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

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

105MO at 1s      (maximum?)

Small black holes can only form in early Universe

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

ð PBHs have horizon mass at formation

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

PRIMORDIAL BLACK HOLES

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

=> huge possible mass range
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WHY PBHS ARE USEFUL

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

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

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

M~10-5g => Probe quantum gravity
Planck mass relics, Generalized Uncertainty Principle
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Newtonian  argument  for  PBH  accretion

p =  kr

k1/2

horizon  mass

formation  mass



horizon	  mass	  
at	  formation

Expected!
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Carr  &  Hawking  (1974): there  is  no  SSSS  
solution  with  black  hole  interior  attached  to  
exact Friedmann  exterior  via  sound-wave  
but  1-parameter  family  of  such  solutions  if  
asymptotically Friedmann (k=0,1/3).

=>  PBHs  formed  by  local processes
cannot  grow  very  much  but  self-similar
growth  possible  with  special  initial  conditions

SPHERICALLY  SYMMETRIC  SELF-SIMILAR  SOLUTIONS

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

Carr  (1976)  and Bicknell  &  Henriksen (1978) extend  result  to 0  <  k  <  1

Harada  et  al.  (2002):  solutions  are  only quasi-asymptotically Friedmann (angle  deficit)



ÞPBH  does  not  grow  very  much  at  all

Þ no  observational  evidence  against  them

=>  need  to  consider  quantum  effects    





Quantum Mechanics

General Relativity

Thermodynamics

Calmet, BC, Winstanley

PBHs are important even if they never formed!



PBH EVAPORATION

Black holes radiate thermally with temperature

        

    T =               ~  10-7            K      (Hawking 1974)

                           

         

=> evaporate completely in time     tevap ~ 1064           y

        

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

=> explosions undetectable in standard particle physics model

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

But PBHs are important even if they never formed!

(Page & Hawking 1976)

Feynman’s envelope!

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

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

CONSTRAINTS ON FRACTION OF UNIVERSE IN EVAPORATING PBHS

KSM 2013

Microlensing searches => MACHOs with 0.5 MO

PBH formation at QCD transition?

Pressure reduction => PBH mass function peak at 0.5 MO

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

1026-1033g PBHs excluded by microlensing of LMC

1017-1020g PBHs excluded by femtolensing of GRBs

Above 105M0 excluded by dynamical effects

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

Stable Planck-mass relics of evaporated BHs?

Feynman’s  envelope  1975



PBH EVAPORATION

Black holes radiate thermally with temperature

T =               ~  10-7 K

=> evaporate completely in time     tevap ~ 1064 y

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

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

=> explosions undetectable in standard particle physics model

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

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

Only PBHs with  M >> 1015g could provide dark matter 
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GAMMA RAYS FROM PRIMORDIAL BLACK HOLES* 
Don N. Page! 

California Institute of Technology 
AND 

S. W. HawkingJ 
California Institute of Technology; and Department of Applied Mathematics and Theoretical Physics, 

University of Cambridge 
Received 1975 October 7 

ABSTRACT 
This paper examines the possibilities of detecting hard y-rays produced by the quantum- 

mechanical decay of small black holes created by inhomogeneities in the early universe. Observa- 
tions of the isotropic y-ray background around 100 MeV place an upper limit of 104 pc-3 on the 
average number density of primordial black holes with initial masses around 1015 g. The local 
number density could be greater than this by a factor of up to 106 if the black holes were clustered 
in the halos of galaxies. The best prospect for detecting a primordial black hole seems to be to 
look for the burst of hard y-rays that would be expected in the final stages of the evaporation of 
the black hole. Such observations would be a great confirmation of general relativity and quantum 
theory and would provide information about the early universe and about strong-interaction 
physics. 
Subject headings: gamma rays : bursts — stars : black holes 

I. INTRODUCTION 
The aim of this paper is to discuss the possibilities of detecting high-energy y-rays produced by the quantum- 

mechanical decay of small black holes created in the early universe. Recently it has been shown (Hawking 1974, 
1975a, b\ Wald 1975; Parker 1975; DeWitt 1975) that the strong gravitational fields around black holes cause 
particle creation and that the black holes emit all species of particles thermally with a temperature of about 
1.2 x 1026 M“1 K, where M is the mass in grams of the black hole. One can think of this emission as arising from 
the spontaneous creation of pairs of particles near the event horizon of the black hole. One particle, having a 
positive energy, can escape to infinity. The other particle has negative energy and has to tunnel through the horizon 
intç the black hole where there are particle states with negative energy with respect to infinity. Equivalently, one 
can regard the particles as coming from the singularity inside the black hole and tunneling out through the event 
horizon to infinity (Hartle and Hawking 1975). As black holes emit particles, they lose mass and so will evaporate 
completely and disappear in a time of the order of 10 ~26 Af3 s (Page 1976). (For M < 1014 g this lifetime may be 
shortened by strong interaction effects discussed in § III.) 

It would be practically impossible to detect particle emission from black holes of stellar mass because the 
temperature would be less than 10“7 K. One does not know of any process that could produce black holes in the 
present epoch with mass substantially less than a stellar mass and therefore with higher temperatures. However, 
one would expect that small black holes would have been created in the early universe if at these epochs the 
universe was chaotic or had a soft equation of state (Hawking 1971; Carr and Hawking 1974; Carr 1976). Such 
black holes will be referred to as primordial. If their original mass was less than M* ^ 5 x 1014 g (Page 1976), 
they would have completely evaporated by now. Primordial black holes of slightly greater initial mass would by 
now have decayed to a mass of around 5 x 1014 g and would have a temperature of about 2.5 x 1011 K = 20 MeV. 
Calculations by Page (1976) indicate that such a black hole would radiate energy at the rate of 2.5 x 1017 ergs s-1 

of which 1 percent is in gravitons, 45 percent is in neutrinos, 45 percent is in electrons and positrons, and 9 percent 
is in photons. (At this temperature there will also be some emission of muons and pions which is not included in 
the energy rate above.) It would be very difficult to detect the gravitons or neutrinos because they have such small 
interaction cross sections. The charged particles would be deflected by magnetic fields and so would not propagate 
freely to Earth. On the other hand, the photons, whose number spectrum would be peaked at about 120 MeV, 
could reach us from anywhere in the observable universe. There are three possibilities for detecting these photons. 

1. One could look in the isotropic y-ray background for the integrated emission of all the primordial black 
holes in the universe. As shown in § II, a uniform distribution of primordial black holes would give a background 

* Supported in part by the National Science Foundation [MPS75-01398] at the California Institute of Technology. 
t Danforth Foundation Predoctoral Fellow. 
t Sherman Fairchild Distinguished Scholar at the California Institute of Technology. 
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SOME COSMOLOGICAL CONSEQUENCES OF PRIMORDIAL BLACK-HOLE EVAPORATIONS* 
Bernard J. Carr 

Institute of Astronomy, Madingley Road, Cambridge, England; 
and California Institute of Technology, Pasadena 

Received 1975 July 21; revised 1975 October 27 

ABSTRACT 
According to Hawking, primordial black holes of less than 1015 g would have evaporated by 

now. This paper examines the way in which small primordial black holes could thereby have 
contributed to the background density of photons, nucleons, neutrinos, electrons, and gravitons 
in the universe. Any photons emitted late enough should maintain their emission temperature 
apart from a redshift effect : it is shown that the biggest contribution should come from primordial 
black holes of about 1015 g, which evaporate in the present era, and it is argued that observations 
of the y-ray background indicate that primordial black holes of this size must have a mean 
density less than 10" 8 times the critical density. Photons which were emitted sufficiently early to 
be thermalized could, in principle, have generated the 3 K background in an initially cold universe, 
but only if the density fluctuations in the early universe had a particular form and did not extend 
up to a mass scale of 1015 g. Primordial black holes of less than 1014 g should emit nucleons : it is 
shown that such nucleons could not contribute appreciably to the cosmic-ray background. 
However, nucleon emission could have generated the observed number density of baryons in an 
initially baryon-symmetric universe, provided some CP-violating process operates in black hole 
evaporations such that more baryons are always produced than antibaryons. We predict the 
spectrum of neutrinos, electrons, and gravitons which should result from primordial black-hole 
evaporations and show that the observational limits on the background electron flux might place 
a stronger limitation on the number of 1015 g primordial black holes than the y-ray observations. 
Finally, we examine the limits that various observations place on the strength of any long-range 
baryonic field whose existence might be hypothesized as a means of preserving baryon number in 
black-hole evaporations. 
Subject headings: cosmology — stars : black holes 

I. INTRODUCTION 
Hawking has claimed that, because of quantum effects, any black hole of mass m grams should emit particles 

like a blackbody of temperature 1026 m-;L K (Hawking 1974, 1975a). This means that any black hole should 
eventually evaporate and a very small black hole would evaporate so fast as to effectively explode. Probably only 
a primordial black hole, i.e., one formed in the early universe (henceforth referred to as a PBH), could be small 
enough for this effect to be important. Hawking’s prediction implies that PBHs with original mass of about 1015 g 
could be exploding today and PBHs smaller than 1015 g would have already evaporated. Evaporating PBHs could 
have had important cosmological consequences, and one would like to answer the following sort of questions: 
How often could we expect to observe PBHs exploding today? What effects would evaporating PBHs have had on 
the background radiation? Could evaporations which occurred sufficiently early for the emitted photons to be 
thermalized have generated the 3 K background? Could PBH evaporations have generated the local (and probably 
global) excess of baryons over antibaryons ? Could the particles emitted by PBHs make a significant contribution 
to the cosmic-ray background? What limits do observations place on the number of PBHs which may have once 
existed but have since evaporated? 

In trying to answer these questions, one is beset by many types of uncertainty: PBHs of less than 1015 g form so 
early (before 10-23 s) that any assumption about either the way in which they form or the way in which they 
evaporate is very speculative. Fortunately most of the uncertainties can be pushed into a few parameters. But, by 
way of introduction, it is important to discuss these uncertainties : 

1. The overriding uncertainty concerns what model one should adopt for the universe at times earlier than 
10“23 s. For simplicity it will be assumed that the early universe is always Friedmann, apart from small density 
fluctuations. This assumption may seem very strong since, a priori, the universe may have been completely 
chaotic in its earliest moments. However, it was argued in a previous paper (Carr 1975) that, if the early universe 
were not nearly Friedmann, PBHs would probably have formed too proliffcally to be consistent with observation. 
The question of what form matter exists in before 10~23 s is not relevant to our considerations except insofar as 
it affects the equation of state and the nature of the initial density fluctuations. 

* Supported in part by the U.K. Science Research Council and the U.S. National Science Foundation [MPS 75-01398] at Caltech. 
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PBHs  as  dark  matter?
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THE PRIMORDIAL BLACK HOLE MASS SPECTRUM* 
Bernard J. Carr 

Department of Applied Mathematics and Theoretical Physics, Cambridge University, Cambridge, England; 
and 

California Institute of Technology, Pasadena 
Received 1975 January 31 

ABSTRACT 
We examine what mass spectrum of primordial black holes should result if the early universe 

consisted of small density fluctuations superposed on a Friedmann background. It is shown that 
only a certain type of fluctuation favors the formation of primordial black holes and that, con- 
sequently, their spectrum should always have a particular form. Since both the fluctuations 
which arise naturally and the fluctuations which are often invoked to explain galaxy formation 
are of the required type, primordial black holes could have had an important effect on the 
evolution of the universe. In particular, although primordial black holes are unlikely to have a 
critical density, big ones could have been sufficiently numerous to act as condensation nuclei 
for galaxies. Observational limits on the spectrum of primordial black holes place strong con- 
straints on the magnitude of density fluctuations in the early universe and support the assumption 
that the early universe was nearly Friedmann rather than chaotic. Any model in which the early 
universe has a soft equation of state for a prolonged period is shown to be suspect, since pri- 
mordial black holes probably form too prolifically in such a situation to be consistent with 
observation. 
Subject headings: black holes — cosmology — galaxies 

I. INTRODUCTION AND SUMMARY 
In a previous paper (Carr and Hawking 1974) it was shown that black holes could have formed at very early 

stages in the history of the universe as a result of initial inhomogeneities. It was also shown that these “primordial” 
black holes would not have grown very much through accretion and so their masses today should be about the 
same as when they first formed. Recently, however, Hawking has made the striking prediction (Hawking 1974, 
1975) that, because of quantum effects, any black hole should emit particles like a blackbody with a temperature 
inversely proportional to its mass. Despite the important conceptual change which Hawking’s result introduces in 
the context of black holes in general, probably only a primordial black hole could be sufficiently small for the 
effect to be important. Hawking’s prediction implies that any primordial black holes of less than 1015 g should 
have evaporated by now and raises the question of whether any primordial black holes could still exist. 

This motivates a discussion of the expected mass spectrum of primordial black holes. (Henceforth a primordial 
black hole will be referred to as a pbh.) The main difficulty in trying to predict the pbh spectrum is that all pbh’s 
probably form within the first second of the universe, when any cosmological model is highly dubious. This paper 
examines what pbh spectrum should result if one takes the simple view that the early universe consisted of small 
density fluctuations superposed on a Friedmann background. The small-fluctuation assumption is very strong 
(the universe may have been completely chaotic in its first second) ; but, as argued in § VI, it does seem to be 
supported by observational evidence. With such a model the pbh mass spectrum depends on only two features of 
the early universe : the equation of state, which determines how big a region must be when it stops expanding in 
order to collapse against the pressure forces, and the nature of the initial density fluctuations, which determines 
how likely a region is to stop expanding when it has this size. It turns out that if the equation of state is hard (as 
applies in all conventional models of the early universe), only fluctuations of a certain type favor pbh formation. 
Because of this, the pbh spectrum is predicted to always have a particular form. What is remarkable is that both 
the fluctuations which one might expect to arise naturally and the fluctuations which are often invoked to explain 
the existence of galaxies are of the type which favor pbh formation. This shows that, in principle, pbh’s might 
exist over a large mass range. 

An important feature of the predicted mass spectrum is that it only falls off as a power of the mass. This suggests 
that there should be at least some pbh’s bigger than 1015 g and these should still exist today. If the initial density 
fluctuations are small, the fraction of the universe that goes into such pbh’s at the time they form should be tiny. 
But because the mass in pbh’s stays constant while the mass outside them is reduced (because of pressure) as the 

* Supported in part by the UK Science Research Council and the US National Science Foundation [MPS75-01398]. 
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PBH FORMATION => LARGE INHOMOGENEITIES

To collapse against pressure, need    (Carr 1975)

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

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

Þ fraction of PBHs 

      b(M) ~ e(M) exp

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

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

p=0 => subhorizon holes but need spherical symmetry 

Separate universe for dH > 1 but recently reinterprted



Limit on fraction of Universe collapsing

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

General limit

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

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

   => constraints from entropy, g-background, BBNS

fDM(M)  ~  (b /10-8) (M/Mo)-1/2



CONSTRAINTS ON FRACTION OF UNIVERSE IN PBHS 

Carr, Gilbert & Lidsey (1994)Novikov et al (1979)
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Constraints on amplitude of density fluctuations at horizon epoch

b(M) ~ e(M) exp

LSS

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



19
79
A&
A.
..
.8
0.
.1
04
N

19
79
A&
A.
..
.8
0.
.1
04
N

19
79
A&
A.
..
.8
0.
.1
04
N

19
79
A&
A.
..
.8
0.
.1
04
N

19
79
A&
A.
..
.8
0.
.1
04
N

19
79
A&
A.
..
.8
0.
.1
04
N

19
79
A&
A.
..
.8
0.
.1
04
N

No  PBH PBH +  yes    o  no



MORE PRECISE ANALYSIS OF PBH FORMATION 

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

Confirmed by first numerical studies (Nadezhin et al 1978)

but pressure gradient => PBHs smaller than horizon 

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

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

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



PBHs from near-critical collapse

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

DM from 1016g PBHs without violating GRB constraints?

But this slope does not apply in all scenarios (Kuhnel et al. 2016)

(Yokoyama 1998)(g = 0.35)

dC ~ 0.45 and applies to  d - dC ~ 10-10 (Musco & Miller 2013)
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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
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This expectation motivates us to adopt the criterion that if and only if the sound wave

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

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

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

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

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

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

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

to the following condition:

χa >
π
√
w

1 + 3w
. (4.32)

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

RJ = amax sin

(

π
√
w

1 + 3w

)

. (4.33)

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

formation:

δUH
Hc = sin2

(

π
√
w

1 + 3w

)

(4.34)

and δUH
H for primordial black hole formation must satisfy

δUH
Hc < δUH

H ≤ 1. (4.35)

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

hole formation.

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

√
3π/6) ≃

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

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

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

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

Hc ≈ π2w if

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

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

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

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

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

14
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Our formula

Carr
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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
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0.62	  for	  radiation	  *

MORE  PRECISE  ESTIMATE  OF  dC

Effects  of  non-Gaussianity and  non-sphericity

*  For	  uniform-‐Hubble	  gauge	  but	  0.4	  for	  synchronous	  gauge



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

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

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

… typically larger than 

5 to 10 sigma

PBH production is  deep inside tail of distribution.

NON-GAUSSIAN  EFFECTS
Expected whenever fluctuations are large  

Bullock & Primack 1997, Ivanov 1998, Hidalgo 2007, Young & Byres 2013, Byrnes et al 2014

Quantum field theory => n-point correlation function
Slow-roll correction using inflation 3-point correlator

Seery & Hidalgo 2006



Non-‐Spherical	  Effects

Non-Sphericity

Simple estimate:

spherical threshold

ellipsoidal threshold

consider collapse of largest enclosed sphere (green curve):
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We reinvestigate gravitational ellipsoidal collapse with special focus on its impact on primordial
black-hole formation. For a generic model we demonstrate that the abundance and energy density
of the produced primordial black holes will be significantly decreased when the non-sphericity of
the overdensities is taken into account.

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

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

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

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

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

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

Sheth, Mo & Tormen (cf. Eq. (3) of Ref. [16]) for the case
of halo collapse can be expressed via

�ec
�c

' 1 + 

✓
5 e2

�ec
�2c

◆�
= 1 + 

✓
�2

�2c

◆�
, (1)

with the threshold value for spherical collapse �c, the el-
lipticity e, and the hight of the density power spectrum at
the given scale �2. The parameter values for  and � were
found to be 0.47 and 0.62, respectively. The final equality
holds after inserting the most-probable (mp) value for the
ellipticity, emp = (�/�) /

p
5. Actually, this is not entirely

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

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

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

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



Non-spherical  collapse  
Doroshkevich 1970
Bond  &  Myers  1996
Sheth et  al  2001
Kuhnel &  Sandstat 2016

Non-Gaussian  collapse  

Critical  collapse

Koike  et  al  1995
Niemeyer  &  Jedamzik 1998/9
Yokoyama  1998
Shibata  &  Sasaki  1999
Green  &  Liddle  1999
Musco,  Miller  &  Renzolla 2005
Musco &  Miller  2013
Harada  et  al  2013
Kuhnel et  al.  2016

Bullock  &  Primack 1997
Ivanov  1998
Hidalgo  2009/16
Young  &  Byrnes  2013
Bugaev 2013
Toda  &  Yokoyama  2015

COLLAPSE  FROM  INHOMOGENEITIES

Spherical  collapse

Carr  1975
Nadezhin et  al  1978
Green  et  al.  2004  
Harada  et  al.  2013
Young,  Byrnes  &  Sasaki  2014



OTHER FORMATION MECHANISMS

Inflation   Generates inhomogeneities

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  FROM  PHASE  TRANSITONS

Other  mechansms

Matter-dominated  era

Khlopov &  Polnarev 1980
Polnarev &  Khlopov 1985
Khlopv et  al.  1985
Jedamzik &    Nemeyer 1999
Harada  et  al.  2016
Carr,  Tenkanen &  Vaskonen 2017
Georg  et  al  2016

Bubble  collisions

Crawford  &  Schramm  1982
Hawking,  Moss  &  Stewart  1982
Kodama  et  al.  1982
La  &  Steinhardt  1989
Moss  1994
Konoplich 1998/99
Jedamzik 1996

Cosmic  strings  

Hogan  1984
Hawking  1989
Polnarev &  Zemboricz 1991
Garriga &  Sakellariadou 1993
Caldwell  &  Casper  1996
MacGibbon et  al  1998
Hansen  et  al  2000
Nagasawa 2005

Domain  walls

Caldwell,  Chamblin &  Gibbons  1996
Khlopov et  al.  2000
Rubin,  Sakharov  &  Khlopov.2000/1
Dokuchaev et  al  2005

Matsuda  2006
Lake,  Thomas  &  Ward  2009
Garriga et  al  2015
Cotner 2016



BLACK HOLES AS A PROBE OF HIGHER DIMENSIONS

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

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

-1(MBH/MP)(n+3)/(1+n) > 4D case

Standard model => Vn ~ MP
-n , MD ~ Mp, 

Large extra dimensions => Vn >> MP
-n, MD << Mp

TeV quantum gravity?

   BLACK HOLES AS A PROBE OF HIGHER DIMENSIONS

Carr & Giddings (2009)

       Forming black holes by collisions

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

min)

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

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

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

centre of mass energy

MODES OF BLACK HOLE FORMATION

M-theory => extra compactified dimensions (n)



Scientific American
May 2005
Carr and Giddings

BLACK HOLES AS A PROBE OF HIGHER DIMENSIONS



Translated  into  Japanese
by  Tetsuya  Shiromizu!



PBHS AND INFLATION

PBHs formed before reheat inflated away =>

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

CMB quadrupole  => Treheat < 1016GeV

But inflation generates fluctuations

Can these generate PBHs?

V

f

o



Slow roll plus friction-domination          Carr & Lidsey 1993 

=> nearly scale-invariant fluctuations

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

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

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

Planck gives (wrong sign!)

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

Flattening of V(f) => PBH production on particular scale
Ivanov, Naselsy & Novikov 1994
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Figure 6. The matter power spectrum, for model parameters: a = 3/2, b = 1, �N = 45 and
� = 5 ⇥ 10�5. We have also plotted the range of values allowed by Planck (2015), by compact
minihalos (red line) and by PBH (black dashed line), at 95% c.l. (Figure adapted from Ref. [40]).

the running of the spectral index, dns/d ln k = �0.0065 ± 0.0152, and the proper bound on
the tensor to scalar ratio, r < 0.09 at 95 % c.l., for modes that left the horizon 65 e-folds
before the end of inflation, corresponding to our horizon today. We have chosen a particular
set of values, a = 3/2, b = 1, �N = 45 and � = 5 ⇥ 10�5, that satisfy the observational
constraints in the whole range of scales, as can be seen in Fig. 6.

3.2 PR(k) at small scales: PBH

The power spectrum (3.1) at the scale of the near-inflection point (x = x0) becomes

PR(x0) =
�6v6

96⇥ 24⇡2

(6� 4 a x0 + 3x20)
3 x40

9 ((bc � 1)2 + a2bc) y40
(3.5)

=
�6v6

96⇥ 24⇡2

(6� 4 a x0 + 3x20)
3

(1� 9/(2a2))8/3

�
(bc � 1)2 + a2bc

�3
x40

a4�2
, (3.6)

where we have used y0 from Eq. (2.15) and the solutions x1 and x0 given in Eqs. (2.10) and
(2.11), valid for � ⌧ 1. This value of PR(x0) corresponds to the plateau in Fig. 6, valid for
a large range of e-folds �N around the near-inflection point. With the previous expressions
we can compute the ratio between both amplitudes

R ⌘ PR(x0)

PR(x65)
=

(6� 4 a x0 + 3x20)
3

(1� 9/(2a2))8/3
b2c

�
(bc � 1)2 + a2bc

�3

27 a2�2

x40
x465

⌘ R(a)

✓
�N

�

◆4/3

. (3.7)

We have shown in Fig. 5 the dependence of this ratio on the parameter a, for a standard
choice of �N = 45 and � = 5 ⇥ 10�5. Note that significantly large ratios can easily be
obtained for sharp resonances (� ⌧ 1).

For our choice of parameters, �N = 45, � = 5⇥ 10�5, a = 3/2 and bc = 1, we find the
amplitude of the matter power spectrum at k = 0.05 h/Mpc in agreement with Planck [41, 42]

– 9 –

Garcıa-Bellido &  Morales  arXiv:1702.03901

compact  

minihalos

PBHs from single  field with bump in  inflationary potential

0 1 2 3 4 5 6 7
0.0

0.5

1.0

1.5

2.0

Φ!v

V
"Φ#

Figure 1. Single field potential V (�) (in arbitrary units) with an inflection point (vertical line) and
an asymptotically flat plateau. The parameters chosen are a = 3/2 and b = 1, which give an inflection
point at � = v.

under a redefinition of parameters, x = �/v,m2 = � v2, a = ↵/� and b = ⇠ v2. Although there
are four independent parameters (m, ↵, �, ⇠), we can see that only two of them are relevant
for the evolution during inflation near the inflection point, i.e. (a, b). We have plotted in
Fig. 1 the potential, for specific values of the parameters, which shows an inflection point at
small values of the field.

This potential has an inflection point, V 0(�) = V 00(�) = 0, for certain values of the
parameters (a, b) which can be obtained by solving the third order equation

1� a x+ (1� b)x2 +
ab

3
x3 = 0 , (2.3)

The three solutions of Eq. (2.3) are given by x = x1 < 0 and x2, 3 = x0 ± i y0, with

x1 =
b� 1

a b
� 1

a b

✓
⇥(a, b) +

(b� 1)2 + a2 b

⇥(a, b)

◆
, (2.4)

x0 = Rex2 =
b� 1

a b
+

1

2 a b

✓
⇥(a, b) +

(b� 1)2 + a2 b

⇥(a, b)

◆
, (2.5)

y0 = Imx2 =

p
3

2 a b

✓
⇥(a, b)� (b� 1)2 + a2 b

⇥(a, b)

◆
, (2.6)

and

⇥(a, b) =

0

@p
3 a b

s

�(a)3 �
✓
b� 1 +

1

3
a2
◆3

+ (1� b)3 +
3

2
a2 b

1

A
1/3

. (2.7)

– 4 –

Many  other  models    PBH  generation  through  inflation  (Mukaida)            



PBH  FORMATION  FROM  INFLATION
Chaotic  inflation
Carr  &  Lidsey 1993  
Carr  et  al  1994
Green  &  Liddle  1997
Bringmann et  al  2001  
Lyth et  al  2006
Zaballa et  al  2007
Designer  inflation
Ivanov  et  al.  1994
Yokoyama  1999
Blais et  al  2003
Garcia-Bellido &  Morales  2016  
Hybrid  inflation

Garcia-Bellido et  al  1996
Yokoyama  1997  
Randall  et  al  1998
Kanazawa  et  al  2000
Frampton  et  al  2010  
Bugaev &  Klimai 2011    
Kawasaki  &  Tada  2015
Clesse &  Garcia-Bellido 2015

Running  index
Stewart  1997
Leach  et  al  2000
Kawasaki  et  al  2007
Kawaguchi  et  al  2008
Bugaev &  Klimai 2009
Kohri et  al  2009
Josan &  Green  2010
Drees  &  Erfani 2011
Clesse et  al  2011
Kodama  et  al  2011
Kawasaki  et  al  2013
Belotsky et  al  2014
Kuhnel et  al.  2016  
Carr  et  al  2017
Preheating

Khlopv et  al.  1985
Taruya 1999  
Easther &  Parry  2000
Green  &  Malik  2000
Bassett  &  Tsukikawa 2001
Khlopov et  al  2006



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

• Must  distinguish  between  primary  and  secondary  emission

7

energy of ĒS ≈ mπ0/2 ≈ 68MeV , and its form reflects the low-energy fragmentation function. More precisely, the
secondary peak flux is

dṄS

dE
(E = ĒS) ≈ 2

∑

i=q,g

Bi→π0(Ēi)
Ēi

mπ0

dṄP
i

dEi
(Ei = Ēi)

≈ 8.4× 1018 s−1 MeV−1

(

M

M∗

)−1

×
∑

i=q,g

Bi→π0(Ēi) ,

(2.29)

where Ēi = 4.2TBH and the last term is O(1) . This expression only applies for M < Mq since the secondary emission
drops off exponentially for M > Mq because of the Wien factor. The function G(E,M) can be empirically represented
for the interval 10MeV < E < M−1

q as

G(E,M) ∼ EM−1M2
q e−χM/Mq , (2.30)

where χ ≈ 6. Figure 3(a) is compatible with the equivalent figure in Ukwatta et al. [18] but they are interested in
the higher energies associated with the final black hole burst.
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FIG. 3. (a) Instantaneous emission rates for black holes of various temperatures, with primary component at bottom. The
50MeV emission rate (solid red) corresponds to TBH ≈ M−1

q . (b) Ratios of secondary to primary peak energies (dashed green)
and fluxes (solid red) for the instantaneous emission. The right figure confirms the secondary peak is proportional to the
temperature for m < Mq (as the primary peak is always constant). In (a) it is noted that the widths of secondary emission are
roughly proportional to the temperature.

We will be interested in the ratios of the secondary to primary peak energies and fluxes at the present epoch
(M = m). The energy ratio is

ĒS

ĒP
≈ (68MeV)/(600m−1

14 MeV) ≈ 0.6 (m/M∗) , (2.31)

while the flux ratio is
(

dṄS

dE

)

ĒS

/(

dṄP

dE

)

ĒP

≈ 1.4

(

m

M∗

)−1

e−χm/Mq . (2.32)

These ratios are plotted as a function of m in Fig. 3(b), along with the exact PBH emission spectra, which are
computed numerically. This shows that the analytic dependence on m and E fits the expected form quite well.

C. Time-integrated primary and secondary emission

The time-integrated spectrum has been studied in detail by MacGibbon [7] and more recently Petkov et al. [20] and
Ukwatta et al. [18]. We now derive the qualitative features of the spectrum using simple analytical arguments but
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where Ēi = 4.2TBH and the last term is O(1) . This expression only applies for M < Mq since the secondary emission
drops off exponentially for M > Mq because of the Wien factor. The function G(E,M) can be empirically represented
for the interval 10MeV < E < M−1

q as

G(E,M) ∼ EM−1M2
q e−χM/Mq , (2.30)

where χ ≈ 6. Figure 3(a) is compatible with the equivalent figure in Ukwatta et al. [18] but they are interested in
the higher energies associated with the final black hole burst.
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FIG. 3. (a) Instantaneous emission rates for black holes of various temperatures, with primary component at bottom. The
50MeV emission rate (solid red) corresponds to TBH ≈ M−1

q . (b) Ratios of secondary to primary peak energies (dashed green)
and fluxes (solid red) for the instantaneous emission. The right figure confirms the secondary peak is proportional to the
temperature for m < Mq (as the primary peak is always constant). In (a) it is noted that the widths of secondary emission are
roughly proportional to the temperature.

We will be interested in the ratios of the secondary to primary peak energies and fluxes at the present epoch
(M = m). The energy ratio is

ĒS

ĒP
≈ (68MeV)/(600m−1

14 MeV) ≈ 0.6 (m/M∗) , (2.31)

while the flux ratio is
(

dṄS

dE

)

ĒS

/(

dṄP

dE

)

ĒP

≈ 1.4

(

m

M∗

)−1

e−χm/Mq . (2.32)

These ratios are plotted as a function of m in Fig. 3(b), along with the exact PBH emission spectra, which are
computed numerically. This shows that the analytic dependence on m and E fits the expected form quite well.

C. Time-integrated primary and secondary emission

The time-integrated spectrum has been studied in detail by MacGibbon [7] and more recently Petkov et al. [20] and
Ukwatta et al. [18]. We now derive the qualitative features of the spectrum using simple analytical arguments but
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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

, a=3
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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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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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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
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with a set of best-fitting parameters taken from Diemand et al. [33]: � = 1.24,↵ = 1,� = 4 � � = 2.86, Rs =
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pc�3. Then we can compute g(n) numerically and this is shown in Fig. 8.
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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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As Mf decreases across Mc , the constraint becomes weaker in proportion to (M3
f /M
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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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< Mf < (1 +�)M
⇤

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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it could only be as a result of their secondary emission. However, in this regime most of the energy is degraded
into lower energy particles, so the strongest limit may still come from observations at 250 MeV. The observed �-ray
sky is regarded as the sum of Galactic and extragalactic components. An analysis of the Fermi LAT data [31] has
determined the spectrum of the Di↵use Galactic Emission (DGE) averaged over Galactic latitudes |b| � 20� . In their
analysis, the DGE is modeled as the sum of interstellar photons inverse-Compton scattered by cosmic-ray electrons,
pion decays, bremsstrahlung due to the interactions of hydrogen atoms with cosmic rays, and other processes. We
shall require the �-ray background from Galactic PBHs to be below the astrophysical DGE, as illustrated in Fig. 12.
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B. Wright and Lehoucq et al. analyses

Constraints on the PBH scenario from EGRET observations of the Galactic �-ray background were first studied
by Wright [3] and Lehoucq et al. [5]. Wright derived limits on the PBH clustering factor and explosion rate, while
Lehoucq et al. limited the PBH collapse fraction and density parameter. However, both these analyses omitted
one important feature. Whereas the strongest constraint from the extragalactic background comes from the time-
integrated contribution of PBHs with initial mass M

⇤

, the Galactic background does not constrain these PBHs at all
since they no longer exist. Rather it constrains PBHs with current mass of around M

⇤

, since these are the ones which
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it could only be as a result of their secondary emission. However, in this regime most of the energy is degraded
into lower energy particles, so the strongest limit may still come from observations at 250 MeV. The observed �-ray
sky is regarded as the sum of Galactic and extragalactic components. An analysis of the Fermi LAT data [31] has
determined the spectrum of the Di↵use Galactic Emission (DGE) averaged over Galactic latitudes |b| � 20� . In their
analysis, the DGE is modeled as the sum of interstellar photons inverse-Compton scattered by cosmic-ray electrons,
pion decays, bremsstrahlung due to the interactions of hydrogen atoms with cosmic rays, and other processes. We
shall require the �-ray background from Galactic PBHs to be below the astrophysical DGE, as illustrated in Fig. 12.
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B. Wright and Lehoucq et al. analyses

Constraints on the PBH scenario from EGRET observations of the Galactic �-ray background were first studied
by Wright [3] and Lehoucq et al. [5]. Wright derived limits on the PBH clustering factor and explosion rate, while
Lehoucq et al. limited the PBH collapse fraction and density parameter. However, both these analyses omitted
one important feature. Whereas the strongest constraint from the extragalactic background comes from the time-
integrated contribution of PBHs with initial mass M
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, the Galactic background does not constrain these PBHs at all
since they no longer exist. Rather it constrains PBHs with current mass of around M
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PBH  EVAPORATION  CONSTRAINTS

Extragalactic  gamma-rays
Page  &  Hawking  1976  Carr  1976
Rees  1977
MacGibbon &  Carr  1991
Barrau et  al  2003
Carr  et  al  2010

BBNS
Vainer  &  Nasleksii 1978  (BBNS)
Miyama  &  Sato  1978
Zeldovich et  al.  1977
Vainer  et  al.  1978  
Lindley  1980
Kohri &  Yokoyama  1999  
Carr  et  al  2010

Annihilation  line
Okeke &  Rees  1980
Adriani et  al  2008  
Bambi  et  al  2009  
Cosmic  rays

MacGibbon &  Carr  1991
Maki  et  al  1997
Barrau et  al  2003
Adriani et  al  2008
Belotsky 2015
Galactic  gamma-rays
Wright  1996
Lehoucq et  al.  2009
Carr  et  al.  2016

CMB  distortion
Zeldovich et  al  1977
Tashiro &  Sugiyama  2008  
Carr  et  al  2010

LSP  relics

Green  1999  
Lemoine 2010



BBNS => Wbaryon=  0.05

Þ need  baryonic  and  non-baryonic DM

MACHOs
Wvis=  0.01,  Wdm=  0.25

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

1017-1020g  PBHs  excluded  by  femtolensing of  GRBs
1026-1033g  PBHs  excluded  by  microlensing  of  LMC          (2010)
Above  103M0 excluded  by  dynamical  effects

Intermediate MassAtomic

=>  windows  at  1016-1017g  or  1020-1024g  or  1033-1036g  for  dark  matter

Sublunar

WIMPs



CAN PLANCK MASS RELICS PROVIDE DARK MATTER?

These would be smallest objects in nature and undetectable! 

MacGibbon 1987, Barrow et al 1992, Carr et al 1994, Alexeev et al 2002 



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.
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CONSTRAINTS ON NON-EVAPORATING PBHS 
(CKSY (2010) 

But  many  extra  constraints  since  2010!



MACHO microlensing

Femtolensing GRBs

Microlensing QSOs

Millilensing Compact Radio Sources

LENSING LIMITS (2010)

CONSTRAINTS   IN  2010    (CKSY)



Binary disruption

Globular cluster disruption

Dynamical friction

Disk heating

DYNAMICAL LIMITS (2010)

Some  of  these  effects  have  been  claimed  as  evidence  for  PBHs



ACCRETION LIMITS (2010)

PBH accretion => X-rays
=> CMB spectrum/anisotropies
=> FIRAS/WMAP limits

Ricotti,  Ostriker &  Mack  (2008)

=> PBHs larger than 1 Mo excluded   (but error)  



CKSY 2010

There  is  still  no  definite  evidence  for  PBHs  but  a  large  variety  of  
constraints  over  60  mass  decades  provide  a  unique  probe  of  the  
various  formation  scenarios.  The  best  dark  matter  candidates  
would  be  relics  of  evaporating  PBHs  or  intermediate  mass  PBHs.

But  many  extra  constraints  since  2010
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Figure 6. Upper limits (95% C.L.) on PBH DM from nonobservation of PBH
microlensing in two yr of Kepler data. The solid black line is our new limit,
the dashed black line is the previous best limit (Alcock et al. 1998), the blue
dot–dashed line is the theoretical limit from Paper II, and the red dotted line is
the femtolensing limit from Barnacka et al. (2012). The black horizontal line
indicates a halo density of 0.3 GeV cm−3.
(A color version of this figure is available in the online journal.)

find our limits. All together we analyzed more than 500 million
simulated events. Our results are plotted in Figure 6.

5. LIMITS ON PBH DARK MATTER AND DISCUSSION

The thick black solid line in Figure 6 shows our new limits
on the possibility of PBH DM. Because these limits depend
only on the mass (assuming the lens is a compact object), they
apply to any MACHO and thus are robust limits on planets,
nontopological solitons, etc. Our analysis shows that PBH DM
with masses in the range 2×10−9 M⊙ to 10−7 M⊙ cannot make
up the entirety of the DM in a canonical DM halo.

Also shown in Figure 6 is a black dashed line that shows
the best previous limits from a combined MACHO–Expérience
Pour la Recherche d’Objects Sombres (EROS) analysis in 1998
(Alcock et al. 1998). Note some authors (e.g., Carr et al. 2010)
only quote the 2007 EROS-only limits (Tisserand et al. 2007),
but these are not as strong as the earlier combined limits at
this low mass range. We see that our new limits rule out more
than one order of magnitude more of the allowed PBH DM mass
range, for the first time eliminating masses between 2×10−9 M⊙
and 3 × 10−8 M⊙ as being the entirety of the DM.

Also shown in Figure 6 as a blue dot–dashed line are the
potential theoretical limits from analysis of eight yr of Kepler
data from Paper II. Naively we would have expected our limits
to be about one-fourth of these theoretical limits because we
analyzed two yr of data, about one-fourth of the total of
eight yr of data assumed in Paper II. The figure shows that
our experimental limits are about a factor of eight weaker
than expected. This is due to the overly optimistic efficiency
assumptions made in Papers I and II. Because of the existence
of many flare events, including those of short duration, we had
to increase the stringency of our cuts for bumps with only four
or five points. Also, non-Gaussian noise and systematic errors
in the data meant that we needed to add several other shape
and signal-to-noise selection criteria, all of which reduced the
number of microlensing events we expect to find.

Finally, the dotted red line at the left of Figure 6 shows the
recent femtolensing limits from Barnacka et al. (2012), which

define the lower edge of the PBH allowed mass range. We see
that there are still about four orders of magnitude in mass (from
3 × 10−13 M⊙ to 2 × 10−9 M⊙) where PBH DM (or MACHO
DM) can make up the entirety of the DM. Future analysis of
the entire Kepler data set should discover PBH DM or eliminate
some portion of this range, and future missions such as Wide-
Field Infrared Survey Telescope (WFIRST) or the Exoplanet
Euclid Legacy Survey (ExELS) project of the EUCLID mission
have the potential to cover another order of magnitude (Paper II;
Penny et al. 2013).

In this paper, we have not considered the effect of having
several stars blended in the same Kepler object. This blending
effect has been studied in detail in some microlensing work
(e.g., Thomas & Griest 2006; Thomas et al. 2005; Popowski
et al. 2005) and has been shown to have an effect on the
interpretation of microlensing rates and optical depths. Blending
should be less important in the Kepler field, which is far
less crowded than the LMC/SMC and galactic bulge fields
previously studied. However, there are known cases of nearby
variable stars causing variation in a given Kepler object. Because
we eliminate all “variable” stars and only use “nonvariables,”
this should not affect our limits. We have no way to calculate
from first principles the fraction of stars that are “variable,”
so any change in this number will not affect us. However, in
our efficiency calculation we implicitly assume that all Kepler
“nonvariable” stars are not blended, and this adds uncertainty to
our final results.

There are several competing effects when a blended star is
lensed. First, the amplitude of the flux does not rise as high as the
theoretical model predicts because of flux from the background
stars. Thus we might miss an event that our Monte Carlo says we
should select. This would lower our sensitivity and weaken our
limits. Second, the probability of lensing is higher than in the
single-star case because there is more than one star that can be
lensed. This would increase our sensitivity and strengthen our
limits. Finally, the duration of the event will be misunderstood
because we use the Kepler object stellar radius to compute the
connection with underlying microlensing parameters. This can
either raise or lower our sensitivity depending upon the PBH
mass and other variables. A complete study of blending is left
to further work, but we suspect the combined effect will be
quite small because the Kepler fields are uncrowded and we are
targeting only bright stars, making any blended star more likely
to be substantially fainter than the purported Kepler source.

K.G. and A.M.C. were supported in part by the US Depart-
ment of Energy under grants DE-FG03-97ER40546 and DE-
SC0009919. A.M.C. was supported in part by the National
Science Foundation Graduate Research Fellowship under grant
number DGE0707423. Some of the data presented in this paper
were obtained from the Multimission Archive at the Space Tele-
scope Science Institute (MAST). STScI is operated by the As-
sociation of Universities for Research in Astronomy, Inc., under
NASA contract NAS5-26555. Support for MAST for non-HST
data is provided by the NASA Office of Space Science via grant
NNX09AF08G and by other grants and contracts.

APPENDIX

DISCUSSION OF FLARE EVENTS AND EFFICIENCIES

In this Appendix, we display some figures that might be useful
for comparison purposes for future workers.
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ABSTRACT

We present our analysis on new limits of the dark matter (DM) halo consisting of primordial black holes (PBHs)
or massive compact halo objects. We present a search of the first two yr of publicly available Kepler mission data
for potential signatures of gravitational microlensing caused by these objects as well as an extensive analysis of the
astrophysical sources of background error. These include variable stars, flare events, and comets or asteroids that
are moving through the Kepler field. We discuss the potential of detecting comets using the Kepler light curves,
presenting measurements of two known comets and one unidentified object, most likely an asteroid or comet. After
removing the background events with statistical cuts, we find no microlensing candidates. We therefore present our
Monte Carlo efficiency calculation in order to constrain the PBH DM with masses in the range of 2 × 10−9 M⊙ to
10−7 M⊙. We find that PBHs in this mass range cannot make up the entirety of the DM, thus closing a full order of
magnitude in the allowed mass range for PBH DM.

Key words: dark matter – gravitational lensing: micro – stars: black holes
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1. INTRODUCTION

The nature of dark matter (DM) remains one of the most im-
portant unsolved problems in science (Feng 2010 and references
therein). We know that it has a universal density around five
times larger than that of material made of ordinary atoms, and it
is an essential ingredient of the current consensus cosmological
model (Ade et al. 2013), but we have little information as to its
actual nature. Hundreds of candidates have been proposed, with
the most popular being various candidates from beyond the stan-
dard model of particle physics, many involving the lightest su-
persymmetric particle (LSP). Besides the thousands of theoreti-
cal papers on supersymmetric (SUSY) weakly interacting mas-
sive particle (WIMP) candidates, there have been many experi-
mental searches for these DM candidates (Feng 2010). Despite
some tantalizing hints, currently there seems to be no compelling
WIMP candidate, SUSY or otherwise. The lack of detection of
SUSY partners of any sort from the recent Large Hadron Col-
lider run is especially disappointing in this regard (Chatrchyan
et al. 2012, 2013b; ATLAS Collaboration 2013). SUSY has been
so popular over the past few decades because it seemed to simul-
taneously solve the hierarchy fine-tuning problem (Martin 2011)
and give a “natural” DM candidate. If SUSY partners existed be-
low the TeV scale, then the LSP annihilation cross section tended
to be in the range that gave the measured relic abundance of LSP
particles (Jungman et al. 1996). This so-called WIMP miracle
motivated much theoretical and experimental work on SUSY
DM. The discovery of the Higgs boson with a mass around
126 GeV (Aad et al. 2012; Chatrchyan et al. 2013a), along
with the lack of SUSY particles below the TeV scale, removes
some of this motivation. The LSP can still be the DM, but now
some fine tuning will be required to arrive at the measured relic
abundance.

More generally, we note that the theoretical and experimen-
tal emphasis on the admittedly elegant SUSY models over
the past few decades may have been misplaced. Many im-

portant experimental discoveries have not verified our aes-
thetic desire for simple unified models. In fact, experimen-
tal breakthroughs have led us in almost the opposite direc-
tion. The discovery of cosmic microwave background (CMB)
anisotropies points strongly toward an epoch of cosmic in-
flation in the early universe, most likely caused by a (finely
tuned) inflaton scalar field. The discovery of the dark energy
points to an extremely finely tuned cosmological constant or
quintessence-like scalar field. (Even a cosmological constant
can be thought of as the vacuum expectation value of a scalar
field.) Finally, the Higgs boson mass of around 126 GeV (Aad
et al. 2012; Chatrchyan et al. 2013a) seems to require some fine
tuning.

Perhaps we should abandon our Occam’s razor proclivities
and accept that finely tuned scalar fields seem to be part of
modern physics and thus may also be part of the solution to the
DM problem. If so, then primordial black holes (PBHs) should
be seriously considered as DM candidates.

In light of the above, PBH DM has several things going for it.
First, it is one of the few standard model DM candidates. There
is no need for SUSY or superstring-inspired Grand Unified
Models. The DM problem is detected primarily through gravity,
so PBH DM would be a gravitational solution to a gravitational
problem. There are many ways to create PBH DM, and many of
these involve finely tuned scalar fields. In the past, this has been
taken as a negative for PBH DM, but the above considerations
may allow rethinking of this attitude. For example, there are
several double inflation models where one inflation solves the
flatness, etc., problems that inflation is invoked to solve, and
the other inflationary epoch gives rise to PBHs (Frampton et al.
2010; Kawasaki et al. 1998), which can then become the DM.
Recall that one of the initial motivations for the scale-free
Harrison–Zeldovich spectrum of primordial fluctuations was to
avoid creating PBHs. Thus PBHs can easily be made via a tilted
spectrum of fluctuations or through production of particles that
then create the black holes (BHs).
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The possibility that part of the dark matter is made of massive compact halo objects (MACHOs)
remains poorly constrained over a wide range of masses, and especially in the 20� 100M� window.
We show that strong gravitational lensing of extragalactic fast radio bursts (FRBs) by MACHOs of
masses larger than ⇠ 20M� would result in repeated FRBs with an observable time delay. Strong
lensing of an FRB by a lens of mass ML induces two images, separated by a typical time delay
⇠ few ⇥(ML/30M�) milliseconds. Considering the expected FRB detection rate by upcoming
experiments, such as CHIME, of 104 FRBs per year, we should observe from tens to hundreds of
repeated bursts yearly, if MACHOs in this window make up all the dark matter. A null search
for echoes with just 104 FRBs, would constrain the fraction fDM of dark matter in MACHOs to
fDM . 0.08 for ML & 20M�.

Although observations indicate that dark matter ac-
counts for a significant share of the energy density of our
Universe [1], we do not know its composition. A long-
time candidate to make up the dark matter are massive
compact halo objects (MACHOs) [2]. They were origi-
nally proposed to be as light as 10�7M� and as heavy as
the first stars (⇠ 103M�) [3]. Over the years, di↵erent
experiments have progressively constrained the fraction
fDM of dark matter that can reside in MACHOs with a
given mass, placing tight upper bounds over most of the
vast range above. High-mass (& 100M�) MACHOs, for
example, are constrained by the fact that they would per-
turb wide stellar binaries in our Galaxy [4]. Meanwhile,
lower-mass (. 20M�) MACHOs are e↵ectively ruled out
as the sole component of Galactic dark matter, as they
would create artificial variability in stars, due to gravita-
tional microlensing [5–7].

However, there remains a window of masses between
20 and 100M�, where the constraints are weaker, and
in which arguably all the cosmological dark matter could
be in the form of MACHOs [6–8]. This is a particu-
larly interesting window, as it has been recently argued
in Ref. [9] that if primordial black holes (PBHs) [10, 11]
in the ⇠ 30M� mass range are the constituents of dark
matter, they form binaries in halos, coalesce, and emit
observable gravitational waves, with an event rate con-
sistent with the published LIGO detection [12].

In this Letter we propose to use strong lensing of
fast radio bursts (FRBs) to probe MACHOs of masses
& 20M�, including PBHs, and either confirm that they
make up the dark matter, or close this window. FRBs
are strong radio bursts with a very short duration, which
makes them ideal as microlensing targets. Their tempo-
ral width is increased by the dispersion measure (DM),
which measures the time delay of photons with di↵er-
ent radio frequencies due to scattering by free electrons
on their way to Earth. All detected FRBs to date pos-
sess high DMs, which yield burst widths of ⇠ 1� 10 ms

[13–22]. These values of the DM are several times larger
than the expected contribution from free electrons within
the Milky Way (MW) [23, 24], suggesting their origin is
extragalactic (some authors, however, prefer a Galactic
origin [25, 26]). Proposed sources of extragalactic FRBs
include merging neutron stars [27] or white dwarfs [28],
as well as bursts from pulsars [29].
Strong lensing of an FRB by a MACHO will generate

two images of the burst. While their angular separation
may be too small to be resolved, the time delay between
them, on the order of milliseconds for a MACHO lens
with mass ML ⇠ 20 � 100M�, might be large enough
to enable a detection of two separate peaks, rather than
one, if the time delay is bigger than the pulse width.
Fortunately, lensing of FRBs by compact objects is not
necessarily an unlikely occurrence. In fact, if all the dark
matter is in MACHOs, roughly 1 in 50 FRBs originating
at z = 0.5 should be lensed. If there are ⇠ 104 FRBs
on the full sky each day [30], then as many as ⇠ 20 mi-
crolensed FRBs may be reaching Earth daily. Upcoming
surveys, like APERTIF [31], UTMOST [32], or CHIME
[33], which will map a considerable fraction of the sky,
may thus see a significant number of lensed FRBs.
Below we calculate the e↵ects of microlensing on a

given FRB, and compute the optical depth for strong
lensing by compact objects. We then combine those re-
sults with di↵erent redshift distributions of FRBs, and
estimate how many lensed bursts are expected if MA-
CHOs make up all the dark matter. We also estimate the
smallest fraction fDM that will give rise to a detectable
rate of microlensed events.
A MACHO of mass ML can be treated as a point lens

with an (angular) Einstein radius,

✓E = 2

r
GML

c2
DLS

DSDL
, (1)

where DS , DL, and DLS are the (angular-diameter) dis-
tances to the source, to the lens, and between the source
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Fig. 9.— Exclusion contours for three different binary samples from our catalog. For comparison,
we plot also the result of Yoo et al., labeled as “wide binaries”. The contours plotted correspond
to the results using unbinned data and the KS criterion Q for goodness of fit (see also Table 1).
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ABSTRACT

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

Subject headings: binaries: general – dark matter – Galaxy: halo stars: kinematics –
stars: statistics
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in the disk we see that the maximum MACHO decreases to about 3 M⊙.

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

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

6. Summary and conclusions

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

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

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

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

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

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

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

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

Subject headings:

1. INTRODUCTION

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

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

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

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

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

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

ter, but it is not unique in this respect. The Fornax dwarf
spheroidal galaxy has long been known to host globular
clusters (Baade & Hubble 1939; Hodge 1961). Its five
known globular clusters range from 240 pc to 1.6 kpc
in projected separation from the galaxy center, and from
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We investigate constraints on primordial black holes (PBHs) as dark matter candidates that arise
from their capture by neutron stars (NSs). If a PBH is captured by a NS, the star is accreted onto
the PBH and gets destroyed in a very short time. Thus, mere observations of NSs put limits on the
abundance of PBHs. High DM densities and low velocities are required to constrain the fraction of
PBHs in DM. Such conditions may be realized in the cores of globular clusters if the latter are of
a primordial origin. Assuming that cores of globular clusters possess the DM densities exceeding
several hundred GeV/cm3 would imply that PBHs are excluded as comprising all of the dark matter
in the mass range 3⇥ 1018g . mBH . 1024g. At the DM density of 2⇥ 103 GeV/cm3 that has been
found in simulations in the corresponding models, less than 5% of the DM may consist of PBH for
these PBH masses.

I. INTRODUCTION

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

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

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

There exist a number of observational constraints on
the fraction of PBHs in the total amount of DM. First,
PBHs with masses mBH  5 ⇥ 1014g evaporate due to
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Hawking radiation [6] in a time shorter than the age of
the Universe and cannot survive until today. At slightly
larger masses, even though the PBH lifetime is long
enough, the Hawking evaporation still poses a problem:
the PBHs emit �-rays with energies around 100MeV [7]
in the amount that contradicts the data on the extra-
galactic gamma-ray background. For instance, the Ener-
getic Gamma Ray Experiment Telescope [8] has put an
upper limit on the cosmological density ⌦PBH  10�9

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

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

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

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

The number of BHs inside the collection region NBH

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

MDM(r) = Mbound

✓
M(r)r3

M⇤R3
⇤

◆1/2

, (12)

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

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

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

IV. CONCLUSIONS

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

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

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

In order to derive the constraints on the PBH abun-
dance we have investigated the baryonic contraction of
the DM during the star formation process. In particular,
we have calculated numerically the resulting DM profile
and found the slope close to �3/2. We also estimated
the total amount of DM that is trapped inside the star
at the time of its formation. This part of our results is
not specific to any particular form of the DM.
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CP225 Boulevard du Triomphe, B-1050 Bruxelles, Belgium

2Sternberg Astronomical Institute, Lomonosov Moscow State University,
Universitetsky prospekt 13, 119992, Moscow, Russia

3Pushchino Radio Astronomy Observatory, Astro Space Center,
Lebedev Physical Institute Russian Academy of Sciences, 142290 Pushchino, Russia

4Institute for Nuclear Research of the Russian Academy of Sciences, 117312, Moscow, Russia

By considering adiabatic contraction of the dark matter (DM) during star formation, we estimate
the amount of DM trapped in stars at their birth. If the DM consists partly of primordial black
holes (PBHs), they will be trapped together with the rest of the DM and will be finally inherited
by a star compact remnant — a white dwarf (WD) or a neutron star (NS), which they will destroy
in a short time. Observations of WDs and NSs thus impose constraints on the abundance of PBH.
We show that the best constraints come from WDs and NSs in globular clusters which exclude the
DM consisting entirely of PBH in the mass range 1016g � 3 ⇥ 1022g, with the strongest constraint
on the fraction ⌦PBH/⌦DM . 10�2 being in the range of PBH masses 1017g � 1018 g.

PACS numbers:

I. INTRODUCTION

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

mass.
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FIG. 2: The minimum dark matter density of primordial black holes as a function of its mass for one

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

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

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

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

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

to have virial velocities ⇡ 10�3.

IV. CONSTRAINTS

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

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

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

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

existence constrains primordial black holes that are abundant enough that they would have
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FIG. 1. X-ray luminosity function of PBHs passing through
ISM gas for MBH = 103M⊙ and ΩPBH = ΩDM. Dashed,
solid, and dotted curve corresponds to fDM,disk = 0.0, 0.25,
and 1.0 accounting for all the ISM target gases. Dot-dashed
curve takes into account radiation feedback for the case
of fDM,disk = 0.25. The values are noimalized to SFR=
1 M⊙ yr−1. The data points show the observed SFR nor-
malized X-ray luminosity function from Mineo et al. [40].

where ṽ′
2

= (v′0
2 + c22)

1/2, v′0
2 =

(4πG2M2nµmp/Ṁ)2/3 − c2s, and v40 = v′0
4 +

16πG2MBHnµmpLMC ln(LMC/rs). Hereinafter, we
take into account the effect of the dynamical friction.
Recent numerical simulations suggest that a thick DM

disk, so-called dark disk, forms in a galactic halo after a
merger at z < 2 [41, 42]. The dark disk corotates with
the stellar disk with a scale height of ∼ 1.5 kpc. The
dark disk can contribute to fDM,disk ∼ 0.25-1.5 times of
the non-rotating halo DM density at the solar position.
The lower bound is the conservative limit since it takes
into account only one merger with a Large Magellanic
Cloud mass. The velocity dispersion of the dark disk
is 50 km s−1 [41–44]. This low velocity would boost up
interaction rates. We assume a radially constant fDM,disk

in the disk, which is reasonable assumption for our order-
of-magnitude calculation [42].
The luminosity functions of XRBs have been estab-

lished in literature and they are also known to be corre-
lated with star formation rate (SFR) of their host galax-
ies [e.g. 40, 45]. We adopt the SFR normalized luminosity
function in Mineo et al. [40], where the SFR is determined
for the stellar mass range of 0.1−100M⊙ with a Salpeter
initial mass function. We take the SFR of the Milky way
as ∼ 1 M⊙ yr−1 [e.g., 46].
The results are shown in Fig. 1 for MBH = 103M⊙

assuming ΩPBH = ΩDM. It is clear that ΩPBH need to be
less than ΩDM even for fDM,disk = 0.0, otherwise it will
violate observations of XRBs. By taking into account
the dark disk component, the luminosity function is en-
hanced because of its low velocity dispersion. Interaction
with molecular clouds dominate the luminosity function.
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FIG. 2. The upper bound on the PBH mass fraction rel-
ative to DM based on luminosity function of XRBs. The
shaded region corresponds to the fiducial case with fDM,disk =
0.25. Dashed and dotted line corresponds to the case with
fDM,disk = 0.0 and 1.0, respectively. Other constraints are
MACHO/EROS/OGLE mcirolensing of stars (ML) [48] and
quasar microlensing (ML) [49], survival of a star cluster in Eri-
danus H (E) [50], wide binary disruption (WB) [51], millilens-
ing of quasars (mLQ) [52], generation of large-scale structure
through Poission fluctuations (LSS) [53], dynamical friction
on halo objects (DF) [54], and accretion effects on the cosmic
microwave background using the FIRAS data (FIRAS) and
the WMAP data (WMAP) [55] and the Planck data (Planck)
[56]. Since the constraints from the CMB data have been
recently revisited by the Planck data, we show the previous
CMB constraints in dot-dashed lines. The conservative limit
is shown for the Planck data. We do not show the constraint
from the Planck data above 104M⊙ because the constraint
above this mass is not shown in the original reference.

Other ISM components will not contribute significantly.

The PBH density is constrained by data points having
X-ray luminosities above 1039 erg s−1 corresponding to
ULXs. Those luminous objects would prevent efficient
mass accretion as given in Equation 2 due to radiation
feedback effects. Mass accretion rate is known to de-
crease by a factor of (1− L/LEdd)2 in a spherical accre-
tion case [47]. The radiation feedback effect is also shown
in Figure. 1. Although it will decrease the XLF at high
luminosity end, the constraint will not be significantly
different.

Constraints on fPBH ≡ ΩPBH/ΩDM can be set based
on the requirement that the predicted luminosity func-
tion does not violate the observed luminosity function
of XRBs at any luminosities. In Fig. 2, we show the up-
per bound on the PBH mass fraction to DM based on the
XRB luminosity function together with other constraints.
For simplicity, we assume a monochromatic mass distri-
bution for PBHs. We show three limits. One is our
fiducial model with fDM,disk = 0.25. The others are the
cases with fDM,disk = 0.0 and 1.0.

Recently, the constraint by Ricotti et al. [55] utiliz-
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We set a new upper limit on the abundance of primordial black holes (PBH) based on existing
X-ray data. PBH interactions with interstellar medium should result in significant fluxes of X-
ray photons, which would contribute to the observed number density of compact X-ray objects in
galaxies. The data constrain PBH number density in the mass range from a few M⊙ to 2× 107M⊙.
PBH density needed to account for the origin of black holes detected by LIGO is marginally allowed.

Primordial black holes (PBH) could form in the early
universe in a variety of plausible scenarios [1–15]. They
can account for all dark matter (DM) in a narrow mass
window around 1020g, but even if PBH make up only a
small fraction of DM, they can play a role in r-process
nucleosynthesis [16], provide seeds for supermassive black
holes [8], or contribute to observed gravitational wave
signals [17]. Various limits on PBH abundance exist in
the literature [10], but some of them have been ques-
tioned [17], and there is a strong interest in finding ad-
ditional reliable constraints.
Freely-floating black holes (BHs), such as kicked stel-

lar remnant BHs, are expected to interact with ambi-
ent interstellar medium (ISM) gas through Bondi-Holye-
Lyttleton accretion [e.g. 18–24]. PBH in the stellar or
intermediate mass ranges should emit significant fluxes
of X-ray photons through this process.
In this letter, we set new constraints on PBH abun-

dance by utilizing the observed number density of X-ray
binaries (XRBs) including ultra-luminous X-ray sources
(ULXs). X-ray observations have already identified many
X-ray emitting compact extragalactic objects, mostly
XRBs.
The accretion rate onto a floating PBH from the ISM

is given by the Bondi-Hoyle-Lyttleton rate [25–27]:

Ṁ = 4πr2B ṽρ =
4πG2M2
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ṽ

10 km s−1

)−3

, (2)

where MBH is the PBH mass, n is the ISM gas density,
mp is the proton mass, µ is the mean molecular weight
µ = 2.72, LEdd is the Eddington luminosity, the Bondi
radius rB = GMBH/ṽ2, and ṽ ≡ (v2 + c2s)

1/2. v is the
PBH velocity relative to the ISM gas cloud and cs is
the sound speed which depends on the gas temperature.
The effective value of the speed of sound for ISM gas

is cs ∼ 10 km s−1 because ISM gas phases have a tur-
bulent velocity of ∼ 10 km s−1 in approximate pressure
balance with each other. The mass accretion processes
on to floating BHs is extensively investigated by Agol and
Kamionkowski [21]. We basically follow their arguments
hereinafter.

The luminosity of a floating PBH interacting with ISM
gas is estimated as

L = ϵ(Ṁ)Ṁc2 (3)
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where ϵ is the disk radiative efficiency. In the radiatively-
inefficient accretion flow (RIAF) regime L ! 0.01LEdd,
the luminosity is known to scale with L ∝ Ṁ2 rather
than L ∝ Ṁ as in the standard accretion disk regime
[28]. Therefore, we set the radiative efficiency as ϵ(Ṁ) =
ϵ0/[1.0 + (Ṁ/0.01ṀEdd)−1], where ṀEdd ≡ LEdd/ϵ0c2

is the Eddington mass accretion rate at the efficiency
of ϵ0 = 0.1. We note that ϵ0 can be from 0.057 for a
Schwarzschild BH to 0.42 for an extreme Kerr BH [e.g.
28].

Does gas form an accretion disk? Small perturbations
in the density or velocity of the accreting gas lead to
an angular momentum large enough to form a disk [29].
The accreted angular momentum is l = (1/4)(∆ρ/ρ)ṽrB ,
where∆ρ is the difference in density between the top and
bottom of the accretion cylinder. The ISM density has
a turbulent fluctuation with a Kolomogorov spectrum
δρ/ρ ∼ (L/1018 cm)1/3 extending down to ∼ 108 cm
[30]. We can find the radius of the accretion disk rdisk
by setting ∆ρ/ρ = δρ/ρ|L=2rB and equating the angular
momentum of the gas with the Keplerian angular mo-
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The possibility of primordial black holes constituting dark matter is studied in detail, focussing
on the intermediate-mass range from 10�8 M� to 102 M�. All relevant up-to-date constraints are
reviewed and any e↵ect necessary for a precision calculation of the primordial black-hole abun-
dance, such as non-Gaussianity, non-sphericity, critical collapse, merging, etc., is discussed in depth.
A general novel procedure for confronting observational constraints with an extended primordial
black-hole mass spectrum is introduced. This scheme together with the various formation e↵ects
provides a guideline, for arbitrary constraints, for how to systematically approach the problem of
primordial black holes as dark matter, both from a model-independent observational point of view
and starting from a fundamental formation model for primordial black holes. It is also pointed
out which e↵ects in the formation process should be studied further in order to provide a realistic
mapping from inflationary power spectra to the mass function of primordial black holes in order
to use the observational constraints on the latter to put constraints on inflation and early-universe
physics. This scheme is applied to two specific inflationary models. It is demonstrated under which
conditions these models can yield primordial black holes constituting 100% of the dark matter.
Interestingly, the respective distributions peak in the mass region where the recent LIGO black-
hole mergers were found. We also show which model-independent conclusions can be drawn from
observable constraints in this mass range.

I. INTRODUCTION

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

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

Attention has therefore shifted to the PBHs larger than 1015g, which are una↵ected by Hawking radiation. Such
PBHs might have various astrophysical consequences (seeds for supermassive black holes in galactic nuclei [22–25], the
generation of large-scale structure through Poisson-fluctuations [26, 27], heating the Galactic disc Marit: Ref missing,
reionization of the pregalactic medium [28–30]). But perhaps the most exciting possibility – and the main focus of
this paper – is that they could provide the dark matter which comprises 25% of the critical density [31, 32]. Since
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constraint is claimed, rather than a positive detection,
it is important to specify the associated confidence level
(CL). For all lensing constraints shown in Fig. 1, we use
the 95% CL constraint given in Refs. [40–43].

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

�

or clusters of this mass
comprising smaller black holes.

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

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

III. CONSTRAINTS ON EXTENDED PBH
MASS FUNCTION

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

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

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

⇤

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

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

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

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

 (M) / M��1 (Mmin < M < Mmax) . (4)

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

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

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.
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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 +
dM). For our purposes it is more convenient to introduce
the function

 (M) / M
dn

dM
, (1)

normalised so that the fraction of the DM in PBHs is

fPBH ⌘ ⌦PBH

⌦DM
=

Z
dM  (M) , (2)

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

⇤

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

1. A lognormal mass function of the form:

 (M) =
fPBHp
2⇡�M

exp

✓
� log2(M/Mc)

2�2

◆
, (3)

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

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

 (M) / M��1 (Mmin < M < Mmax) . (4)

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

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

 (M) / M2.85 exp(�(M/Mf )
2.85) , (5)

which may apply generically if the PBHs form from
density fluctuations with a �-function power spectrum.
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FIG. 1. Limits on the abundance of PBH today, from ex-
tragalactic photon background (orange), femto-lensing (red),
micro-lensing by MACHO (green) and EROS (blue) and
CMB distortions by FIRAS (cyan) and WMAP3 (purple).
The constraints from star formation and capture by neu-
tron stars in globular clusters are displayed for ρGlob.Cl.

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

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

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

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

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

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

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

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

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

III. HYBRID-WATERFALL INFLATION

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

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

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

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

PACS numbers: 98.80.Cq

I. INTRODUCTION

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

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

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

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

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

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

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

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

arXiv:1501.07565
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PBHS  AS  SEEDS  FOR  COSMIC  STRUCTURE
Carr  &  Silk  (2017)        

What  is  maximum  mass  of  PBH?

BBNS  =>  t  <  1  s  =>  M  <  105MO

Upper  limit  on  µ distortion  of  CMB  excludes  104  <  M/MO  <  1013  
for  Gaussian  fluctuations  (Kohri et  al.  2014)  but  non-Gaussian  
model  evade  these  limits  (Nakama et  al  2016/2017)  

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

but  b <  10-6  (t/s)1/2

[Garcia-Bellido]



explain the abundance of the observed SMBHs fixes the
typical amplitude, or the root-mean-square amplitude, of
the perturbations toOð10−2Þ [41], which is greater than the
upper limit set by the nondetection of the distortion of the
CMB spectrum by COBE [47]. This consideration severely
restricts the validity of the scenario of PBHs whose initial
mass exceeds ∼104M⊙–105M⊙ as the origin of the
SMBHs, since these masses correspond to the shortest
scales above which the dissipation of fluctuations causes
CMB distortion. In [46] this issue was revisited, based on
[45], using the following delta-function-type spectrum of
the curvature perturbation:

PζðkÞ ¼ 2π2Aζk−2δðk − k$Þ; ð1Þ

and let us rewrite k$ ¼ k̂$Mpc−1. Figure 1 shows a plot of
CMB μ distortions resulting from this spike with Aζ fixed to
0.02, a value which is, roughly, necessary to produce a
sufficient amount of PBHs assuming that primordial
curvature perturbations are Gaussian. This figure is a
slightly modified version of Fig. 1 of [46], and it shows
that any spike with Aζ ≳ 0.02 in a range 1≲ k̂$ ≲ 3 × 104

produces μ somewhat larger than the Cosmic Background
Explorer/Far Infrared Absolute Spectrophotometer (COBE/
FIRAS) upper bound. Therefore, PBHs formed from a
spike in the above range of k̂$ are virtually excluded. This
range of k̂$ can be translated into the PBH mass range as
2 × 104 M⊙ ≲MPBH ≲ 2 × 1013 M⊙; that is, PBHs in this
mass range are basically ruled out, at least for Gaussian
perturbations.1

The root of this constraint lies in the fact that requiring
the formation of a sufficient amount of PBHs inevitably
leads to relatively large inhomogeneities everywhere in the
universe. Even though PBH formation is extremely rare, a
Gaussian probability density function (PDF) implies that
perturbations everywhere else are so large that their
diffusion damping distorts the energy spectrum of CMB
photons from a perfect Planck distribution (CMB distor-
tion) at a level excluded by COBE. Admittedly, there is a
possibility that PBHs whose initial mass is ∼104 M⊙ –
105 M⊙ grow2 to explain SMBHs of 109 M⊙–1010 M⊙ at

high redshifts, as is argued in [38], but whether PBHs can
grow to these masses is uncertain. One of the benefits of
resorting to PBHs is that one can create sufficiently large
black holes in the early Universe due to collapse of
primordial perturbations, but this benefit seems to have
been partially lost due to the above CMB μ-distortion
constraint. In addition, future experiments may reveal even
more massive SMBHs at higher redshifts.
In this light, we propose a novel inflationary scenario in

which density perturbations are generated yielding PBHs
whose initial mass is larger than 104 M⊙–105 M⊙ as the
origin of SMBHs while evading the constraint from CMB
distortion mentioned above. This can be accomplished by
realizing a tiny fraction of patches where curvature per-
turbations become large during inflation, collapsing to
PBHs later during the radiation-dominated era, while
keeping the spectrum of curvature perturbations almost
scale invariant outside those patches, as depicted in Fig. 2.
Then, fluctuations whose wavelengths correspond to the
masses of these PBHs, as the seeds of the SMBHs, are
sufficiently small and, hence, the CMB distortion constraint
can be evaded. We will discuss a mechanism of how such a
situation can be realized in the framework of inflation, and
then provide two toy models. We focus on the most massive
SMBHs (109 M⊙–1010 M⊙) observed at high redshifts, for
which no compelling astrophysical explanations exist at the
moment. In the last section, we discuss consequences of our
scenario and how it can be tested and distinguished from
potential astrophysical explanations.
As already mentioned, simply preparing Gaussian per-

turbations whose dispersion is sufficiently large to generate
PBHs as the seeds of SMBHs contradicts with constraints
on CMB distortion. One may first try to evade this by a
monotonically decreasing PDF whose tail is considerably
enhanced in comparison to that of a Gaussian PDF with the
same dispersion. In Appendix A, this possibility is briefly

FIG. 1. CMB μ distortions generated from the delta-function-
type power spectrum, with Aζ ¼ 0.02. The horizontal line
corresponds to the 2σ upper limit provided by COBE/FIRAS.
This figure is a slightly modified version of Fig. 1 of [46].

1This point was also noted in [38], but they concluded PBHs
with MPBH > 105 M⊙ are severely constrained, and this upper
bound of allowed masses is slightly larger than the one we obtain
here (MPBH ≃ 2 × 104 M⊙). This is because, in [38], the upper
bound was obtained by assuming only the perturbation modes
which dissipate during the μ era, when dissipation of perturba-
tions results in μ distortions efficiently, are severely constrained.
Nevertheless, strictly speaking, since the transition to the μ era is
gradual, the modes which dissipate before the onset of the μ era
also cause μ distortions and, hence, are constrained, though
relatively weakly. This effect is taken into account in [46], based
on [45].

2Smaller PBHs are also potentially excluded by compact dark
matter halos [46] and acoustic reheating [48,49].
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We propose a mechanism of producing a new type of primordial perturbations that collapse to primordial
black holes, whose mass can be as large as necessary for them to grow to the supermassive black holes
observed at high redshifts, without contradicting Cosmic Background Explorer/Far Infrared Absolute
Spectrophotometer (COBE/FIRAS) upper limits on cosmic microwave background (CMB) spectral
distortions. In our model, the observable Universe consists of two kinds of many small patches which
experienced different expansion histories during inflation. Primordial perturbations large enough to form
primordial black holes are realized on patches that experienced more Hubble expansion than the others. By
making these patches the minor component, the rarity of supermassive black holes can be explained. On the
other hand, most regions of the Universe experienced the standard history and, hence, only have standard
almost-scale-invariant adiabatic perturbations confirmed by observations of CMB or large-scale structures
of the Universe. Thus, our mechanism can evade the constraint from the nondetection of the CMB
distortion set by the COBE/FIRAS measurement. Our model predicts the existence of supermassive black
holes even at redshifts much higher than those observed. Hence, our model can be tested by future
observations peeking into the higher-redshift Universe.
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I. INTRODUCTION

Observations have revealed the existence of supermas-
sive black holes (SMBHs) of about 109M⊙ at high red-
shifts z ¼ 6–7. So far, about 40 quasars, which are thought
to be SMBHs blazing by accreting the surrounding gas,
have been discovered [1–13]. In particular, a quasar
indicating a SMBH as massive as 1.2 × 1010 M⊙ was
recently discovered [14]. Until now, there has been no
established astrophysical explanation of why such massive
black holes (BHs) already existed at such high redshifts
when the age of the Universe was less than a billion years
(see, e.g., [15–19] for reviews of SMBHs in the high-
redshift universe).
In light of this situation, it is intriguing to consider a

possibility that the observed SMBHs are primordial black
holes (PBHs) that formed in the very early Universe
when the Universe was still dominated by radiation [20].
If some region has a curvature perturbation of the order of
unity, this region undergoes gravitational collapse shortly
after the size of the region becomes comparable to the
Hubble horizon [21,22]. Typically, the mass of the resultant
black hole is roughly equal to the horizon mass at
formation. Since the formation time of PBHs can be related
to the comoving wave number k of the perturbations
collapsing to PBHs, their mass can also be related to it

as MPBH ∼ 2 × 1013M⊙ðk=Mpc−1Þ−2. At first sight, the
desired amount of PBHs of the desired mass, i.e., as large as
necessary to grow to the order of 109M⊙ by z ∼ 6; 7, seems
to be realized just by a moderate probability of primordial
perturbations of order unity at the corresponding (comov-
ing) scale. Such perturbations can indeed be realized in
some inflation models [23–40], though the sufficient
formation of such black holes does not happen in the
standard cosmology in which primordial perturbations are
almost scale invariant and Gaussian [41]. The approximate
scale invariance and Gaussianity of the primordial pertur-
bation are observationally confirmed at large scales,
namely, the scales relevant to observations of the cosmic
microwave background (CMB) (for recent Planck results,
see [42,43]) or large-scale structures of the Universe. Yet
these properties could be largely violated on much shorter
scales, including the scales corresponding to the PBHs
relevant to the seeds of SMBHs considered in this paper.
There is, however, a problem in explaining SMBHs by

PBHs: simply enhancing primordial perturbations at suit-
able scales to yield a sufficient amount of SMBHs, as stated
above, is already excluded from the observations of the
energy spectrum of CMB photons [41,44–46]. To see this,
let us assume Gaussianity of the primordial perturbation
(non-Gaussian cases will be discussed later). Then, the
requirement that produced PBHs are sufficient enough to
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explored by calculating CMB spectral distortions for a class
of phenomenological models of PDFs. It turns out that it
also works (if such a PDF can indeed be realized in some
inflationary model, which we do not discuss in this
paper), but the PDF has to be hugely deviated from a
Gaussian PDF.
In the next section we discuss inflationary models, in

which PBHs can be produced whose mass and abundance
are adjustable, in order to explain the SMBHs observed at
high redshifts, while evading CMB distortion constraints,
and then we summarize and conclude in Sec. III.

II. SUPERMASSIVE BLACK HOLES FORMED
BY THE COLLAPSE OF INFLATIONARY

PERTURBATIONS

A. Basic idea

Our observable Universe consists of many small patches
which become causally disconnected during inflation.
For instance, if we consider a patch of comoving wave
number k, it becomes decoupled from the other patches
of the same size at a time when k ¼ aH. After this time,
each patch evolves independently as if they themselves
were an individual Friedmann-Lemaître-Robertson-Walker
(FLRW) universe. If the inflation is caused by a single
slowly rolling scalar field, only adiabatic perturbations are
generated. In this case, each patch follows the same
trajectory in field space and the difference between the
patches is just the difference in the moment when the field
value in each takes a particular value. On the other hand, if
inflation is caused by multiple fields, isocurvature pertur-
bations are also generated besides the adiabatic mode.

Because of the presence of the former, each patch follows a
different trajectory in field space in general, and in the
following we assume such a situation.
Now, suppose that there are essentially only two different

trajectories that each patch can follow (Fig. 3, right). Let us
label each trajectory by A and B, respectively (Fig. 3,
right). In general, the patches corresponding to A and the
patches corresponding to B, after being causally discon-
nected, expand by a different amount, namely, NA ≠ NB
[NAðNBÞ is the number of e-folds in the patches A(B), see
the left panel of Fig. 3]. According to the δN formalism
[50–55], the difference in the number of e-folds is equal
to the curvature perturbation ζ on constant density
hypersurfaces.
It is known that if the region of interest has ζ exceeding

ζc ≃ 1, such a region undergoes gravitational collapse to
form a black hole when it reenters the Hubble horizon [22].
The threshold value ζc depends on the perturbation profile;
there is a lot of literature in which the determination of ζc as
well as its dependence on the perturbation profile have been
investigated. For instance, Shibata and Sasaki [56] found
that ζc depends on the initial curvature profile and it varies
at least in the range (0.7,1.2) (see also [57–64]). However,
precise knowledge of ζc is not crucial for our discussions
here and so we simply take ζc ¼ 1.
Let us assume that most of the patches followed the

trajectory A, that the trajectory B is followed by only a tiny
number of patches, and that NB − NA > ζc ¼ 1. Then, the
patches corresponding to B distribute sparsely, with each
surrounded by patches corresponding to A, and each patch
B has a positive curvature perturbation NB − NA. In other
words, large curvature perturbations of ζ > ζc are

FIG. 2. An illustration of situations discussed in this paper. The black regions correspond to those where curvature perturbations
become large during inflation and collapse to PBHs later during the radiation-dominated era. Normally, if a sufficient amount of PBHs is
realized to explain the SMBHs, fluctuations whose wavelengths correspond to the mass of those PBHs are relatively large, as depicted in
the left panel, and, hence, they dissipate to produce CMB distortions larger than observational upper limits set by COBE. In this paper, in
order to explain SMBHs by PBHs without contradicting this CMB distortion constraint, we discuss phenomenological inflation models
that realize a sufficient probability of PBH formation to explain the SMBHs, while keeping fluctuations with corresponding wavelengths
sufficiently small outside these patches, as depicted in the right panel, thereby evading the CMB distortion constraint.
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If primordial black holes (PBHs) form directly from inhomogeneities in the early universe, then
the number in the mass range 106�109M� is severely constrained by upper limits to the µ-distortion
in the cosmic microwave background (CMB). This is because inhomogeneities on these scales will
be dissipated by Silk damping in the redshift interval 5 ⇥ 104 . z . 2 ⇥ 106. If the primordial
fluctuations on a given mass-scale have a Gaussian distribution and PBHs form on the high-� tail,
as in the simplest scenarios, then 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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SEED  AND  POISSON  FLUCTUATIONS

For  region  of  mass  M  containing  PBHs  of  mass  m,  initial  fluctuation    

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    

FIG. 1: (a) Form of initial fluctuation �i as function of m/M for the seed and Poisson e↵ect, the

latter dominating for small m/M unless f is very small (broken line). (b) Mass MB binding at

redshift z, the Poisson e↵ect dominating at low z and possibly all z (broken line).

contain more than one black hole. Note that M < m/f is also the condition that a typical

region of mass M would be expected to contain a PBH of mass m, so the seed scenario

implies that only some fraction of regions of mass M can be bound in this way [EXPAND].

The dependence of �i on the ratio m/M is indicated in Fig. 1(a). Density fluctuations grows

as (z + 1)�1 after matter-radiation equality (zeq ⇠ 104), so the mass binding at redshift zB

is

M ⇠

8
><

>:

104mz�1
B (seed)

108fmz�2
B (Poisson) .

(3.2)

In applying this result in any particular cosmological context (i.e. for some range of M),

we must first determine which e↵ect dominates. This depends on whether the PBH mass

function is monochromatic or extended and on whether the PBHs provide the dark matter.

A. Monochromatic PBH mass function

For a monochromatic PBH mass function, Eq. (3.2) and the condition M < m/f imply

that the seed e↵ect dominates for f < zB/104, whereas the Poisson e↵ect dominates for

f > zB/104, with zB itself depending on the ratio m/M . If the PBHs provide the dark

matter (f ⇠ 1), the Poisson e↵ect necessarily dominates and Eq. (3.2) and the condition

m < 102 M� imply M < 1011z�2
B M� < 1011M�, so one can only bind subgalactic scales.

5

f  =  1  =>  Poisson  dominates,  m  <  103  MO =>  M  <1011zB-2  MO <  Mgal

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.  



LYMAN-ALPHA  FOREST

MB ~  1010MO at  zB~10  for  m  ~104MO

To  avoid  Ly-a forest  forming  too  early,  we    require

Lyman-↵ forest was taken to have an extended mass distribution. Carr et al. [5] obtained a

related result for the case in which the PBHs provide a fraction f(M) of the dark matter by

assuming that the forest has a single mass M . Since the Poisson fluctuation in the number

of PBHs on a mass scale MLy↵ ⇠ 1010M� grows between the redshift of CDM domination

(zeq ⇡ 4000) and the redshift at which Lyman-↵ forest is observed (zLy↵ ⇡ 4) by a factor

zeq/zLy↵ ⇡ 103, the forest will form too soon unless [5]

f < max[(m/104M�)
�1, (m/1010M�)] . (5.1)

The second expression corresponds to having at least one PBH per Lyman-↵ mass, so the

limit bottoms out at M ⇠ 107M� with a value f ⇠ 0.001. This is marginally compatible

with the density required for SMBHs in galactic nuclei. The form of limit (5.1) is shown by

the upper solid lines in Fig. 2.

In the context of the seed scenario, the initial fluctuation is m/M , so one avoids the

Lyman-↵ forest forming too early for m < 107M�. On the other hand, Eq. (3.1) implies

that the seed e↵ect dominates only for f < m/M , which is just the condition for one PBH

per Lyman-↵ mass. Therefore the constraint on f(m) has the form shown by the vertical

solid line in Fig. 2. The f(m) regions excluded by the seed and Poisson e↵ects are seen to

be complementary, with the seed e↵ect providing the dominant limit for low f . Note that

the fraction of the Universe going into the Lyman-↵ clouds is necessarily small in the seed

scenario but this need not exclude the proposal since it is quite possibe that most of the

baryons in the Universe are in an intergalactic medium. [EXPAND]

Note that one can makes the equivalent argument for galaxies, requiring that these do

not bind before zB ⇠ 3. Then Eq. (5.1) is replaced by

f < max[(m/106M�)
�1, (m/1012M�)] , (5.2)

this bottoming out at m ⇠ 109M� with a value f ⇠ 0.001. On the other hand, the seed

e↵ect again dominates for f < m/M and gives a limit m < 109M�. These constraints are

shown by the broken lines in Fig. 2 and it can be seen that they are weaker but similar in

form to the Lyman-↵ ones.
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Seed  effect  wins  for  f  <  m/M  and  requires  m  <  107MO

FIRST  CLOUDS  (M  ~  106MO)

Poisson  =>  these  bind  earlier  
than  in  standard  LCDM  at

f"

m/Mo"

seed"

1"

10,3" _"
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FIG. 2: Constraint on dark matter fraction f in PBHs of mass m from the Poisson and seed e↵ects,

using Lyman-↵ forest observations (solid). (b) Equivalent constraint for galaxies (broken).

B. First clouds

The mass of the first clouds is su�ciently small that the Poisson e↵ect alone can bind

them if fdm is large enough. [BUT COULD REDO ANALYSIS FOR SEED EFFECT] We

consider the fiducial example of 100m100M� PBHs contributing a fraction f to the dark

matter density. In canonical LCDM, Jeans mass fluctuations of mass ⇠ 106MJ,6M� are

the first DM-dominated dwarf galaxies to form at z ⇠ 10. [100?] These dwarfs, forming

before reionization, are the building blocks of the next generation of dwarf galaxies, some

of which may correspond to the extremely metal-poor ultra-faint dwarfs detected in recent

deep surveys.

The PBH imprint (i.e. the initial Poisson fluctuation) on these scales is f 1/2/
p
N ⇠

0.01(fm100/MJ,6)1/2. [HAVE INTERCHANGED m AND M FOR CONSISTENCY] This

means that that the first structures form at z ⇠ 100(f0.01m100/MJ,6)1/2, which is much

earlier than usual. For the fiducial parameters, one has to carefuly reexamine the limits

from recombination due to Bondi accretion of gas onto the PBH, as discussed by Mack et

al. [48]. We avoid this problem by considering the conservative case in which PBHs of mass

⇠ 100M� are subdominant (eg. with f ⇠ 0.01).

For LCDM, one can estimate the sizes, velocity dispersions and virial temperatures of

14
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(Afshordi et  al    2003)
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SUPERMASSIVE  PBHS  AS  SEEDS  FOR  GALAXIES

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

Also  predict  mass  function  of  galaxies  (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

9

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

9

For  extended  mass  function,  predict  
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Bondi  accretion  =>  

Hence

m ⇡ mi/(1�mi⌘t) , (4.11)

which diverges at a time

⌧ = 1/(⌘mi) ⇠ (Meq/mi)(ceq/c)
3teq , (4.12)

where Meq ⇠ c3teq/G ⇠ 1015M� is horizon mass at teq ⇠ 104 y and ceq ⇠ c. Thus accretion

is only important by the present epoch (to ⇠ 1010y) for [55]

mi > Meq(teq/to) ⇠ 109M� . (4.13)

This suggests that PBHs larger than 109M� will not be found at the centres of galaxies

because they wuld have swallowed the entire galaxy.

Note that accretion rate reaches the Eddington limit when

dm/dt ⇠ ⌘m2 ⇠ m/tED , (4.14)

where tED ⇡ 4 ⇥ 107y is the Salpeter timescale [REF]. Hence we would only have super-

Eddington accretion for

m > (⌘tED)
�1 ⇠ Meq(teq/tED) ⇠ 1012M� . (4.15)

But this never applies for the SMBHs of interest. Note that the density and temperaure

at the accretion radius will only correspond to the mean cosmological condiitons initially.

A more complicated analysis is required once the growing bound cloud around each PBH

becomes larger than the accretion radius.

V. EFFECTS ON OTHER COSMIC STRUCTURES

A. Lyman-↵ forest

To make Lyman-↵ clouds, here taken to be the precursors of galaxies somewhat smaller

than galaxies themselves [OK?], we require M ⇠ 1010M� and zB ⇠ 10, which implies m ⇠

104M� for the Poisson e↵ect. Indeed, in this context Afshordi et al. [14] used observations

of the Lyman-↵ forest to obtain an upper limit of about 104M� on the mass of PBHs which

provide the dark matter. This conclusion was based on numerical simulations, in which the
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GW  background  from  formation  of  VMO  BHs

GWs  generated  by  VMO  coalescences

MNRAS  207,  585  (1984)

Detectable  by  various  methods



PBHS  AND  GRAVITATIONAL  WAVES

Stochastic  PBH  background

Carr  1980
Clesse &  Garcia-Bellido 2015

Binary  background

Bond  &  Carr  1984
Nakamura  et  al.  1997
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Induced  GWs
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Pen  &  Turok 2015

LIGO

Bird  et  al.  2016
Clesse &  Garcia-Bellido 2016
Ereshenko 2016
Sasaki  et  al.  2016
Raccanelli et  al  2016
Dai  et  al  2016
Seto 2016
Nishizawa et  al  2016
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Transmuted  gravity  waves
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Primordial Black
Holes

PBH in Hybrid
Inflation

Constraints on
PBH abundances

After the GW
detection by
aLIGO/VIRGO...

Observable
predictions

Conclusion and
Perspectives

Conclusion and Perspectives

Hybrid Inflation :  

Mild-waterfall

Broad peak in the power 
spectrum of density 
perturbations

Formation of primordial black holes (PBH) :   
    less than one second after the end of inflation...
Large inhomogeneities collapse gravitationally and form 
massive primordial black holes, which could be 
already regrouped in dense halos.

Cosmic Microwave Background:
Massive primordial black holes induce distortions 
of the CMB,.  These could be probed with PIXIE.

The seeds of supermassive black holes : 
    during the first billion years...
A subdominant fraction of very massive PBH 
could be the seeds of SMBH,  then growing by 
successive merging and matter accretion.

21cm signal   about 500 million years...
X-rays emitted by accreting matter onto PBHs ionize 
the environment, leading to detectable signatures in the 
21cm signal.  

Local Universe: 
PBH are regrouped in ultra-faint 
dwarf galaxies.  Their existence could 
solve the missing satellite and too-big-
to-fail problems.  
Some of them have been detected by the 
DES experiment.   

In the Milky-Way:
The presence of PBH should induce tiny 
variations in the position and 
velocity of stars that are being 
monitored by GAIA.

Over the cosmic evolution... 

Binaries can form when PBH 
trajectories cross.   After a spiraling 
phase, the two PBH merge and emit 
gravitational waves, such as the ones 
detected by aLIGO/VIRGO.    PBH 
binaries also produce a background of 
gravitational waves, that will be 
probed by eLISA.

Halos of PBH induce correlated 
anomalies in the Cosmic Infrared 
Background (CIB) and X-ray 
background.

Our model of Primordial Black Holes Dark Matter
in a sketch...
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PBHs  of  M~10-3M0form  at  quark-hadron    era  
Crawford  &  Schramm

Microlensing  of  QSOs  èM>10-3MO

Hawkins

6y  MACHO  results  èM>0.5MO

Alcock  et  al

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

Microlensing  constraints
Hamadache  et  al
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PRIMORDIAL  BLACK  HOLEs  =  PBHs
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PBHs  form  from  inhomogeneities  
Hawking,  Carr  

Dark    matter  in  Planck  relics
or  sublunar or  IMBHs
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