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Dark Matter
is made of very strange guys.  They

• dont’ interact with normal guys,              
except gravitationally

• don’t emit light

• move slowly

• don’t interact with themselves,                     
or only slighly (core-cusp)

• are born in the early Universe

• don’t like to live with normal guys                 
in overcrowded flats (dwarf sph.)

• In total, they weight five times              
normal guys,  ΩDM= 5.5 Ωb 

• When they form structures, the expansion of 
the Universe accelerates (Dark Energy)
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Fine-tuning	problem?
Do	they	pass	
astro/cosmo	constraints?
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2015, SC, J. Garcia-Bellido: hybrid inflation scenario
Since then, many other models.

But:  double fine-tuning problem!
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PBH formation 
at QCD phase transition

• Sound speed/equation of 
state reduction during QCD 
(cross-over) transition

• Boosted PBH formation in 
the range 0.1-5 msun 
(assuming a nearly flat 
power spectrum)

• Second peak at 5-30 Msun

Byrnes et al., 1801.06138

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

Carr, SC, Garcia-Bellido, Kuhnel, in preparation
Byrnes et al., 1801.06138
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FIG. 1: The equation of state parameter ω and the sound speed squared c2s for the Standard Model [11],
plotted against horizon mass, in units of solar mass. The filled circles show the nodes of the spline used for

the fit for ω. The horizon mass range plotted corresponds to a temperature range of approximately
104 MeV to 1 MeV.

II. EQUATION OF STATE DURING THE QCD PHASE TRANSITION

As the universe cooled through a temperature of order 100 MeV, the effective number of relativistic
degrees of freedom changed rapidly as the strong interactions confined quarks into hadrons. Lattice QCD
studies [22, 23] agree that the transition is a cross-over, which means that thermodynamic quantities evolve
smoothly, and there is no period of phase coexistence (as in a first-order transition) or divergent specific
heat (as in a second-order transition). Instead, the equation of state parameter ω(T ) and the sound speed
squared c2s (T ) dip well below 1/3 at around this temperature, but suffer no discontinuity.
We denote the two relevant measures of the effective number of relativistic degrees of freedom as

geff(T ) =
30ρ

π2T 4
, heff(T ) =

45s

2π2T 3
, (1)

where ρ is the energy density and s the entropy density. From the relationship between the energy density,
entropy density and the pressure p = sT − ρ, we see that the equation of state parameter is given by

ω(T ) =
4heff(T )

3geff(T )
− 1 (2)

and the sound speed squared by

c2s (T ) =
4(4heff + Th′

eff(T ))

3(4geff + Tg′eff(T ))
− 1, (3)

where the prime indicates differentiation with respect to temperature.
The uncertainties in the functions geff(T ) and heff(T ) near the QCD transition have reduced dramatically

recently as improved computing power and techniques have enabled the use of quarks with physical masses
to study the equation of state of QCD at finite temperature. We will use the results of Ref. [11], which
combine lattice results near the transition with hard thermal loop effective theory at high temperatures and
the hadronic resonance gas at low temperature, to produce a definitive equation of state for the Standard
Model for temperatures in the range 1 ! T ! 105 MeV. This is the first time an accurate Standard Model
equation of state has been used in studies of PBH formation.
Ref. [11] tabulates values of geff(T ) and geff(T )/heff(T ) in a form suitable for spline interpolation, giving

about 1% accuracy in geff and 0.3% for the ratio. In Figure 1 we show the resulting equation of state



PBH formation 
at QCD phase transition

• Sound speed/equation of state 
reduction during QCD (cross-
over) transition

• Boosted PBH formation in the 
range 0.1-5 msun (assuming a 
nearly flat power spectrum)

• Second peak at 5-30 Msun

• nearly scale-invariant spectrum 
with ns = 0.97 works fine Byrnes et al., 1801.06138

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

Carr, SC, Garcia-Bellido, Kuhnel, in preparation
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Figure 1: Relativistic degrees of freedom g
⇤

(upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g

⇤

= 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M

�

is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM

(1�ns)/4
, (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
�

to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

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

Byrnes et al., 1801.06138



Let’s take a light spectator field during 
inflation (like the QCD axion)...
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slow-roll region

N>60 e-folds before the end of inflation:    Coarse-grained multiverse

hai ' aend

our patch

Stochastic quantum fluctuations                     dominate over 
the classical dynamics and do not affect the expansion.
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...and see how this field evolves 
in our Universe patch during inflation 
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These regions will generate curvature fluctuation after inflation  
and form PBH with different masses

...and see how this field evolves 
in our Universe patch during inflation 
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                     Extra e-fold
=> curvature fluct.
=> later collapse 
     and form a PBH 

slow-roll region

fast-roll 

During radiation era, when field density dominates: 

Super-horizon fluctuation 
of the stochastic spectator

above threashold  

These regions will collapse and form 
PBHs of different masses

Stochastic spectator landscape after 
inflation.... 

slow-roll 
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Fast roll, 
δN~0

no additional curvature 
fluctaution

slow-roll 
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Hubble horizon

PBH

shock wave

~ Hot Spot

A
B

C

protons

PBH

PBH

PBH

PBH

PBH

PBH

~10 000 km

PBH

PBH

PBH

PBH

At horizon re-entry (quark-hadron epoch)  
these fluctautions collapse into PBH

jets producing 
> TeV collisions
+parton showers

A. Gravitational collapse  of a curvature 
fluctuation at horizon re-entry

C. After radiating at speed of light, 
baryon asymetry nb/nγ = 6 x 10-10

B. Around collapsing regions, shock waves 
lead to Hot-Spot EW Baryogenesis 
with nb/nγ >1

which produces sort of 
«primordial supernovae» 



All the (Sakharov) conditions are met for       
Hot-Spot Electroweak Baryogenesis around PBH! 

• C and CP violation (the one in the standard model - CKM matrix)

• Baryon number violation  (sphaleron transitions, from >TeV collisions)

• interactions out of thermal equilibrium (PBH collapse)

Eletroweak baryogenesis:  need of exotic physics. 

Hot-spot Electroweak Baryogenesis:  PBH provide the ingredients and one 
naturally has the correct baryon-to-photon ratio if PBH are the DM

Carr, SC, Garcia-Bellido, 1904.02129   
Garcia-Bellido, Carr, SC, 1904.11482
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• Baryon number violation  (sphaleron transitions, from >TeV collisions)

• interactions out of thermal equilibrium (PBH collapse)

Eletroweak baryogenesis:  need of exotic physics. 

Hot-spot Electroweak Baryogenesis:  PBH provide the ingredients and one 
naturally has the correct baryon-to-photon ratio if PBH are the DM

Carr, SC, Garcia-Bellido, 1904.02129   
Garcia-Bellido, Carr, SC, 1904.11482

Works for any PBH-DM model!!!
In the stochastic spectator scenario:   
no parameter tuning, 
but anthropic selection argument

hai ' aend

our patch

radiation dominated Universe
Shorter Silk damping scale, overabundance of 

DM subhaloes, all the baryons are accreted by PBH 



And here is the expected mass function:



Does our preferred PBH model pass the 
current astro/cosmo limits?

Before 2016, it did not...  
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Does our preferred PBH model pass the 
current astro/cosmo limits?

However, the status today has changed!

Macho/EROS

Planck

Limits for for a monochromatic mass function!
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Does our preferred PBH model pass the 
current astro/cosmo limits?

However, the status today has changed!

Macho/EROS

Planck
disk accretion

Limits for for a monochromatic mass function!

Poulin, Serpico, Calore, SC, Kohri
1707.04206
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Does our preferred PBH model pass the 
current astro/cosmo limits?

However, the status today has changed!
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Planck
disk accretion

Limits for for a monochromatic mass function!
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Non-realistic assumptions behind Macho/EROS limits:

1. PBH uniformly distributed (no clustering)
2. Monochromatic mass function
3. Galactic halo:  simple cored isothermal sphere ~ (Rc2+R02)/(Rc2+R2)
4. Single local circular speed:  220 km/s
5. twelve steps selection of candidates and 4 events rejected for bad 
reasons (second microlensing a few years after)

A. Green, 1705.10818
1707.04206



Does our preferred PBH model pass the 
current astro/cosmo limits?

However, the status today has changed!

Macho/EROS - 4 events

Planck
disk accretion

Limits for for a monochromatic mass function!
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Does our preferred PBH model pass the 
current astro/cosmo limits?

However, the status today has changed!

Macho/EROS 
compact clusters 

(103 PBH)

Planck
disk accretion

Limits for for a monochromatic mass function!
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Does our preferred PBH model pass the 
current astro/cosmo limits?

However, the status today has changed!

Macho/EROS 
90% PBH in UFDG
10% uniformy dist.

Planck
disk accretion
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current astro/cosmo limits?

However, the status today has changed!

Macho/EROS 
90% PBH in UFDG
10% uniformy dist.

Planck
disk accretion

For an extended mass function, one needs to find the equivalent mass for each probe 
and compare to the monochromatic limit  (Bellomo et al, 1709.07467)
BUT:  this approach neglects backreactions from PBH of different masses !!!
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profile



Does our preferred PBH model 
is supported by some observations?

3

Figure 1: Relativistic degrees of freedom g
⇤

(upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g

⇤

= 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M

�

is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM

(1�ns)/4
, (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
�

to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH
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where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M
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is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM

(1�ns)/4
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where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
�

to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

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

exp (E, i) / fPBH. As a conservative ap-
proach, we use the observed counts, Nobs(tE,i) for the
expectation value of microlensing events due to stellar
components. In the following, we assume that the MW
DM model for the spatial and velocity distributions for
PBH in Sections III, and we treat the PBH mass frac-
tion parameter, fPBH, as a free parameter for an assumed
PBH mass scale (MPBH). Namely we consider a single
model parameter for an assumed PBH mass scale (we will
discuss later for a possible extension of this assumption).
When fPBH = 0, i.e. NPBH

exp = 0, the maximum likeli-
hood is realized because of NPBH

exp � 0. The last term in
the above log likelihood is irrelevant for parameter infer-
ence, because it is a fixed number irrespectively of model
parameter (fPBH).

Given the likelihood function and the PBH model (de-
noted as M), the posterior distribution of model param-
eter, fPBH, is computed based on the Bayes’s theorem
as

P (fPBH|d, M) =
L(d|fPBH)⇧(fPBH)

P (d|M)
, (39)

where ⇧(fPBH) is a prior of fPBH and P (d|M) ⌘ E is the
evidence. In this paper, we assume a flat prior, fPBH  1;
the total PBH mass in the MW region cannot exceed
the DM mass. By computing the above equation with
varying the model parameter fPBH, we can obtain the
posterior distribution for an assumed mass scale of PBH.
Fig. 6 shows some examples for the posterior distribution
for a given PBH mass scale, obtained from the above
method.

Niikura et al., 1901.07120
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where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M
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is the
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this work, we utilise the numerical results for �c from
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are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM

(1�ns)/4
, (3)

where the spectral index ns and amplitude A are treated
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
�

to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
�

to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH
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turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
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to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH
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OGLE/Gaia microlensing events in the galactic bulge
Dark lenses:  BH in the mass gap
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Fig. 1. Extinction-free colour-magnitude diagram for sources with par-
allax events from Wyrz16. The background is the extinction-corrected
CMD of stars in the sub-field of the PAR-02 event. Selected dark lenses
are marked in red. Black marks sources in events with GDR2 data se-
lected after the blending cut where the lens is consistent with being a
main-sequence star. Blue marks the remaining events. The green dotted
box indicates the Red Clump Region used in Wyrz16.

1.0 (negative blending), meaning there is no additional light
present.

2.2. Colour-magnitude diagram

In Wyrz16 the distance to the source was not known, hence for
dark lens candidates we only selected among the events with
sources located within the Red Clump region and assumed their
distance as 8 kpc. In this work we can relax this constraint
and include sources outside of the Red Clump region when
GDR2/CBJ18 data are available.

Figure 1 shows a colour-magnitude diagram (CMD) with all
59 parallax events from Wyrz16 with the 18 selected dark lenses
marked in red. Black points mark the remaining 6 events for
which there were GDR2 data and which passed the blending cri-
teria, however, their dark-lens probability was below 75%. Re-
maining events (too bright blend) are marked in blue. The I-band
magnitudes of the sources were de-blended using I0 and fS from
the microlensing parallax MCMC models and were corrected
for extinction, based on Nataf et al. (2013) extinction maps for
OGLE-III. The background shows the stars from the field con-
taining PAR-02 event, as a typical Bulge field, for reference only.
There are two events (PAR-12 and PAR-30) with sources located
outside of the Red Clump region for which the use of Gaia dis-
tances and proper motion indicated the dark nature of the lens.

3. Mass function

Two-dimensional mass-distance posterior probability density
functions obtained for each event were marginalised over the
distance to derive the one-dimensional probability densities for
the dark-lens masses. Figure 2 shows the mass probability den-
sity functions for all 18 events (their most ”dark” solution) as
computed using GDR2 parameters for the sources (upper panel).
The thin blue lines mark the median values for each mass. The
lower panel is the histogram of median masses of this sample
with (blue) and without (green) e�ciency correction, using the
same e�ciency correction as in Wyrz16; this panel is shown for

Table 4. Probabilities for having a dark lens in parallax events. Prob-
abilities are shown for all solutions in which the blend is fainter than
18.5 mag and events are sorted according to the highest probability of
any of the solutions. PAR-34 is the last candidate included above the 75
per cent threshold. Asterisks mark dark lens candidates.

Lens name u0 > 0 u0 > 0 u0 < 0 u0 < 0
OGLE3-ULENS- ⇡EN > 0 ⇡EN < 0 ⇡EN > 0 ⇡EN < 0
PAR-02⇤ - - - 99.9
PAR-13⇤ - 99.9 99.8 -
PAR-05⇤ 99.5 - - -
PAR-04⇤ 99.1 - - 99.2
PAR-07⇤ - 99.2 - -
PAR-30⇤ 99.1 - - 98.8
PAR-15⇤ - 98.3 95.4 -
PAR-12⇤ 95.7 - - -
PAR-03⇤ 94.5 - - -
PAR-09⇤ - 94.4 - -
PAR-33⇤ 93.2 - - -
PAR-38⇤ 92.8 - 91.8 -
PAR-27⇤ 90.8 - - 77.7
PAR-39⇤ - 88.8 - 88.5
PAR-48⇤ 88.3 - - 85.7
PAR-22⇤ 83.1 - - -
PAR-24⇤ 77.9 - - -
PAR-34⇤ 76.9 - 80.2 -
PAR-19 - 70.8 - 69.2
PAR-28 55.4 - - 69.6
PAR-44 - 55.1 48.8 -
PAR-42 - 45.8 - -
PAR-16 - - 41.2 -
PAR-47 - 30.4 - -
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Fig. 2. Upper panel: mass posterior probability densities for 18 dark
lenses in OGLE parallax events with Gaia DR2 parameters. Blue verti-
cal lines indicate their medians listed in Tab.5. Lower panel: histogram
of median masses in green before e�ciency correction and in blue after
correction for detection e�ciency.

illustration only, and the full mass posteriors are used for the
population modelling as described below.

We use hierarchical Bayesian inference to infer the mass
function of compact objects from the data set described above
(Hogg et al. 2010). We apply the methodology of Mandel (2010),
who specifically considered inference on a mass distribution
given a sample of uncertain measurements.

Let the predicted mass distribution be described by a model
with parameters ✓, i.e., the model defines p(M|✓). The probability

Article number, page 6 of 12
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turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
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to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

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

cosmic infrared background anisotropies

A. Kashlinsky1,

ABSTRACT

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1. Introduction

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

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

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

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

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

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

dense, low velocity-dispersion concentrations which escaped merging. There is abundant motivation
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Figure 1: Relativistic degrees of freedom g
⇤

(upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g

⇤

= 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M

�

is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM

(1�ns)/4
, (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
�

to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
The constraint from each probe of the total PBH
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]

�PBH

mPBH
⇡ 0.3


mPBH

M�

� 
vrel
km/s

��4

cm2/g , (1)

if all PBH have the same mass and relative velocities
typical to the one expected in the core of some DM halos,
vrel ⇠ O(1)km/s. In reality, the numerous light PBH
from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ⇡
rN/(8vvir lnN), where N is the number of PBH within
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]
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from an extended mass distribution could significantly
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could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ⇡
rN/(8vvir lnN), where N is the number of PBH within
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]
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from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]

�PBH

mPBH
⇡ 0.3
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cm2/g , (1)

if all PBH have the same mass and relative velocities
typical to the one expected in the core of some DM halos,
vrel ⇠ O(1)km/s. In reality, the numerous light PBH
from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ⇡
rN/(8vvir lnN), where N is the number of PBH within
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]
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if all PBH have the same mass and relative velocities
typical to the one expected in the core of some DM halos,
vrel ⇠ O(1)km/s. In reality, the numerous light PBH
from an extended mass distribution could significantly
boost the e↵ective cross-section so that larger velocities
could be accommodated. One can determine the typical
radius below which gravitational PBH scattering leads
to an homogenization of the kinetic energy, and thus of
the density, we have computed the relaxation time of
the system, assuming a NFW profile initially, trelax(r) ⇡
rN/(8vvir lnN), where N is the number of PBH within
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FIG. 3. Absolute magnitude MV vs. the half-light radius rh of dwarf galaxies, globular clusters and extended objects in the
Milky-Way (MW), M31 or galaxies of the local group. The vertical gray line represents our estimation of the limit below which
DM-dominated faint dwarf galaxies, or their star cluster, have been dynamically heated by solar-mass PBH, if they constitute
all the DM. The non-detection of faint dwarfs on the left-hand side of this line is a clue in favor of the PBH-DM scenario.
In this scenario, early matter accretion makes dwarf galaxies naturally faint, most of them being potentially located below
the detection limit, providing a solution to the missing satellites problem and to the missing baryons. Accretion onto PBH in
large and dense halos would also suppress star formation, which might also explain the too-big-to-fail problem. The predicted
mass-to-light ratio after a PBH accretion episode (for the toy-model discussed in the text) is represented by the colored scale
and is roughly consistent with the ones of dwarf galaxies. The DM dominated Crater 2 and the recently detected di↵use galaxy
NGC1052-DF2 lacking of DM, are pointed out and fall respectively below and above the expected transition in mass-to-light
ratios. Figure adapted from [39].

Navarro–Frenck–White (NFW) profile [40], whereas the
halo reconstruction from kinematical properties suggest
that dwarf galaxies have a core profile [41]. Baryonic
feedback is a possible explanation but the importance
of the e↵ect is still debated [42]. In particular, bary-
onic feedback would not homogenize the DM cusp in the
largest halos, neither in low-mass ultra-faint dwarf galax-
ies, in which star formation in suppressed. But some
recent observations support the existence of a core in
halos with those smallest and largest mass scales: on
the one hand, as already discussed, the star cluster at
the center of some ultra-faint dwarf galaxies should have
been disrupted by the DM cusp and, on the other hand,
observations support an o↵set of 10 to 20 kpc between
some brightest cluster galaxies and the center of very
massive (> 1013M�) DM halos [43]. The galactic wob-
bling around the DM halo center supports a core profile
that would hardly be explained by baryonic feedback.

An alternative scenario is the one of interacting par-
ticle dark matter [44, 45]. For cross sections between

0.1 and 2 cm2/g, the kinetic energy exchange between
DM particles would induce a core profile compatible with
observations [46]. Strangely, gravitational scattering be-
tween solar-mass PBH actually leads to a similar cross-
section, given by [47]
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boost the e↵ective cross-section so that larger velocities
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the system, assuming a NFW profile initially, trelax(r) ⇡
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Figure 1: Relativistic degrees of freedom g
⇤

(upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g

⇤

= 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M

�

is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM

(1�ns)/4
, (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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Figure 2: The mass spectrum of PBH for a curvature fluc-
tuation with ns = 0.96, 0.97, 0.98. The grey vertical lines
corresponds to the EW and QCD phase transitions and e+e�

annihilation.

turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
�

to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
↵ = dn

s

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

Conclusions

– overview
– isolated binary evolution vs dynamics
– the most disputed case

Predictions vs LIGO/Virgo effective spins
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– if LIGO/Virgo effective spins continue at low values:
then even BHs with MBH < 30 M� are born with low spins
–> efficient angular momentum transport in stellar interiors

Chris Belczynski Stellar-origin Black Holes: Rates and Properties

Expected effective spin distribution...
The best that stellar models can do!
from C. Belcynski’s talk  at 2018 CERN 
workshop on PBH 



Does our preferred PBH model 
is supported by some observations?

3

Figure 1: Relativistic degrees of freedom g
⇤

(upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g

⇤

= 100 and w = 1/3,
respectively.

where ⌦CDM ⇡ 0.245 and ⌦b ⇡ 0.0456 are the density
parameters of the cold dark matter (CDM) and the
baryons (b), respectively, and Meq ⇡ 2.8⇥1017M

�

is the
horizon mass at matter-radiation equality. Throughout
this work, we utilise the numerical results for �c from
Musco and Miller [6].

Induced Features in the PBH Mass Spectrum — There
are many inflationary models and these predict a variety
of shapes for �H(M). Some of them — including two-field
inflation models like hybrid inflation [17, 18] — produce
an extended, plateau or dome-like feature. Instead of fo-
cussing on any specific scenario, we here assume a quasi-
scale-invariant spectrum,

�H(M) = AM

(1�ns)/4
, (3)

where the spectral index ns and amplitude A are treated
as free phenomenological parameters. Remarkably, it
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turns out that for A = 0.148693 and ns = 0.97, there are
enough PBHs at the mass-scales of 10�6

, 1, 30, 106M
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to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
PLETE SENTENCE]. Negative running could extend
the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
but in most slow-roll inflationary models, running is ob-
tained at second order in slow-roll parameters. Typically
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/d ln k . 10�4, which is not enough to change
the PBH mass distribution dramatically. [IN GENERAL
MODELS (E.G. CRITICAL HIGGS INFLATION) THE
CMB SCALES AND PBH FORMATION ARE DE-
COUPLED AND A ”HALF DOME P(K)” MAY HAVE
PROPERTIES RADICALLY DIFFERENT FROM
THOSE AT CMB. NOT CLEAR THEN WHY DO
WE CONNECT THOSE TWO STAGES.] We do not
consider the limits on the merging rate of subsolar
binaries from Ref. [?] because they use the merging
rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
fPBH & 0.1, as shown by N-body simulations of Raidal
et al. (REF). Segues-I limit [COMPLETE SENTENCE].
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to simultaneously explain four cosmic conundra: (a) all
of the dark matter, (b) the LIGO/Virgo results, (c)
recent microlensing OGLE events towards the Galactic
bulge, and (d) the SMBH seeds required in galactic
nuclei. Figure 2 depicts the corresponding dark-matter
fraction as a function of PBH mass.

Constraints — As shown in Fig. 2, for ns & 0.98,
there is an overproduction of the light PBHs, these
being severely constrained by microlensing experiments,
neutron star and white dwarf abundances in globular
clusters, and extragalactic gamma-ray radiation (REF).
A model with ns . 0.95 [COMPLETE SENTENCE].
Interestingly, the mass distribution for ns ' 0.97 [COM-
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the possible range of spectral index somewhat, by sup-
pressing the abundance of both light and heavy PBHs,
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PROPERTIES RADICALLY DIFFERENT FROM
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rates for a monochromatic distribution (REF) and the
rates are suppressed for a wide mass distribution with
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• dont’ interact with normal guys,              
except gravitationally

• don’t emit light

• move slowly

• don’t interact with themselves,                     
or only slighly (core-cusp)

• are born in the early Universe

• don’t like to live with normal guys                
in overcrowded flats (dwarf sph.)

• In total, they weight five times              
normal guys,  ΩDM= 5.5 Ωb 

• When they form structures, the expansion of 
the Universe accelerates (Dark Energy)

Could they be 
black holes?
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primordial	(PBH)	
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Do	they	pass	
astro/cosmo	constraints?

Yes	!!!
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Conclusion:  PBH might be the best motivated       
(both theoretically and observationally) 

Dark Matter model on the market!
Don’t forget them!



And Dark Energy????
Very crazy idea: There exists a long-standing natural explaination to 

this coincidence problem: backreactions!
Can gravitational backreactions from non-linear structures 

mimic Dark Energy? 
• in LCDM:  impossible due to CMB constraints on the power spectrum 

(Gaussian perturbations)

• in PBH-DM:  a stochastic spectator generates a double peak in the 
statistical distribution of curvature perturbations.                                  
Rare large fluctuations exist! (without spoiling CMB)
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Thank you!
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Rethinking Dark Matter interactions: 



Primordial Black Holes

PBH

PBH

overdensity

overdensity
DM production 

Rethinking Dark Matter interactions:   PBH formation

CMB distortions, ultra-compact mini halos
Detectable GW background by Pulsar Timing Arrays (SKA) / LISA



Primordial Black Holes

Indirect Detection

PBH

PBH

GW

PBH

Rethinking Dark Matter interactions:   merging of PBH 
GW from BH mergers detected by LIGO,

constraints from Dark Radiation, detectable SGWB by LISA 

Clue 1: LIGO merger rates compatible with PBH-DM

Clue 1I: Low spin and mass of black hole progenitors
Bird et al ;  S.C., J. Garcia-Bellido ; M. Sasaki, T. Suyama, S. Yokoyama, March 2016

Next step:   Black hole below Chandrasekhar mass (ET), SGWB



Primordial Black Holes

D
irect detection

PBH

PBH

Star, PBH

Star, PBH

Rethinking Dark Matter interactions:   Gravitational scattering 

Ultra-faint 
dwarf galaxies,

core/cusp problem

Clue 3:  observations of faint dwarf galaxies and their star clusters



Primordial Black Holes

D
irect detection

PBH

PBH

X-rays

H atom
DM production 

Rethinking Dark Matter interactions:   accretion onto PBH 

X-ray background 
radiation, 

CMB signatures,
21cm signal (SKA)

Could explains the mass-to-light ratios in dwarf galaxies, missing stellites, 
super-massive black holes...

Clue 5:  Correlations between X-ray and infrared backgrounds
Clue 6:  Observations of early super-massive BH



Primordial Black Holes

D
irect detection

PBH

PBH

photon

photon

Rethinking Dark Matter interactions:   microlensing surveys

Microlensing
of stars in Andromeda 

and distant quasars, 
lensing of supernovae

Clue 7:  between 15% and 35% of sub-solar compact objects 
               in galactic halos

S.C., J. Garcia-Bellido, 1711.10458; SciAm, July 2017



Indirect Detection

Primordial Black Holes

D
irect detection

PBH

PBH

photon, H, star, PBH, 
GW, overdensity

photon, H, star, PBH,  
GW, overdensity

DM production 

Exciting times, multiple probes, some clues in observations, 
upcoming experiments will challenge the scenario...


