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OVERWHELMING  EVIDENCE  FOR  SMBH  IN  AGN  (M~106-9MO) 

LIGO  detects  
gravity  waves  from  
coalescing  BHs

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

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

Ultraluminous
X-­ray  sources
NGC1313  may
have  500MO  BH

Globular  clusters
Omega  Cen  may
have  4x104MO  BH

X-­ray  binaries
Cygnus  X1

MW  4x106MO
QSO  108MO
1.4x1010MO
BH  at  z=6.3

BH  mass
proportional
to  stellar  mass



PRIMORDIAL BLACK HOLE FORMATION

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

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

Small BHs can only form in early Universe

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

ð primordial BHs with horizon mass at formation

MPBH ~ c3t/G =
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Þ no  observational  evidence  against  them

=> need  to  consider  quantum  effects    



First  paper  on  PBHs  as  dark  matter



PBHs are important even if they never formed!

Black  Hole    =  Dark  +  Light



Quantum Mechanics General Relativity

Thermodynamics

PBHs are important even if they never formed!



BLACK  HOLE  INFORMATION  PARADOX

Hawking,  Perry  &  Strominger PRL  116  (2016)  231301……..

JHEP  1705  (2017)



STEPHEN’S  BET



PBH EVAPORATION

Black holes radiate thermally with temperature

T =               ~  10-7 K

=> evaporate completely in time     tevap ~ 1064 y

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

g-ray background at 100 MeV  => WPBH(1015g) < 10-8

=> explosions undetectable in standard particle physics model

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

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

This can only be important for PBHs
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BLACK HOLES

106 MO MW

1021glunar

1022 MO

102 MO IMBH

1025gterrestrial

HIGHER  DIMENSIONS

QUANTUM/CLASSICAL



FORMATION MECHANISMS

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   PBHs can be very large

String necklaces

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



PBH FORMATION => LARGE INHOMOGENEITIES

To collapse against pressure, need    (Carr 1975)

when d ~ 1  =>   dH > a (p=arc2)

Gaussian fluctns with <dH
2>1/2 = e(M) 

Þ fraction of PBHs 

      b(M) ~ e(M) exp

e(M) decreases with M => exponential upper cut-off
e(M) constant => b(M) constant => 

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

Claim of separate Universe for dH > 1 is misleading!

(Khlopov & Polnarev 1982 )

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



Limit on fraction of Universe collapsing

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

General limit

=> b ~ 10-6 WPBH ~ 10-18 WPBH

So both require and expect  b(M) to be tiny => fine-tuning

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

=> constraints from entropy, g-background, BBNS

fDM ~  (b /10-­9) (M/Mo)-1/2

Fraction of dark matter 



Constraints on b(M)

Carr, Gilbert & Lidsey (1994)

Constraints on e(M)

PBHs are unique probe of e on small scales. 

Need blue spectrum or spectral feature to produce them.

LSS

=>

b(M) ~ e(M) exp

PBHS  AS  PROBE  OF  PRIMORDIAL  FLUCTUATIONS



PBHS FROM NEAR-CRITICAL COLLAPSE

=> broad mass spectrum => strong constraints above 1014gDM 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)

dC ~ 0.45 and applies to  d - dC ~ 10-10 (Musco & Miller 2013)

Critical phenomena => M = k MH(d-dc)g  (Niemeyer & Jedamzik 1999) 

spectrum peaks at horizon mass with extended low mass tail

Later calculations and peak analysis =>
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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

1

PRD	
  88	
  084051	
  (2013)	
  

arXiv:1309:4201

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.
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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  dC

Effects  of  non-­Gaussianity and  non-­sphericity
*  For  uniform-­Hubble  gauge  but  0.4  for  synchronous  gauge



PBHS AND INFLATION

PBHs formed before reheat inflated away =>

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

CMB quadrupole  => Treheat < 1016GeV

But inflation generates fluctuations

Can these generate PBHs?

[HUGE  NUMBER  OF  PAPERS  ON  THIS]



(1994)

Density  perturbations  and  black  hole  formation  in  hybrid  inflation

J.  Garcia-­Bellido,  A.  Linde  and  D.  Wands

Phys  Rev  D54,  6040  (1996)

See  also  Dolgov &  Silk,  Phys.  Rev.  D,  47,  4244 (1993)
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Quantum di↵usion during inflation
and primordial black holes

Chris Pattison,a Vincent Vennin,b,a Hooshyar Assadullahi,a,c

and David Wandsa
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Abstract. We calculate the full probability density function (PDF) of inflationary cur-
vature perturbations, even in the presence of large quantum backreaction. Making use
of the stochastic-�N formalism, two complementary methods are developed, one based
on solving an ordinary di↵erential equation for the characteristic function of the PDF,
and the other based on solving a heat equation for the PDF directly. In the classical
limit where quantum di↵usion is small, we develop an expansion scheme that not only
recovers the standard Gaussian PDF at leading order, but also allows us to calculate the
first non-Gaussian corrections to the usual result. In the opposite limit where quantum
di↵usion is large, we find that the PDF is given by an elliptic theta function, which is
fully characterised by the ratio between the squared width and height (in Planck mass
units) of the region where stochastic e↵ects dominate. We then apply these results to
the calculation of the mass fraction of primordial black holes from inflation, and show
that no more than ⇠ 1 e-fold can be spent in regions of the potential dominated by
quantum di↵usion. We explain how this requirement constrains inflationary potentials
with two examples.

Keywords: physics of the early universe, inflation, primordial black holes
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Abstract. Primordial black holes as dark matter may be generated in single-field models of
inflation thanks to the enhancement at small scales of the comoving curvature perturbation.
This mechanism requires leaving the slow-roll phase to enter a non-attractor phase during
which the inflaton travels across a plateau and its velocity drops down exponentially. We
argue that quantum di↵usion has a significant impact on the primordial black hole mass
fraction making the classical standard prediction not trustable.

Keywords: inflation, physics of the early universe, primordial black holes
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Quantum di↵usion beyond slow-roll:

implications for primordial black-hole

production
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Madrid, 28049 Spain
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Abstract. Primordial black-holes (PBH) can be produced in single-field models of inflation
with a quasi-inflection point in the potential. In these models, a large production of PBHs
requires a deviation from the slow-roll (SR) trajectory. In turn, this SR violation can produce
an exponential growth of quantum fluctuations. We study the back-reaction of these quan-
tum modes on the inflationary dynamics using stochastic inflation in the Hamilton-Jacobi
formalism. We develop a methodology to solve quantum di↵usion beyond SR in terms of the
statistical moments of the probability distribution. We apply these techniques to a toy model
potential with a quasi-inflection point. We find that there is an enhancement of the power
spectrum due to the dominance of the stochastic noise in the phase beyond SR. Moreover,
non-Gaussian corrections become as well relevant with a large positive kurtosis. Altogether,
this produces a significant boost of PBH production. We discuss how our results extend to
other single-field models with similar dynamics. We conclude that the abundance of PBHs
in this class of models should be revisited including quantum di↵usion.

Keywords: physics of the early universe, inflation, primordial black holes

ar
X

iv
:1

80
5.

06
73

1v
1 

 [a
str

o-
ph

.C
O

]  
17

 M
ay

 2
01

8

arXiv:1805.06731

arXiv:1705.04861

Prepared for submission to JCAP

Single Field Double Inflation and
Primordial Black Holes

K. Kannike,a L. Marzola,a,b M. Raidal,a and H. Veermäea
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Abstract. Within the framework of scalar-tensor theories, we study the conditions that
allow single field inflation dynamics on small cosmological scales to significantly di↵er from
that of the large scales probed by the observations of cosmic microwave background. The
resulting single field double inflation scenario is characterised by two consequent inflation
eras, usually separated by a period where the slow-roll approximation fails. At large field
values the dynamics of the inflaton is dominated by the interplay between its non-minimal
coupling to gravity and the radiative corrections to the inflaton self-coupling. For small field
values the potential is, instead, dominated by a polynomial that results in a hilltop inflation.
Without relying on the slow-roll approximation, which is invalidated by the appearance of
the intermediate stage, we propose a concrete model that matches the current measurements
of inflationary observables and employs the freedom granted by the framework on small
cosmological scales to give rise to a sizeable population of primordial black holes generated
by large curvature fluctuations. We find that these features generally require a potential with
a local minimum. We show that the associated primordial black hole mass function is only
approximately lognormal.

Keywords: black holes, inflation, dark matter
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1 Primordial black holes from inflaton and spectator field perturbations
2 in a matter-dominated era

3 Bernard Carr,1,* Tommi Tenkanen,1,† and Ville Vaskonen2,‡

4 1Astronomy Unit, Queen Mary University of London, Mile End Road, London E1 4NS, United Kingdom
5 2National Institute of Chemical Physics and Biophysics, Rävala 10, 10143 Tallinn, Estonia
6 (Received 19 June 2017)

7 We study production of primordial black holes (PBH) during an early matter-dominated phase. As a
8 source of perturbations, we consider either an inflaton field with a running spectral index or a spectator field
9 that has a blue spectrum and thus provides a significant contribution to PBH production at small scales.

10 First, we identify the region of the parameter space where a significant fraction of the observed dark matter
11 can be produced, taking into account all current PBH constraints. Then, we present constraints on the
12 amplitude and spectral index of the spectator field as a function of the reheating temperature. We also derive
13 constraints on the running of the inflaton spectral index, dn=d ln k≲ 0.001, which are comparable to those
14 from the Planck satellite for a scenario where the spectator field is absent.

DOI:15

16 I. INTRODUCTION

17 Recently, primordial black holes (PBHs) have received
18 much attention [1–10]. In particular, there have been many
19 studies of PBH constraints on the primordial power
20 spectrum associated with the inflationary scenario since
21 this provides an efficient way to probe different models of
22 inflation and reheating [11–18]. There has also been
23 interest in constraints on PBHs formed during an early
24 matter-dominated era, when PBHs form more easily. This
25 was originally considered in Refs. [19,20] and more
26 recently in Refs. [3,5–7,11,21].
27 In this work, we use the most up-to-date astrophysical
28 and cosmological constraints to consider whether PBHs
29 produced during an early matter-dominated phase can
30 constitute all the dark matter (DM) and what PBHs can
31 tell us about the curvature perturbation spectrum on small
32 scales. We will first assume that only one component, the
33 inflaton field, determines the perturbation spectrum on all
34 scales and take the amplitude and spectral index of its
35 power spectrum to be given by the best fit to the Planck
36 data. Studying PBH production provides important con-
37 straints on different models of inflation and reheating.
38 To demonstrate this, we will allow a positive value for the
39 running of the inflaton spectral index, corresponding to a
40 “blue” spectrum, and show that the constraints on this can
41 be comparable to those from the Planck data. For earlier
42 studies of PBH formation in scenarios with a running
43 spectral index, see Refs. [22,23].
44 Next we will assume that there are two scalar fields,
45 which together determine the perturbation spectrum: the
46 inflaton field, which gives the dominant component to the

47curvature spectrum at large scales, and a spectator field,
48which gives the dominant component at small scales. By
49the term “spectator field” we mean a scalar field which
50was energetically subdominant during cosmic inflation
51and played no role in driving or ending inflation. If such
52a scalar field were sufficiently light, it would have acquired
53a spectrum of perturbations uncorrelated with perturbations
54in the inflaton sector and with a potentially large amplitude.
55The scenario is well motivated, as spectator fields are a
56generic ingredient if one goes beyond the Standard Model
57(SM) of particle physics. They can affect the physics of the
58early universe in a number of ways, including the gen-
59eration of the curvature power spectrum [24–27], matter-
60antimatter asymmetry [28], and dark matter [29,30]. A
61well-known example is the SM Higgs field, whose cos-
62mological implications have been studied in detail in a
63number of works [31–35]. As another example, the gen-
64eration of PBHs for a specific type of spectator, a curvaton
65field [24–26], has been considered in Refs. [1,36–39].
66Spectator fields can also produce an early matter-
67dominated period in the early universe. For example, if
68they are very massive and sufficiently long lived, they may
69come to dominate the energy density before decaying into
70SM radiation. For two recent examples of such a scenario,
71see Refs. [40,41]. An early matter-dominated period can
72also arise in scenarios where there are no additional fields
73which dominate the energy density, as in the case of slow
74reheating [42]. For a recent study of PBH formation in such
75a scenario, see Ref. [43]. In this paper our treatment is very
76general in that we do not specify the cause of the matter-
77dominated phase.
78Understanding the properties of spectator fields can have
79far-reaching implications for different phenomena, includ-
80ing those unrelated to PBH formation. Placing constraints
81on the DM abundance, the duration of the early matter-
82dominated phase and the reheating temperature is important

*b.j.carr@qmul.ac.uk
†t.tenkanen@qmul.ac.uk
‡ville.vaskonen@kbfi.ee
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305306 The function βðMÞ is given by Eq. (19). The fraction of DM
307 consisting of PBHs, f ¼ ρPBH=ρDM, is then obtained by
308 integrating the PBH mass function,

f ¼
Z

Mmax

Mmin

ψðMÞdM: ð22Þ

309310311 If αs is small, then the mass function has a power-law
312 form with cutoffs at Mmin and Mmax. In Fig. 2 the mass
313 function (21) is shown for the parameters given in the
314 caption. The most important difference in the mass function
315 produced during matter dominance compared to the one
316 produced during radiation dominance with a similar power
317 spectrum is the cutoffs arising from the finite duration of
318 the matter dominance. This allows for larger PBH abun-
319 dance, in better agreement with the constraints.
320 The PBH DM scenario is very strongly constrained.
321 The main constraints arise from evaporation, lensing, and
322 accretion effects; see Refs. [1,7] for a recent summary. The
323 constraints for a monochromatic PBH mass function are
324 shown in Fig. 3. For the evaporation constraint, we take
325 ϵ ¼ 0.2 [63] where ϵ gives the slope of the extragalactic
326 γ-ray background; for the neutron-star capture constraint,

327we assume a DM density ρDM ¼ 2 × 103 GeV cm−3 in the
328core of globular clusters [65]; and for the Planck accretion
329constraint, we show the most conservative bound [70]. PBHs
330with M < M$ ≡ 4 × 1014g ¼ 10−18.6 M⊙ (i.e., left of the
331vertical dashed line in Fig. 3) have evaporated by now [74].
332The strongest constraints on their abundance come from
333BBN [63] and anisotropies in the CMB; the latter arise
334because heating associated with the evaporation of PBHs
335between recombination and reionization would dampen
336small-scale anisotropies, contrary to observation [63].
337Also discussed in Ref. [1] are various dynamical con-
338straints, including those associated with the Poisson fluctua-
339tions in the PBH number density [75]. These limits are
340important for largeM but usually depend upon additional and
341possibly contentious astrophysical assumptions. They are
342therefore shown by dashed lines in Fig. 3, the Poisson limit
343being omitted because it is weaker than the others. On large
344mass scales there are also constraints from limits on the μ
345distortions in the CMB generated by the damping of
346fluctuations in the period before decoupling. However, these
347only correspond to PBH limits if one assumes some relation-
348ship between the fluctuations and PBH formation [76].
349Following the method introduced in Ref. [7], the con-
350straints for monochromatic mass function can straightfor-
351wardly be adapted for extended mass functions. Each
352constraint can be expressed in the form

F2:1 FIG. 2. The upper panel shows the power spectrum for
F2:2 ns ¼ 3.22, αs ¼ −0.131, A=As ¼ 0.1, Treh ¼ 6 MeV, and
F2:3 areh=amd ¼ 40. The lower panel shows the corresponding PBH
F2:4 mass function. The smallest and largest modes which produce
F2:5 PBHs during the matter-dominated era are indicated in the upper
F2:6 panel by the vertical lines.

F3:1FIG. 3. The lines show the different constraints for mono-
F3:2chromatic PBH mass function. The purple region on the left is
F3:3excluded by evaporation [63], the red region by femtolensing of
F3:4gamma-ray bursts [64], the brown region by neutron-star capture
F3:5[65], the green region by white dwarf explosions [66], the blue,
F3:6yellow, and purple regions by microlensing results from Subaru
F3:7[67], EROS [68], and MACHO [69], respectively, and the dark
F3:8blue region by Planck [70]. The regions to the right of the dashed
F3:9lines are excluded by survival of a stars in Segue I [71] and

F3:10Eridanus II [72], and distribution of wide binaries [73]. PBHs to
F3:11the left of the gray vertical line have evaporated before today.
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Primordial Black Hole Formation During Slow Reheating After Inflation
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We study the formation of primordial black holes (PBHs) in the early Universe during a period
of slow reheating after inflation. We demonstrate how the PBH formation mechanism changes
gradually in the transition from the matter-dominated to radiation-dominated phases and calculate
the expected PBH mass function. We find that there is a threshold for the variance of the density
contrast, �c ' 0.05, below which the transition occurs even before reheating, with this having
important consequences for the PBH mass function. We also show that there is a maximum cut-o↵
for the PBH mass at around 100M

�

below which the subdominant radiation bath a↵ects PBH
production, making the scenario particularly interesting for the recent LIGO observations of black
hole mergers.

I. INTRODUCTION

Primordial black holes (PBHs) can form in the early
Universe as a result of the huge compression during the
Big Bang [1]. A comparison of the cosmological den-
sity at time t with the density of a black hole of mass
M implies that they will have around the horizon mass
at formation (M ⇠ c3t/G). Such black holes are the
only ones which could be small enough for quantum ef-
fects to be important, those forming before 10�23s be-
ing smaller than 1015g and therefore evaporating by the
current epoch [2]. Larger ones might provide the dark
matter (DM) or have other interesting astrophysical con-
sequences.

PBHs can form through a variety of mechanisms but
the most natural one - certainly the scenario first con-
sidered historically - is that they derive from primordial
inhomogeneities. An overdense region in the early Uni-
verse can collapse to a black hole provided it is larger
than the Jeans length at maximum expansion, which
is RJ ⇡ p

w ct for an equation of state p = w⇢c2 [3].
A simple heuristic argument then requires the density
fluctuation to exceed a critical value �c ⇡ w at horizon
crossing [4]. Generally the expected fluctuation �(M)
will be much smaller than this, so only the small frac-
tion of regions on the tail of the fluctuation distribution
are expected to form PBHs. In most scenarios one ex-
pects the fluctuations to be Gaussian, so this fraction is
�(M) / exp(�w2/�(M)2) and therefore exponentially
suppressed [4].

The fact that the fraction of the Universe collapsing
into PBHs is tiny does not necessarily imply that they
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are unlikely to have formed since one also requires the
collapse fraction to be small. This is because the ratio of
the PBH density to the background density increases as
a3w / t2w/(1+3w) and one needs the PBHs to have less
than the observed dark matter density today, ⌦PBH <
⌦DM ⇡ 0.26 [5]. If the early Universe was radiation-
dominated (RD) (w = 1/3), as applies during most
epochs before matter-radiation equality (teq ⇠ 1012s),
then one requires �(M) < 10�9⌦PBH(M)(M/M

�

)1/2 [4].
Thus one both expects and requires the collapse fraction
to be small.

These arguments were first given more than 40 years
ago and have subsequently been refined in many ways.
For example, hydrodynamical calculations have been
used to determine the critical value �c for more realis-
tic initial density profiles in the collapsing region, in-
corporating the e↵ects of pressure gradients [6]. Also
the fluctuations which generate PBHs are initially much
larger than the cosmological horizon and the precise def-
inition of such an overdensity is gauge-dependent and
non-unique. Modern treatments often use the curvature
perturbation ⇣, which is a measure of the total energy
perturbation [7, 8]. More importantly, one can view PBH
formation as a manifestation of critical phenomena, first
discovered in a non-cosmological context [9], which arise
for a very general form for the initial density profile [10].
In this case, there is still a critical threshold �c and one
can determine this as a function of the equation of state
parameter w [11–13]. Most of the PBHs still have the
horizon mass at formation but their mass spectrum now
extends down to much smaller masses.

There has also been much interest in the form of the
initial density fluctuations, with many authors consider-
ing those expected in the inflationary scenario. Indeed
PBH formation provides a unique test of inflation pre-
cisely because it probes the power spectrum on scales
which are too small to observe directly. In this context,
it is important to stress that the amplitude of the fluc-
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A mechanism for generating multi-spike mass spectra of primordial black holes from first principles
is proposed and investigated. This mechanism relies on the choice of non-Bunch-Davies vacua which
lead to oscillatory features in the inflationary power spectrum. This in turn leads to oscillations in the
primordial black hole mass function with exponentially enhanced spikes. This e↵ect is demonstrated
for most of the well-studied models yielding primordial black hole formation.

I. INTRODUCTION

After 50 years, there is still no definite evidence for primordial black holes (PBHs). However, there are numerous
ways in which they could have formed in principle, so even their non-existence places important constraints on models
of the early Universe. For this reason attention has often focussed on limits on the number of PBHs in various mass
ranges [1]. These limits extend from the Planck mass of 10�5 g to around 1012M� ⇠ 1045 g and therefore span
some 50 decades of mass. A distinction is usually made between PBHs smaller than M⇤ ⇠ 1015 g, which have already
evaporated through Hawking radiation [2], and those larger than M⇤, which would still exist. In the wake of Hawking’s
discovery, attention initially focussed on evaporating PBHs but in recent years it has shifted to non-evaporating ones.
Indeed, PBHs larger than M⇤ are often invoked to explain certain observational features — such as the presence of
dark matter [3], the black hole coalescences detected by LIGO [4], the supermassive black holes in galactic nuclei [5]
and certain features of large-scale cosmological structure [6].

In most PBH formation scenarios one expects the PBHs to span a range of masses [3]. If they form from large-
amplitude primordial inhomogeneities, the shape of the mass function, dn/dM , depends on the form of the inhomo-
geneities. If they are scale-invariant (i.e. with constant amplitude when they fall inside the particle horizon), then the
spectrum has a simple power-law form, dn/dM / M�↵, with an exponent ↵ = �2 (1 + 2k)/(1 + k) for an equation
of state p = k⇢c2 [7]. This also applies if the PBHs form form the collapse of cosmic strings [8]. In the simplest
inflationary scenario, the fluctuations will be nearly (but not exactly) scale-invariant and one expects dn/dM to have
a lognormal form [9]. In more complicated inflationary scenarios, the generated fluctuations may exhibit a feature
on some scale, in which case the PBHs may only form over a narrow mass range. If the PBHs form through critical
collapse, most of them will have the horizon mass but there will also be a low-mass tail of PBHs with dn/dM having
a steep positive power-law form [10]. During an early matter-dominated era (k = 0), PBHs form much more easily
and one expects dn/dM / M�2 over a wide range of masses [11, 12].

The fact that the PBHs are likely to have an extended mass function has important implications for the interpre-
tation of the PBH constraints, since these usually assume a monochromatic mass function (i.e. a mass range �M
comparable to M). Typically, one derives constraints on f(M), the fraction of the dark matter in PBHs with mass
around M . Various approaches have been used in this situation but the analysis is quite complicated and one cannot
directly compare the predicted form of f(M) with the monochromatic limits [3]. This is because the limits are them-
selves modified for an extended mass function [13]. If one wants the PBHs to play some combination of cosmological
roles (eg. providing the dark matter and the LIGO coalescences), then the form of the mass function is even more
crucial.
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FIG. 2: The present-day PBH dark-matter fraction fPBH for the hybrid-inflation case as a function of M/M�. The parameter
choices µ1 = 3 ⇥ 105 MPl, M = 0.1MPl are made for for all graphs, and individually (right to left) �c = 0.125MPl, �c = 1.43
(red), �c = 0.1MPl, �c = 1.54 (blue), and �c = 0.1MPl, �c = 1.63 (green). The dashed curves show the unmodulated result,
while the solid lines include a particular choice of non-Bunch-Davies vacua.

For a given wavenumber k, exiting the Hubble radius |Nk| e-foldings before the end of inflation, the associated PBH
mass for horizon-scale collapse is Mk = MPl/

p
⇤/3 e�2Nk (see Ref. [26] for details). Figure 2 shows the present

dark matter fraction fPBH as a function of mass for the three parameter choices indicated in the caption. As for the
running mass case, one observes pronounced oscillatory spikes.

C. Axion-Curvaton

In Refs. [29, 55, 56] an axion-like curvaton model has been discussed in the context of PBH formation. See Refs. [57, 58]
for a discussion of the original curvaton model and Ref. [59] for the original reference for the axion-like curvaton
scenario). We follow Ref. [29] below in our description of these models.

It can be shown that the variance of thepower spectrum due to the curvaton perturbations in a model with an
axion-like curvaton can be written as [29]:

�2
� (MH) =

8

81
eP⇣

"✓
Mf

MH

◆(n��1)/2

�

✓
n� � 1

2
,
MH

Mf

◆
+ E1

✓
MH

MH
0

◆#
(53)

for MH > Mf and zero otherwise. Here

Mf ⇡ 1013�12/(n��1)

 
eP⇣

2⇥ 10�3

!�2/(n��1)✓
M�
Mpc

◆
Mpc , (54)

and n� � 1 = 3� 3
p

1� 4/9� , with � 2 (1, 9/4]. Also

�(a, x) ⌘
Z x

0

dt ta�1e�t, E1(x) ⌘
Z 1

x

dt e�t/t , (55)

these being the lower incomplete gamma function and the exponential integral, respectively.

hybrid  inflation

arXiv:1811.06532



1015g

1010g

10-5g

1 MO

109 MO QSO

Stellar

evaporating

exploding

Planck Universal

LINKING LIGHT AND DARK

106 MO MW

1021glunar

1022 MO

102 MO IMBH

1025gterrestrial

big  bang

dark  energy

LIGHT

DARK

quantum
radiation

accretion
radiation

dark  matter?dark  matter?



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



• Must  distinguish  between  initial  mass  M  and  current  mass  m

5

so the current mass is given by

m3 = α
[

M3 − (1− α−1)M3
q − M̄3

∗

]

(M ≤ Mc) . (2.15)

PBHs completing their evaporation today have m = 0 and therefore an initial mass

M∗ =
[

M̄3
∗ + (1− α−1)M3

q

]1/3
. (2.16)

Defining q ≡ Mq/M∗ = 0.3–0.5 ≈ 0.4, we obtain

M∗ =
M̄∗

[1− (1− α−1) q3]1/3

≈
[

1 +
1

3
(1 − α−1) q3

]

M̄∗

= (1.007–1.031) M̄∗ ≈ 1.017 M̄∗

≈ 5.15× 1014 g ,

(2.17)

where the small correction 0.017 differs from the correction 0.020 in Eq. (2.12) by the factor 1 − α−1 ≈ 3/4. The
current mass can then be expressed as

m =

{

[

M3 −M3
∗ + (1 − α−1) q3 M3

∗

]1/3
(M ≥ Mc)

α1/3 (M3 −M3
∗ )

1/3 (M∗ ≤ M ≤ Mc) ,
(2.18)

where

Mc = (1 + q3/α)1/3 M∗ = (1.002–1.010)M∗

≈ 1.005M∗ ≈ 5.17× 1014 g
(2.19)

is the initial mass corresponding to a current mass Mq . This relationship is indicated in Fig. 2(a). The function
m(M) is continuous at Mc but its derivative is discontinuous.
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FIG. 2. (a): m versus M . (b): Comparison of exact m(µ) relation (red line) with various approximations.

It is also convenient to write the mass of PBHs somewhat larger than M∗ in the form

M = M∗ (1 + µ) , (2.20)

where µ is dimensionless and generally small. One can then write the m(M) relationship (2.18) as

m =

{

[

(µ+ 1)3 − 1 + (1 − α−1) q3
]1/3

M∗ (µ ≥ µc)

(3αµ)1/3 (1 + µ+ µ2/3)1/3M∗ (0 ≤ µ ≤ µc) ,
(2.21)
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where

µc ≈ q3/(3α) = 0.005 (α/4)−1 (q/0.4)3 (2.22)

is the value of µ corresponding to Mc . The m(µ) relationship can be approximated in various regimes by

m =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

µM∗ (µ ≫ 1)

(3µ)1/3 M∗ (µd ≤ µ ≪ 1)
[

3µ+ q3(1− α−1)
]1/3

M∗ (µc ≤ µ ≤ µd)

(3αµ)1/3 M∗ (0 ≤ µ ≤ µc) ,

(2.23)

where

µd ≈ q3/3 = 0.02 (q/0.4)3 (2.24)

corresponds to the mass above which the second expression applies (i.e. it is accurate for µ > µd). This will be useful
when calculating the Galactic gamma-ray background and is accurate to about 10% over the relevant range of µ .
The validity of these approximations is indicated in Fig. 2(b).

B. Instantaneous primary and secondary emission

In calculating the Galactic gamma-ray background, we need the instantaneous emission as a function of the mass
M . This evolves from the initial mass Mi to the current mass m . Only black holes with M ≥ M∗ are relevant
since smaller ones do not contribute. As we use units with 8πG = 1, the temperature of a black hole of mass M is
TBH = 1/M . The instantaneous emission rate for primary photons of energy E can be written as

dṄP

dE
(M,E) =

1

2π2

E2 σ(M,E)

eME − 1

∝

{

E3 M3 (E < M−1)

E2 M2 e−ME (E > M−1) ,

(2.25)

where σ(E,M) is the absorption cross-section for photons (s = 1), given by [14]

σ(E,M) ∝

{

E2 M4 (E < M−1)

M2 (E > M−1) .
(2.26)

The form of the spectrum is illustrated by the lower curves in Fig. 3(a) for various values of M . It peaks at
ĒP ≈ 5.8TBH ≈ 600M−1

14 MeV with a value

dṄP

dE
(E = ĒP) ≈ 1.4× 1018 s−1 MeV−1 . (2.27)

The average energy of the primary photons is ĒP ≈ 5.7TBH , while that of the primary quarks which generate the
secondary photons is 4.2TBH .
Once secondary emission becomes important, as is always the case for Mi < Mq , the analysis of MacGibbon and

Webber [17] shows that the instantaneous emission rate can be expressed as an integral over the jet energy Q:

dṄS

dE
= E−1

∫ ∞

E

Q2 T−2
BH (1− E/Q)2s−1 Θ(E − kmπ)

eQ/TBH ± 1
dQ

∝

⎧

⎪

⎨

⎪

⎩

G(E,M) (E < M−1
q )

E−1 M−1 (M−1 > E > M−1
q )

E2 M2 e−EM (E > M−1) ,

(2.28)

where the function G(E,M) reflects the form of the jet fragmentation peak, k is a constant of O(1) , Mq ≈ 0.2ΛQCD ≈
53MeV , and + and − signs apply for quark and gluon jets, respectively. The form of the spectrum is illustrated by
the upper curves in Fig. 3(a). This has a rather broad peak at half the pion mass, corresponding to an average photon
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The fraction of the Universe going into primordial black holes (PBHs) with initial mass
M! ≈ 5 × 1014 g, such that they are evaporating at the present epoch, is strongly constrained by
observations of both the extragalactic and Galactic γ-ray backgrounds. However, while the dominant
contribution to the extragalactic background comes from the time-integrated emission of PBHs with initial
mass M!, the Galactic background is dominated by the instantaneous emission of those with initial mass
slightly larger thanM! and current mass belowM!. Also, the instantaneous emission of PBHs smaller than
0.4M! mostly comprises secondary particles produced by the decay of directly emitted quark and gluon
jets. These points were missed in the earlier analysis by Lehoucq et al. using EGRET data. For a
monochromatic PBH mass function, with initial mass ð1þ μÞM! and μ ≪ 1, the current mass is
ð3μÞ1=3M!, and the Galactic background constrains the fraction of the Universe going into PBHs as a
function of μ. However, the initial mass function cannot be precisely monochromatic, and even a tiny
spread of mass aroundM! would generate a current low-mass tail of PBHs belowM!. This tail would be the
main contributor to the Galactic background, so we consider its form and the associated constraints for a
variety of scenarios with both extended and nearly monochromatic initial mass functions. In particular, we
consider a scenario in which the PBHs form from critical collapse and have a mass function which peaks
well aboveM!. In this case, the largest PBHs could provide the dark matter without theM! ones exceeding
the γ-ray background limits.

DOI: 10.1103/PhysRevD.94.044029

I. INTRODUCTION

This paper develops a discussion which first appeared in
our earlier paper [1]. If primordial black holes (PBHs) of
massM! ≈ 5 × 1014 g such that they are evaporating at the
present cosmological epoch are clustered inside the
Galactic halo, as expected, then their quantum evaporation
should generate a Galactic γ-ray background. Since this
would be anisotropic, it should be separable from
the extragalactic γ-ray background, with the ratio of the
anisotropic to isotropic intensities depending on the
Galactic longitude and latitude. This places important
constraints on the number of PBHs, although their precise
form depends upon such parameters as the Galactic core
radius and the halo flattening. Similar considerations apply
if the dark matter is in the form of weakly interacting

massive particles (WIMPs), with a Galactic γ-ray back-
ground being generated by their annihilations and
decays [2].
Many years ago, Wright [3] claimed that a Galactic

background had been detected in EGRET observations
between 30 and 120 MeV [4] and attributed this to PBHs.
His detailed fit to the data, subtracting various other known
components, required the PBH clustering factor to be
ð2–12Þ × 105h−1, comparable to that expected, and the
local PBH explosion rate to be R ¼ 0.07–0.42 pc−3 yr−1.
Here, h is the Hubble parameter in units of
100 km s−1 Mpc−1, and the dependence on this arises
because the ratio of the Galactic to extragalactic intensities
(which can be inferred from the observed anisotropy) is
proportional to the clustering factor and the ratio of the halo
radius to the Hubble radius. The latter ratio scales as h, so
the local PBH number density, nL, required to explain the
anisotropy scales as h−1, while the local explosion rate,
R ∝ nLt−10 , is h-independent since the age of the Universe,
t0, also scales as h−1.
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is included for convenience. This is hereafter assumed to
have the simplified form

ϕðMÞ ¼
!
ϕ$ ðMq ≤ M ≲M$Þ
αϕ$ ðM ≤ MqÞ;

ð2:8Þ

where α ≈ 4 to sufficient precision. The function ϕðMÞ is
equivalent to the function fðMÞ, but the latter is normalized
to 1 at high M. The PBH mass at time t is then

MðtÞ3 ¼ M3 −
Z

t

tf
dtϕ½MðtÞ&; ð2:9Þ

where in this section M is the mass at the formation epoch
tf and MðtÞ is the evolving mass. The time τq at which a
PBH with initial mass M falls to the mass Mq is

τqðMÞ ≈
M3 −M3

q

ϕ$
≡ t0

"
M3 −M3

q

M̄3
$

#
; ð2:10Þ

where t0 ¼ 13.8 Gyr and

M̄$ ≡ ðϕ$t0Þ1=3 ≈ 5.07 × 1014 g
"
f$
1.9

#
1=3

ð2:11Þ

is the mass of a PBH currently evaporating if one neglects
secondary emission once MðtÞ falls below Mq. Note that
τqðMÞ ≤ t0 implies

M ≤ Mc ≡ M̄$½1þ ðMq=M̄$Þ3&1=3

¼ ð1.01–1.04ÞM̄$ ≈ 1.02M̄$; ð2:12Þ

using the range of Mq given by Eq. (2.4) and then some
intermediate value at the last step. So only PBHs slightly
larger than M̄$ generate secondary emission at the
present epoch.
For M ≥ Mc, we have τqðMÞ ≥ t0, and the current mass

m≡Mðt0Þ is given by

m3 ¼ M3 − M̄3
$ ðM ≥ McÞ: ð2:13Þ

ForM ≤ Mc, we approximate the mass at t ∈ ½τqðMÞ; t0& by

MðtÞ3 ¼ M3 −
"Z

τqðMÞ

tf
þ
Z

t

τqðMÞ

#
dtϕ½MðtÞ&

≈ α

$
M3 − ð1 − α−1ÞM3

q − M̄3
$
t
t0

%
; ð2:14Þ

so the current mass is given by

m3 ¼ α½M3 − ð1 − α−1ÞM3
q − M̄3

$& ðM ≤ McÞ: ð2:15Þ

PBHs completing their evaporation today have m ¼ 0 and
therefore an initial mass

M$ ¼ ½M̄3
$ þ ð1 − α−1ÞM3

q&1=3: ð2:16Þ

Defining q≡Mq=M$ ¼ 0.3–0.5 ≈ 0.4, we obtain

M$ ¼
M̄$

½1 − ð1 − α−1Þq3&1=3

≈
$
1þ 1

3
ð1 − α−1Þq3

%
M̄$

¼ ð1.007–1.031ÞM̄$ ≈ 1.017M̄$

≈ 5.15 × 1014 g; ð2:17Þ

where the small correction 0.017 differs from the correction
0.020 in Eq. (2.12) by the factor 1 − α−1 ≈ 3=4. The current
mass can then be expressed as

m¼
! ½M3 −M3

$ þ ð1− α−1Þq3M3
$&1=3 ðM ≥McÞ

α1=3ðM3 −M3
$Þ1=3 ðM$ ≤M ≤McÞ;

ð2:18Þ
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• Must  distinguish  between  initial  and  current  mass  function
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PBHs at the current epoch. We discuss these nearly-monochromatic scenarios in Sec. III B. We also consider a variant
of these scenarios in which the mass spectrum is narrow but not centred at exactly M∗ . Of course, a priori a narrow
mass function is unlikely to contain or be close to the mass M∗ but it is still interesting to calculate the associated
Galactic background.
In practice, a nearly-monochromatic mass function at any M may be implausible for realistic formation processes.

Even if the density fluctuations producing the PBHs peak on some scale, the resulting PBH mass spectrum may still
be quite broad. In some scenarios (such as PBH formation from cosmic strings) the spectrum may cover a wide range
of masses and have no peak at all. These considerations motivate us to consider in Sec. III C scenarios in which the
mass function is extended. A particular realization of this scenario, discussed in Sec. III D, arises if the PBHs form
from primordial density perturbations as a result of critical collapse. In this case, the mass function extends well
below the peak and can be predicted rather precisely. Coincidentally, its form is close to that of the low-mass tail.

A. Low mass tail

We first discuss the low-mass tail effect and its connection with the high-energy tail described in Sec. II C. For
simplicity, we take the formation mass function to have the power-law form

dn

dM
=

(

dn

dM

)

∗

(

M

M∗

)ν

(3.1)

in some mass range containing M∗ , where the exponent ν is arbitrary. The expression (2.2) for the evaporation rate
then implies that the current mass function is

dn

dm
=

(

m

M∗

)2 [ 1

1 + µ(m)

]2 ( dn

dM

)

≈
(

m

M∗

)2 ( dn

dM

)

∗

(Mq ≤ m ≪ M∗) ,

(3.2)

both mass functions being comoving. The first expression is exact, with µ(m) being implicitly determined by
Eq. (2.21), while the second expression applies for µ ≪ 1. In the latter case, m ≈ (3µ)1/3 M∗ for µ > µd ≈ 0.02 from
Eq. (2.23) and the integrated number density of holes with mass below m can be approximated by

n(m) ≈
1

3

(

m

M∗

)3

n∗ (Mq ≤ m ≪ M∗) , (3.3)

where n∗ ≡ M∗ (dn/dM)∗ is the original comoving number density of PBHs with mass around M∗ . For m ≤ Mq ,
an extra factor α−1 ≈ 1/4 appears on the right-hand-side of Eq. (3.2) and m ≈ (3αµ)1/3 M∗ . Therefore we can
approximate the current mass function by

dn

dm
=

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

1
α

(

m
M∗

)2
(

dn
dM

)

∗
(m < Mq)

(

m
M∗

)2
(

dn
dM

)

∗
(Mq < m < M∗)

dn
dM (m > M∗) .

(3.4)

This is the same as the formation mass function well above M∗ (i.e. dn/dm ≈ dn/dM for µ ≫ 1), reflecting the fact
that m ≈ M in this regime. More precisely, Eq. (2.21) implies

m/M ≈ [1− 0.95 (1 + µ)−3]1/3 (µ > µc) , (3.5)

where the factor 0.95 corresponds to 1− (1−α−1) q3 . For example, the ratio is 0.95 for µ = 2 and 0.99 for µ = 3. For
m ≪ M∗ , we have dn/dm ∝ m2 and we describe this as the “low mass tail”. For intermediate values of m (µ ∼ 1),
Eqs. (2.21) and (3.2) imply that the local slope of the mass function is given by

dn

dm
∝ mβ ,

β = 2− (2− ν)
ln[(m/M∗)3 + 0.95]

3 ln(m/M∗)

≈

{

2 (m ≪ M∗)

ν (m ≫ M∗) .

(3.6)

where the form aroundm! is not shown explicitly but again
reflects the low-energy fragmentation function. The im-
portant qualitative point is that one has the same high-
energy E!3 tail as before, although there is now an inter-
mediate E!1 regime.

There is also a contribution to the photon background
above 100 MeV from the current remnants of PBHs which
were initially slightly larger than M". This is distinct from
the high-energy tail discussed above, although (as we will
see) the two contributions are related. This can be under-
stood as a consequence of Eq. (3.13), since this implies that
the current mass function (dn=dm) is related to the for-
mation mass function (dN=dM) by

dn

dm
¼

!
m

M"

"
2
!

1

1þ"ðmÞ

"
2
!
dN

dM

"
'

!
m

M"

"
2
!
dN

dM

"

"

ðm ( M"Þ; (A5)

both mass functions being comoving. The first expression
is exact, with "ðmÞ being implicitly determined by
Eq. (3.13), while the second expression applies for " (
1. In the latter case, m ' ð3"Þ1=3M" and the integrated
comoving number density of holes with mass between 0
and m can be approximated by

nð<mÞ ' 1

3

!
m

M"

"
3
M"

!
dN

dM

"

"
¼ 1

3

!
m

M"

"
3
nPBHðM"Þ

ðm ( M"Þ; (A6)

where we have used Eq. (2.9). A correction would be
required if the spectrum did not extend all the way down
to zero mass (i.e. if the initial spectrum did not extend all
the way down toM"). We describe this low-mass part of the
present spectrum as the ‘‘mass tail.’’ Note that dn=dm '
dN=dM for " ) 1 and this reflects the fact that m ' M
once " goes much above 1. [For example, Eq. (3.13)

implies the ratio m=M is ð26=27Þ1=3 for " ¼ 2 and
ð63=64Þ1=3 for " ¼ 3.] There is no simple analytic expres-
sion for nðmÞ in the intermediate case ("* 1) but the
overall current mass function can be approximated by

dn

dm
¼ min

#!
m

M"

"
2
!
dN

dM

"

"
;
!
dN

dM

"$
: (A7)

In a more precise calculation, Eqs. (A5) and (3.13) imply
that the slope of the mass function decreases as m ap-
proaches M" with the exponent of m being 2=ð1þ"Þ3.
The relationship between dn=dm and dN=dM is repre-
sented qualitatively in Fig. 10, although this assumes
dN=dM is a decreasing function of M.
It should be stressed that the low-mass tail would not be

present if the formation mass function were precisely
monochromatic. For if all the PBHs had exactly the mass
M", they would all evaporate at exactly the same time.
Indeed, the width of the mass function determines how
much of the mass tail is present. In order to understand
these nonmonochromaticity effects, we must distinguish
between two different situations: (1) a ‘‘nearly monochro-
matic’’ function centered at M" but with a finite width
"M", so that it extends up to ð1þ"ÞM"; and (2) a ‘‘nearly
monochromatic’’ function centered at ð1þ"ÞM" but with
a finite width #M" (where " may be different from #). In
the first situation, there are two subcases: for " ( 1
[case (1A)], we only have the lower part of the m2 tail
(i.e. the spectrum does not extend all the way up toM"); for
"* 1 [case (1B)], we have the entire tail. In the second
situation, there are three subcases: for " ( 1 and # ( 1
[case (2A)], we only have part of the lower mass tail; for
"* 1 and # ( 1 [case (2B)], we only have part of the tail
close to M"; for #>maxð1;"Þ [case (2C)], we have the
entire tail. Clearly cases (2A) and (2B) are most consistent
with the rationale of the present analysis, which is to

FIG. 10. This shows the relationship between the PBH mass functions at formation and currently. For a nearly monochromatic initial
mass function centered at M", the extent of the current low-mass tail depends on the initial mass width. It covers only low masses if
!M ( M" [case (1A)] but the entire range from 0 toM" if !M*M" [case (1B)]. For a nearly monochromatic mass function centered
above M", we have either part of the low end of the tail [case (2A)], part of the upper end [case (2B)] or the entire tail [case (2C)].
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with the Fermi LAT observations. In Fig. 16, upper limits on �(Mf) are shown for various values of � . For � > 0.005,
in the almost entire mass range of Mc < Mf < Mc/(1��) , an extensive low-mass tail is formed and the secondary
emission from the holes at m ⇡ Mq is significant. The upper limit on �(Mf) can then be written as
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�1)�2/3 as implied by Eq. (4.25)
[DELETED]. For � < 0.005, the chance of forming a mass tail is suppressed, but still there remains a finite range
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⇤

for which Eq. (4.25) [DELETED] applies.
As (1 � �)Mf increases beyond Mc , the primary emission peaking at EP = 6/[(1 � �)Mf ] becomes responsible

for the constraint instead of the secondary. At that mass, the constraint gets weaker by some factor, resulting in the
kinks observed in Fig. 16(b). Since the observation of the Galactic background by Fermi LAT exists only down to
100MeV, the constraint on � due to the primary emission is set at its Wien tail, thus being exponentially weak. It
roughly fits
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angle of the volume relative to us. A fraction 1/(4⇡r2) of these photons come into a unit area of our detector, so the
photon number flux per unit solid angle from PBHs at a distance between r and r + dr is

d�(n, E) =
1

4⇡
E(E,R(n, r)) dr . (4.5)

Integrating over the radial distance gives the total flux

�(n, E) =
1

4⇡

Z
1

0

dr E(E,R(n, r)) =
Ē(E)

4⇡

Z
1

0

dr
⇢PBH(R(n, r))

⇢̄PBH
(4.6)

with dimensions s�1 MeV�1 sr�1 cm�2. The associated intensity is

I(E) ⌘ E�(E) (4.7)

with dimensions s�1 sr�1 cm�2.

A. Integration along line of sight

In order to carry out the integration along line of sight in Eq. (4.6), we assume a spherically symmetric PBH
distribution about the centre of the Galaxy, ⇢PBH(R) = ⇢PBH(R) with R denoting the Galactocentric distance. Then
we must compute the expression for �(n, E) given by Eq. (4.6) by writing R in terms of the line-of-sight distance r
and Galactic coordinates (b, l). This gives

R(n, r) =
q

r2 � 2r R
�

cos b cos l +R2
�

, (4.8)

with R
�

= 9kpc being the distance of the Sun from the Galactic centre.
For illustrative purposes we define a Galactic line-of-sight enhancement factor as

g(n) =
1

rgal

Z rgal

0

dr
⇢PBH(R(n, r))

⇢̄PBH
, (4.9)

with rgal = 100 kpc being our distance from the edge of the dark matter halo (assumed direction-independent as an
approximation). We adopt the NFW profile [32],

⇢PBH(R) =
f ⇢s

(R/Rs)� [1 + (R/Rs)↵](��↵)/↵
, (4.10)

with a set of best-fitting parameters taken from Diemand et al. [33]: � = 1.24,↵ = 1,� = 4 � � = 2.86, Rs =
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angle of the volume relative to us. A fraction 1/(4⇡r2) of these photons come into a unit area of our detector, so the
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1

4⇡
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�(n, E) =
1

4⇡

Z
1

0

dr E(E,R(n, r)) =
Ē(E)

4⇡

Z
1

0

dr
⇢PBH(R(n, r))

⇢̄PBH
(4.6)

with dimensions s�1 MeV�1 sr�1 cm�2. The associated intensity is

I(E) ⌘ E�(E) (4.7)
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approximation). We adopt the NFW profile [32],

⇢PBH(R) =
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(R/Rs)� [1 + (R/Rs)↵](��↵)/↵
, (4.10)

with a set of best-fitting parameters taken from Diemand et al. [33]: � = 1.24,↵ = 1,� = 4 � � = 2.86, Rs =
28.1 kpc, ⇢s = 3.50⇥ 10�3 M
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pc�3. Then we can compute g(n) numerically and this is shown in Fig. 8.
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See  also  earlier  calculations  of    Wright  (1996),and  Lehoucq et  al.  (2009)
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ACCRETION CONSTRAINTS ON LARGE PBHS

PBH accretion => X-rays
=> CMB spectrum/anisotropies
=> FIRAS/WMAP limits
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3 Physics  EducationSeptember 2016

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

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

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

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

PBHs  generate  early  structure  
and  infrared  background

“EM  probes  PBHs  as  dark  matter”  (white  paper)  arXiv:1903.04424
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*  Black  holes  exist
*  No  new  physics  needed
*  LIGO  results

CON

*  Requires  fine-­tuning

PRIMORDIAL  BLACK  HOLES  AS  DARK  MATTER

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

 
 

PBH can do it! 



BBNS => Wbaryon=  0.05

Þ need  baryonic  and  non-­baryonic  DM

MACHOs

Wvis=  0.01,  Wdm=  0.25

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

WIMPs

PRIMORDIAL  BLACK  HOLES  AS  DARK  MATTER



of QSOs

1993

Hawkins  now  gives  mass  as  1  MO



Early microlensing searches suggested MACHOs with 0.5 MO

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

=> PBH formation at QCD transition?

Pressure reduction => PBH mass function peak at 0.5 MO

For this reason, there was no motivation to suspect that there might be MACHOs which
led to higher-longevity microlensing events. The longevity, t̂, of an event is

t̂ = 0.2yrs

(

MPBH

M⊙

)
1

2

(27)

which assumes a transit velocity 200km/s. Subsituting our extended PBH masses, one
finds approximately t̂ ∼ 6, 20, 60 years for MPBH ∼ 103, 104, 105M⊙ respectively, and
searching for light curves with these higher values of t̂ could be very rewarding.

Our understanding is that the original telescope used by the MACHO Collaboration [7] at
the Mount Stromlo Observatory in Australia was accidentally destroyed by fire, and that
some other appropriate telescopes are presently being used to search for extasolar planets,
of which two thousand are already known.

It is seriously hoped that MACHO searches will resume and focus on greater longevity
microlensing events. Some encouragement can be derived from this, written this month
by a member of the original MACHO Collaboration :

There is no known problem with searching for events of greater longevity than those dis-
covered in 2000; only the longevity of the people!

That being written, convincing observations showing only a fraction of the light curves
could suffice? If so, only a fraction of the e.g. six years, corresponding to PIMBHs with
one thousand solar masses, could well be enough to confirm the theory.

Finally, going back to the 2010 Vera Rubin quote mentioned in the Introduction, it is

”If I could have my pick, I would like to learn that Newton’s laws must be modified in order
to correctly describe gravitational interactions at large distances. That’s more appealing
than a universe filled with a new kind of sub-nuclear particle.”

If our solution for the dark matter problem is correct, Rubin’s preference for no new
elementary particle filling the Universe would be vindicated, because for dark matter
microscopic particles become irrelevant. Regarding Newton’s law of gravity, it would not
need modification beyond general relativity theory which is needed for the black holes. In
this sense, Rubin did not need to pick either alternative to explain dark matter.

References

[1] P.H. Frampton, Searching for Dark Matter Constituents with Many Solar Masses.
arXiv:1510.00400[hep-ph]
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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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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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PBH  dark  matter  @1020g  
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VOYAGER-1 e± further constrain Primordial Black Holes as Dark Matter
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Primordial Black Holes (PBHs) with a mass M . 1017g are expected to inject sub-GeV electrons and
positrons in the Galaxy via Hawking radiation. These cosmic rays are shielded by the solar magnetic field
for Earth-bound detectors, but not for VOYAGER-1, which is now beyond the heliopause. We use its data to
constrain the fraction of PBHs to the dark matter in the Galaxy, finding that PBHs with M < 1016g cannot
contribute more than 0.1% (or less for a lognormal mass distribution). Our limits are based on local galactic
measurements and are thus complementary to those derived from cosmological observations.

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

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

15
(t/10

�23
sec)g ' 5 ⇥ 10

�19
(t/10

�23
sec)M�,

where M� ' 2 ⇥ 10

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

�43 sec) would have a
Planck mass (10

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

5
M�, comparable in

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

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

3
M� and up) are

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

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

(⇠ 10

17
g ! 10

35
g) is constrained by strong lensing mea-

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

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

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

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

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

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

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

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

data [31] as well as the latest EDGES measurements of the 21 cm absorp-
tion at high redshift [32]. The former are subdominant with respect to the
EGB ones, while the latter could be stronger. Since, however, they are still
subject to large uncertainties, we will mostly compare with the EGB.
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Abstract. If primordial black holes of O(1� 100)M� constitute a significant portion of the
dark matter in the Universe, they should be very abundant in our Galaxy. We present here a
detailed analysis of the radio and X-ray emission that these objects are expected to produce
due to the accretion of gas from the interstellar medium. With respect to previous studies,
we relax the assumption of a monochromatic mass function, and introduce an improved
treatment of the physics of gas accretion onto isolated, moving compact objects, based on
a set of state-of-the-art numerical simulations. By comparing our predictions with known
radio and X-ray sources in the Galactic center region, we show that the maximum relic
density of primordial black holes in the mass range of interest is ⇠ 10�3 smaller than that
of dark matter. The new upper bound is two orders of magnitude stronger with respect
to previous results, based on a conservative phenomenological treatment of the accretion
physics. We also provide a comprehensive critical discussion on the reliability of this bound,
and on possible future developments in the field. We argue in particular that future multi-
wavelength searches will soon start to probe the galactic population of astrophysical black
holes.

Keywords: primordial black holes, dark matter, radio astronomy, gravitational wave astron-
omy
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Abstract. If primordial black holes of O(1� 100)M� constitute a significant portion of the
dark matter in the Universe, they should be very abundant in our Galaxy. We present here a
detailed analysis of the radio and X-ray emission that these objects are expected to produce
due to the accretion of gas from the interstellar medium. With respect to previous studies,
we relax the assumption of a monochromatic mass function, and introduce an improved
treatment of the physics of gas accretion onto isolated, moving compact objects, based on
a set of state-of-the-art numerical simulations. By comparing our predictions with known
radio and X-ray sources in the Galactic center region, we show that the maximum relic
density of primordial black holes in the mass range of interest is ⇠ 10�3 smaller than that
of dark matter. The new upper bound is two orders of magnitude stronger with respect
to previous results, based on a conservative phenomenological treatment of the accretion
physics. We also provide a comprehensive critical discussion on the reliability of this bound,
and on possible future developments in the field. We argue in particular that future multi-
wavelength searches will soon start to probe the galactic population of astrophysical black
holes.

Keywords: primordial black holes, dark matter, radio astronomy, gravitational wave astron-
omy
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FIG. 4. The angular power spectrum of the CMB temperature
caused by the SZ effects from PBHs. The parameter sets for
the case (A)-(F) are as shown in TABLE I. The black dashed-
dotted line is the primordial power spectrum of the CMB
temperature and the black circles with error bars represent
the SPT data.

error bars. The SPT data reach the minimum value,
CSPT

l at lSPT = 3709. Therefore, the condition, CTT
l <

CSPT
l at l = lSPT gives the limit on fPBH with fixing ϵ

and M , because of the flat shape of the spectrum.

We show our obtained constraint for different ϵ in
FIG. 5. We found that the constraint from the SZ angu-
lar power spectrum is roughly independent on the PBH
mass and given in

fPBH < 10−3
( ϵ

10−2

)

, (21)

for 10−2M⊙ < M < 103M⊙. However, as the PBH lu-
minosity (the PBH mass or the emission efficiency ϵ) de-
creases, the constraint becomes weak. In the case of the
low luminosity, the ionization rate is less efficient than
the recombination rate and the ionized region becomes
smaller than the Strömgren radius. As a result, the both
SZ signal and the resultant constraint decline.

On the small PBH mass side for M < 1M⊙, the mi-
crolensing surveys provide the robust constraint on the
PBH abundance. Our constraint highly depends on ϵ.
We found that our constraint for ϵ > 10−3 gives tighter
constraint than the microlensing one. On the other
hand, the CMB measurement of the Thomson optical
depth gives the strong constraint on the PBH abundance
with a large mass. Similarly to our constraint, the con-
straint from the Thomson optical depth highly depends
on the PBH luminosity. Considering the dependence of
the constraint on the PBH luminosity, we can conclude
that the constraint from the Thomson optical depth is
always stronger than our constraint in the mass range
M > 1M⊙, when the PBH luminosity is fixed.

FIG. 5. The constraint on the PBH abundance from SZ
anisotropy derived in this work (thick and dashed black lines).
The thick black line shows the case that the emission efficiency
ϵ = 0.0001. The dashed black line shows the case of ϵ = 0.01.
For comparison, we show various constraints: optical depth
from the Planck [29] (green dashed and solid), micro-lensing
from the EROS [25] (blue solid) and ultra-faint dwarf galax-
ies [41] (red solid).

IV. CONCLUSION

In this paper, we have investigated the CMB tempera-
ture angular power spectrum due to the SZ effect caused
by PBHs. The gas accreting on a PBH heats up because
of the release of the gravitational energy. As a result, the
heated gas in the vicinity of the PBH emits the UV and
X-ray photons. These photons can ionize and heat the
IGM around the PBH. The ionized hot IGM causes the
secondary CMB temperature anisotropy through the SZ
effect.
First assuming the luminosity of photons emitted in

the vicinity of a PBH with a free parameter, we have
evaluated the profiles of the IGM ionization fraction and
temperature around a PBH by solving the 1-dimensional
radiative transfer equations. Based on these profiles,
we have obtained the SZ Compton y-parameter profile
around a PBH. Following the halo formalism, finally,
we have calculated the CMB temperature angular power
spectrum due to the PBH SZ effect with assuming the
PBH abundance.
We have shown that the SZ spectrum due to PBHs

could dominate the primordial temperature spectrum on
smaller scales than the Silk scale. We have found that
the shape of the angular power spectrum depends on the
matter power spectrum. On the other hand, the ampli-
tude of the spectrum is sensitive to the PBH abundance,
mass and the emission efficiency of the gas accreting on
PBHs. Therefore, the current small-scale CMB measure-
ment can provide the constraint on the PBH abundance
with fixing the PBHmass and the emission efficiency. We
have compared our theoretical prediction with the SPT
data. Our obtained constraint on the PBH fraction to
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Sunyaev-Zel’dovich anisotropy due to Primordial black holes
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We investigate the Sunyaev-Zel’dovich (SZ) effect caused by primordial black holes (PBHs) on
the cosmic microwave background (CMB) temperature fluctuations. The gas accreting on a PBH
heats up by the release of the gravitational energy. As a result, the heated gas in the vicinity of
the PBH emits the UV and X-ray photons. These photons can ionize and heat the intergalactic
medium (IGM) around the PBH. Assuming the simple model of these emitting photons, we compute
the profiles of the IGM ionization fraction and temperature around a PBH. Using these profiles, we
evaluate the Compton y-parameter created by the IGM gas around a PBH. Finally, we estimate
the CMB temperature angular power spectrum due to the PBH SZ effect in our model. We show
that the SZ temperature anisotropy due to the PBHs has the flat angular power spectrum on small
scale, l ≤ 2000 and could dominate the primordial temperature spectrum on smaller scales than the
Silk scale. This flat spectrum extends to the scale of the ionized region by the PBH emission. We
also discuss the impact of the small-scale CMB measurement on the PBH abundance based on our
results.

I. INTRODUCTION

Many astronomical observations including the motion
of stars in a galaxy, the large scale structure distribu-
tion and the cosmic microwave background (CMB) tem-
perature anisotropy indicate the existence of dark mat-
ter (DM) in the Universe. However, its nature is still
poorly understood. Currently, since the presence of DM
can be probed only through its gravitational interaction,
observational information about its nature is very lim-
ited. However, there are many works to study the nature
of DM and many theoretical models have been suggested
so far. Generally, the DM candidates are classified into
two types; the non-baryonic particle model and astro-
physical compact object model. A lot of models for the
non-baryonic particle type are predicted in the physics
beyond the standard model such asWIMPs [1], axions [2–
5] and axion-like particle [6]. On the other hand, in the
latter type, a primordial black hole (PBH) is the most
potential candidate [7].
PBHs could have formed from high-density peaks in

the very early Universe [8, 9]. In the inflation paradigm,
the density fluctuations are generated from the quan-
tum fluctuations. When an overdense region which ex-
ceeds a critical density threshold enters the horizon scale,
the gravitational collapse of this region happens to form
a PBH. The resultant mass of the formed PBH corre-
sponds the horizon mass at the horizon-crossing epoch
of the overdense region. As a result, the PBH mass
range can span very widely. Therefore, the PBH abun-
dance has been studied for a long time not only for DM
but also as the relic of the primordial density fluctua-
tions on small scales. Besides, the recent detection of
gravitational wave (GW) events draw attention to PBHs
as sources of GWs. The analysis of the observed GW

∗ abe.katsuya@e.mbox.nagoya-u.ac.jp

data reveals that the detected GW events were produced
by binary black hole mergers with masses larger than
20 M⊙ [10–12]. It would be difficult to produce a black
hole with such large mass from the stellar evolution in the
standard solar metallicity environment [13]. On the other
hand, the broad mass range of PBHs can cover the ob-
served black hole masses. Therefore, the PBH abundance
is also studied as responsible sources for the detected GW
events [14–16].

The existence of PBHs affects various cosmological
phenomena, depending on PBH mass. For small mass
PBHs, the abundance can be constrained by the effects of
their evaporation. As first pointed out by Hawking [17],
a black hole emits many kinds of particles with the ther-
mal spectrum. As a result, PBHs with mass smaller than
1015 g have evaporated by the present epoch. The abun-
dance constraint on evaporated PBHs are obtained by in-
vestigating the effect of their evaporation on big bang nu-
cleosynthesis [18], the CMB spectrum distortion [19], the
recombination and reionization processes [20, 21], and
the diffuse gamma-ray background [22–24].

For nonevaporated PBHs, the robust constraint is pro-
vided by gravitational lensing obserations [25–27]. The
black hole merger rate evaluated from the recent de-
tection of GW events also constrains the PBH abun-
dance [15, 16]. Recently several works focused on the
gas accreting on massive PBHs. Due to the release of
the gravitational energy during the accretion, the gas
becomes hot and emits X-ray and UV photons [28, 29].
Resultantly the surrounding gas around a PBH is heated
and ionized. Studying the cosmological effects of such
heating and reionization provides the constraint on stel-
lar mass PBHs with the recent CMB measurement [28–
30]. There are also some works suggesting that future 21-
cm observations can probe these PBH heating and ioniz-
ing processes and give the strong constraint on PBHs in
this mass range [31, 32].

In this paper, we study the CMB anisotropy through
the thermal Sunyaev-Zel’dovich (SZ) effect due to PBHs.
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We update the constraints on the fraction of the Universe going into primordial black holes (PBHs)
over the mass range 109–1050g. Those smaller than ⇠ 1015g would have evaporated by now due
to Hawking radiation, so their abundance at formation is constrained by the e↵ects of evaporated
particles on big bang nucleosynthesis, the cosmic microwave background (CMB), the galactic and
extragalactic �-ray backgrounds and the pssible generation of stable Planck mass relics. PBHs
larger than ⇠ 1015g are subject to a variety of constraints associated with gravitational lensing,
dynamical e↵ects, influence on large-scale structure, accretion and gravitational waves. We discuss
the constraints on both the initial collapse fraction and the current fraction of the cold dark matter
in PBHs at each mass scale. We also consider indirect constraints associated with the amplitude
on the primordial density fluctuations, such as second-order tensor perturbations and µ-distortions
arising from the e↵ect of acoustic reheating on the CMB. These constraints apply if and only if
PBHs are created from high-� peaks of nearly Gaussian fluctuations. There is no single mass scale
on which PBHs can provide all the dark matter but an extended mass function may do so. We
therefore extend our analysis to cover this case.
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Each  constraint  comes  with  caveats  and  may  improve  or  go  away.  

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
0.01

0.1

1

10

1015 1020 1025 1030 1035 1040 1045 1050 1055

10-15 10-10 10-5 1 105 1010 1015 1020

F

P

HSC

K

Q

E

M

O

I
SN RS

WD
NS

S1
Eri

WB
GC

G

DH

DF

CMB

IL

X/R
XB

SZ

PA

GW

LSS

GW2

n/p

μ

GGB

EGB

V

Fr
ac
tio
n

M [g]

M/M⊙



LENSING  LIMITS

10-3

0.01

0.1

1

1015 1020 1025 1030 1035 1040 1045

10-15 10-10 10-5 1 105 1010

GRB

HSC

Kepler

EROS

MACHO

OGLE

Icarus

SNe

Radio sources

Fr
ac
tio
n

M [g]

M/M⊙



DYNAMICAL  LIMITS

10-5

10-4

10-3

0.01

0.1

1

1015 1020 1025 1030 1035 1040 1045 1050 1055

10-15 10-10 10-5 1 105 1010 1015 1020

White dwarfs
Neutron stars

Segue 1
Eri II

Wide
binaries

Globular
clusters

Galaxies

Disk heating

Dynamical
friction

CMB
dipole

Incredulity
limit

Fr
ac
tio
n

M [g]

M/M⊙



ACCRETION  AND  LIGO    LIMITS

10-6

10-5

10-4

10-3

0.01

0.1

1

1031 1032 1033 1034 1035 1036 1037 1038 1039 1040 1041

10-2 10-1 1 10 102 103 104 105 106 107

RadioX-ray X-ray binaries

SPT

Planck (disk) Planck (spherical)

LIGO/Virgo

Fr
ac
tio
n

M [g]

M/M⊙



10-4

10-3

0.01

0.1

1

1035 1040 1045 1050

105 1010 1015

First clouds

Dwarf
galaxies Milky-Way

galaxies Clusters
of galaxies

Fr
ac
tio
n

M [g]

M/M⊙

LARGE-­SCALE  STRUCTURE  LIMITS



10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

0.01

0.1

1

1010 1011 1012 1013 1014 1015 1016 1017

10-23 10-22 10-21 10-20 10-19 10-18 10-17

Big-bang nucleosynthesis

CMB anisotropy

e±

Galactic
γ-rays

Extragalactic
γ-rays

Fr
ac
tio
n

M [g]

M/M⊙

EVAPORATION  LIMITS



COSMOLOGICAL  LIMITS

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
0.01
0.1
1

1030 1035 1040 1045 1050

1 105 1010 1015

N
on
-li
ne
ar
G
W
s

n/
p

μ-
di
sto
rti
on

Fr
ac
tio
n

M [g]

M/M⊙



Each  constraint  comes  with  caveats  and  may  improve  or  go  away.  PBH  versus  particle  DM?

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
0.01

0.1

1

10

1015 1020 1025 1030 1035 1040 1045 1050 1055

10-15 10-10 10-5 1 105 1010 1015 1020

F

P

HSC

K

Q

E

M

O

I
SN RS

WD
NS

S1
Eri

WB
GC

G

DH

DF

CMB

IL

X/R
XB

SZ

PA

GW

LSS

GW2

n/p

μ

GGB

EGB

V

Fr
ac
tio
n

M [g]

M/M⊙

10-5

10-4

10-3

0.01

0.1

1

10−20 10−15 10−10 10−5

10101015102010251030103510401045

G
R
B
fe
m
to
-l
en
si
ng

G
R
B
pi
co
-l
en
si
ng

H
SC
-M
31

K
ep
le
r

E
R
O
S-
1&
2

Ic
ar
us

Q
ua
sa
r
μ-
le
ns
in
g

M
A
C
H
O

M
ul
tip
le
ra
di
o
im
ag
es

St
ar
de
st
ru
ct
io
n

Se
gu
e
1
/E
ri
da
nu
s
II

W
id
e
bi
na
ry
/G
lo
bu
la
r
cl
us
te
r

D
yn
am
ic
al
fr
ic
tio
n
/D
is
k
he
at
in
g

G
al
ac
tic
X
-r
ay
s

C
M
B
an
is
ot
ro
py
(d
is
k/
sp
h.
ac
cr
et
io
n)

L
ar
ge
sc
al
e
st
ru
ct
ur
e

G
W

n/
p

μ-
di
st
or
tio
n

B
ig
B
an
g
nu
cl
eo
sy
nt
he
si
s

C
M
B
an
is
ot
ro
py
(e
va
po
ra
tio
n)

(E
xt
ra
)G
al
ac
tic
X
/γ
-r
ay
ba
ck
gr
ou
ndP

k [m-1]

M [g]

CONSTRAINTS  ON  POWER  SPCTRUM



Each  constraint  is  a  potential  signature  

These  constraints  are  not  just  nails  in  a  coffin!

PBHs  are  interesting  even  if  f  <<  1

All  constraints  have  caveats  and  may  change



Can  we  evade  standard  limits  with  extended  mass  spectrum?

Most  constraints  assume  monochromatic  PBH  mass  function

But  this  is  two-­edged  sword!

PBHs  may  be  dark  matter  even  if  fraction  is  low  at  each  scale  

PBHs  giving  dark  matter  at  one  scale  may  violate  limits  at  others  

EXTENDED  MASS  FUNCTION
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f(M)  limits  themselves  depend  on  PBH  mass  function

3

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

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

�

or clusters of this mass
comprising smaller black holes.

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

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

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

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

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

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

⇤

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

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

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

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

 (M) / M��1 (Mmin < M < Mmax) . (4)

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

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

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

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

3

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

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

�

or clusters of this mass
comprising smaller black holes.

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

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

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

If the PBHs span an extended range of masses, the
mass function is usually written as dn/dM where dn is
the number density of PBHs in the mass range (M,M +
dM). For our purposes it is more convenient to introduce
the function
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normalised so that the fraction of the DM in PBHs is
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⌦DM
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where ⌦PBH and ⌦DM ⇡ 0.25 are the PBH and DM den-
sities in units of the critical density. The lower cut-o↵
in the mass integral necessarily exceeds M

⇤

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

1. A lognormal mass function of the form:

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

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

 (M) / M��1 (Mmin < M < Mmax) . (4)

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

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

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

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

3

constraint is claimed, rather than a positive detection,
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results presented in the current literature. Recently it
has been claimed that long-term radio variability in the
light-curves of active galactic nuclei (AGN) arises from
gravitational millilensing of features in AGN jets [56].
If so, this could imply that the DM is either individual
black holes of mass 103 � 106M
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or clusters of this mass
comprising smaller black holes.

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

It must be stressed that the constraints in Fig. 1
have varying degrees of certainty and they all come with
caveats. For some, the observations are well understood
(e.g. the CMB and gravitational lensing data) but there
are uncertainties in the black hole physics. For others,
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depend upon additional astrophysical assumptions. To
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which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.
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In this case, the mass spectrum extends down to ar-
bitrarily low masses but there is an exponential upper
cut-o↵ at a mass-scale Mf which corresponds roughly
to the horizon mass at the collapse epoch. If the den-
sity fluctuations are themselves extended, as expected
in the inflationary scenario, then Eq. (5) must be mod-
ified [9]. Indeed, the lognormal distribution may then
be appropriate. So although the mass function (5) is
described by a single parameter, two may be required
in the more realistic critical collapse situation.

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

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

where hXi ⌘ f�1
PBH

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

distribution these are

Mc = Mcute
�

1
� , � =

1

|�| , (7)

where Mcut stands for min(Mmin,M⇤

) if � < 0 or Mmax

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

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

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

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

A[ (M)] = A0 +

Z
dM  (M)K1(M)

+

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

(8)

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

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

A[ (M)]  Aexp, (9)

then for a monochromatic mass function with M = Mc,

 mon(M) ⌘ fPBH(Mc)�(M �Mc), (10)

this translates to

fPBH(Mc)  Aexp �A0

K1(Mc)
⌘ fmax(Mc) . (11)

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

Z
dM

 (M)

fmax(M)
 1 . (12)

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

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

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

mind when applying Eq. (12). The mass function evolves
in time if the PBHmerge or if new black holes are created.
This can have an important impact on the constraints.
For example, if mergers between recombination and the
present are significant, the accretion constraints will be
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constraint is claimed, rather than a positive detection,
it is important to specify the associated confidence level
(CL). For all lensing constraints shown in Fig. 1, we use
the 95% CL constraint given in Refs. [40–43].

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

�

or clusters of this mass
comprising smaller black holes.

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

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

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

If the PBHs span an extended range of masses, the
mass function is usually written as dn/dM where dn is
the number density of PBHs in the mass range (M,M +
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where ⌦PBH and ⌦DM ⇡ 0.25 are the PBH and DM den-
sities in units of the critical density. The lower cut-o↵
in the mass integral necessarily exceeds M
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⇡ 4⇥ 1014g,
the mass of the PBHs evaporating at the present epoch
[8]. Note that  (M) is the distribution function of logM
and has units [mass]�1.
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where Mc is the mass at which the function M (M)
peaks and � is the width of the spectrum. This is
often a good approximation if the PBHs result from
a smooth symmetric peak in the inflationary power
spectrum. This was first demonstrated numerically
in Ref. [15] and analytically in Ref. [30] for the case
in which the slow-roll approximation holds. It is
therefore representative of a large class of extended
mass functions. Note that Refs. [15–17] use a quasi-
lognormal mass function, which omits the M�1 term
in Eq. (3). In this case, the position of the peak of
M (M) is no longer Mc but also depends on �, with
the peak mass reducing as � increases. The form (3) is
more useful for our purposes because M (M) relates
to the DM fraction in PBHs of mass M .

2. A power-law mass function of the the form
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lognormal mass function, which omits the M�1 term
in Eq. (3). In this case, the position of the peak of
M (M) is no longer Mc but also depends on �, with
the peak mass reducing as � increases. The form (3) is
more useful for our purposes because M (M) relates
to the DM fraction in PBHs of mass M .

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

 (M) / M��1 (Mmin < M < Mmax) . (4)

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

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

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

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

+
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378 Here the effective mass function is given by

ψ effðMÞ ¼
X

n

αnψnðMÞ; ð15Þ

379 where αn relates to the fraction of n-body bound objects,

ψnðMÞ≡
Z Yn

i¼1

dMiψðMiÞδðM − ΣMiÞ; ð16Þ

380 and the effective mass function ψ eff has to satisfy the
381 normalization condition fPBH ≤ 1. The constraints for the
382 general and monochromatic mass functions are still related
383 by Eq. (12) but likely overestimate the allowed PBH mass
384 since ψ effðMÞ is always shifted towards higher masses. In
385 principle, all the constraints discussed below and shown in

386our figures relate to the effective mass functions, which can
387be different for different constraints.
388It is also possible that the mass function is position
389dependent. This is expected in dwarf galaxies because mass
390segregation causes lighter PBHs to migrate outwards, with
391the heavier ones occupying the central region. This will
392introduce corrections for constraints arising from the
393evolution of stars in the Galaxy [47,48]. Again, it might
394be possible to invoke an effective mass function ψ eff that
395only accounts for the heavier PBHs. However, an estimate
396of this effect requires detailed numerical simulations which
397are beyond the scope of this work.

398IV. RESULTS AND DISCUSSION

399Our main results are presented in Fig. 2, where we show
400constraints on the maximum allowed fraction of PBH DM,

F2:1 FIG. 2. Upper panels: Combined observational constraints onMc and σ for a lognormal PBH mass function. The color coding shows
F2:2 the maximum allowed fraction of PBH DM. In the white region log10fmax < −3, while the solid, dashed, dot-dashed, and dotted
F2:3 contours correspond to fmax ¼ 1, fmax ¼ 0.5, fmax ¼ 0.2, and fmax ¼ 0.1, respectively. In the left panel only the constraints depicted by
F2:4 the solid lines in Fig. 1 are included, whereas the right panel includes all the constraints. Lower panels: Same as the upper left panel but
F2:5 for a power-law mass function with γ < 0 (left) and γ > 0 (right).
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Properties of the binary black hole merger GW150914

The LIGO Scientific Collaboration and The Virgo Collaboration
(compiled 12 February 2016)

On September 14, 2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) detected a
gravitational-wave transient (GW150914); we characterise the properties of the source and its parameters.
The data around the time of the event were analysed coherently across the LIGO network using a suite
of accurate waveform models that describe gravitational waves from a compact binary system in general
relativity. GW150914 was produced by a nearly equal mass binary black hole of masses 36+5

�4

M� and
29+4

�4

M� (for each parameter we report the median value and the range of the 90% credible interval). The
dimensionless spin magnitude of the more massive black hole is bound to be < 0.7 (at 90% probability).
The luminosity distance to the source is 410+160

�180

Mpc, corresponding to a redshift 0.09+0.03
�0.04 assuming

standard cosmology. The source location is constrained to an annulus section of 590 deg2, primarily in
the southern hemisphere. The binary merges into a black hole of mass 62+4

�4

M� and spin 0.67+0.05
�0.07. This

black hole is significantly more massive than any other known in the stellar-mass regime.

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.–d

Introduction— In Ref. [1] we reported the detec-
tion of gravitational waves (GWs), observed on Septem-
ber 14, 2015 at 09:50:45 UTC by the twin instruments of
the Laser Interferometer Gravitational-wave Observatory
(LIGO) located at Hanford, Washington, and Livingston,
Louisiana, in the USA [2, 3]. The transient signal, named
GW150914, was detected with a false-alarm-probability of
< 2 ⇥ 10�7 and has been associated with the merger of a
binary system of black holes (BHs).

Here we discuss the properties of this source and its in-
ferred parameters. The results are based on a complete
analysis of the data surrounding this event. The only in-
formation from the search-stage is the time of arrival of the
signal. Crucially, this analysis differs from the search in
the following fundamental ways: it is coherent across the
LIGO network, it uses waveform models that include the
full richness of the physics introduced by BH spins, and
it covers the full multidimensional parameter space of the
considered models with a fine (stochastic) sampling; we
also account for uncertainty in the calibration of the mea-
sured strain.

In general relativity, two objects in orbit slowly spiral
together due to the loss of energy and momentum through
gravitational radiation [4, 5]. This is in contrast to New-
tonian gravity where bodies can follow closed, elliptical
orbits [6, 7]. As the binary shrinks, the frequency and am-
plitude of the emitted GWs increase. Eventually the two
objects merge. If these objects are BHs, they form a sin-
gle perturbed BH that radiates GWs at a constant frequency
and exponentially damped amplitude as it settles to its final
state [8, 9].

An isolated BH is described by only its mass and spin,
since we expect the electric charge of astrophysical BHs to
be negligible [10–13]. Merging binary black holes (BBHs)
are therefore relatively simple systems. The two BHs are
described by eight intrinsic parameters: the masses m

1,2

and spins S
1,2 (magnitude and orientation) of the individ-

ual BHs. For a BH of mass m, the spin can be at most

Gm2/c; hence it is conventional to quote the dimension-
less spin magnitude a = c|S|/(Gm2)  1. Nine ad-
ditional parameters are needed to fully describe the binary:
the location (luminosity distance D

L

, right ascension↵ and
declination �); orientation (the binary’s orbital inclination
◆ and polarization  ); time t

c

and phase �
c

of coalescence,
and the eccentricity (two parameters) of the system.

Radiation reaction is efficient in circularising orbits [14]
before the signal enters the sensitive frequency band of the
instruments. In our analysis, we assume circular orbits (we
therefore do not include the eccentricity parameters), and
we find no evidence for residual eccentricity, see the Dis-
cussion. Under the approximation of a circular orbit, dom-
inant emission from the binary occurs at twice the orbital
frequency [15].

The gravitational waveform observed for GW150914
comprises ⇠10 cycles during the inspiral phase from
30 Hz, followed by the merger and ringdown. The proper-
ties of the binary affect the phase and amplitude evolution
of the observed GWs allowing us to to measure the source
parameters. Here we briefly summarise these signatures,
and provide an insight into our ability to characterise the
properties of GW150914 before we present the details of
the Results; for methodological studies, we refer the reader
to [16–21] and references therein.

In general relativity, gravitational radiation is fully de-
scribed by two independent, and time-dependent polariza-
tions, h

+

and h⇥. Each instrument k measures the strain

hk = F
(+)

k h
+

+ F
(⇥)

k h⇥ , (1)
a linear combination of the polarisations weighted by the
antenna beam patterns F (+,⇥)

k (↵, �, ), which depend on
the source location in the sky and the polarisation of the
waves [22, 23]. During the inspiral and at the leading order,
the GW polarizations can be expressed as

h
+

(t) = A
GW

(t)
�
1 + cos2 ◆

�
cos�

GW

(t) , (2a)
h⇥(t) = �2A

GW

(t) cos ◆ sin�
GW

(t) , (2b)
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Properties of the binary black hole merger GW150914
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On September 14, 2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) detected a
gravitational-wave transient (GW150914); we characterise the properties of the source and its parameters.
The data around the time of the event were analysed coherently across the LIGO network using a suite
of accurate waveform models that describe gravitational waves from a compact binary system in general
relativity. GW150914 was produced by a nearly equal mass binary black hole of masses 36+5

�4

M� and
29+4

�4

M� (for each parameter we report the median value and the range of the 90% credible interval). The
dimensionless spin magnitude of the more massive black hole is bound to be < 0.7 (at 90% probability).
The luminosity distance to the source is 410+160

�180

Mpc, corresponding to a redshift 0.09+0.03
�0.04 assuming

standard cosmology. The source location is constrained to an annulus section of 590 deg2, primarily in
the southern hemisphere. The binary merges into a black hole of mass 62+4

�4

M� and spin 0.67+0.05
�0.07. This

black hole is significantly more massive than any other known in the stellar-mass regime.

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.–d

Introduction— In Ref. [1] we reported the detec-
tion of gravitational waves (GWs), observed on Septem-
ber 14, 2015 at 09:50:45 UTC by the twin instruments of
the Laser Interferometer Gravitational-wave Observatory
(LIGO) located at Hanford, Washington, and Livingston,
Louisiana, in the USA [2, 3]. The transient signal, named
GW150914, was detected with a false-alarm-probability of
< 2 ⇥ 10�7 and has been associated with the merger of a
binary system of black holes (BHs).

Here we discuss the properties of this source and its in-
ferred parameters. The results are based on a complete
analysis of the data surrounding this event. The only in-
formation from the search-stage is the time of arrival of the
signal. Crucially, this analysis differs from the search in
the following fundamental ways: it is coherent across the
LIGO network, it uses waveform models that include the
full richness of the physics introduced by BH spins, and
it covers the full multidimensional parameter space of the
considered models with a fine (stochastic) sampling; we
also account for uncertainty in the calibration of the mea-
sured strain.

In general relativity, two objects in orbit slowly spiral
together due to the loss of energy and momentum through
gravitational radiation [4, 5]. This is in contrast to New-
tonian gravity where bodies can follow closed, elliptical
orbits [6, 7]. As the binary shrinks, the frequency and am-
plitude of the emitted GWs increase. Eventually the two
objects merge. If these objects are BHs, they form a sin-
gle perturbed BH that radiates GWs at a constant frequency
and exponentially damped amplitude as it settles to its final
state [8, 9].

An isolated BH is described by only its mass and spin,
since we expect the electric charge of astrophysical BHs to
be negligible [10–13]. Merging binary black holes (BBHs)
are therefore relatively simple systems. The two BHs are
described by eight intrinsic parameters: the masses m

1,2

and spins S
1,2 (magnitude and orientation) of the individ-

ual BHs. For a BH of mass m, the spin can be at most

Gm2/c; hence it is conventional to quote the dimension-
less spin magnitude a = c|S|/(Gm2)  1. Nine ad-
ditional parameters are needed to fully describe the binary:
the location (luminosity distance D

L

, right ascension↵ and
declination �); orientation (the binary’s orbital inclination
◆ and polarization  ); time t

c

and phase �
c

of coalescence,
and the eccentricity (two parameters) of the system.

Radiation reaction is efficient in circularising orbits [14]
before the signal enters the sensitive frequency band of the
instruments. In our analysis, we assume circular orbits (we
therefore do not include the eccentricity parameters), and
we find no evidence for residual eccentricity, see the Dis-
cussion. Under the approximation of a circular orbit, dom-
inant emission from the binary occurs at twice the orbital
frequency [15].

The gravitational waveform observed for GW150914
comprises ⇠10 cycles during the inspiral phase from
30 Hz, followed by the merger and ringdown. The proper-
ties of the binary affect the phase and amplitude evolution
of the observed GWs allowing us to to measure the source
parameters. Here we briefly summarise these signatures,
and provide an insight into our ability to characterise the
properties of GW150914 before we present the details of
the Results; for methodological studies, we refer the reader
to [16–21] and references therein.

In general relativity, gravitational radiation is fully de-
scribed by two independent, and time-dependent polariza-
tions, h

+

and h⇥. Each instrument k measures the strain

hk = F
(+)

k h
+

+ F
(⇥)

k h⇥ , (1)
a linear combination of the polarisations weighted by the
antenna beam patterns F (+,⇥)

k (↵, �, ), which depend on
the source location in the sky and the polarisation of the
waves [22, 23]. During the inspiral and at the leading order,
the GW polarizations can be expressed as

h
+

(t) = A
GW

(t)
�
1 + cos2 ◆

�
cos�

GW

(t) , (2a)
h⇥(t) = �2A

GW
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On September 14, 2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) detected a
gravitational-wave transient (GW150914); we characterise the properties of the source and its parameters.
The data around the time of the event were analysed coherently across the LIGO network using a suite
of accurate waveform models that describe gravitational waves from a compact binary system in general
relativity. GW150914 was produced by a nearly equal mass binary black hole of masses 36+5

�4

M� and
29+4

�4

M� (for each parameter we report the median value and the range of the 90% credible interval). The
dimensionless spin magnitude of the more massive black hole is bound to be < 0.7 (at 90% probability).
The luminosity distance to the source is 410+160

�180

Mpc, corresponding to a redshift 0.09+0.03
�0.04 assuming

standard cosmology. The source location is constrained to an annulus section of 590 deg2, primarily in
the southern hemisphere. The binary merges into a black hole of mass 62+4

�4

M� and spin 0.67+0.05
�0.07. This

black hole is significantly more massive than any other known in the stellar-mass regime.

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.–d

Introduction— In Ref. [1] we reported the detec-
tion of gravitational waves (GWs), observed on Septem-
ber 14, 2015 at 09:50:45 UTC by the twin instruments of
the Laser Interferometer Gravitational-wave Observatory
(LIGO) located at Hanford, Washington, and Livingston,
Louisiana, in the USA [2, 3]. The transient signal, named
GW150914, was detected with a false-alarm-probability of
< 2 ⇥ 10�7 and has been associated with the merger of a
binary system of black holes (BHs).

Here we discuss the properties of this source and its in-
ferred parameters. The results are based on a complete
analysis of the data surrounding this event. The only in-
formation from the search-stage is the time of arrival of the
signal. Crucially, this analysis differs from the search in
the following fundamental ways: it is coherent across the
LIGO network, it uses waveform models that include the
full richness of the physics introduced by BH spins, and
it covers the full multidimensional parameter space of the
considered models with a fine (stochastic) sampling; we
also account for uncertainty in the calibration of the mea-
sured strain.

In general relativity, two objects in orbit slowly spiral
together due to the loss of energy and momentum through
gravitational radiation [4, 5]. This is in contrast to New-
tonian gravity where bodies can follow closed, elliptical
orbits [6, 7]. As the binary shrinks, the frequency and am-
plitude of the emitted GWs increase. Eventually the two
objects merge. If these objects are BHs, they form a sin-
gle perturbed BH that radiates GWs at a constant frequency
and exponentially damped amplitude as it settles to its final
state [8, 9].

An isolated BH is described by only its mass and spin,
since we expect the electric charge of astrophysical BHs to
be negligible [10–13]. Merging binary black holes (BBHs)
are therefore relatively simple systems. The two BHs are
described by eight intrinsic parameters: the masses m

1,2

and spins S
1,2 (magnitude and orientation) of the individ-

ual BHs. For a BH of mass m, the spin can be at most

Gm2/c; hence it is conventional to quote the dimension-
less spin magnitude a = c|S|/(Gm2)  1. Nine ad-
ditional parameters are needed to fully describe the binary:
the location (luminosity distance D

L

, right ascension↵ and
declination �); orientation (the binary’s orbital inclination
◆ and polarization  ); time t

c

and phase �
c

of coalescence,
and the eccentricity (two parameters) of the system.

Radiation reaction is efficient in circularising orbits [14]
before the signal enters the sensitive frequency band of the
instruments. In our analysis, we assume circular orbits (we
therefore do not include the eccentricity parameters), and
we find no evidence for residual eccentricity, see the Dis-
cussion. Under the approximation of a circular orbit, dom-
inant emission from the binary occurs at twice the orbital
frequency [15].

The gravitational waveform observed for GW150914
comprises ⇠10 cycles during the inspiral phase from
30 Hz, followed by the merger and ringdown. The proper-
ties of the binary affect the phase and amplitude evolution
of the observed GWs allowing us to to measure the source
parameters. Here we briefly summarise these signatures,
and provide an insight into our ability to characterise the
properties of GW150914 before we present the details of
the Results; for methodological studies, we refer the reader
to [16–21] and references therein.

In general relativity, gravitational radiation is fully de-
scribed by two independent, and time-dependent polariza-
tions, h

+

and h⇥. Each instrument k measures the strain

hk = F
(+)

k h
+

+ F
(⇥)

k h⇥ , (1)
a linear combination of the polarisations weighted by the
antenna beam patterns F (+,⇥)

k (↵, �, ), which depend on
the source location in the sky and the polarisation of the
waves [22, 23]. During the inspiral and at the leading order,
the GW polarizations can be expressed as
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On September 14, 2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) detected a
gravitational-wave transient (GW150914); we characterise the properties of the source and its parameters.
The data around the time of the event were analysed coherently across the LIGO network using a suite
of accurate waveform models that describe gravitational waves from a compact binary system in general
relativity. GW150914 was produced by a nearly equal mass binary black hole of masses 36+5
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M� and
29+4
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M� (for each parameter we report the median value and the range of the 90% credible interval). The
dimensionless spin magnitude of the more massive black hole is bound to be < 0.7 (at 90% probability).
The luminosity distance to the source is 410+160

�180

Mpc, corresponding to a redshift 0.09+0.03
�0.04 assuming

standard cosmology. The source location is constrained to an annulus section of 590 deg2, primarily in
the southern hemisphere. The binary merges into a black hole of mass 62+4
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M� and spin 0.67+0.05
�0.07. This

black hole is significantly more massive than any other known in the stellar-mass regime.
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Introduction— In Ref. [1] we reported the detec-
tion of gravitational waves (GWs), observed on Septem-
ber 14, 2015 at 09:50:45 UTC by the twin instruments of
the Laser Interferometer Gravitational-wave Observatory
(LIGO) located at Hanford, Washington, and Livingston,
Louisiana, in the USA [2, 3]. The transient signal, named
GW150914, was detected with a false-alarm-probability of
< 2 ⇥ 10�7 and has been associated with the merger of a
binary system of black holes (BHs).

Here we discuss the properties of this source and its in-
ferred parameters. The results are based on a complete
analysis of the data surrounding this event. The only in-
formation from the search-stage is the time of arrival of the
signal. Crucially, this analysis differs from the search in
the following fundamental ways: it is coherent across the
LIGO network, it uses waveform models that include the
full richness of the physics introduced by BH spins, and
it covers the full multidimensional parameter space of the
considered models with a fine (stochastic) sampling; we
also account for uncertainty in the calibration of the mea-
sured strain.

In general relativity, two objects in orbit slowly spiral
together due to the loss of energy and momentum through
gravitational radiation [4, 5]. This is in contrast to New-
tonian gravity where bodies can follow closed, elliptical
orbits [6, 7]. As the binary shrinks, the frequency and am-
plitude of the emitted GWs increase. Eventually the two
objects merge. If these objects are BHs, they form a sin-
gle perturbed BH that radiates GWs at a constant frequency
and exponentially damped amplitude as it settles to its final
state [8, 9].

An isolated BH is described by only its mass and spin,
since we expect the electric charge of astrophysical BHs to
be negligible [10–13]. Merging binary black holes (BBHs)
are therefore relatively simple systems. The two BHs are
described by eight intrinsic parameters: the masses m

1,2

and spins S
1,2 (magnitude and orientation) of the individ-

ual BHs. For a BH of mass m, the spin can be at most

Gm2/c; hence it is conventional to quote the dimension-
less spin magnitude a = c|S|/(Gm2)  1. Nine ad-
ditional parameters are needed to fully describe the binary:
the location (luminosity distance D

L

, right ascension↵ and
declination �); orientation (the binary’s orbital inclination
◆ and polarization  ); time t

c

and phase �
c

of coalescence,
and the eccentricity (two parameters) of the system.

Radiation reaction is efficient in circularising orbits [14]
before the signal enters the sensitive frequency band of the
instruments. In our analysis, we assume circular orbits (we
therefore do not include the eccentricity parameters), and
we find no evidence for residual eccentricity, see the Dis-
cussion. Under the approximation of a circular orbit, dom-
inant emission from the binary occurs at twice the orbital
frequency [15].

The gravitational waveform observed for GW150914
comprises ⇠10 cycles during the inspiral phase from
30 Hz, followed by the merger and ringdown. The proper-
ties of the binary affect the phase and amplitude evolution
of the observed GWs allowing us to to measure the source
parameters. Here we briefly summarise these signatures,
and provide an insight into our ability to characterise the
properties of GW150914 before we present the details of
the Results; for methodological studies, we refer the reader
to [16–21] and references therein.

In general relativity, gravitational radiation is fully de-
scribed by two independent, and time-dependent polariza-
tions, h

+

and h⇥. Each instrument k measures the strain

hk = F
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(⇥)

k h⇥ , (1)
a linear combination of the polarisations weighted by the
antenna beam patterns F (+,⇥)

k (↵, �, ), which depend on
the source location in the sky and the polarisation of the
waves [22, 23]. During the inspiral and at the leading order,
the GW polarizations can be expressed as
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PBHS  AND  LIGO/Virgo

Do  we need Population  III  or  primordial  BHs?



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

arXiv:1605.04023

Tidal  forces  of  inflationary  perturbations  suppress  merger  rate  =>  f  ~  2  x10-­3 – 2  x  10-­2

Primordial Black Hole Scenario for the Gravitational-Wave Event GW150914
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1Center for Gravitational Physics, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
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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.

PRL 117, 061101 (2016) P HY S I CA L R EV I EW LE T T ER S
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Only  need  small  f  and  comparable  to  limits  from  CMB  distortion

Dark  matter  in  20-­100  MO binaries  may  provide  observed  rate  of  2-­53  Gpc-­1yr  -­1

arXiv:1605.04932

PBHs  may  generate  early  structure  and  infrared  background

The  clustering  of  massive  PBHs  as  dark  matter…….  
                                    S.  Clesse  and  J.  Garćıa-­Bellido,
                                                              arXiv:1603.05234
Measuring  the  PBH  mass  distribution  with  advanced  LIGO
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Spin Distribution of Primordial Black Holes
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Abstract

We estimate the spin distribution of primordial black holes based on the recent study of the crit-

ical phenomena in the gravitational collapse of a rotating radiation fluid. We find that primordial

black holes are mostly slowly rotating.

PACS numbers: 98.80.Cq, 98.80.Es

1

Figure 2: The spin distribution function given by Eq. (17) is shown by a solid curve. As in Fig. 1,

a dashed curve is obtained by performing the integration numerically.

A rotating BH sweeps the background radiation fluid and thus receives momentum from

the radiation [7, 24]. The force is estimated as

Frad ≃ (radiation momentum density)× (cross section)× (rotation velocity)

≃ ρrad ×M2 × a, (18)

where ρrad is the energy density of the radiation. Then, the loss of angular momentum due

to the torque of the force is estimated by

J̇ ≃ −MFrad ≃ −H2M3a, (19)

where we have used the Friedmann equation H2 ∼ ρrad. The mass of PBH grows due to the

accretion of background radiation on the PBH:

Ṁ ≃ ρradM
2 ∼ H2M2. (20)

The solution of Eq. (20) is given by [25]

M ≃ t

1 + t
ti
(ti/Mi − 1)

, (21)

where Mi is the mass at the initial time ti. Hence, for a PBH whose mass is lighter than

the horizon mass, Mi < ti, the mass of PBH grows little by accretion [25].

7
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FIG. 3. A Mollweide projection of the posterior probability
density for the location of the source in equatorial coordinates
(right ascension is measured in hours and declination is mea-
sured in degrees). The location broadly follows an annulus
corresponding to a time delay of ⇠ 3.0+0.4

�0.5 ms between the
Hanford and Livingston observatories. We estimate that the
area of the 90% credible region is ⇠ 1200 deg2.

FIG. 4. Posterior probability density for the source luminos-
ity distance DL and the binary inclination ✓JN . The one-
dimensional distributions include the posteriors for the two
waveform models, and their average (black). The dashed lines
mark the 90% credible interval for the average posterior. The
two-dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.

values because of the greater preference for spins with
components antialigned with the orbital angular momen-
tum.

The final calibration uncertainty is su�ciently small
to not significantly a↵ect results. To check the impact
of calibration uncertainty, we repeated the analysis using
the e↵ective-precession waveform without marginalising

FIG. 5. Posterior probability densities for the e↵ective in-
spiral spin �e↵ for GW170104, GW150914, LVT151012 and
GW151226 [13], together with the prior probability distri-
bution for GW170104. The distribution for GW170104 uses
both precessing waveform models, but, for ease of compari-
son, the others use only the e↵ective-precession model. The
prior distributions vary between events, as a consequence of
di↵erent mass ranges, but the di↵erence is negligible on the
scale plotted.

FIG. 6. Posterior probability density for the final black hole
mass Mf and spin magnitude af . The one-dimensional dis-
tributions include the posteriors for the two waveform mod-
els, and their average (black). The dashed lines mark the
90% credible interval for the average posterior. The two-
dimensional plot shows the 50% and 90% credible regions
plotted over the posterior density function.

4

Adapted from Adv.LIGO/VIRGO June 2017 release (supl. material)

�e↵ = [m1S1 cos(✓LS1) +m2S2 cos(✓LS2)]/(m1 +m2)

GW170814

Seven hints for PBH-DM
Hint 1: spins of LIGO black holes



QCD  PHASE  RANSIITON

Primordial black holes with an accurate QCD equation of state

Christian T. Byrnes,1, ⇤ Mark Hindmarsh,1, 2, † Sam Young,1, ‡ and Michael R. S. Hawkins3, §
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PL 64, FI-00014 University of Helsinki, Finland
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Making use of definitive new lattice computations of the Standard Model thermodynamics during
the quantum chromodynamic (QCD) phase transition, we calculate the enhancement in the mass
distribution of primordial black holes (PBHs) due to the softening of the equation of state. We find
that the enhancement peaks at approximately 0.7M

�

, with the formation rate increasing by at least
two orders of magnitude due to the softening of the equation of state at this time, with a range of
approximately 0.3M

�

< M < 1.4M
�

at full width half-maximum. PBH formation is increased by a
smaller amount for PBHs with masses spanning a large range, 10�3M

�

< MPBH < 103M
�

, which
includes the masses of the BHs that LIGO detected. The most significant source of uncertainty in
the number of PBHs formed is now due to unknowns in the formation process, rather than from
the phase transition. A near scale-invariant density power spectrum tuned to generate a population
with mass and merger rate consistent with that detected by LIGO should also produce a much larger
energy density of PBHs with solar mass. This solar-mass population could constitute a significant
fraction of the cold dark matter density.

⇤ C.Byrnes@sussex.ac.uk
† m.b.hindmarsh@sussex.ac.uk
‡ S.M.Young@sussex.ac.uk
§ mrsh@roe.ac.uk
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Explains  why  MPBH ~  MC ~  1  Mo

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



PBHS,  DARK  MATTER  AND  ELECTROWEAK  
BARYOGENESIS  AT  THE  QUARK  HADRON  EPOCH

PBHs  forming  at  time  t  have  mass  and  collapse  fraction
M ~ 105(t/s)  MO,      b(M)  ~  10-­9 f(M)  (M/MO)1/2

c = rPBH/rB =  f  rDM/rB =  6  f

QCD  epoch  =>  M  ~  MC,    b(M)  ~  h = nB/ng ~10-­9

PBHs  may  generate baryon  asymmetry

Stars  have  a  mass  in  range  (0.1  – 10)  MC where
MC ~  aG-­3/2 mP ~  1  MO and    aG ~  GmP

2/hc ~  10-­38  

dark  matter  and  visible  baryons  have  similar  mass

BC,  Sebastien  Clesse &  Juan  Garcia-­Bellido (2019)

=>

So  b appears  fine-­tuned  and  we  must  also  explain  why
is  O(1).

c >>  1    =>    teq <<  tdec =>  not  enough  baryons  to  make  galaxies
c <<  1    =>  tdeq >>  tdec =>  fluctuations  too  small  to  make  galaxies



EW  baryogenesis at  QCD  epoch

Baryon  violation  via  sphaleron transitions  and  B+L  chiral  anomaly

CP  violation  via  CKM  matrix

Equilibrium  violation  via  supercooling near  QCD  scale

Diffusion  of  baryon  asymmetry  =>  h ~ b and c ~1

PBH  form’n =>  large  curvature  perturb’n =>  huge  entropy  prod’n
=>  out-­of-­equilibrium  condition  =>  baryogenesis with  hloc ~  1

Baryogenesis scenario    (Garcia-­Bellido talk)



Stochastic  fluct’ns in  spectator  field  during  inflation  (QCD  axion)    
Þ different  values  in  different  patches  
Þ frozen  until  pot’  energy  dominates  density  long  after  inflation
Þ 2nd inflation  phase  within  region  (few  e-­folds)  
Þ non-­linear  perturbations  =>  PBHs.  

Natural  peak  in  PBH  mass  function  but  need  to  fine-­tune  pert’  amp’    
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FIG. 2: Collapse fraction of PBHs at formation, assuming a curvature threshold ⇣th = 1.2, as a

function of the number of e-folds since the largest cosmological scale, kH0 = 2.3⇥10�4Mpc�1, exited

the horizon, for models 1 (solid blue), 2 (dashed red) and 3 (dotted yellow),with ✏ = 0.5H2
⇤/m

2
pl

and  cr � h i = 10�4H2
⇤ (thin lines) and  cr � h i = 0.5H2

⇤ (thick lines). The vertical dotted lines

represent the e-fold number for PBH masses of 0.01M�, 1M� and 100M� (left to right).

enough to  cr for subsequent stochastic fluctuations to induce extra e-folds of expansion in

some regions within these patches. This would occur when the stochastic fluctuations lead

the spectator field to acquire a local value  >  cr. From Eq. (2.21) of Ref. [70] applied to

the present case, the probability for this is

P1 =

Z

 > cr

P ( , N)d =
1

2
erfc

"
 cr � h ip

2h� 2i

#
. (4.10)

This provides a first condition for these regions to undergo an extra inflationary phase with

Nextra ⇠ O(1), possibly leading to a local curvature fluctuation above the threshold for PBH

formation. One can recognize a similar behavior when computing � for Gaussian curvature

fluctuations with a variance �, i.e. � = erfc(⇣tr/
p
2�2).

If P1 was the only condition to form a PBH, since h� 2i is a growing function of time

during inflation, the model would generally lead to an overproduction of light PBHs. For-

tunately, PBH formation takes place only if a second condition is satisfied: � > � tr

where � tr is the threshold fluctuation required to induce an extra e-folding �N = ⇣tr. In-

deed, in our coarse-grained picture, only these regions will experience a curvature fluctuation

(defined as the local curvature minus the mean curvature in the surrounding superhorizon

15

Axion field  fluct’  =>  DN  ~  O(1)  =>  O(1)  curv’  fluct’  if  fa ~  0.2  MPl
=>  PQ  breaking  at  GUT  epoch  =>  axions dominate  at  QCD  epoch.

1st peak  at  1MO for  DM  plus  2nd peak  at  10-­20  MO for  LIGO  events  

Curvature  perturbation  scenario  (Clesse talk)
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FIG. 4: Top: Collapse fraction of PBHs at formation, assuming the equation of state parameter

during the QCD cross-over given in Ref. [54], for the three inflation models and an e�ciency factor

� = 0.2. [Here ✏ is chosen so that the PBHs provide all the dark matter and the spectator field

potential belongs to Case 1.] Bottom: corresponding PBH mass function, fDM ⌘ d�/d lnM , the

vertical lines representing the mass of PBHs formed at di↵erent temperatures. The mass function

expected in the Byrnes et al. model [54] with a nearly scale-invariant spectrum of curvature

fluctuations with spectral index ns = 0.96 [and � = 0.2] is also shown.
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Model 1
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FIG. 5: Expected PBH mass function in the QCD axion scenario [or for potentials belonging to

Case 2 ], for the three considered inflation models and, in the case of Model 2, for di↵erent values

of the energy cut-o↵ scale, 200 MeV, 100 MeV and 80 MeV (from left to right). The equation of

state during the QCD cross-over given in Ref. [54], and the PBH e�ciency factor is � = 0.2.

A. Entropy production at PBH formation

The collapse of a large curvature fluctuation to PBH at horizon reentry is an extremely

violent and far-from-equilibrium process. It is also responsible for a huge production of

gravitational entropy, which we now evaluate. The entropy of the gas of relativistic particles

within the horizon in the early universe can be written as (kB = 1)

Sgas =
2⇡2

45
g⇤S(T )T

3 VH , (4.1)

where VH = 32⇡/(3 c3t3) is the horizon volume in the radiation era. On the other hand, the

gravitational entropy of a PBH formed from the gravitational collapse of this volume is

SPBH =
c3A
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where A is the black hole area and the PBH mass is given by Eq. (2.3). The ratio between

these two quantities depends on the time of PBH formation,
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PBHS  AS  GENERATORS  OF  COSMIC  STRUCTURES

B.J.  Carr  &  J.  Silk        

What  is  maximum  mass  of  PBH?

BBNS  =>  t  <  1  s  =>  M  <  105MO

Upper  limit  on  µ distortion  of  CMB  excludes  104  <  M/MO  <  1012  
for  Gaussian  fluctuations  but  some  models  evades  these  limits.
Otherwise  need  accretion  factor  of  (M/104Mo)-­1

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

…..but  b <  10-­6  (t/s)1/2

MNRAS  478  (2018)  3756;;  arXiv:1801.00672

Supermassive  PBHs  could  also  generate  cosmic  structures
on  larger  scale  through  ‘seed’  or  ‘Poisson’  effect

Hoyle  &  Narlikar 1966,  Meszaros 1975,  Carr  &  Silk  1983,  Carr  &  Rees  1984  

Dolgov (2016)
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the μ constraints exclude PBHs in this mass range from playing any interesting cosmological role. Only if
the fluctuations are highly non-Gaussian, or form through some mechanism unrelated to the primordial
fluctuations, can this conclusion be obviated.
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I. INTRODUCTION

Primordial black holes (PBHs) have been a focus of great
interest for nearly 50 years [1–3], despite there still being
no definite evidence for them. One reason for this is that
only PBHs could be small enough for Hawking radiation to
be important [4], those smaller than about 1015 g having
evaporated by now with many interesting cosmological
consequences [5]. Recently, however, attention has shifted
to PBHs larger than 1015 g, which are unaffected by
Hawking radiation. This is because of the possibility that
they provide the dark matter, an idea that goes back to the
earliest days of PBH research [6] and has been explored in
numerous subsequent works [7–10]. Since PBHs formed in
the radiation-dominated era, they are not subject to the
well-known big bang nucleosynthesis (BBNS) constraint
that baryons can have at most 5% of the critical density
[11], which is well below the 25% associated with the dark
matter. They should therefore be classed as nonbaryonic
and, from a dynamical perspective, behave like any other
cold dark matter (CDM) candidate. There is no compelling
evidence that PBHs provide the dark matter, but nor is there
evidence for any of the more traditional CDM candidates,
either from direct searches with underground detectors and
particle accelerators or from indirect searches for the
expected gamma-ray, neutrino or positron signatures [12].
Even if nonevaporating PBHs do not provide all the dark

matter, they could still have interesting cosmological effects.

For example, they have been invoked to explain the heating
of the stars in our Galactic disc [13], the seeding of the
supermassive black holes in galactic nuclei [14–16], the
generation of large-scale structure through Poisson fluctua-
tions [16,17] and the associated generation of an infrared
background [18], the reheating and ionization of the
Universe [19,20], and the production of r-process elements
[21]. More recently, it has been proposed that coalescing
PBHs could explain theLIGOgravitationalwave bursts [22],
although this may only require a small fraction of the dark
matter to be in PBHs [23]. The detection of four black holes
with mass around 30 M⊙ has come as a surprise to stellar
evolution modelers, so it is natural to consider more exotic
types of black holes. The suggestion that LIGO could
detect gravitational waves from a population of binary
intermediate-mass black holes was originally proposed in
the context of the Population III scenario by Bond and Carr
[24], and—rather remarkably—a paper in 2014 predicted a
Population III coalescence peak at 30 M⊙ [25]. Since
Population III stars are baryonic, such black holes could
not provide the dark matter, but this would not preclude
intermediate-mass PBHs from doing so. There have been a
large number of recent papers on this topic, but the suggestion
that there could be a stochastic background of gravitational
waves from PBHs goes back a long way [26,27].
There are other possible explanations for these effects,

so they do not necessarily require the existence of PBHs.

PHYSICAL REVIEW D 97, 043525 (2018)

2470-0010=2018=97(4)=043525(9) 043525-1 © 2018 American Physical Society
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SEED  AND  POISSON  FLUCTUATIONS

If  region  of  mass  M  contains  PBHs  of  mass  m,  initial  fluctuation  is    

II. PBHS AS DARK MATTER AND LIGO SOURCES

[EXPAND] There are general arguments that PBHs rather than WIMPs provide the dark

matter [17–19]. PBHs can provide DM with fine-tuning of the collapse fraction [3],

�(m) ⇠ 10�9(m/M�)
1/2 . (2.1)

The PBH mass is of order the horizon mass at formation but there are only few mass windows

allowed observationally [5, 6]. The most interesting is the IMBH range (10�100M�), which

would have implications for LIGO [20], although the LIGO observations would only require

a small fraction of the dark matter to be in PBHs [21], the infrared background [22] and

lensing of fast radio bursts [23]. The other windows are the lunar-mass range (1020 � 1024g)

and atomic (sized) range (1016 � 1017g) but these would be unimportant for large-scale

structure, the seed and Poisson e↵ects being negligible. [GRAVITY WAVES.]

III. SEED VERSUS POISSON FLUCTUATIONS

PBHs of mass m provide a source of fluctuations for objects of mass M in two ways: (1)

via the seed e↵ect, in which the Coulomb e↵ect of a single black hole binds a larger region;

and (2) via the Poisson e↵ect, in which the
p
N fluctuation in the number N of black holes

in the larger region binds it. The first mechanism was proposed by Ryan [14] and then

discussed in more detail in Ref. [16]; the second mechansm was suggested by Meszaros [15]

and then explored in several subsequent papers [24–27]. In the following discussion, we will

consider both these e↵ects in order to determine the dominant one. Note that the seed

need not be a black hole; a bound cluster of smaller objects or Ultra Compact Mini Halos

(UCMHs) would serve equally well [REF]. [EXPAND]

The initial density fluctuations have the form:

�i ⇠

8
><

>:

m/M (seed)

(fm/M)1/2 (Poisson) ,
(3.1)

where f is the fraction of the dark matter in the PBHs. If PBHs provide the dark matter,

f ⇠ 1 and the Poisson e↵ect dominates for all M but we also consider scenarios with f ⌧ 1.

The Poisson e↵ect then dominates for M > m/f and the seed e↵ect for M < m/f . Indeed,

the first equation in (3.1) only applies in the latter situation since otherwise the region would

4

f  =  1  =>  Poisson  dominates;;  f  <<1  =>  seed  dominates  for  M  <  m/f.  
Fluctuation  grows  as  z-­1 from  zeq ~  104,  so  mass  binding  at  zB is    

PBHs  larger  than  102MO cannot  provide  dark  matter  but  can  
affect  large-­scale  structure  through  seed  effect  on  small  scales  
or  Poisson  effect  on  large  scales  even  if  f  small.  

A. Monochromatic PBH mass function

If the PBHs have a single mass m, the initial density fluctuation on a scale M is

�i ⇡

8
><

>:

m/M (seed)

(fm/M)1/2 (Poisson) ,
(4.1)

where f is the fraction of the dark matter in the PBHs. If PBHs provide the dark matter,

f ⇠ 1 and the Poisson e↵ect dominates for all M but we also consider scenarios with f ⌧ 1.

The Poisson e↵ect then dominates for M > m/f and the seed e↵ect for M < m/f . Indeed,

the first expression in (4.1) only applies for f ⌧ 1, since otherwise a region of mass M would

be expected to contain more than one black hole of mass m, i.e. the mass bound by a single

seed can never exceed m/f because of competition from other seeds. The dependence of �i

on the ratio M/m is indicated in Fig. 2(a).

It should be stressed that the
p
N fluctuation does not initially correspond to a fluctuation

in the total density because at formation each PBH is surrounded by a region which is

underdense in its radiation density. (This was the source of the error in Meszaros’s initial

analysis.) However, because the radiation density falls o↵ faster than the black hole density,

a fluctuation in the total density does eventually develop and this has amplitude �i at the

horizon epoch. Thereafter one can show (Meszaros 1974) that the fluctuation evolves as

� = �H

✓
1 +

3⇢B(t)

2⇢r(t)

◆✓
1 +

3⇢B(tH)

2⇢r(tH)

◆�1

, (4.2)

where ⇢B and ⇢r are the mean black hole and radiation densities, respectively. Therefore

the
p
N fluctuation is frozen during the radiation-dominated era but it starts growing as

(z + 1)�1 from the start of the matter-dominated era. Since this corresponds to a redshift

zeq ⇡ 4000 and an overdense region binds when � ⇡ 1, the mass binding at redshift zB is

M ⇡

8
><

>:

4000mz�1
B (seed)

107fmz�2
B (Poisson) .

(4.3)

Note that one also expects the peculiar velocity of the PBHs to induce Poisson fluctuations

on the scales they can traverse in a cosmological time (Carr & Rees 1984). In this con-

text, Meszaros considers fluctuations of the form �N ⇠ N1/3, on the assumption that this

corresponds to a situation in which the black holes are distributed on a lattice, with their
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SEED  VERSUS  POISSON

=>  gravity  wave  background  over  huge  frequency  range

f  =  1  =>  m  <  103  MO =>  M  <1011zB-­2  MO <  Mgal (Poisson)  

only a small fraction is bound by the seeds at the present epoch for f ⌧ z�1
eq ⇠ 10�4. On

the other hand, for f > zB/zeq the bound fraction at zB would exceed 1, so competition

between the seeds will reduce the mass of each bound region to at most M ⇠ m/f . But

this is precisely the value of M above which the Poisson e↵ect dominates.

If f is is treated as a free parameter, unconstrained by observations, the dependence of

M on the redshift zB is as indicated in Fig. 2(b). However, it is interesting to obtain the

constraints on the function M(zB) implied by the limits on f(m) discussed in Sec. II. If the

PBHs provide the dark matter (f ⇠ 1), the Poisson e↵ect always dominates and Eq. (4.3) and

the condition m < 102M� imply M < 109M�. More generally, the wide-binary constraint

(2.2) and the second expession in Eq. (4.3) imply

M <

8
>>>><

>>>>:

107mz�2
B (m . 102 M�)

109z�2
B M� (102 M� < m . 103 M�)

106mz�2
B (m > 103 M�) ,

(4.4)

where the seed e↵ect dominates for

zB >

8
><

>:

104(m/104M�)�1 (102 M� < m . 103 M�)

104 (m . 102 M� or m > 103 M�) .
(4.5)

The last expression in Eq. (4.4) can be large if m is but – unless one invokes highly non-

Gaussian fluctuations or appreciable PBH accretion in the radiation-dominated era — the

µ-distortion upper limit on m of 106M� implies M < 1012M�. The combined constraints

on M(zB) for di↵erent values m are indicated in Fig. 2(c).

It is interesting to compare the seed and Poisson fluctuations with the primordial fluc-

tuations implied by the CDM model. At the time of matter-radiation equality, teq ⇠ 104y,

when the PBH fluctuations start to grow, the CDM fluctuations have the form

�eq /

8
><

>:

M�1/3 (M < Meq)

M�2/3 (M > Meq) ,
(4.6)

where Meq ⇠ 1015M� is the horizon mass at teq. These fluctuations and the e↵ect on the

binding mass are shown by the lines labelled “CDM” in Fig. 2. In the mass range M < Meq

relevant to the present considerations, the CDM fluctuations fall o↵ slower than both the

Poisson and seed fluctuations, so they necessarily dominate on su�ciently large scales (i.e.
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cf.  CDM  fluctuations

Extended  PBH  mass  function  =>  DM  and cosmic  structures  

=>  can  generate  dwarf  galaxies

f  <<  1  =>  M  can  be  larger

=>  PBHs  can  be  seeds  for  galaxies



SUPERMASSIVE  PBHS  AS  SEEDS  FOR  GALAXIES

Seed  effect  =>  MB  ~  103 m  (zB/10)
Þ naturally  explain  MBH/Mbulge relation  

Also  predict  mass  function  of  galaxies  (cf.  Press-­Schechter)

A. Predicted mass function of galaxies

An interesting consequence of the seed theory is that there should be a simple relation

between the mass spectrum of the holes and that of the resulting galaxies. If Mg / m�,

where the above analysis suggests � = 1, we expect the number of galaxies with mass in the

range (M,M + dM) to be dNg(M) where

dNg/dM / M (1���↵)/� . (4.1)

The Schechter luminosity function [39] is

�(L) / L�1.07 exp(�L/L⇤) , (4.2)

where the exponent increases to 1.8 at high redshift [REF]. On the other hand, the Press-

Schechter mass function [40] is

dNg/dM / M�2 exp(�M/M⇤) , (4.3)

with an exponential upper cut-o↵ at M⇤ ⇠ 1012M� and the integrated density ⇢g(M) is

logarithmically divergent at the low mass end. Therefore, if � = 1, we need ↵ ⇡ 2. If the

PBHs are generated by scale-invariant fluctuations, it is interesting that one would expect

this if they form in a ‘dust’ (i.e. matter-dominated) era.

For a monochromatic mass function, Eq. (3.1) and the linear growth law � / t2/3 for

t > teq imply that a mass M binds at a time

tB(M) ⇠ teq

✓
M

m

◆3/2

⇠ 1010
✓

M

1012M�

◆3/2 ✓
m

108M�

◆�3/2

y , (4.4)

so one requires a PBH massm ⇠ 109M� to bind a galaxy mass ofM ⇠ 1012M� by tB ⇠ 109y.

For an extended mass function, one has

tB(M) ⇠ teq


M

mseed(M)

�3/2
/

✓
M

mdm

◆3(↵�2)/2(↵�1)

, (4.5)

where we have used Eq. (3.6).

One can make very specific predictions about the structure of the galaxy which would

result from the seed theory. If we assume that each shell of gas virializes after it has stopped

expanding (i.e. settles down with a radius of about half its radius at maximum expansion),

then one would expect the resultant galaxy to have a density profile ⇢(r) / r�9/4. This
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result from the seed theory. If we assume that each shell of gas virializes after it has stopped

expanding (i.e. settles down with a radius of about half its radius at maximum expansion),

then one would expect the resultant galaxy to have a density profile ⇢(r) / r�9/4. This

9

Effect  of  mergers  and  accretion?

If  M  exceeds  1010MO,  black  hole  accretes  whole  galaxy

cf.  Dolgov (2016)
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CONCLUSIONS

PBHs  have  been  invoked  for  four  roles:

Dark  matter             Cosmic  structure  LIGO/Virgo

These  are  distinct  roles  but  PBHs  with  extended  mass  function  could  play  all!

Cosmic  rays            

This  talk  is  dedicated  to  the  memory  of  Stephen  Hawking.  
He  wrote  the  first  paper  on  primordial  black  holes  in  1971.  
If  they  play  any  of  the  roles  discussed  here,  this  may  have  
been  his  most  prescient  and  important  work


