

From a catalog of 251 candidate halo wide binaries we have extracted different subgroups
in order to determine upper bounds to the MACHO masses. For a group of 150 binaries it was
possible to compute galactic orbits and thus to evaluate the time they spend within the galactic disk.
We developed and validated a dynamical model for the evolution of wide halo binaries subject to
perturbations by MACHOs. This model was applied to different subsamples from the catalog ,
thus allowing us to obtain as upper limits for the masses of MACHOs the following values:

From 211 systems likely to be halo binaries: 112 M⊙.

From 150 halo binaries with computed galactic orbits: 85 M⊙.

From 100 binaries that spend the smallest times within the disk (on average, half their life-
times): 21 − 68 M⊙.

From the same 100 binaries, but taking into account the non-uniform halo density: 28−78 M⊙.

From the 25 most halo like binaries (those that spend on average 0.08 of their lifetimes within
the disk): 3 − 12 M⊙.

MACHOs have been a strong candidate for the dark matter that appears to dominate the mass
of galaxies, at least at large radii. Microlensing experiments (Tisserand et al. 2007, Wyrzykowski
et al. 2008) exclude baryonic MACHOs with masses in the range 10−7 to 30 M⊙ as dominant
constituents of the dark matter halo. Other studies (Lacey & Ostriker 1985, Rujula et al. 1992)
have ruled out MACHO masses larger than about 106 M⊙. Wide binaries, as studied by Yoo et
al. restricted the range of possible MACHO masses to 30 − 45 M⊙, but their results were shown
by Quinn to critically depend on one of their widest binaries, which turned out to be spurious.
Excluding this binary, Quinn et al. found a less stringent upper limit of about 500 M⊙.
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CONSTRAINTS ON MACHO DARK MATTER FROM THE STAR CLUSTER IN THE DWARF GALAXY
ERIDANUS II

Timothy D. Brandt1,2
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ABSTRACT

I show that a recently discovered star cluster near the center of the ultra-faint dwarf galaxy Eri-
danus II provides strong constraints on massive compact halo objects (MACHOs) of !5 M⊙ as the
main component of dark matter. MACHO dark matter will dynamically heat the cluster, driving it
to larger sizes and higher velocity dispersions until it dissolves into its host galaxy. The star cluster
has a luminosity of just ∼2000 L⊙ and is relatively puffy, with a half-light radius of 13 pc, making it
much more fragile than other known clusters in dwarf galaxies. For any plausible dark matter halo
properties, Eri II’s star cluster combines with existing constraints from microlensing, wide binaries,
and disk kinematics to rule out dark matter composed entirely of MACHOs from ∼10−7 M⊙ up to
arbitrarily high masses. The cluster in Eri II closes the ∼20–100 M⊙ window of allowed MACHO
dark matter and provides much stronger constraints than wide Galactic binaries for MACHOs of up
to thousands of M⊙.

Subject headings:

1. INTRODUCTION

Dozens of ultra-faint dwarf galaxies have recently been
discovered as satellites of the Galaxy and Andromeda,
and as members of the Local Group (Willman et al.
2005; Belokurov et al. 2007, 2010; Koposov et al. 2015;
Bechtol et al. 2015). These satellites have luminosities
as low as ∼1000 L⊙, and total masses inside the half-
light radius that are at least 1–3 orders of magnitude
larger than their stellar masses (Simon & Geha 2007;
McConnachie 2012, and references therein). Many of
them host negligible amounts of gas; all are understood
to be dominated by their dark matter content.
Ultra-faint dwarf galaxies are excellent places to learn

about dark matter. They currently provide the best
constraints on annihilating weakly interacting massive
particles (WIMPs), ruling out the simplest thermal
relic cross-sections for particle masses of tens of GeV
(Ackermann et al. 2014, 2015). Dwarf galaxies have
also been a source of tension with cosmological simu-
lations: cold dark matter simulations have long over-
predicted the abundance of massive satellite galaxies
(Klypin et al. 1999; Moore et al. 1999). This problem
may be resolved through a combination of newly dis-
covered dwarfs and the inclusion of baryonic physics in
simulations (Brooks & Zolotov 2014), but has also been
suggested as evidence for exotic forms of dark matter or
modified gravity (Lovell et al. 2012).
While the evidence for dark matter’s existence is

overwhelming (Spergel et al. 2003; Clowe et al. 2006;
Planck Collaboration et al. 2015), the identity of the
dark matter particles remains mysterious. One intriguing
possibility is that the dark matter consists of black holes
formed in the early Universe. Such massive compact
halo objects (MACHOs, Griest 1991) could be detected
in the halo of our Galaxy by gravitational microlensing
(Paczynski 1986). Microlensing surveys, however, have

1 Institute for Advanced Study, Einstein Dr., Princeton, NJ
2 NASA Sagan Fellow

now ruled out MACHOs between ∼10−7 and ∼30 M⊙ as
the dominant component of dark matter in our Galaxy
(Alcock et al. 2001; Tisserand et al. 2007). At MACHO
masses !100 M⊙, the existence of fragile, wide halo
binaries constrains their abundance (Chanamé & Gould
2004; Yoo et al. 2004), though these limits rely heavily
on just a few systems (Quinn et al. 2009). Quinn et al.
(2009) showed that one binary used by Yoo et al. (2004)
to claim constraints for MACHOs !20M⊙ is likely spuri-
ous, which removes the constraints for masses "200 M⊙.
MACHOs of very high mass (!107 M⊙) are also ruled out
by the kinematics of the Galactic disk (Lacey & Ostriker
1985). The only constraints on a population of MACHOs
between ∼30 M⊙ and ∼100 M⊙ currently come from
limits on spectral distortions of the cosmic microwave
background (CMB): black holes may have accreted dur-
ing the early Universe, leaving an imprint on the CMB
(Ricotti 2007; Ricotti et al. 2008). However, other au-
thors have argued that these constraints may not be
definitive (Bird et al. 2016). Muñoz et al. (2016) have
shown that MACHOs of these masses may also be probed
by lensed fast radio bursts (FRBs).
In this paper, I derive MACHO constraints from

Eridanus II, an ultra-faint dwarf galaxy discovered as
part of the Dark Energy Survey (Koposov et al. 2015;
Bechtol et al. 2015). It has an absolute magnitude of
MV = −7.1 and a half-light radius of almost 300 pc, and
lies just beyond the Galaxy’s virial radius at a distance
of 366± 17 kpc (Crnojević et al. 2016). Eri II also hosts
a single star cluster of absolute magnitude MV = −3.5
(∼2000 L⊙,V ) and half-light radius rh = 13 pc. The star
cluster appears to be nearly coincident with the galaxy’s
center.
Eri II is one of the few dwarf galaxies with a star clus-

ter, but it is not unique in this respect. The Fornax dwarf
spheroidal galaxy has long been known to host globular
clusters (Baade & Hubble 1939; Hodge 1961). Its five
known globular clusters range from 240 pc to 1.6 kpc
in projected separation from the galaxy center, and from

arXiv:  1605.03665
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The possibility of primordial black holes constituting dark matter is studied in detail, focussing
on the intermediate-mass range from 10�8 M� to 102 M�. All relevant up-to-date constraints are
reviewed and any e↵ect necessary for a precision calculation of the primordial black-hole abun-
dance, such as non-Gaussianity, non-sphericity, critical collapse, merging, etc., is discussed in depth.
A general novel procedure for confronting observational constraints with an extended primordial
black-hole mass spectrum is introduced. This scheme together with the various formation e↵ects
provides a guideline, for arbitrary constraints, for how to systematically approach the problem of
primordial black holes as dark matter, both from a model-independent observational point of view
and starting from a fundamental formation model for primordial black holes. It is also pointed
out which e↵ects in the formation process should be studied further in order to provide a realistic
mapping from inflationary power spectra to the mass function of primordial black holes in order
to use the observational constraints on the latter to put constraints on inflation and early-universe
physics. This scheme is applied to two specific inflationary models. It is demonstrated under which
conditions these models can yield primordial black holes constituting 100% of the dark matter.
Interestingly, the respective distributions peak in the mass region where the recent LIGO black-
hole mergers were found. We also show which model-independent conclusions can be drawn from
observable constraints in this mass range.

I. INTRODUCTION

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

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

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

⇤Electronic address: b.j.carr@qmul.ac.uk
†Electronic address: florian.kuhnel@fysik.su.se
‡Electronic address: marit.sandstad@astro.uio.no
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Did LIGO detect dark matter?

Simeon Bird,⇤ Ilias Cholis, Julian B. Muñoz, Yacine Ali-Häımoud, Marc
Kamionkowski, Ely D. Kovetz, Alvise Raccanelli, and Adam G. Riess1

1Department of Physics and Astronomy, Johns Hopkins University,
3400 N. Charles St., Baltimore, MD 21218, USA

We consider the possibility that the black-hole (BH) binary detected by LIGO may be a signature
of dark matter. Interestingly enough, there remains a window for masses 20M� . Mbh . 100M�
where primordial black holes (PBHs) may constitute the dark matter. If two BHs in a galactic halo
pass su�ciently close, they radiate enough energy in gravitational waves to become gravitationally
bound. The bound BHs will rapidly spiral inward due to emission of gravitational radiation and
ultimately merge. Uncertainties in the rate for such events arise from our imprecise knowledge of the
phase-space structure of galactic halos on the smallest scales. Still, reasonable estimates span a range
that overlaps the 2 � 53 Gpc�3 yr�1 rate estimated from GW150914, thus raising the possibility
that LIGO has detected PBH dark matter. PBH mergers are likely to be distributed spatially
more like dark matter than luminous matter and have no optical nor neutrino counterparts. They
may be distinguished from mergers of BHs from more traditional astrophysical sources through the
observed mass spectrum, their high ellipticities, or their stochastic gravitational wave background.
Next generation experiments will be invaluable in performing these tests.

The nature of the dark matter (DM) is one of the
most longstanding and puzzling questions in physics.
Cosmological measurements have now determined with
exquisite precision the abundance of DM [1, 2], and from
both observations and numerical simulations we know
quite a bit about its distribution in Galactic halos. Still,
the nature of the DM remains a mystery. Given the ef-
ficacy with which weakly-interacting massive particles—
for many years the favored particle-theory explanation—
have eluded detection, it may be warranted to consider
other possibilities for DM. Primordial black holes (PBHs)
are one such possibility [3–6].

Here we consider whether the two ⇠ 30M� black holes
detected by LIGO [7] could plausibly be PBHs. There is
a window for PBHs to be DM if the BH mass is in the
range 20M� . M . 100M� [8, 9]. Lower masses are
excluded by microlensing surveys [10–12]. Higher masses
would disrupt wide binaries [9, 13, 14]. It has been ar-
gued that PBHs in this mass range are excluded by CMB
constraints [15, 16]. However, these constraints require
modeling of several complex physical processes, includ-
ing the accretion of gas onto a moving BH, the conversion
of the accreted mass to a luminosity, the self-consistent
feedback of the BH radiation on the accretion process,
and the deposition of the radiated energy as heat in the
photon-baryon plasma. A significant (and di�cult to
quantify) uncertainty should therefore be associated with
this upper limit [17], and it seems worthwhile to exam-
ine whether PBHs in this mass range could have other
observational consequences.

In this Letter, we show that if DM consists of ⇠ 30 M�
BHs, then the rate for mergers of such PBHs falls within
the merger rate inferred from GW150914. In any galactic
halo, there is a chance two BHs will undergo a hard scat-
ter, lose energy to a soft gravitational wave (GW) burst
and become gravitationally bound. This BH binary will

merge via emission of GWs in less than a Hubble time.1

Below we first estimate roughly the rate of such mergers
and then present the results of more detailed calcula-
tions. We discuss uncertainties in the calculation and
some possible ways to distinguish PBHs from BH bina-
ries from more traditional astrophysical sources.
Consider two PBHs approaching each other on a hy-

perbolic orbit with some impact parameter and relative
velocity v

pbh

. As the PBHs near each other, they pro-
duce a time-varying quadrupole moment and thus GW
emission. The PBH pair becomes gravitationally bound
if the GW emission exceeds the initial kinetic energy. The
cross section for this process is [19, 20],

� = ⇡

✓
85⇡

3

◆
2/7

R2

s

⇣v
pbh

c

⌘�18/7

= 1.37⇥ 10�14 M2

30

v�18/7
pbh�200

pc2, (1)

where M
pbh

is the PBH mass, and M
30

the PBH mass
in units of 30M�, Rs = 2GM

pbh

/c2 is its Schwarzschild
radius, v

pbh

is the relative velocity of two PBHs, and
v
pbh�200

is this velocity in units of 200 km sec�1.
We begin with a rough but simple and illustrative es-

timate of the rate per unit volume of such mergers. Sup-
pose that all DM in the Universe resided in Milky-Way
like halos of mass M = M

12

1012 M� and uniform mass
density ⇢ = 0.002 ⇢

0.002 M� pc�3 with ⇢
0.002 ⇠ 1. As-

suming a uniform-density halo of volume V = M/⇢, the
rate of mergers per halo would be

N ' (1/2)V (⇢/M
pbh

)2�v

' 3.10⇥ 10�12 M
12

⇢
0.002 v

�11/7
pbh�200

yr�1 . (2)

1 In our analysis, PBH binaries are formed inside halos at z = 0.
Ref. [18] considered instead binaries which form at early times
and merge over a Hubble time.
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LIGO gravitational wave detection, primordial black holes and the near-IR

cosmic infrared background anisotropies

A. Kashlinsky1,

ABSTRACT

LIGO’s discovery of a gravitational wave from two merging black holes (BHs) of

similar masses rekindled suggestions that primordial BHs (PBHs) make up the dark

matter (DM). If so, PBHs would add a Poissonian isocurvature density fluctuation

component to the inflation-produced adiabatic density fluctuations. For LIGO’s BH

parameters, this extra component would dominate the small-scale power responsible for

collapse of early DM halos at z>
∼ 10, where first luminous sources formed. We quantify

the resultant increase in high-z abundances of collapsed halos that are suitable for

producing the first generation of stars and luminous sources. The significantly increased

abundance of the early halos would naturally explain the observed source-subtracted

near-IR cosmic infrared background (CIB) fluctuations, which cannot be accounted for

by known galaxy populations. For LIGO’s BH parameters this increase is such that the

observed CIB fluctuation levels at 2 to 5 µm can be produced if only a tiny fraction

of baryons in the collapsed DM halos forms luminous sources. Gas accretion onto these

PBHs in collapsed halos, where first stars should also form, would straightforwardly

account for the observed high coherence between the CIB and unresolved cosmic X-ray

background in soft X-rays. We discuss modifications possibly required in the processes

of first star formation if LIGO-type BHs indeed make up the bulk or all of DM. The

arguments are valid only if the PBHs make up all, or at least most, of DM, but at the

same time the mechanism appears inevitable if DM is made of PBHs.

1. Introduction

LIGO’s recent discovery of the gravitational wave (GW) from an inspiralling binary black hole

(BH) system of essentially equal mass BHs (∼ 30M⊙) at z ∼ 0.1(Abbott et al. 2016b) has led to

suggestion that all or at least a significant part of the dark matter (DM) is made up of primordial

BHs (PBH) (Bird et al. 2016; Clesse & Garćıa-Bellido 2016). In particular, Bird et al. (2016) argue

that this PBH mass range is not ruled out by astronomical observations and the observed rate at

∼(a few) Gpc−3yr−1 (Abbott et al. 2016a) can be accounted for if DM PBHs are distributed in

dense, low velocity-dispersion concentrations which escaped merging. There is abundant motivation

1 Code 665, Observational Cosmology Lab, NASA Goddard Space Flight Center, Greenbelt, MD 20771 and SSAI,

Lanham, MD 20770; email: Alexander.Kashlinsky@nasa.gov
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Tidal  forces  of  inflationary  perturbations  suppress  merger  rate  =>  f  ~  2  x10-3 – 2  x  10-2
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black holes was at first controversial, with neither 
Einstein nor Eddington believing in them, and it 
was 50 years before the evidence became incon-
trovertible. Now people argue about whether 
the black holes are rotating and how they are 
accreting.

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

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

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

Primordial Black Hole Scenario for the Gravitational-Wave Event GW150914
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We point out that the gravitational-wave event GW150914 observed by the LIGO detectors can be
explained by the coalescence of primordial black holes (PBHs). It is found that the expected PBH merger
rate would exceed the rate estimated by the LIGO Scientific Collaboration and the Virgo Collaboration if
PBHs were the dominant component of dark matter, while it can be made compatible if PBHs constitute a
fraction of dark matter. Intriguingly, the abundance of PBHs required to explain the suggested lower bound
on the event rate, > 2 events Gpc−3 yr−1, roughly coincides with the existing upper limit set by the
nondetection of the cosmic microwave background spectral distortion. This implies that the proposed PBH
scenario may be tested in the not-too-distant future.

DOI: 10.1103/PhysRevLett.117.061101

Introduction.—The gravitational-wave event GW150914
observed by the LIGO detectors [1] revealed the existence
of black holes (BHs) with a mass of around 30M⊙ in the
form of binaries. Although there are several possible
explanations for the origin of those BHs as well as the
formation of the binaries (see Ref. [2] and references
therein), the answer is yet to be elucidated. Assuming all
the BH binaries relevant to the LIGO observation have the
same physical parameters, such as masses and spins, as
those of GW150914, the merger event rate was estimated as
2–53 Gpc−3 yr−1 [3].
In this Letter, we discuss the possibility that the event

GW150914 was caused by a merger of a primordial BH
(PBH) binary. PBHs are BHs that have existed since the very
early epoch in cosmic history before any other astrophysical
object had been formed [4]. Themost popular mechanism to
produce PBHs is the direct gravitational collapse of a
primordial density inhomogeneity [5,6]. If the primordial
Universe were highly inhomogeneous [Oð1Þ in terms of
the comoving curvature perturbation] on superhorizon
scales, as realized in some inflation models (see Ref. [7]
and references therein), an inhomogeneous region upon
horizon reentry would undergo gravitational collapse
and form a BH. The mass of the BH is approximately
equal to the horizon mass at the time of formation,
MBH ∼ 30M⊙½ð4 × 1011Þ=ð1þ zfÞ%2, where zf is the
formation redshift. Thus, it is possible that PBHs with a
mass of around 30M⊙ are formed deep in the radiation-
dominated era.
The event rate of the PBH binary mergers has been

already given in Ref. [8] for the case where PBHs are
massive compact halo objects with their mass around
0.5M⊙ and constitute the dominant component of dark
matter. In Ref. [8] it was found that two neighboring PBHs

having a sufficiently small separation can form a binary in
the early Universe and coalesce within the age of the
Universe. We apply the formation scenario in Ref. [8] to
the present case where the PBHs are about 30M⊙ and the
fraction of PBHs in dark matter is a free parameter. We
present a detailed computation of the event rate in the next
section. The resultant event rate turns out to exceed the
event rate mentioned above (2–53 Gpc−3 yr−1) if PBHs are
the dominant component of dark matter. Intriguingly,
however, it falls in the LIGO range if PBHs are a
subdominant component of dark matter with the fraction
that nearly saturates the upper limit set by the nondetection
of the cosmic microwave background (CMB) spectral
distortion due to gas accretion onto PBHs [9].
Recently, it was claimed in Ref. [10] (see also Ref. [11])

that the event GW150914 as well as the event rate estimated
by LIGO can be explained by the merger of PBHs even if
PBHs are the dominant component of dark matter. Our
study differs from Ref. [10] in the following two points:
(1) the formation process of PBH binaries and (2) the
fraction of PBHs in dark matter. First, in Ref. [10] PBH
binaries are assumed to be formed due to energy loss by
gravitational radiation when two PBHs accidentally pass by
each other with a sufficiently small impact parameter. This
mechanism is different from what we consider in this Letter
(see the next section). Second, in Ref. [10] the fraction of
PBHs in dark matter to explain the estimated gravitational-
wave event rate by the LIGO-Virgo Collaboration is of
order unity, while in our case we require it to be as small as
the upper limit obtained in Ref. [9]. Namely, our claim is
that PBHs as a small fraction of dark matter can explain the
event rate suggested by the detection of GW150914.
Throughout this Letter, we set the speed of light to be

unity, c ¼ 1.
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The recent detection by Advanced LIGO of gravitational waves (GW) from the merging of a
binary black hole system sets new limits on the merging rates of massive primordial black holes
(PBH) that could be a significant fraction or even the totality of the dark matter in the Universe.
aLIGO opens the way to the determination of the distribution and clustering of such massive PBH.
If PBH clusters have a similar density to the one observed in ultra-faint dwarf galaxies, we find
merging rates comparable to aLIGO expectations. Massive PBH dark matter predicts the existence
of thousands of those dwarf galaxies where star formation is unlikely because of gas accretion onto
PBH, which would possibly provide a solution to the missing satellite and too-big-to-fail problems.
Finally, we study the possibility of using aLIGO and future GW antennas to measure the abundance
and mass distribution of PBH in the range [5 - 200] M� to 10% accuracy.

PACS numbers: 98.80.Cq

Understanding the nature of Dark Matter (DM), ac-
counting for about one third of the energy density of the
Universe, is one of the most important challenges in cos-
mology nowadays (for a review, see e.g. [1]). A popular
hypothesis is that DM is composed of Weakly Interacting
Massive Particles (WIMP’s). However, in the absence of
a clear signal from direct or indirect WIMP interactions,
possible alternatives should be considered.

For instance, DM could be composed partially or to-
tally in the form of Primordial Black Holes (PBH) [2–9].
These could have formed in the early universe due to
the collapse of large density fluctuations, e.g. induced
by a waterfall phase during inflation [6, 10–12] , by a
first-order phase transition [13] or in some curvaton sce-
narios [14–16]. Like a WIMP, a PBH is non-relativistic
and e↵ectively collisionless and is thus a perfect DM can-
didate. PBHs must be heavy enough not to evaporate
in a time shorter than the age of the Universe, which is
fulfilled if their mass is mPBH & 5⇥1011 kg [3, 17]. A no-
ticeable exception is the possibility that PBH form stable
relics with Planck-like mass [18] after their evaporation.
Very stringent constraints have been set on their abun-
dances, from various observations: ifmPBH . 7⇥1012 kg,
the gamma-ray radiation due to PBH evaporation should
have been detected by EGRET and FERMI [17]; within
the range 5⇥ 1014 � 1017 kg, they should have been de-
tected by FERMI through the gravitational femto-lensing
of gamma-ray bursts [19]; for 1015 < mPBH < 1021 kg
PBHs should have destroyed neutron stars in globular
clusters [20]; the absence of microlensing events of stars in
the Magellanic clouds exclude large abundances of PBHs
within the range 1023 � 1031 kg [21–23], although such

⇤ clesse@physik.rwth-aachen.de
† juan.garciabellido@uam.es

constraints are model dependent [24, 25]. Their abun-
dance in the early Universe is also well constrained by
the absence of important spectral distortions of the CMB
black-body spectrum, which excludes PBH as dark mat-
ter if mPBH & 1M� [26]. This last constraint closes the
range of possible PBH masses, therefore most people of-
ten considers the model as ruled out.
However, as was pointed out recently in Ref. [10], the

merging of PBHs could have been very e�cient in the
early Universe, such that initially substellar mass black
holes, passing the CMB distortion constraints, could have
grown by several orders of magnitude, enough to evade
the most stringent microlensing constraints. In this way,
the galactic halo would be populated by a large number of
massive PBHs, which is consistent with the recent obser-
vation of numerous BH candidates in the central region
of Andromeda and nearby galaxies [27–31]. Moreover, re-
cent analysis of the gamma-ray excess seen by Fermi-LAT
towards the Galactic Center finds evidence for a popu-
lation of unresolved point sources [32, 33] which could
be, together with the 30% unidentified point sources of
the 3FGL catalog [34], the tip of the iceberg of the PBH
distribution of Dark Matter.
In addition, in the case of a broad PBH mass spec-

trum, covering a few orders of magnitude, the high-mass
tail of the distribution provides a subdominant number
of very massive PBHs, which could quick-start structure
formation and, in particular, are good candidates for the
seeds of the Super-Massive Black Holes (SMBH) observed
at the center of galaxies1, as well as for the Intermediate
Mass Black Holes (IMBH) in Globular Clusters [36]. The

1 Such a scenario is well-constrained by the absence of CMB distor-
tions [35] but is allowed if the power spectrum of curvature per-
turbations is only enhanced on smaller scales than the ones rele-
vant for µ-type distortions, as in the model proposed in Ref. [10].
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Conclusion

PBHs are unique probes of early universe and various cosmological 
parameters associated with their formation mechanism.

There are four mass windows where PBHs could comprise a 
significant fraction of dark matter. The intermediate-mass one is most 
topical because of LIGO but Planck-mass relics are also intriguing. 

Extended mass spectra are expected and special care is required 
when comparing to constraints. A detailed understanding of PBH 
formation is crucial.

CONCLUSIONS


