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Outline

• Primordial Black Hole (PBH) formation 

• (High-frequency) gravitational-wave signatures of PBHs 

• A resonant EM detector based on the inverse Gertsenshtein effect 

• Prospective:  potential limits on the abundance of planetary-mass PBHs
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2015, SC, J. Garcia-Bellido: hybrid inflation scenario 
Since then, many other models 

But:  double fine-tuning problem! 
(For Gaussian perturbations, the density of PBH depends 

exponentially on the threshold) 
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Astro/cosmo limits

Carr & Kuhnel, 2006.02838

Hawking radiation Microlensing Dynamical effects
Accretion Large scale structuresLIGO-Virgo / PTAs 6



PBH formation  
at the QCD phase transition

• Change in the relativistic     
degrees of freedom 

• Equation of state reduction,    
particularly at the QCD transition 

• Critical threshold is reduced 

• Boosted PBH formation, resulting 
in a bumpy mass function

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

Byrnes et al., 1801.06138
B. Carr, S.C., J. Garcìa-Bellido, F. Kühnel  

arXiv:1906.08217

From known thermal history:
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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

‣ Nearly scale-invariant spectrum 
‣ Spectral index: ns = 0.97 
‣ Peak at ~[2-3] Mʘ 
‣ Second peak at ~30 Mʘ 
‣ Two bumps at 10-6 and 106 Mʘ

ns = 0.965 
ns = 0.97 
ns = 0.975 
fDM = 1 
 

me
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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�
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

B. Carr, S.C., J. Garcìa-Bellido, F. Kühnel , 1906.08217

Primordial Black Holes 
Clues in observations
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1

1 6 ultra-short microlensing events in OGLE data 
Above expectations for floating planets! See also: Mroz et al, 2009.12377
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FIG. 8: Shaded blue region is the 95% CL allowed region of PBH abundance, obtained by assuming that 6 ultrashort-timescale
microlensing events in the OGLE data are due to PBHs. Note that we assume a monochromatic mass scale for PBHs as given
in the x-axis. The allowed region is computed from the condition P (fPBH,MPBH)/Pmax > 0.046, which corresponds to 95% CL
if the surface of posterior distribution follows a two-dimensional Gaussian distribution (Pmax is the posterior distribution for
the best-fit model). Dark shaded region shows the result when combining the allowed region of the ultrashort-timescale events
with the upper bounds from the Subaru constraints and the longer timescale OGLE data.

DM, fPBH, is specified for an assumed PBH mass scale
(MPBH); N

PBH

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. N

PBH

exp
= 0, the maximum likeli-

hood is realized because of N
PBH

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

Primordial Black Holes 
Clues in observations
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Gravitational Waves 
from PBHs

2.  Extra-galactic sources:  waveforms from PBH mergers (early 
binaries and binaries in clusters)

3.  Cosmological sources (high-z):  GW background from PBH 
mergers

1.  Local sources:  continuous waves from PBH inspiral phase

4.  Primordial sources:  GW background from density fluctuations 

All can lead to high-frequency GWs!
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Gravitational Waves 
from PBHs

1.  Local sources:  continuous waves from PBH inspiral phase

LIGO/Virgo/ET:   planetary-mass chirp masses at pc-kpc distance

High-frequency GW detectors:   asteroid masses in the solar system

Miller, De Lillo, S.C., arXiv:2012.12983 
Miller, Aggarwal, S.C, De Lillo, arXiv:2110.06188 

Exemple:  chirp mass =  10-13 solar mass,  D = 1 AU, f = 1012 Hz, , h = 5 x10-25
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Gravitational Waves 
from PBHs

2.  Extra-galactic sources:  waveforms from PBH mergers (early 
binaries and binaries in clusters)

LIGO/Virgo:   stellar-mass black holes (D~100-1000 Mpc)
High-frequency GW detectors:    planetary-mass black holes

fISCO ⇡ 4400Hz⇥ M�
m1 +m2

<latexit sha1_base64="oERlNf7rBwAcZgVDoFjjNmKD9bE="></latexit>

Exemple:  chirp mass =  10-5 solar mass,   
D = 1 Gpc, fISCO = 220 MHz , h ~ 10-28

13



Gravitational Waves 
from PBHs

2.  Extra-galactic sources:  waveforms from PBH mergers (early 
binaries and binaries in clusters)
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Gravitational Waves 
from PBHs

2.  Extra-galactic sources:  waveforms from PBH mergers (early 
binaries and binaries in clusters)

arXiv:2011.1241415



Gravitational Waves 
from PBHs

16

3.  Cosmological sources (high-z):  GW background from PBH 
mergers (early PBH binaries)

8

where we used the following result, obtained by numerical
integration,

Z 1

0

dz

(1 + z)4/3H(z)
= 0.7642H�1

0 . (21)

Considering a synthesized population of 106 binaries with
given velocities and impact parameters, the marginalized
GW spectrum over PBH masses is then obtained. The
spectrum is shown in Figure 2, where we have chosen
the virial velocity in those clusters to be vvir = 5 km/s
(which is compatible with velocity dispersions in faint
dwarf galaxies).

VI. GWB FROM EARLY PBH BINARIES

These binaries have a merging rate distribution that
depends not only on the masses, but also on the redshift
z (see Equation (12)). Consequently, one also has to
integrate over z in order to find the background from the
early binaries. Inserting the primordial rate ⌧prim(z) in
the integral (8), one obtains

h
2
c(f) =

4

3⇡1/3 c2
(GMc)

5/3
f
�4/3

⇥

Z 1

0

dz

(1 + z)4/3H(z)
⌧prim(z), (22)

where ⌧prim(z) = ⌧prim⇥ (t(z)/t0)�34/37�0.29. One has to
perform the following numerical calculation:

Z 1

0

(t(z)/t0)�34/37�0.29

(1 + z)4/3H(z)
dz = 5.92H�1

0 . (23)

Using the same units as before, one gets

hc(f) ' 3.21⇥ 10�25

✓
⌧prim

yr�1Gpc�3

◆1/2

⇥

✓
f

Hz

◆�2/3 ✓
Mc

M�

◆5/6

. (24)

The GWB produced by these early binaries is shown in
Figures 3 and 4.

VII. DETECTABILITY WITH GROUND-BASED
INTERFEROMETERS

As shown in Figures 2 and 5, the 2� power-law inte-
grated sensitivity of aLIGO/aVirgo O2 and O3 observ-
ing runs does not yet constrain the expected GW back-
ground for PBH clusters. However, the GW spectrum
clearly reaches the sensitivity of Einstein Telescope (ET),
as well as the design sensitivity of upgraded aLIGO fa-
cilities (A+) in the PBH model with the lowest value
of ns (0.965). On Figure 5, we also show an updated
estimate of the combined GWB coming from the merg-
ing of three classes of compact binaries: binary black

holes (BBHs), binary neutron stars (BNSs), and neutron
star-black holes (NSBHs), from [49]. The combined back-
ground coming from BBHs and BNSs is predicted to be
⌦BBH+BNSh

2(25 Hz)= 3.3+3.3
�2.3 ·10

�10. Furthermore, com-
bining the upper limit on ⌦NSBH(f) with the upper 95%
bound on the contributions from BBH and BNS merg-
ers, we set an upper bound on the total expected GWB,
⌦Totalh

2(25 Hz)  0.86 · 10�9. The GWB from PBHs
in clusters is approximately at the same level as the one
from sources of astrophysical origin, though the former
is significantly lower around 100 Hz due to merging of
PBHs with low mass ratios. As a result, at the frequency
at which LIGO will have its best sensitivity, the spectral
index (defined as d log⌦GW/d log f) of the GWB from
PBHs in clusters is slightly negative, whereas the predic-
tion for astrophysical sources is around 2/3. Probing this
spectral index with ground-based detectors can therefore
be used to distinguish an astrophysical from a primor-
dial origin if they have a broad mass function, when one
includes thermal features.

For early PBH binaries, the GWB is represented on
Figures 3, 4 and 6 for di↵erent values of ns and fPBH.
We observe that if PBHs contribute to the dark mat-
ter with more than fPBH ⇡ 0.01, the GW spectrum is
above the projected limits for the HLV (LIGO-Hanford,
LIGO-Livingston and Virgo) and A+ detectors, but is
not yet constrained by the current limits imposed by
the third observing run of aLIGO/aVirgo, and in the
model with the lowest value of ns (0.965), the GW spec-
trum is slightly below the sensitivity of aLIGO/aVirgo
O3 run. Therefore, the next observing runs (O4 and O5)
of aLIGO/aVirgo may be crucial for its detection and for
the determination of its properties. The spectrum is also
well above expectations for astrophysical sources if the
PBH constitute almost all of the dark matter, whereas
for lower values of fPBH, the GW spectrum crosses the
upper limit on the GWB from BBHs, BNSs and NSBH
mergers, and has the same spectral index. In this case,
di↵erentiating the two backgrounds in future detections
could be challenging.

Our analysis also reveals the important contribution
of PBH binaries with very low mass ratios to the GWB,
combining a solar-mass PBH from the QCD peak with
a subsolar mass PBH. In order to quantify the contri-
bution form the di↵erent masses, we have computed the
GWB amplitude ⌦gwh

2 as a function of m1 and m2, both
for clusters and early binaries, shown in Figure 8. This
way, we explain why the dark green curve correspond-
ing to ns = 0.975 (Figure 2 and 4) is lower than for the
other values of ns, given that massive black holes are
less numerous (see Figure 1) and so contribute less to
the GWB. Moreover, as shown in Figure 3, increasing
the PBH abundance fPBH increases the amplitude of the
GW spectrum. This can be seen directly from equation
(12), and comes from the fact that a higher PBH abun-
dance makes a greater contribution to the spectrum. At
frequencies above 100 Hz, binaries with subsolar black
holes dominate the signal, leading to an opposite con-

Typically smaller than for individual sources but one can get a higher detector 
sensitivity by integrating over a long period 

Open question:   
are high-frequency detectors more convenient for individual sources or a 

stochastic background ?



Gravitational Waves 
from PBHs
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4.  Primordial sources:  GW background from density fluctuations 
GWs sourced at second order by density perturbations  

in the linear perturbation theory  
=> SGWB compatible with NANOGrav 12.5 hint

De Luca et al, arXiv:2009.08268

Go to high-frequency for light 
(evaporated) PBHs

GUT scale:  ~0.1 gram  
~ MHz-GHz
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• Primordial Black Hole (PBH) formation 

• (High-frequency) gravitational-wave signatures of PBHs 

• A resonant EM detector based on the inverse Gertsenshtein effect 

• Prospective:  potential limits on the abundance of planetary-mass PBHs
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Resonant EM detector 
of high-frequency GWs

GR:  Electromagnetic fields 
contribute to the energy momentum tensor

in Einstein Equations
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Gravitational-waves 
can produce EM radiation
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contribute to the energy momentum tensor

in Einstein Equations
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can produce EM radiation

Effect boosted in the presence of  
strong EM fields

(1st order effect on top of a zero-order field)

19
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GR:  Electromagnetic fields 
contribute to the energy momentum tensor

in Einstein Equations

Gravitational-waves 
can produce EM radiation

Effect boosted in the presence of  
strong EM fields

(1st order effect on top of a zero-order field)

Static, strong magnetic field:  
Inverse Gertsenshtein effect

Additional boost in a resonant cavity
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Resonant EM detector 
of high-frequency GWs

This detector exists:  ADMX (axion detection),  
but the static magnetic is mis-oriented (along z axis) for GW detection
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Resonant EM detector 
of high-frequency GWs

This detector exists:  ADMX (axion detection),  
but the static magnetic is mis-oriented (along z axis) for GW detection

The time is fixed for the experiment  
to detect powers of order 10-22 W (~days/weeks) 

For a signal ~10-5 s, power sensitivity of ~10-16 
(we assumed ~10-10)

Stern et al, arxiv:1603.06990
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Resonant EM detector 
of high-frequency GWs

A guide for beginners (including myself): 
Step 1:  Start from where you know… 

Step 2:  Expand the covariant derivative 
Step 3:  Perturb your Minkowski metric (in Lorenz gauge) + Faraday tensor 

22



Resonant EM detector 
of high-frequency GWs

A guide for beginners (including myself): 

Step 4:  Simplify this ugly equation:  static B and plane-GW in z direction  

Step 5:  Energy in the cavity obtained with dimensional analysis  

10-2810-6

~ 10-20 J
~ 10-15 W

~ 10-11 W with optimal design
Step 6:  Do the full simulation including resonant modes  

(boost by one order in power) 23



Outline

• Primordial Black Hole (PBH) formation 

• (High-frequency) gravitational-wave signatures of PBHs 

• A resonant EM detector based on the inverse Gertsenshtein effect 

• Prospective:  potential limits on the abundance of planetary-mass PBHs
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Planetary-mass PBHs 
Potential limits

Projected limits on PBHs  
for a power sensitivity of 10-10 W
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Conclusion
Resonant EM detectors: 

• based on GW-photon conversion in presence of a static magnetic field 

• are like ADMX, but with B-field rotated by 90 degrees 

• could detect h~10-28 with an optimal design and if one can achieve a power 
sensitivity of ~10-10  (consistent with the power sensitivity in ADMX)  

• could probe planetary-mass PBH mergers and set complementary limits on 
this interesting mass range (microlensing observations) 

Perspectives and propositions:   
- Explore the possible re-use of an existing experiment 
- Re-do / check / refine calculations for more realistic designs 
- Study the possibility of GW background detection
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