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…linked to the QCD epoch

• Chandrasekhar mass ~ Horizon mass                          
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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
↵ = dns/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

ns = 0.965

ns = 0.97

ns = 0.975

fDM = 1
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✓  Inevitable 
✓  Naturally leads to stellar-mass PBHs 
๏  But does not solve the                     

abundance/transition problems
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Limits vs clues, a question of point of view

5

Hawking radiation

Microlensing

Primordial power  
spectrumAccretion

Carr & Kuhnel, 2006.02838

De Luca, Franciolini, Riotto et al., 2009.08268


https://arxiv.org/abs/2009.08268
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Continuous waves from planetary-mass PBHs
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O3 limit 
Miller, SC. et al 
2110.06188
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Gravita9onal-wave background from early PBH binaries:

Ground-basedLISAPTA’s

6

A boosted gravita/onal wave background for primordial black holes 
with broad mass distribu/ons and thermal features

Ground-based

O3 limit

stellar BHs + neutron stars

LVK design

Einstein Telescope

PBHs

[E. Bagui, SC, 2021]
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Gravita9onal-wave background from early PBH binaries:

Ground-basedLISAPTA’s

6

A boosted gravita/onal wave background for primordial black holes 
with broad mass distribu/ons and thermal features

Ground-based

Well above stellar BH predictions due to solar-mass + planetary-mass binaries 
At the limit of being detected by LIGO/Virgo ! 

O3 limit

stellar BHs + neutron stars

LVK design

Einstein Telescope

PBHs

[E. Bagui, SC, 2021]
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Noise or tip of the iceberg ?
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LVK, 2109.12197



Subsolar black hole mergers
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But… Poisson effect in a black hole sea!


Do not include

merger rate suppression 

due to PBH clusters 

inevitably induced 

by Poisson fluctuations

LVK, 2109.12197
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GW background from density perturbations
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Source gravitational-waves  
(at 2nd order) 



GW background from density perturbations

15

ÁÁ

ÁÁ

ÁÁ

EPTA
NANOGrav
PPTA

10-11 10-10 10-9 10-8 10-7 10-6 10-5
1 ¥10-11

5 ¥10-11

1 ¥10-10

5 ¥10-10

1 ¥10-9

5 ¥10-9

1 ¥10-8
1 10-2 10-410 210 4

f @Hz D

W
G
W
,0
h2

m PBHêMü

Figure 5. Spectra of the stochastic gravitational wave background from PBH formation, for the
models of Fig. 2. The circles show the best current 95% C.L. limits from di↵erent pulsar timing
arrays (PPTA [105], EPTA [102] and NANOGrav [103]), at frequency f = 1yr�1 (assuming scale-
invariant GW spectrum).

done in [79] to � ⇠ 3. The resulting relative energy density of gravitational waves induced
by scalar perturbations today, ⌦GW, 0 is then given by

⌦GW, 0 =
a0k

2

aeqk
2
eq

T
2(k, t0)Ph(k) . (4.10)

In the subsections below, we use these results to calculate the spectra of GW produced at
second order in the models described in Sections 3.1, 3.3, 3.2 and 3.4.

4.5 GW from Gaussian power spectrum

We have evaluated numerically the integral of Eq. (4.1) for one hundred k values in the
range [kp ⇥ 10�3

, kp ⇥ 103], where kp is the peak scale of P⇣ . The resulting gravitational
wave spectrum is shown in Fig. 5. As can be seen in Fig. 2, this range of scales is su�cient
to capture practically all the power of the perturbations. We checked that the result is
stable under changes in the number of modes and domain of integration. The GW spectrum
amplitude peaks at ⌦GW,0h

2
⇡ 1.5 ⇥ 10�9 on the nanohertz scale probed by PTA. We also

computed the spectrum of GW from PBH formation corresponding to a di↵erent peak scale
kp and adapted the peak amplitude Pp to still get f tot

PBH
= 1 today, so that the GW spectrum

peaks in the range of LISA with PBH mass mPBH ⇠ 10�10
M�. This spectrum is shown

in Fig. 7. Finally, by computing the gravitational-wave spectrum Ph, shown in Fig. 6 for
decreasing values of �p, we have checked that one recovers the �-peak spectrum.

– 11 –

SC, Garcia-Bellido, Orani, 2018
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