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Light primordial black holes may comprise a dominant fraction of the dark matter in our Universe. This
paper critically assesses whether planned and future gravitational wave detectors in the ultrahigh-frequency
band could constrain the fraction of dark matter composed of subsolar primordial black holes. Adopting the
state-of-the-art description of primordial black hole merger rates, we compare various signals with
currently operating and planned detectors. As already noted in the literature, our findings confirm that
detecting individual primordial black hole mergers with currently existing and operating proposals remains
difficult. Current proposals involving gravitational wave to electromagnetic wave conversion in a static
magnetic field and microwave cavities feature a technology gap with respect to the loudest gravitational
wave signals from primordial black holes of various orders of magnitude. However, we point out that one
recent proposal involving resonant LC circuits represents the best option in terms of individual merger
detection prospects in the range (1 — 100) MHz. In the same frequency range, we note that alternative
setups involving resonant cavities, whose concept is currently under development, might represent a
promising technology to detect individual merger events. We also show that a detection of the stochastic
gravitational wave background produced by unresolved binaries is possible only if the theoretical
sensitivity of the proposed Gaussian beam detector is achieved. Such a detector, whose feasibility is subject
to various caveats, may be able to rule out some scenarios for asteroidal mass primordial black hole dark
matter. We conclude that pursuing dedicated studies and developments of gravitational wave detectors in
the ultrahigh-frequency band remains motivated and may lead to novel probes on the existence of light

primordial black holes.
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I. INTRODUCTION

Dark matter (DM) constitutes around ~25% of the
current energy density of our Universe [1]. Yet, we
understand very few of its properties—it interacts very
weakly with standard matter and most of it cannot be
relativistic. Its fundamental nature remains unknown. The
mass range of the currently proposed DM constituents
varies from the 10720 eV of ultralight axions [2—4] to the
tens of solar masses of the heaviest primordial black holes
(PBHs) [5-9]. PBHs, in particular, represent an appealing
candidate as this scenario may not require any particle
beyond the Standard Model.

A necessary ingredient for PBHs to constitute DM is the
existence of sizable small-scale perturbations in the early
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Universe. In the standard PBH formation model, the
amplitude of curvature perturbations is enhanced by some
mechanism operating during inflation (see, for example,
Ref. [10] for a review). Explicit examples include
double inflation [11-14], inflection points in the inflationary
potential [15-22], curvaton models [23,24], and axion
inflation models [25-27]. Other nonstandard scenarios
invoke, for instance, preheating effects [28—33], early matter
domination [34—40], collapse of cosmic strings [41-46], and
late-forming PBHs [47]. As modes are stretched on super-
horizon scales during inflation, curvature perturbations
freeze out until they reenter the horizon during the post-
inflationary epoch. At this point, if the amplitude of
perturbations is larger than the threshold [48-55], they can
collapse, forming a population of PBHs with masses con-
trolled by the energy contained in a Hubble volume. Various
observations already constrain the fraction of DM composed
of PBHs (usually denoted fpgy = Qpgr/Lpm)- The bounds
cover a wide spectrum of a phenomenologically interesting

© 2022 American Physical Society
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FIG. 1.

Most stringent constraints on the PBH abundance assuming a narrow mass distribution. Above the frame, we also show the

corresponding ISCO frequency for an equal mass merger with m; = m, = mpgy. We indicate constraints from Hawking evaporation
producing extragalactic y ray (EG y) [59], e* observations by Voyager 1 (V e*) [60], x ray [61], INTEGRAL/SPI observations [62] (for
other constraints in this mass range, see also Refs. [63—71]). We show microlensing searches by Subaru Hyper Suprime-Cam (HSC)
[72,73], MACHO/EROS [74,75], Optical Gravitational Lensing Experiment (OGLE) [76], and Icarus [77]. We also plot various lines

corresponding to different assumptions on the fraction of PB

Hs in clusters [78], where the most stringent line corresponds to

the standard scenario where PBH clusters are seeded by Poisson initial conditions [79,80]. Observations of galactic x rays (Xr) [81] and
x-ray binaries (XRayB) [82], and those coming from cosmic microwave background (CMB) distortions by spherical or disk accretion
(Planck S and Planck D, respectively) [83,84], dwarf galaxy heating (DGH) [85,86], dynamical friction (DF) [87], the neutron-to-proton
ratio (n/p) [88], and CMB u distortions [89]. LVC stands for LIGO/Virgo Collaboration merger rate measurements [90-98]. We neglect
the role of accretion affecting constraints on masses larger than O(10) Mg [93,99,100].

range of PBH masses. We provide a summary of these in
Fig. 1, see Ref. [56] for a detailed recent review. The possibility
of DM being constituted fully by PBHs is still allowed only in
the so-called “asteroidal” mass range mpgy C (10716 —
10719) My [57,58], where Mgy ~2 x 10* g denotes the
mass of the Sun. However, one should keep in mind that
many of the constraints in Fig. 1 are derived under specific
assumptions, hence it is important to provide complementary
and independent probes of potential light PBH populations.

The recent detection of gravitational waves (GWs) by
the LIGO/Virgo Collaboration [101,102] has turned out to
be a novel powerful tool for the investigation of PBHs as
DM. Soon after the very first GW detections, it was shown
that PBHs could explain the observed GW signals while
complying with the cosmological bound requiring them to
be at most as abundant as the entirety of the DM [103—-105].
By now, results from the various runs of observations set
the most stringent constraints on fpgy in the solar mass
range [90-98], while they may still account for a fraction of
the GW events [106-108].

The frequency of GWs emitted from BH mergers is tied
to the innermost stable circular orbit (ISCO) frequency

M
fisco = 4.4 x 10° Hz<7o (1.1)

m +m2>’

10

where m; and m, are the masses of the two BHs.! Given
Eq. (1.1), it is clear that ground-based interferometers such
as LIGO, Virgo, and KAGRA can only probe the final
phase of mergers with masses slightly above the stellar
mass. One sees from Fig. 1 that high-frequency GW
experiments extending beyond the kilohertz range are best
suited to search for light PBHs characterized by masses
below 1 M corresponding to ISCO frequencies in the
ultrahigh-frequency (UHF) band, i.e., to fisco > 10° Hz.
In particular, the asteroidal mass window where PBHs are
currently allowed to be the entirety of the DM corresponds
to a maximum frequency above f > 10'5 Hz. Therefore, it
is of great importance to extend our experimental capabil-
ities beyond the kilohertz range.

Furthermore, there is no known astrophysical object that
can produce GWs at a frequency higher than O(10) kHz.
The absence of astrophysical contaminations implies that
UHF-GW detectors can potentially serve as clean probes of
new physics [109,110]. Note that beyond the stochastic
GW background (SGWB) produced by unresolved PBH
mergers, there are a plethora of early Universe GW
production mechanisms that can give rise to a stochastic

"The top frame of Fig. 1 reports the ISCO frequency that
corresponds to a given BH mass (taking m; = m, for simplicity).
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signal in the UHF-GW band. All of these would imply
physics beyond the Standard Model of particle physics.

The experimental status of UHF-GW searches is cur-
rently in a very preliminary stage. Several proposals exist,
planning to cover the frequency range (10* —10'5) Hz
almost entirely. Some of the proposals have already been
implemented in the form of prototypes or actual detectors,
see Sec. III and Ref. [110] for more details. Yet, none of
these are able to reach the required sensitivity to detect a
cosmologically motivated GW signal. One of the goals of
this paper is to critically assess the possibility of detecting
GWs produced by a population of light PBHs potentially
explaining a large fraction of the DM.

The paper is structured as follows. In Sec. II, we review
the theory of PBH mergers, including a discussion on the
computation of the merger rate of binaries formed in the
early Universe, as well as an estimate of the maximum
theoretical merger rate that may be attained in strongly
clustered PBH scenarios. We include the enhancement due
to the local (i.e., galactic) DM overdensity and recap how to
estimate expected signal strain and duration. Then, we
review the properties of the SGWB produced by unresolved
PBH mergers, while also computing the memory effect and
light boson superradiance. In Sec. III, we review the current
status of the experimental efforts to detect GWs at high
frequencies, including already operating detectors and
various recent proposals, discussing which effort may be
more promising for probing light PBHs. In Sec. IV, we
provide some future outlook and conclude. The data
needed to reproduce the figures in this work are available
upon request to the authors.

II. GRAVITATIONAL WAVE SIGNATURES
OF PRIMORDIAL BLACK HOLES

A population of PBHs formed in the early Universe
is expected to produce a variety of GW signals, see
Refs. [111-113] for recent reviews. In this section, we
summarize the main predictions of the PBH model, provid-
ing a derivation for the benchmark quantities used in the
upcoming section, where an assessment of the detectability
of GW signals produced by light PBHs is presented.

A. Gravitational waves from PBH formation
and evaporation

PBHs may form at very high redshift [5,8,9,114-118] if
the density perturbations overcome the threshold for
collapse [54,119]. Their mass mppy is comparable to the
mass contained in the cosmological horizon at the time of
formation. In particular, the scaling law relating mpgy to the
horizon mass my for overdensities close to the critical

threshold for collapse is [120-122]
mpgy = kmy (6 — 5, )"°, (2.1)

where ¥ = 3.3 and y. = 0.36 in a radiation-dominated
Universe [48,50,51,123,124]. Effectively, accounting for

the statistical properties of curvature perturbations in the
early Universe, the typical PBH mass is found to be around
mppy =~ 0.7my [125,126]. Thus, introducing the horizon
scaling with redshift in the standard cosmological scenario,
one finds a characteristic formation redshift of z; &2 x
10" (mpgy/10712 M5)~'/? [10]. Finally, as the scale of
inflation is bounded to be H < 6 x 103 GeV by CMB
observations [127], the minimum PBH mass that can
be formed in the early Universe is around m@mn ~
10733 Mgy ~2g.

It is interesting to notice that the same scalar perturba-
tions generating PBHs are also responsible for the emission
of GW at second order in perturbation theory [128—145]
(see Refs. [146,147] for reviews). As the horizon mass m,,
is related to the characteristic comoving frequency of
perturbations by the relation [148]

m -1/2
~5kHz( —"*— ,
/ Z<10_24 Mo)

one can immediately find that the formation of ultralight
PBHs may be associated with the emission of GW above
the kilohertz frequency. Two comments, however, are in
order at this point. First, PBHs with masses below around
<10~'® M, evaporate within a timescale comparable to the
age of the Universe due to the Hawking emission [149,150]
and cannot account for a significant fraction of the dark
matter. This is because the evaporation timescale of a PBH
with mass mppy 18

(2.2)

102407 migy
Nege® i,
NEVaP —1 m 3
~ 10 Gyr( =<t il . (23
yr( 100 ) <3 x 10719 M, (23)
where mp; 2 1.22 x 10! GeV is the Planck mass and N ;"

is the number of particle species lighter than the BH
temperature,

TpBH —

2
Mp

-1
p—— ~2 % 103 GHz[ —"PBH___ )
PBH x Z(3 X 1071° M,

(2.4)

Sﬂ'mPBH

Therefore, it is clear that UHF experiments could only
probe GWs emitted by the formation mechanism of PBHs
with masses so small that they would have already
evaporated in the early Universe. Such light PBHs are
also expected to emit gravitons through Hawking evapo-
ration, producing a SGWB from the early Universe [151].
However, PBHs that can survive until the late-time
Universe are expected to emit a negligible fraction of their
mass in the form of GWs and, therefore, are not able to
generate a detectable GW signature through this mecha-
nism. We will not discuss further details of such a potential
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GW signature in this draft and we will focus on GW
emission from relatively heavier (and stable) PBHs in the
mass range mpgy > 10718 M. Tt suffices to say that the
emission of GWs from either PBH formation or evapora-
tion would necessarily take place at a very high redshift and
the maximum amplitude of such a SGWB is required to fall
below the big bang nucleosynthesis bound Qgw < 1073
(see, e.g., Ref. [152]).

B. Binary formation and merger rate

In the standard formation scenario, i.e., collapse in the
radiation-dominated early Universe of Gaussian perturba-
tions imprinted by the inflationary era, PBHs are expec-
ted to follow a Poisson spatial distribution at formation
[153—-157]. We adopt this initial condition to derive the
PBH merger rate and present a discussion on the effect of
initial clustering in Sec. II B 4.

PBH binaries decouple from the Hubble flow before
matter-radiation equality if the distance x separating two
PBHs is smaller than the comoving distance [158,159]

. ( 3 m+ m2> 1/3
4r agqpeq ’
written in terms of the scale factor a.q and energy density
Peq at matter-radiation equality. The initial PBH spatial
distribution dictates both the probability of decoupling as
well as the properties of the PBH binaries. In particular,
accounting for the distribution of the binaries’ semimajor
axis and eccentricity [90,107,160,161], which determines
the time it takes for a binary to harden and merge under the
emission of GWs, one can derive a formula for the merger
rate at time ¢ as (e.g., [90,91])

d*Regp _ 3.8 x 1072 f% t -4 Mg -2
dmdm, kpcd yr * PBH\ 7, 07 My

X ”_%S(Mtot»fPBHv W)y (my )y (m;).

(2.5)

(2.6)

In Eq. (2.6), we introduced the current age of the Universe
to = 13.8 Gyr, total mass of the binary M = m; + m»,
symmetric mass ratio n = m;m,/Mz,, and PBH mass
distribution y(m) normalized such that [ dmy (m) = 1.

We highlight the presence of the suppression factor
S(My, frau,w) = S| X S, in Eq. (2.6), which corrects the
merger rate by introducing the effect of binary interactions
with the surrounding environment in both the early- and
late-time Universe. Specifically, the first contribution can
be parametrized as [97]

2 2
S1(Mior, frpu. y) ~ 1.42 [%

o2 } —21/74

2
fPBH

exp[-N]  (2.7)

and reduces the PBH merger rate as a consequence of
interactions close to the formation epoch between the
forming binary and both the surrounding DM inhomoge-
neities with characteristic variance o3, ~ 3.6 x 107 as well
as neighboring PBHs [90,91,161], whose characteristic is

Mtot fPBH

N= —
(m) frau + oy

(2.8)

The explicit expression for the constant C entering in
Eq. (2.7) can be found in Ref. [97]. For a narrow mass
function peaked at the mass scale mppy, the expectation
values simplify to become (m) =~ (m?)'/? ~ mpgy,
M, ~2mpgy, and S is independent of the PBH mass.
The second term S, includes the effect of successive
disruption of binaries that populate PBH clusters formed
from the initial Poisson inhomogeneities [92,97,162—-167].
This is conservatively estimated assuming that the entire
fraction of binaries included in dense environments is
disrupted and reads [97]

S,(x) ~min [1,9.6 x 1073 x %% exp (0.031n% x)],  (2.9)
with x = (#(z)/ty)* fpgn. Recent numerical results on
PBH clustering confirm the suppression factor we adopt in
this work, provided one correctly accounts for the fraction
of PBH binaries surviving outside dense PBH clusters
[168]. The suppression due to disruption in PBH sub-
structures S, is at most O(1072) for large fpgy, while it
becomes negligible for small enough values of PBH
abundance, i.e., fpgy < 0.003. This estimate is compatible
with the cosmological N-body simulations of Ref. [157],
where it was found that PBHs remain effectively isolated
for sufficiently small fpgy.

1. The role of late-time Universe dynamical
capture for light PBHs

We remark that other PBH binary formation mecha-
nisms, taking place in the late-time Universe, may exist. For
example, an alternative channel assumes PBH binary
formation is induced by GW capture [169,170] in the
present age dense DM environments. For initially Poisson
distributed PBHs, the merger rate of binaries produced in
the late-time Universe is subdominant with respect to the
early Universe ones discussed above. This was explicitly
shown for PBH binaries of masses around mpgy ~ 30 Mg
[90,92,165,168,171,172].

Let us offer here a back-of-the-envelope computation
showing why this conclusion would be even stronger for
lighter PBHs. The cross section for PBH capture, assuming

equal mass objects, is Fcapz44m1%BHvr_e}l/7 [169,170],
while the binary formation rate in a PBH cluster takes
the form Rey, 2~ rin% (Teaptre)- In the previous equations,

we introduced the PBH characteristic relative velocity v,
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the PBH cluster size r,, and local PBH number density n
in the PBH cluster. The merger rate of binaries produced
by this channel is mostly dominated by small clusters,
characterized by smaller virial velocities, that are able to
survive dynamical evaporation until low redshift. The
small-scale structure, in a PBH DM scenario, is expected
to be induced by the PBH initial Poisson noise (see, for
example, Ref. [165] for a more thorough discussion on
PBH clustering evolution and Ref. [157] for a cosmological
N-body simulation involving solar mass PBHs). Assuming
the number density of such environments scales propor-
tionally to the PBH number density, as is the case in the
Press-Schechter theory [173], one finds that the PBH
binary merger rate from PBH capture scales as

cap —11/21
Rpgy ~ Mpgyy ™ -

(2.10)
This derivation also assumes the collapsed PBH clusters are
characterized by a density roughly 200 times the mean
density in the Universe at cluster formation (which does
not depend on PBH masses), the size of clusters scales
like ry~ (Mg/pa)'/® ~mifs,, and the virial velocity
(i.e., approximately the characteristic PBH relative veloc-
ity) is vy~ (Mg/rq)"/* ~ mis,. Therefore, taking the
ratio between the merger rate for early- and late-time
Universe PBH binaries, that is,

Rcap
PBH _ 265/777
Mppy >

2.11
Rppy ( )

one concludes that capture is increasingly less relevant
for light PBHs and can be safely neglected, at least in
the standard PBH formation scenario discussed in this
section.

2. The role of disruptions in PBH clusters
Jor light PBHs

In the previous derivation of the merger rate, we
included the suppression factor due to interactions with
neighboring PBHs in clusters.” Let us show here that
scaling the result in Eq. (2.9) obtained in the solar mass
range to smaller masses leads to a consistent estimate for
the merger rate at the present epoch. Indeed, one can show
that the characteristic interaction timescale 7, in PBH
clusters is only weakly dependent on the PBH mass. In
particular, we can define [92]

“The estimate of S, does not account for potential interactions
with astrophysical objects in the late-time Universe (such as stars
and astrophysically formed BHs). However, this phenomenon is
not expected to significantly affect the PBH merger rate as the
astrophysical environments are characterized by smaller densities
and a larger velocity dispersion when compared to PBH small-
scale clusters, reducing the probability of PBH binary disruption.

l/tp = ncl<6p7jrel>7 (212)
where o, is the cross section for scattering events that
are able to increase the angular momentum of the binary
by an amount comparable to its initial value. As the
merger timescale is given by 7=~3a*j7/170migy
[174,175], where the angular momentum is defined as j ~

V1 — €? in terms of the binary eccentricity e and a is the
semimajor axis, such interactions may enhance merger
time delays, reducing the fraction of binaries that are able
to merge within the age of the Universe. The disruptive
interaction cross section is o, ~ 28m’/4¢1/4 /v2, j?/12_ and
therefore one obtains

-10/111

ty~ Mpgy (2.13)

which is only weakly dependent on PBH masses.
Additionally, the timescale for dynamical relaxation
potentially bringing PBH binaries in the cluster centers
and enhancing PBH interactions is independent of the
PBH mass [92,165,176]. Based upon these considera-
tions, we conclude that one can safely extrapolate the
suppression factor computed for solar mass PBH binaries
to lower masses.

In order to bracket uncertainties on potentially modified
PBH initial conditions, in the next section we present an
estimate for the maximum merger rate potentially attained
in initially clustered PBH scenarios, where the binary
formation rate is boosted. This will serve as an upper
bound for the PBH merger rate used in the following
sections.

3. The effect of accretion on the PBH merger rate

PBH binaries may experience efficient phases of accre-
tion impacting individual masses, spins, and the binary’s
orbital geometry [93,99,100]. In this subsection, we pro-
vide an estimate showing why this potential effect is not
expected to modify the merger rate of light PBHs.

Because of the long characteristic timescale for the
accretion process compared to the characteristic binary
period, one can assume that PBH masses vary adiabatically.
Therefore, one can compute the modification of semimajor
axis a and eccentricity e assuming the adiabatic invariants
for the Keplerian two-body problem 7, and /I, are kept
fixed, 1.e., [177]

(2.14)

1 Fmax
I, = 5 pdr ==L, + \/M*a ~const., (2.15)
ps

T'min

where we introduced the notation for the reduced mass
u=nM,. One obtains that the eccentricity e is an
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adiabatic invariant, while the semimajor axis evolves
following

f_'_?)mPBH:O

) (2.16)
a Mppy

assuming equal mass binaries with m; ~ m, ~ mpgy. This

shows that mass accretion shrinks binary orbits. Including

this effect in the computation of the merger rate, Eq. (2.6),

leads to an enhancement factor scaling as [100]

H 9/37 36 ;
RPBH X <l + / dt mPBH) exp |:_/ dt mPBH:| .
MppH 37 MppH

(2.17)

At this point, the crucial ingredient is the efficiency of
accretion for light PBHs. We are going to assume that the
impact of secondary DM halos accumulating around PBHs
(e.g., [100,178-180]) is small, which is inevitably the case
when PBHs are a dominant component of the DM.? One
can compute the accretion rate in a cosmological setting
starting from high redshift (soon after binary formation
epoch) using the Bondi-Hoyle formula. As shown in
Ref. [100], the relevant effective velocity is modulated
by the orbital evolution, while the baryonic gas density p is
enhanced by the binary attracting matter on its center of
mass. One finds that

1 . - Va
T mPBHZZMbin77
2(1+q) ‘ V2(1+¢q)
(2.18)

mppy,1 = Myin

which simplifies to ripgy 1, ~ M.;,/2 for equal mass
binaries, where the binary gas accretion rate is

My, = 47M“pgas7}e_f%Mt20tv (219)
in terms of the effective velocity v.; and the accretion

eigenvalue A (see Ref. [178] for more details). Without the
effect of a DM halo, this rate was estimated in Ref. [83] to be

(2.20)

when normalized to the Eddington rate MEdd = Lpy ~
2mpgy/Gyr and for redshift below z ~ 10%, where the mass
accretion integrals in Eq. (2.17) are dominated. Therefore,
even conservatively assuming a prolonged accretion phase

*We note that much larger accretion rates may be obtained
when the secondary DM halo becomes relevant. This has
important consequences for PBH binary properties and, in
particular, the spin distribution when mpgy 2 My, [93,107,108]
and comparison with constraints on the PBH abundance [95,99].
We do not expect, however, this effect to be able to qualitatively
change the results of this section as far as light (i.e., subsolar)
PBHs are concerned.

lasting until well within the reionization and structure
formation epochs, one finds that

[ o ()
MppH Mg
showing accretion on light PBH binaries is irrelevant and

cannot affect the merger rate through the corrections shown
in Eq. (2.17).

(2.21)

4. Maximum theoretical merger rate

The description of the merger rate in the previous section is
based on the standard scenario of PBH formation where
binaries are assembled from an initially Poisson distributed
population of PBHs. In this section, we explore whether
changing this initial condition may give rise to larger PBH
merger rates.

It is known that local non-Gaussianities of primordial
curvature perturbations can modify the initial distribution
of PBHs and make them clustered directly at the formation
time [18 1—185].4 In this scenario, since the PBHs are closer
to each other on average, the binary formation rate is
enhanced due to a larger probability of decoupling from the
Hubble flow. However, it is fair to say that little is known
about the cosmological evolution of binaries in PBH halos
produced in such a clustered scenario. On the one hand, the
presence of dense PBH halos would likely enhance the rate
of binary-PBH gravitational interaction, leading to binary
disruptions and an effective suppression of the merger rate
at late time. On the other hand, dense PBH clusters tend to
evaporate due to the gravitational relaxation process
[165,176], limiting the potential extent of this suppression.
These dynamical processes are still poorly modeled for
clustered scenarios and, therefore, we will purposely
neglect potential suppression factors and adopt this as
the maximum theoretical PBH merger rate. We will also
neglect the contribution to the merger rate from disrupted
binaries that are still merging within the age of the Universe
and may potentially become relevant for large fppy [92].

Clustered PBH scenarios may also boost the merger
rate of binaries dynamically formed in the late-time
Universe (e.g., through capture [169,170] or three-body
interactions [186-1 89]).5 This holds, however, provided
PBH clusters are able to survive dynamical relaxation until

“The clustering of PBHs with masses M, could be signifi-
cantly constrained in the future through CMB distortion obser-
vations, probing the scales corresponding to the average PBH
distance at formation [185]. However, the clustering scales
corresponding to lighter PBHs considered in this work are much
smaller and not observable with this technique.

>We note that hyperbolic encounters [190-192] give rise to a
very fast burst of GW radiation, which may be hard to detect with
UHF GW experiments. Additionally, they give a small contri-
bution to the SGWB compared to binary PBHs [191]. We will
therefore neglect this GW source in our considerations.
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FIG. 2. Ratio between the maximum attainable merger rate in
clustered scenarios and the merger rate in the standard PBH
formation scenario. The ratio scales nonlinearly with fppy and
grows again as « 1/fpgy for small enough values of the
abundance.

late times [176]. Since a proper assessment of the merger
rate in such scenarios is still lacking in the literature, we
neglect such effect and only discuss the maximum theo-
retical merger rate attainable from early Universe binary
formation from clustered PBHs [171].

Following the notation introduced in Ref. [171], we
define the local PBH overdensity in the early Universe
O4c in terms of the PBH correlation function &pgy at
formation, assuming it is constant up to the binary scale
X at the decoupling epoch [171,181,185,193,194], that is,
Sde ® 1 + Eppu(x) when x < X. In the limit in which the
local fraction of PBHs is large, i.e., d4.fppy > 1, the
merger rate in the clustered scenario can be written as [195]

Rmax 57 f i -l MppH -1
PBH = kpe? yr? PP 1 10712 M,
X (14 1.7 x 107 Ay, ) exp[=9.5 x 1077 Ay],
(2.22)

where we defined

£\ 3/16
Age = 6x 10784 fppy <—> <

toy

Mppi >5/16
5 . (2.23)
107 Mg
In Fig. 2 we plot the ratio between the maximum attainable
merger rate in clustered scenarios and the merger rate in the
standard PBH formation scenario. One finds that the rate
can never be enhanced by more than 6 orders of magnitude
in the mass range of our interest. As we will see in the
following, this extreme scenario would correspond to a
reduction of the average distance of a PBH merger from us
in one year of observations of at most 2 orders of
magnitude.

In the extreme scenarios where the PBH merger rate is
drastically enhanced by some clustering mechanism, the

rate of conversion of PBH binaries to freely propagating
GWs would be high and could possibly be constrained
from dark matter to dark radiation conversion bounds (see,
e.g., [196]). We leave a proper study of this possibility to
future work. On the other hand, even though Qg could
become larger than around ~10~>, the BBN bound would
not apply, as most of the GW energy density would only be
produced at late times.

C. Impact of local DM enhancement

For sources that are closer to Earth than O(100) kpc, a
correction due to the local DM overdensity needs to be
taken into account. Following Ref. [197], we model the
Milky Way DM halo as a Navarro-Frenk-White (NFW)
density profile [198,199],

pow(r) = —L2 (2.24)

E(1+ L)
We fix the reference energy density p, such that the local
DM density is ppy(r = rg) = 7.9 x 1073 Mg /pc® [200],
while the reference scale is ry = 15.6 kpc and the solar
system location is rg ~ 8.0 kpc. As we will compute the
number density of sources within a volume centered at the
solar system location, the average overdensity within a
volume of radius r around 7~ rg can be estimated by
effectively cutting the density profile at rg,

r—=7r<rg,

p(r— (2.25)

N { Pom(ro);
F) =
pom(r=1), r—=F2re,
see Ref. [197] for more details. As the volume average of
the dark matter overdensity around an observer located on
Earth when r < rg is dominated by the value of the local
density ppp(rg), it follows that our estimates are not very
sensitive to deviations from the NFW profile at small scales
toward the Galactic Center (e.g., cored DM profiles). As we
expect the distribution of binaries to follow the large/
Galactic scales, the local DM overdensity enhances the
merger rate in Eq. (2.6) by an overall factor of
Rigii(r) = 6(r) Rop, (2.26)
where we defined the overdensity factor &(r)=
pom(r)/Pom- Therefore, one finds that this correction falls
within the range 5(r) C (1 —2 x 10).

Accounting for this local enhancement factor, we com-
pute the volume V. or, equivalently, the distance d,, =
(3Vy/ 47)'/3, enclosing the region where one expects at
least one merger per year, on average. We will neglect the
effect of cosmological redshift as it is irrelevant for the
small distances with which we are concerned. We define
the number of events per year Ny, within the volume V, as

103520-7



FRANCIOLINI, MAHARANA, and MUIA

PHYS. REV. D 106, 103520 (2022)

10
; - .fl’BH =1
3L
10 - frBﬂ 3 1071
102 L f— fPBH = 1072
E ann = 1073
= 10t} .
hs»»
100k 1
107 i
10 1072 1071 10-8 1076 1074
Mppn [ZWG]

FIG. 3.

107
106
10°
104
103
102}
10'F
100k
107 E e N N e
102 10° 10* 10° 10% 107 10% 10° 10! 10! 10%2
fu [Hz]

T R R

At [s]

sl il il

Left: characteristic size of a region containing at least a merger event per year. The change in slope happening around 107> M

corresponds to where the local DM enhancement starts decreasing, i.e., for r 2 ro. Right: time it takes for a BH binary of masses
m; = m, = m to span a range of frequencies at least as large as half a decade above f.

dr
Ny = At A " drdnr RIS (1), (2.27)

where we set A7 = 1 yr. In Fig. 3, we show the distance dy,
as a function of PBH masses and abundance for Ny, = 1 and
assuming a narrow PBH mass distribution. It is interesting to
notice that, when the characteristic merger distance becomes
larger than O(10) kpc, the Galactic overdensity decreases
significantly and d,, changes slope, leading to steeper
dependence on PBH mass. Once 6(r) ~ O(1), the slope
goes back to the one expected from the volume factor and a
constant merger rate per unit volume.

D. Gravitational wave strain and signal duration

As we will see in the following, two crucial properties of
PBH mergers affect the binary detectability. These are the
characteristic GW strain and the GW signal duration. The
leading-order GW signal from a BH inspiral for the two
polarizations &, , in the stationary phase approximation
(assuming that the frequency varies slowly) can be written
as [201]

hos(t) = hoF ()G (). (2.28)
where F ,(0) is a function that depends on the binary
orientation angle 6, G, ,(f) corresponds to the binary
oscillation phase, and

ho = - (G, )P

L
077 x 104 (L) (memn )P (LA )7
7 1 GHz 10712 Mg lkpc)

(2.29)

where m. = (mm,)*>/(m, + m,)'/ is the chirp mass for

two BHs with masses m; and m, (in the last step we have
used m; = m, = mppy), and d, is the distance from the

observer. Adopting the stationary phase approximation, the
GW signal in Fourier space is [202]

he s (f) = Ay e, (2.30)
where the explicit expressions for ¥, , (f) and A, , are
given, e.g., in [201]. Assuming equal mass binaries, the
characteristic strain h,(f) = 2f|h(f)| is

MppH

5/6 -1
Ih,(f)] = 4.54 x 10728 een_ )7 (.
10712 M kpc

()"
GHz

where we have used that ignoring the angular dependence
one has |i(f)| ~ |, (f)| = |hx(f)|. This modeling of the
GW signal only includes the inspiral phase of the binary up
to the ISCO frequency in Eq. (1.1), before the objects
plunge, merge, and the ringdown signal is emitted by the
remnant BH reaching its stationary configuration. This is,
however, sufficient for our purposes, as only the GW signal
produced during the inspiral phase can last for a sufficiently
long time to allow for potential detection (see more details
in Sec. IIT). We also observe from Fig. 3 that, for binaries at
the edge of the Galactic DM enhancement (e.g., mppy 2
107® M, and high fpgy), the characteristic distance grows
roughly as dy, oc mpgy. On the other hand, the character-

(2.31)

istic strain scales as h, mf,{fH. This means that one
expects a similar strain from characteristic inspiraling
sources within such a mass range, unless mpgy = 107> M.

An important property of inspiraling sources is the GW
signal duration. If we consider an equal mass PBH binary
with m; = m, = mpgy, the coalescence time can be written

as [201]
=S/3 0 f \8/3
(L) e

MppH
1012 Mg

7(f) ~ 83 sec <
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Using Eq. (2.32), one can find the time spent by the inspiral
phase to span a given frequency interval. This quantity will
be crucial when computing the detector sensitivities in
Sec. III. In Fig. 3, we show the time it takes for an equal
mass binary to span at least half a decade of frequencies.
We warn the reader, however, that the time spent spanning a
very narrow resonant frequency band could be much
smaller than what is estimated in Eq. (2.32). We will
discuss this in detail in the next section.

1. GW amplitude vs characteristic strain

The variation of the GW frequency plays a crucial role in
the definition of the characteristic strain for coherent GW
signals. Let us consider, for instance, two BHs in the
inspiral phase: as they emit GWs, they get closer and
closer to each other and eventually merge. As they are
approaching, the GW frequency, which is twice the orbital
frequency, grows. The number of cycles that the binary
spends at a given frequency f is determined by [203]

NP PIVRT Y (R A I (R
7o 10° Hz 10° My)

(2.33)

N, cycles

Neyeles 18 an important quantity because it determines
whether the signal can be considered to be approximately
monochromatic, if Neyes > 1. In the stationary phase
approximation, a GW signal with an approximately con-
stant amplitude A as defined in Eq. (2.29) produces a
characteristic strain

2
i) =\

where f can be explicitly written as [201]

(2.34)

. 96
f= _”8/3m§/3f11/3

3/ f \11/3
~4.62 x 10! Hz? [ —'PBH (235
x “ (10—9 M,) \GHz (235)

and we considered two equal mass PBHs m; =
m, = mppy. Note that only close to the ISCO frequency,
namely, at the final phase of the merger, the prefactor
f2/f~O(1), and then h.(f) is of the same order of
magnitude as the GW amplitude 4.

When comparing a GW signal with a detector sensitivity
curve, one has to compare the observation time ¢, with the

characteristic time of variation of the frequency 7, = f/ f If
tops <K 1;, the observation time sets an upper bound on

ObS . . . . .
Neyeles < Neyeles and the characteristic strain is mainly

determined by A

he(f) =\ Naesho.

cycles

for t,ps < 1;. (2.36)

In the opposite limit, when 7., > t,, then one can observe
the signal for its entire duration and the characteristic strain
is enhanced by a factor /Nyqes With respect to the GW

amplitude

hc (f) =/ Ncyclesh09

Note that Eq. (2.36) is also valid for strictly monochro-

for typs > 1. (2.37)

matic sources, for which the prefactor £/ f in Eq. (2.34) is
not well defined and the condition 7., < t; is always
satisfied.

In other words, for a coherent GW signal, h.(f)
represents the maximum signal that can be observed at a
given frequency, as it takes into account the maximum
enhancement due to the intrinsic number of cycles spent by
the binary at that frequency. If the observation time is
smaller than the characteristic time of variation of the GW
frequency, then the GW signal is suppressed by a factor
(NS s/ Neyeres) '/ with respect to h,.

cycles

In Fig. 4, we plot the detector sensitivity curves against
the characteristic strain /., which is an upper bound on
the observable signal, for a binary located at a distance
dy, under various assumptions on mpgy and fPBH.(’ In
Sec. III, we will discuss explicitly which quantity should
be compared with the sensitivity curves of each detector.
For comparison, we also summarize the sensitivities of
GW experiments, see Sec. III for more details. It is
important to stress at this stage that, even though various
experiments may be able to reach strain sensitivities
comparable to the one expected from light PBH binaries,
due to the short duration of the signal, individual binary
emission may still deceive detection. We will discuss this
point in detail in Sec. III. One promising attempt to evade
this problem is to focus on the SGWB produced by
unresolved mergers building up across the evolution of
the Universe. This signal is stationary and not limited in
time duration. As we will see in the next section,
however, there is a trade-off to be paid, as such a signal
is typically associated with a smaller characteristic strain,
being dominated by sources at much further distances
from Earth.

E. Stochastic gravitational wave background

Unresolved PBH mergers also contribute to a SGWB,
whose spectrum at frequency v can be computed as

®Note that in Figs. 4-6 we report the detectors as displayed in
[110], with the addition of some recent proposals [204-206]. In
Sec. III, we will discuss in detail the various detectors, as well as
the detection prospects.
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FIG. 4. The solid (dashed) lines indicate the characteristic strain spanned by an inspiraling merger with component masses mpgy C
(1071 —107°) M, located at a distance dy, for fpgyy = 1 (fppy = 0.1). The signal is cut at the binary ISCO frequency, while the empty
square and filled and empty circles show the frequency emitted when the time to mergeris At = 1 day, Af = 1 sec,and Az = 1073 sec,
respectively. The signal is drawn starting from the frequency spanned by a merger at time ¢ ~ 10 Gyr from the merger (filled square). For
comparison, we show the planned and future UHF-GW experiments from Ref. [110] (see also Sec. III). Additionally, we include the
subkilohertz interferometric detector Ad. LIGO [207], Einstein Telescope (ET-D) [208], and Laser Interferometer Space Antenna (LISA)
[209]. We do not show the result assuming Rpj3j; to avoid clutter. We warn the reader that the strain crossing the sensitivity band of the
detector is not necessarily proof of detectability, due, for instance, to the short duration of the signal. We will come back to this with more
details in Fig. 7.

v l’cu(/l’_l dZ
Q =2 ] dm,d S
ow(¥) po// m "’2/0 0+ AR

% dRpgy dEGw(Vs)
dv,

We describe the GW energy spectrum emitted by
coalescing binary BHs using the phenomenological model
presented in Ref. [214]. The GW emission can be divided
into three distinct parts, corresponding to the inspiral,
merger, and ringdown, respectively. Each stage is related
to a different frequency range v, which depends on the
binary BH component masses m; and m, and nonprecess-
ing spin magnitudes y; and y,. Assuming circular orbits,
one can write [215]

2.38
dm;dm, ( )

in terms of the redshifted source frequency v, = v(1 + z),
the present energy density py = 3H3/8x in terms of the
Hubble constant H\,, and the energy spectrum of GWs. In
this expression, the redshift upper integration limit corre-

sponds to the maximum z up to which the energy spectrum —1/3 42
. . . v f 1 v< ymergerv
can contribute to the given frequency of Qgw (v), while vy, dE (Gr)2P M3/3 3
is the maximum frequency of the GW emitted by the binary. @ 3 w1 f 2 Vmerger <V < Vringdown>
To compute the integral over the digtril-)utic.)n of masses, we W, f2 Vringdown < U < Veur-
assume a log-normal PBH mass distribution
(2.40)
1 log?(m/M,
w(m|M,, o) = 2—exp {— %} (2.39)  We report in the Appendix the exact expressions for the
zom o

factors entering in Eq. (2.40).
Translating the SGWB abundance computed in
Eq. (2.38) in terms of a characteristic strain, we find’

i) = [ (B)aanin]

characterized by a central mass scale M, (not to be
confused with the chirp mass m, above) and a given width
o. This model-independent parametrization of the mass
function can describe a population arising from a sym-
metric peak in the power spectrum of curvature perturba-
tions in a wide variety of formation models (see, e.g.,
Refs. [210,211]) and is often used in the literature to set

(2.41)

"Our definition of characteristic strain /. follows Eq. (4b) of

constraints on the PBH abundance from GW measurements
[91,94-98,106,212,213].

Ref. [110]. Notice a difference of a factor v/2 in the definition of
h. compared to [216] [see their Eq. (2.28)].
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Same as Fig. 4, but showing the characteristic strain induced by a SGWB from a population of PBHs. The PBH mass

distribution is taken to be log-normal with ¢ = 0.3 and the various central masses M. C (1071 — 107°) M, indicated in the inset. The
thick line accounts for both the suppression of binary formation in the early Universe (S;) and the binary disruption in the late-time
Universe clusters (S,) and assumes fpgy = 1. The thin line assumes fppy = 1 and the theoretical maximum merger rate. We warn the
reader that some of the sensitivities reported in this plot were not derived assuming a SGWB signal, and may degrade with respect to
what is shown in the plot. Also, the actual performance of subkilohertz detectors at observing a SGWB is typically described in terms of
“power-law integrated” sensitivity curves; see, for example, Appendix C of Ref. [217]. We do not discuss subkilohertz detections with

such details, but we refer the interested reader to Refs. [195,197].

where the current Hubble rate is Hy = 2.18 x 107'8 Hz.
Therefore, the characteristic strain can be written as

B f -1/0 1/2
h, ~2 %10 31(@> 15’_‘3 . (242)

The tail at low frequency of a SGWB produced by
inspiraling binaries is characterized by a scaling Qgw (f) ~
23 [203]. This corresponds to a characteristic strain
scaling as h.(f) ~f2/3. Note that in the case of a
SGWB we do not have the same issues that we addressed
in Sec. II D for individual inspiral sources: the character-
istic strain is uniquely determined by the energy density in
GWs. Furthermore, a SGWB signal is stationary, implying
that there is no issue related to the duration of the signal.

In Fig. 5, we show the spectrum of characteristic SGWB
strain produced by a narrow PBH population [whose mass
distribution is described by Eq. (2.39)] for various values of
fpeh. In order to set an upper bound to such a contribution,
we also show the result assuming the maximum merger rate
potentially obtained in clustered scenarios Rpgy. It is
interesting to notice that the SGWB tail at low frequencies
is expected to possess a natural cutoff due to the minimum
(redshifted) frequency emitted by the binaries at the
formation epoch. We do not model such a drop of the
signal as it would fall, in any case, below the sensitivity
reach of subkilohertz interferometric GW detectors such as
the ET and LISA.

As we indicate with thin black dashed lines in Fig. 5,
unless the maximum rate is achieved and one considers
masses above M. 2 1078 M, the low-frequency tail of the
signal would be, in any case, too faint to be visible by
subkilohertz GW interferometers such as the ET and LISA
at lower frequencies. This result was already pointed out in
Ref. [195]; see their Fig. 4 and related discussion. This
confirms the necessity of UHF experiments to search and
constrain the SGWB of light PBH mergers.

F. Gravitational wave memory

The GW memory is a permanent displacement between
freely falling test masses that is induced by the passage of a
GW [218-227]. For GW experiments based on interfer-
ometry, it was shown the nonlinear memory could be
directly detectable if a sufficient portion of the memory is
induced on a timescale 7~ 1/f.y, where f,, is the
frequency of the detector’s peak sensitivity [228] (see
Ref. [229] for a summary of the future detection prospects
at subkilohertz experiments). Following Ref. [229] and
references therein, we model the /.. signal as a step function
©® with an UV cutoff at the ISCO frequency, i.e.,

he(f) = h2*"O(fisco — f)- (2.43)
The value of the strain amplitude, averaged over source
orientations and sky positions, can be estimated to be a
fraction of the GW signal at peak frequency [230] as
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(2.44)

As the GW memory signal extends to much smaller
frequencies with respect to figco, it was recently shown in
Ref. [230] that one could significantly outperform some
UHF-GW experiments in the search for signals in the
megahertz frequency range by looking for the correspond-
ing GW memory at ground-based detectors (see also
Refs. [231,232]). Following the same logic, we check
whether a population of PBH mergers shown in Figs. 4
and 5 would leave a detectable GW memory signal at GW
interferometric searches at lower frequencies. The GW
strain signals turns out to be

mem _ MppH d, \!
h(, ~4.8x10 31 <m> (k_pc> . (245)

As one can see, the strain induced by the memory effects
of PBH of mergers with masses m <107 Mg at a
distance dy, (indicated in Fig. 3) would fall much below
the forecasted sensitivity curves of both LISA and
third-generation detectors. Also, we notice that the early
inspiral phase shown in Fig. 4 would be associated with
larger strain signals (scaling as A, ~ f~'/7) in the sub-
kilohertz range. Therefore, we conclude that the memory
signature persisting at lower frequency even for light PBH
mergers may not allow for a detection at subkilohertz
interferometric detectors. We conclude this section by
mentioning that the memory strain would still cross some
of the sensitivity bands of UHF-GW detectors [such as
Gaussian beam (GB) and JURA, see Sec. III for more
details on these detectors]. The nature of the signal,
however, is very different from the one assumed to derive
sensitivity curves for these detectors (that is a plane
monochromatic wave). Therefore, a dedicated study on
the feasibility of measuring such a signature is still
required.

G. Black hole superradiance

In this section, we discuss the possible interplay between
a light PBH population and a light scalar field. The possible
coexistence of the two would give rise to GW signatures
that may be used to constrain both sectors. It is fair to
admit, however, that such a scenario assumes the existence
of two distinct extensions of the current Standard Model of
particle physics and cosmology. Nevertheless, it is worth
understanding how such a scenario could be constrained by
searching for UHF-GWs. The existence of light pseudo-
scalars that would trigger the superradiance mechanism,
such as axions, is very well motivated from the UV
perspective. The QCD axion, for instance, is one of the
most promising proposals to solve the strong CP problem
[233-235]. Furthermore, other types of axions (sometimes

called “axionlike particles”) are very common in string
theory, arising from the existence of extra dimensions as the
Kaluza-Klein zero modes of form fields [236].

GW emission can arise from clouds of light bosons
in rotating BH backgrounds as a result of gravitational
superradiance [236-246]. We note PBHs are expected to be
produced with a very small spin in the standard scenario,
i.e., from the collapse of large radiation overdensities
[247,248]. However, in alternative scenarios, such as the
formation from an assembly of matterlike objects (particles,
Q balls, oscillons, etc.), domain walls, and heavy quarks of
a confining gauge theory, larger PBH spins at formation are
predicted [39,249-254]. In case PBHs possessed a non-
vanishing spin, one would expect superradiant instabilities
to take place already in the early Universe and remove most
of the angular momentum, leaving a population of slowly
rotating PBHs. However, each PBH merger generates a
spinning remnant with y ~0.68 [255] (assuming spinless
progenitors) and a mass around m; ~ 2mpgy. This process
may trigger superradiant instabilities of light scalar fields in
the present epoch, potentially leading to the emission of
observable UHF-GW signatures [256].

When the Compton wavelength of a boson (b) is of the
size of the BH, i.e.,

MppH !
107 My)

the boson accumulates outside the BH event horizon
efficiently. The characteristic timescale for the growth of
the boson cloud for the dominant £ = m = 1 mode is [246]

r~3x 1075 sec|—"PBH )
1075 M,

my, ~ 107+ ev< (2.46)

(2.47)

The primary process for the production of UHF-GWs is
annihilation of bosons, e.g., (pseudo)scalars b into grav-
itons h. The associated GW frequency is twice the
Compton frequency of the boson, i.e.,

0% eV

fr2%106 HZ( ™
1 e

1
~2x 102 GHz [ —"PBH_}
107 My

(2.48)

which corresponds to frequencies above 200 kHz for
mppy S M. Note that this GW signal is monochromatic
and coherent [244], making it distinct from other astro-
physical or cosmological sources. The expected character-
istic GW amplitude for this process is [240]

1/ a € d\"'/ m
o5 x 10730 (L) (S ) (L) (e )
0= X Y <0.1) (10—3> <kpc) <10-6 Mo

(2.49)
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FIG. 6. Same as Fig. 4, but showing the GW strain generated by scalar boson field superradiant instabilities. As in Fig. 4, the binary
leading to a spinning PBH remnant is assumed to be at a distance d,,. Note the change of scale for the color coding according to the PBH

mass mpgpy compared with previous figures.

where a = Gmpgym,,, ¢ is the orbital angular momentum
number of the decaying bosons, and e < 10~3 denotes the
fraction the PBH mass accumulated in the cloud. The
superradiance condition constrains a/Z < 0.5 [239]. See
Refs. [241,245] for more recent calculations of the strain.
The duration of the signal is (see [246] and the references
therein)

MmMppH a\~ B (xi —Xf -
~0.13 yr( B ) (XN T (LA o 50
‘ yr(10—6 MO> <o.1) < 0.5 > (2:50)

where y' and y/ are the dimensionless BH spin at the
beginning and end of the superradiant growth. We compare
the expected GW signal amplitude from a source located at
a distance dy, in Fig. 6 along with UHF-GW detector
proposals.

Note that, despite restricting ourselves to the case of a
(pseudo)scalar, a similar phenomenon can occur in the
presence of vector and tensor fields. In such cases though,
the duration of the signal is much shorter than what is
reported in Eq. (2.50), making it extremely challenging to
detect PBH masses mpgy < 1073 Mg (see Ref. [246] for
more details).8

III. REACH OF PLANNED AND FUTURE
ULTRAHIGH-FREQUENCY GW EXPERIMENTS

In this section, we discuss the detectability of the GW
signals that are produced in the various scenarios discussed
in Sec. II with current and planned technologies.

SAs reported in Ref. [246], the signal duration for vector and
tensor superradiant instabilities as a function of the mass of the
BH scales as 7~ 5 x 10719 yr(mpgy /107 M ).

First, let us point out that the detection of GWs becomes
more difficult as their frequency increases. This is the case
both for single events and for stochastic backgrounds of
GWs. For instance, the amplitude of GWs at the ISCO
frequency (that coincides with the characteristic strain, see
Sec. II D) for a BH merger is [see also Eq. (2.31)]

BISCO , JISCO o 5 5 10~23 SN\ (A _1. (3.1)
0 ¢ GHz kpc

On the other hand, for a SGWB characterized by a given
GW energy density Qgw, the GW strain scales as [see
Eq. (2.42)]

B Af -1/0 1/2
hEGWB ~2x 10 31 (@ WG_V;] . (32)

In both Egs. (3.1) and (2.42), the strain decreases as & 1/f,
showing that it is increasingly difficult to detect both types
of signal (e.g., coming from the chirp phase of a binary
PBH merger or from a cosmic accumulation of events that
produce a copious amount of energy density in GWs).
Currently, there are various proposals for detectors
operating at frequencies higher than the range currently
explored at LIGO/Virgo/KAGRA, that is (10 — 103) Hz.
These can be divided into four broad categories, as we
summarize in the following.
(i) Mechanical resonators:
(a) resonant spheres [257] that operate in the range
(4 —10) kHz [258];
(b) levitated sensor detectors (LSD) [240,256],
which operate in the range (30 — 300) kHz;
(c) bulk acoustic wave (BAW) devices [259-261],
which work in the range (1 —10°) MHz.
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(i) Detectors based on GW-electromagnetic wave con-
version:

(a) superconducting radio frequency cavity (SRFC)-
based detectors (see, e.g., [204,206]), operating
in the range (1 — 10°) MHz;

(b) resonant  electromagnetic  antennas  (see
[262,263]), operating in the frequency range
(1 —10%) MHz, see Sec. 111 G for more details’;

(c) conversion of GWs into electromagnetic waves
in a static magnetic field, as for “light-shining-
through-a-wall” axion experiments and axion
helioscopes, see Sec. III B for more details;

(d) conversion of GWs into electromagnetic waves
in a static magnetic field equipped with an
additional Gaussian beam, see Sec. IIIC for
more details;

(e) Resonant LC circuits (DMR) [205], operating
in the frequency range (10~! — 10%) MHz, see
Sec. I D for more details.

(ii1) Interferometers:

(a) the holometer (HOL) experiment [264] that
operates in the range (1 — 13) MHz;

(b) a 0.75 m interferometer [265] that works at
f ~ 100 MHz.

(iv) Others:

(a) magnon-based detectors [266], operating at
f ~10 GHz;

(b) it is also possible to convert radio telescope data
(such as the ones from EDGES and ARCADE
[267,268]) into constraints on the presence
of a stochastic background of GWs around the
epoch of reionization [269]; these operate at
f ~100 MHz and f ~ 10 GHz, respectively.

Note that not all the detectors mentioned above may be
used to probe the various signals discussed in this work.
Consider, for example, the SGWB produced by PBH
mergers. As most of its contribution is emitted in the
late-time Universe, it cannot be detected using data from
radio telescopes, which can only probe the reionization
epoch. In the next sections, we will provide other examples
of detectors that may not be suitable to probe some of the
GW signals produced by PBHs.

A. Levitated sensor detectors

LSDs are mechanical resonators that operate as GW
detectors in the frequency range (10 — 300) kHz, with a
bandwidth of Af ~ f/10. These were initially proposed in

‘Note that the concept of resonant antennas is very similar to
SRFCs. However, the authors of [262,263] suggest a way to
extract the detector sensitivity that is sensitive to the GW
amplitude at linear order, contrary to the case of SRFC, where
the effect is at second order in h. As the proposal of [262,263]
does not account for noise sources yet, we do not include it in the
plots. See also Sec. III G for more comments on this concept.

[240] and more recently developed further in [256]. In the
simplest version [240], a LSD consists of a laser standing
wave that propagates between two mirrors in a cavity. A
dielectric nanoparticle placed close to an antinode of the
standing wave will experience a force that pulls the nano-
particle back to the antinode, which is then in an equilib-
rium position of the “optical potential*“: the dielectric
nanoparticle is “optically trapped.” The position of the
antinodes and the intensity of the restoring force (i.e., the
optical potential) depend on the intensity of the laser and on
the dielectric constant of the nanoparticle and can be tuned
by varying these external parameters. A second laser,
whose intensity is much lower compared to the one used
to build the optical trap, can be used to read out the position
of the nanoparticle. If a GW goes through the detector,"’ it
modifies the proper distance between the mirrors of the
cavity as well as the distance between the mirrors and the
nanoparticle. This causes a nanoparticle initially at rest in
an equilibrium position to move, subject to the optical
potential. If the GW frequency matches the optical fre-
quency, a resonance in the oscillation of the nanoparticle is
triggered: this can be observed using the second, weaker,
laser. The sensitivity of LSDs depends crucially on various
factors: it improves using longer cavities, more massive
nanoparticles, and cooler environments. At the moment, a
I-m prototype is under construction at Northwestern
University, while different possible improvements have
been suggested. The best design sensitivity proposed so far
could be achieved with a 100-m cryogenic setup, which
would reach a power spectral density sensitivity of /S, ~
1072 Hz /2 at f>10° Hz [256]. Such an instrument
would employ various technical upgrades with respect to
the simplest version [256], including, for instance, a
Michelson interferometer configuration to remove common
noise and the use of a multilayered stack of dielectric disks,
to make the suspended object more massive. We will use
this theoretically designed detector as a benchmark for our
estimates of the sensitivity, assuming a power spectral
density sensitivity of /S, = 1072 Hz~!/2? and a frequency
band of (1—1.1) x 10° Hz, where we are using that
Af = f/10 ~ 10* Hz. We can then compute the sensitivity
to the amplitude of GWs produced by a BH binary with
mass mpgy. In order to convert between power spectral
density /S, and characteristic strain &,, we recall that

_ |7
h, = A_fS"‘

Once we have the characteristic strain /., we can use
Eq. (2.36) to compute the GW amplitude A, employing
Egs. (2.33) and (2.35) to evaluate the number of cycles

(3.3)

10Only the component of the GW that propagates orthogonally
to the axis of the cavity is relevant here.
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spent by the signal in the detector bandwidth. The final
expression for a GW signal coming from a BH binary with
mass mpgy 1S

5/6
ho = 2.6 x 10~19 ( 7PBH )7
o=26x107("3

(3.4)

B. Conversion in an external static magnetic field

One of the most promising classes of detectors is based
on the conversion of GWs into electromagnetic radiation,
known as the inverse Gertsenshtein effect [270,271]. In its
simplest implementation, a detector that exploits the
inverse Gertsenshtein effect consists of a conversion region
of length L and area A (e.g., let us assume that it is a
cylinder) that hosts a static magnetic field B, orthogonal to
the axis of the cylinder (say, Z). A plane wave GW traveling
along the axis of the conversion region generates an
electromagnetic wave traveling in the same direction,"’
whose amplitude is proportional to the square of the
GW amplitude A, (or hg, for coherent GW signals), to
the square of the length of the conversion region L, and to
the square of the strength of the static magnetic field
|IB| = B. Therefore, the electromagnetic power that is
produced in the presence of a SGWB whose amplitude
is given by Eq. (2.41) can be written as

2
Pem(f) = 4;’7A32L2ﬁ|hc<f>\2, (3.5)

where 4 is the magnetic constant. In the case of an inspiral
or a monochromatic source, such as superradiance, 5,
should be replaced by & from Eq. (3.5), see also Eq. (2.34).
This electromagnetic power can then be revealed at the end
of the conversion region through appropriate detectors
whose properties depend on the frequency of interest.

In order for this effect to be efficient, it is important that
the phase coherence between the GW and the produced
electromagnetic wave is maintained [216], namely, that

045L L 1 m)?2
—— 4 10" Hz( — ) | —= ) . .
> —2 3x10 Z(1m>(\/Z> (3.6)

For instance, a hypothetical cylindrical detector with
L=1m and area A =0.785 m> (corresponding to a
radius of 0.5 m) can operate at f>> 4.3 x 10’ Hz. It is
interesting to notice that the idea behind these detectors is
similar to the one underpinning various axion experiments,
including telescopes such as CAST [272,273] (decommis-
sioned) and the International Axion Observatory (IAXO)
[274] (planned) and light-shining-through-a-wall experi-
ments such as OSQAR [275,276] (decommissioned),

"Note that there is also an electromagnetic component parallel
to the static magnetic field B [204].

ALPS [277,278] (decommissioned), ALPS II [279,280]
(under construction), and JURA [281] (proposal). Using
data already collected in axion experiments such as
OSQAR and CAST, it is possible to place bounds on
the presence of a stochastic background of GWs at the
frequency at which these detectors naturally operate [282],
which is extremely high: f ~ 105 and f ~ 10'® Hz. It is,
on the other hand, possible to adapt the photon receivers of
such detectors in order to be sensitive to GWs at lower
frequencies, see, e.g., [216], where two options for receiv-
ers that operate around the O(10) GHz were considered.
In the following, we will only use the most promising
proposal, which entails the use of single photon detec-
tors (SPDs) to reveal the electromagnetic wave induced by
the GW. For this proposal, the sensitivity reported in
Ref. [216] is"

B0 .64 5 10724 (V) (ALY (AL
2 lyr 10" Hz

of Tp N/ B\'/L\'/ A\
X € 2 - - ,
10°3Hz) \1T I m 1 m?

(3.7)

where S/N is the signal-to-noise ratio that one wants to
achieve, At is the measurement time, f is the frequency of the
GW, Aw = 2z Af, e is the single photon detection efficiency,
Af is the bandwidth of the receiver, and '}, is the dark count
rate. We invite the reader to check Ref. [216] for more
comments on the experimental feasibility of the benchmark
values used in Eq. (3.7). Note that Eq. (3.7) is actually the
expression for 5P instead of 25'° when it refers to coherent
sources, such as inspirals and superradiance.

We stress that, while in principle it is possible to tune the
central frequency of the detector, it is always necessary to
be in the regime where Eq. (3.6) is satisfied. Given the
specifics of the experiments ALPSII (B=5.3T, L=210m,
A =~0.02 m?),IAXO (B =2.5T,L = 20 m,IAXO will use
eight tubes, each of which has area A~04 mz), and
MADMAX (B=4.83T, L=6m, A~1.23 m?) using
Eq. (3.6), we can compute the minimum frequency that
can be probed by these experiments as follows:

FALPS > 4.6 x 10! Hz,
fIAXO % 2 2 x 10° Hz,

min

FMADMAX 5, 9 1 % 108 Hz.

(3.8)

Given that the amplitude of the signal drops at higher
frequencies, ITAXO and MADMAX appear to be the most
suitable experiment to probe the signals that we are inter-
ested in.

2Note a V2 difference with respect to [216] due to the
different definition of the characteristic strain in Eq. (2.41).
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From Eq. (3.7), it is clear that the sensitivity depends
crucially on the combination BLA'/? and on the measurement
time Az. In particular, the dependence (At/yr)~!/* proves that
the sensitivity gets better when the signal remains for a
sufficiently long time in the observable frequency band of the
detector. This excludes immediately the possibility of detec-
ting the chirp phase of light PBH mergers with these types of
detectors. Indeed, combining Eqgs. (1.1) and (2.32), one finds
that the final phase of a PBH merger would only last for

At~ O(1) x < O(1078) sec, (3.9)

ISCO

where the frequencies must be f > 10® Hz to satisfy
Eq. (3.6). An ideal candidate signal would be the one coming
from superradiant bosonic fields that gives monochromatic
GWs with a long coherence time.

However, itis also possible to detect the early inspiral phase
of single light PBH mergers: as the PBH binary gets closer to
merging, the frequency of the produced GW grows, spanning
the detector sensitivity range from low to high frequencies.
If the change in frequency is slow enough, the signal remains
in the detector sensitivity band for a sufficient time interval,
potentially allowing for detection. Of course, this type of
detector is well suited for the probe of SGWB signals, given
that the integration time is not an issue in that case.

Given that the graviton-to-photon conversion is sensitive
to the GW amplitude propagating along the direction of the
magnetic field B, one should account for the effective
contribution of the GW amplitude along the detector
principal axis. As the photon emission depends quadrati-
cally on the GW strain, in the case of SGWBs, we may
consider the average over all the orientations, which
amounts to a factor (cos?(6)) ~ 1/2. In the case of single
event mergers, we should keep in mind that the sensitivities
reported here are maximum values: the signal would be
suppressed by a factor O(1) depending on the orientation
and specific details of the experimental apparatus.

In the analyses of Sec. III F, we will always assume that
the detectors have S/N =2, ', = 1073, and e = 1. In
particular, we will consider three possibilities: (i) a hypo-
thetical SPD (HSPD) that spans a frequency range of Af =
5 x 108 Hz with minimum frequency f,, =5 x 10% Hz
and parameters equal to the benchmark values of Eq. (3.7)
(B=1T, L=1m, A=0.785 m?; corresponding to a
radius of 0.5 m); (ii) MADMAX, with the specifics above
and spanning the frequency range f C (2 —4) x 10° Hz;
(iii) TAXO, with the specifics above and spanning the
frequency range f C (2.8 —5.1) x 10'* Hz."

BNote that, in this section, we are assuming that the scaling of
sensitivity as a function of observation time given in Eq. (3.7)
remains valid. If the number of photons expected in the photon
detector is smaller than 1, the sensitivity might degrade further
and would need a dedicated analysis.

C. Experiments based on a Gaussian beam

A different design [283—-294] that still makes use of the
graviton-to-photon conversions entails the use of an addi-
tional ingredient: a GB with frequency f( placed in the
same direction of the conversion volume axis. A GW
traveling along the same z axis can give rise to an induced
electromagnetic wave in the direction orthogonal both to
the GB and to the static magnetic field. The induced
electromagnetic wave is generated at first order in the
amplitude of the GW, leading to a potentially large gain in
sensitivity with respect to the detectors described above. In
turn, however, the noise due to the GB photons can be quite
large. To mitigate this issue, it was proposed to use
reflectors in order to focus the induced electromagnetic
wave in the direction of the receivers [216,287,295-298].
The sensitivity reported in Ref. [216] is given by

HoB 2.8 x 102 (SN (ALY (Afo/fo) ™
¢ 2 10* sec 10°°
y 6_1 FD 1/2 EO -1
1073 Hz 5%x10° V/m

B \-'/ L\"'/ AA \-'/ F\!
X Py - b
10T Sm 0.01 m? 1075

(3.10)

where 0 < 5 < 1 is the reflectivity of the reflectors, At is
the measurement time, Af, is the bandwidth of the
detector, E, is the amplitude of the electric field of the
GB, AA is the surface of the electromagnetic wave detector,
and F is a function that depends on the geometry of the
experimental setup; see Ref. [216] for more details. The
benchmark values for the various experimental quantities
represent the state-of-the-art values that can, in principle, be
achieved in the laboratory.

Note that this detector works at resonance: the orthogo-
nal electromagnetic wave is produced efficiently only if the
frequency of the GW matches exactly the frequency of
the GB, f. For this reason, such a detector is not suitable
for the detection of coherent signals from PBH inspirals,
see the discussion in Sec. III B. However, this concept can,
in principle, be used to detect monochromatic signals such
as superradiance, as long as the GW frequency matches the
GB frequency to a very good accuracy (Af/f ~ 107%), or
SGWRBs. In the former case, assuming that it is possible to
tune the frequency of the detector to match the GW
frequency of the source, the GB detector would be able
to observe/exclude superradiance from PBHs in the mass
range (107% — 1073) My, which would correspond to a
(pseudo)scalar mass of ~107* eV. In that case, the sensi-
tivity in Eq. (3.10) would refer to the GW amplitude, #,.

It is necessary to emphasize that the feasibility of the
experimental apparatus including the reflectors, maintain-
ing the exceptional sensitivity that is reported in the original
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theoretical papers, has been questioned multiple times and
seems extremely difficult to be achieved. Beyond the issues
related to diffraction effects caused by the reflectors [298],
the original papers do not take into account the noise due to
the fact that the laser cannot be exactly linearly polarized in
one direction, which would likely dominate the noise
budget.14 More studies to explore the feasibility of such
a concept are a necessary step to be taken in the future, in
order to assess all the possible noise sources that might
deteriorate the sensitivity.

D. Resonant LC circuits

It has recently been shown that axion haloscope results
can be reinterpreted as limits on GWs in the UHF band
[205]. This is the case because, similar to what happens if
axions are present, a passing GW produces an effective
current in Maxwell’s equations, which causes the existence
of oscillating electric and magnetic fields."”” In particular,
data from experiments like ABRACADABRA [299-302]
and SHAFT [303] already put bounds on UHF-GWs,
despite the fact that their sensitivity is not yet competitive
with other bounds in the same frequency range. In
Ref. [205], the authors show that, in a setup geometry
similar to the ABRACADABRA one, with a toroidal static
magnetic field, a passing GW produces a magnetic flux at
the center of the toroid. This flux can be detected using a
pickup loop for which it is demonstrated that the most
efficient geometry is a Fig. 8 shape.

Interestingly, this type of detector can probe very short
signals. In fact, in the case of axions, a signal coherent for a
time of order O(p sec can be probed, corresponding to an
axion mass of order O(1) neV. Such a coherence time,
which can be written in terms of the quality factor of
the signal Q: 7 = Q/f, corresponds exactly to that of a
PBH merger in the chirp phase at f ~1 MHz, namely,
7~ 1/fisco ~MHz™! ~ 1 psec. For such a signal, one has
Q ~ O(1). Therefore, from Eq. (1.1), with resonant LC
circuit detectors it is possible to probe the chirp phase of
PBHs with masses around mpgy ~ 107> M. Better sensi-
tivities can be achieved if the signal is coherent on longer
timescales, i.e., when Q > 1, as is the case for super-
radiance, for instance: the sensitivity scales as Q~!/4.
Reference [205] shows that major progress can be achieved
in the future, as the sensitivity scales with the volume of the
region containing a static magnetic field as V7/¢. Therefore,
experiments like DMRadio [304,305] and improvements

"“We thank Sebastian Ellis for pointing out this issue.

This class of experiments (as well as that described in
Sec. III E) also makes use of the inverse Gertsenshtein effect. The
main differences with respect to the type of detectors described in
Sec. III B are the geometry of the setup and the way in which the
electromagnetic wave generated by the passing GW is measured:
while in the case of Sec. III B the detector counts the photons in
the generated electromagnetic wave, resonant LC circuit detectors
measure the generated magnetic flux.

thereof will be able to probe an interesting region of the
parameter space. For DMR detectors, the curves that we
plotin Fig. 7 refer to the best case future scenario: DMradio
with a magnetic field volume of 100 m* and Fig. 8 pickup
loop to detect the magnetic field flux.

E. Microwave cavities

Another class of experiments that have been developed
in the context of axion searches but turn out to be equally
useful for the detection of UHF-GWs is given by micro-
wave cavity experiments, see, e.g., [204,206]. As for the
concept described in Sec. III D, a GW passing through a
cavity containing a static magnetic field produces an
effective current in Maxwell’s equations. This, in turn,
gives rise to an electromagnetic field that oscillates at the
same frequency of the GW. Such induced electromagnetic
field might be detected using resonant detectors such as
microwave cavities. In particular, data from axion experi-
ments can be used to place bounds on UHF-GWs, as shown
in Ref. [204], where the authors computed the projected
sensitivity of ADMX [306-308], HAYSTAC [309], CAPP
[310], and ORGAN [311].

Following Ref. [204], we consider a cylindrical cavity
(whose volume is V) that contains a static magnetic field
B whose direction is parallel to the axis of the cavity.
Assuming a cavity-GW coupling coefficient 7, and system
temperature Ty, the sensitivity of such a cavity can be
estimated as

1 T 1 3\ 5/6 15 1/2
=200 () (520) ()
]771 |B| VCaV Q
Tos\'/2 (1 GHz\32 ( Af \'4/1 min\!/*
X
1K f 10 kHz At ’

(3.11)

where the benchmark values are taken from the ADMX
experiment. Reference [204] shows that a cavity-GW
coupling coefficient of order 7, ~ O(1) is a reasonable
assumption for the modes (Ty;¢ and T,q) already used in
axion experiments such as ADMX and ORGAN. Note that
the quality factor Q and the cavity bandwidth A f are linked
through the relation Af ~ f/Q. In Fig. 7, we plot the
sensitivity curves for the two most promising detectors:
ADMX and SQMS. For these curves, we took the parameters
reported in [204] f C (0.65—1.02) GHz, Q ~8 x 104,
IB| =7.5T, Vg, =136L, and T, = 0.6 K, while for
SQMS we used fC (1—2)GHz, Q~10° |B|=5T,
Ve = 100L, and T =1 K. We also take 77, = 0.1 in
both cases, while the integration time used is given by the
intrinsic timescale dictated by the frequency evolution of the
inspiraling PBH binary, see Eq. (2.32). The duration of
the signal has to be longer than the “ring-up time” of the
cavity, determined by the inverse of the bandwidth. Using
Eq. (2.32), this requirement sets an upper limit on the mass of
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FIG.7. We plot characteristic GW amplitude /, emitted by a PBH binary merger at a distance d, = d,,. Each color reports a different
value of mpgy C (107 — 107!") M, as indicated in the insets. The highest part of the filled band corresponds to the strain obtained
assuming the maximum theoretical merger rate Rpgf; (see Sec. II B 4), while the lowest curve corresponds to the strain values obtained
for fpgy = 1 in the standard scenario using Eq. (2.26). For each experimental apparatus, we report four different lines, corresponding to
the four integration times allowed by the signal with masses spanning four decades below the heaviest observable merger. For example,
considering for example the DMR detectors, each line from top to bottom corresponds to different integration times set by the maximum
time spent by mergers of masses mpgy = (1073, 107, 1077, 1078) M, around the frequency of f ~ 400 MHz. See the main text for a

complete description of the detector specifications.

the PBHs whose mergers can be probed by microwave
cavities. Therefore, as we will show in Fig. 7, the ADMX
and SQMS sensitivity curves apply to PBH inspirals
with masses mpgy < 107 Mg and mpgy < 10710 Mg,
respectively [204].

F. Realistic comparison with GW signals
from PBH mergers

In this section, we explore how the assumptions that lie
behind the most promising detector curves reported above
(e.g., in Figs. 4 and 5) affect the detectability of the GW
signals from PBH mergers.

1. Detection prospects for PBH mergers (Fig. 7)

When comparing the signals from coherent sources with
the various detectors, we plot the GW amplitude £ instead
of the characteristic strain, as the theoretical papers
describing detector proposals assume a passing GW plane
wave, whose amplitude is /. Also, the sensitivity of each
detector is computed accounting for the intrinsic GW signal
duration, depending on the PBH masses and frequency and
using Eq. (2.32).

In Fig. 7, we plot the sensitivity curves corresponding to
the LSDs described in Sec. III A, the SPDs described in
Sec. Il B (HSPD, MADMAX, and IAXO), resonant LC
circuits described in Sec. Il D (DMR), and microwave
cavities described in Sec. IIIE (ADMX and SQMNS).
Concerning the GW signals, we plot the curves correspond-
ing to PBH inspirals with mass mpgy C (107* — 10712) M.

For each band, the upper curve saturates the maximum
theoretical merger rate, see Sec. I[I B4, while the lower
curve corresponds to fpgy = | in the standard scenario,
see Eq. (2.26).

For LSDs, we used the benchmark values reported in
Sec. III A. The sensitivity curves from top to bottom refer to
PBH inspirals with masses

mpgy C (1074,1075,1076,107) My, LSD.  (3.12)

For the case of the SPDs described in Sec. III B, the
sensitivity curves from top to bottom refer to PBH inspirals
with masses

(106,1077,10%,10°) M,  HSPD,
mpgy C {4 (1077,1078,107°,1071%) M, MADMAX,
(1078,107°,107'°,10""") M, TAXO,
(3.13)

respectively. Note that the short duration of the various
signals in these frequency bands makes the sensitivity
degrade significantly. We do not show smaller masses, as
the signal amplitude becomes increasingly distant from the
detectors’ reach.

For DMR detectors, the curves that we plot in Fig. 7 are
evaluated using the quality factors of the signals corre-
sponding from top to bottom as

mpgy C (107,107, 1077, 1078) M,

DMR. (3.14)
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Note, therefore, that the top curve is applicable to the signal
corresponding to Mpgy = 107> M, PBH inspirals, which
are close to the chirp phase (Q ~ 1) at the right end of the
DMR frequency band. For this case, which represents the
best case scenario in terms of detectability, the gap between
the DMR sensitivity curve and the loudest signal from PBH
mergers (obtained under the assumption that the signal
saturates the maximum merger rate, see Sec. [ B 4) is only
one order of magnitude.

Concerning microwave cavities, the requirement that the
time spent by the signal in the detector band is larger than the
ring-up time of the cavity implies that the ADMX and SQMS
sensitivity curves can only apply to small enough PBHs
masses, see the discussion in Sec. I1I E. The sensitivity curves
plotted in Fig. 7 apply to PBH inspirals with masses

ADMX,
SQSM,
(3.15)

(1072,1071°, 10711, 10712) Mg

m C
rei { (10719, 10711, 10712, 10-13) M,

respectively. The integration time is given by the merger
time of the PBH inspiral at the corresponding frequency
of the various detectors. In the best case scenarios,
ADMX and SQMS top curves to be compared with the
maximum PBH inspiral signal for Mpgy = 10~ M and
Mppy = 10719 M, respectively, there is still a gap of
roughly 5-6 orders of magnitude.

2. Detection prospects for a SGWB
from PBH mergers (Fig. 8)

For a SGWB, we are not limited by the signal duration.
In Fig. 8, we assume an integration time of one year for

HSPD, MADMAX, and TAXO. We also show the sensi-
tivity of the GB detector, as from Eq. (3.10), assuming
integration times of one day (dashed line) and one year
(solid line). To plot these curves, beyond all the bench-
mark values for S/N, I'p, Ey, B, L, AA, and F, we assume
n=e=1 and that Af/f = 1075, so that the frequency
dependence disappears. We plot the signal in the range
(108 — 10'2) Hz because this is the range explored in the
literature [216,283-294,297,298].

Assuming that the sensitivity proposed for the GB design
can be achieved, such a detector may constrain PBHs in
the ultralight mass range mpgy = 10713 M, at least if a
boosted merger rate close to Rpgjy is achieved. This would
already represent a novel constraint on some scenarios for
the asteroidal mass PBHs as DM, which is notoriously
difficult to probe with other means (see, e.g., Ref. [58]).

G. Discussion

As we have seen in the previous sections, it is not
possible to detect PBH-related GW signals using already
operating detectors. One of the most compelling issues for
many detectors is related to the short duration of the signal,
which reduces the possibility of detecting transient signals
in the UHF band, as we have discussed for magnetic
conversion detectors in Sec. III B.

The currently most optimistic future prospects rely on
the actual experimental implementation of the theoretical
sensitivity of the GB detector, see Sec. IIIC, whose
feasibility has, however, been questioned [298]. Despite
the fact that the benchmark LSD that we used for the
sensitivity estimates in Fig. 7 is only theoretically designed
at the moment, this type of technology is currently being
tested with the construction of a 1-m prototype and hence is
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likely to make progress in the near future. If the benchmark
numbers could be achieved, this detector would be only
1-2 orders of magnitude away from the most optimistic
PBH signal, at 10> Hz, coming from PBH binaries with
mass (107> —107%) M. Furthermore, there are other
interesting experimental concepts that have been proposed
only very recently and might become the most promising
routes forward. For instance, resonant cavities play a central
role in a couple of very recent proposals [204,206,262,263].
In Figs. 7 and 8, we indicate the corresponding range of
frequencies between vertical grid lines. In Refs. [262,263],
the authors suggest the use of resonant cavities to resonantly
amplify the electromagnetic waves generated by the passing
GW through the inverse Gertsenshtein effect, as described in
Sec. III E. The strain sensitivity for stochastic backgrounds
reported in Refs. [262,263] is i, ~ 1073 in the frequency
range (10%—10%) Hz. If such an instrument could be
implemented in the laboratory, then we would be able
to observe the stochastic signal from unresolved PBH
mergers, see Fig. 8."° The potentially testable parameter
space would include large values of the abundance of PBHs
in the asteroidal mass range with masses around mppy =~
10~"" M, within the “standard” merger scenario. However,
the proposal of Refs. [262,263] is in a quite preliminary stage,
and further studies about the noise sources that could
deteriorate the sensitivity are still lacking. On the other
hand, other proposals suggest the use of concepts already
discussed in the context of axion DM experiments [312,313].
Preliminary results in this direction indicate that it might
be possible to reach a sensitivity for coherent signals of
hy ~ 10723 in the frequency range (10° — 10%) Hz. Further
analyses are currently being performed to assess all the
possible noise sources present in this type of detector."”

IV. CONCLUSIONS

Gravitational waves in the ultrahigh-frequency band
represent an interesting and promising avenue for the
discovery of new physics. The challenging journey that
will hopefully lead to gravitational wave detection in this
frequency range has just started. As we have reviewed in
this paper, an intense effort is required on the experimental
side to reach the required sensitivities that could probe
physically interesting gravitational wave strains. From the
theoretical point of view, on the other hand, it is necessary
to provide precise and physically sound targets, in order to
guide the work on detector concepts.

One of the best-motivated sources in the ultrahigh-
frequency range is light primordial black holes, which
may be a promising candidate to explain the dark matter in

'We thank Sebastién Clesse and Nicolas Herman for private
discussions on these points.

"We thank Diego Blas and Raffaele Tito d’Agnolo for private
discussions on these points.

our Universe. Building upon the recent advancements in
the modeling of primordial black hole merger rates, in this
paper we have used state-of-the-art techniques to provide a
systematic study of the possible gravitational wave signals
that can be expected from various phenomena related to
primordial black holes. Focusing on scenarios in which
primordial black holes play a role as dark matter candi-
dates, we have shown that the specific features of transient
signals in the ultrahigh-frequency band render detection
particularly challenging with currently operating and pro-
posed detectors. One of the issues in this context is the short
duration of the signal that does not allow for a sizable
conversion of gravitational into electromagnetic waves.
This problem prevents the use of some types of detectors,
described in Sec. III B, for the detection of coherent signals.
Other types of concepts though, such as levitated sensor
detectors, resonant LC circuits, and microwave cavities, do
not suffer from this type of problem. If the benchmark
values reported in Sec. III A for levitated sensor detectors
could be achieved, then the sensitivity of this type of
detector would be only one order of magnitude away from
the most optimistic primordial black hole inspiral signals,
at f ~ 10° Hz. Along with levitated sensors, resonant LC
circuits represent the best current prospect in terms of
detectability, with their sensitivity missing the loudest
gravitational wave signal from primordial black hole
inspirals at f ~ 30 MHz for just one order of magnitude.

The issue of the duration of the signal is avoided in the
case of stochastic signals or persistent signals such as those
coming from superradiance effects, but in these cases the
strain is such that achieving detection remains beyond the
capabilities of existing proposals. The main exception is
represented by the Gaussian beam detector, assuming that
the sensitivity reported in the theoretical studies of this
concept can be achieved in the laboratories. This experi-
ment could set a novel constraint on some scenarios for the
asteroidal mass primordial black hole dark matter, which is
notoriously difficult to probe with other means (see, e.g.,
Ref. [58]). A critical assessment of the feasibility of such
detectors is a crucial theoretical and experimental step to be
taken. Other proposals, especially those involving resonant
cavities, might be promising alternative ways forward.
There are various groups already involved in the effort
of developing these ideas further.

We conclude with an optimistic note: In the last decades,
we have witnessed how the technological progress and the
effort of many researchers have made it possible to over-
come experimental difficulties that are similar to those now
experienced in the context of ultrahigh-frequency gravita-
tional waves. Renowned examples are gravitational waves
in the subkilohertz range, where detection was finally
achieved after decades of tireless efforts, and the case of
axions, for which the most recent proposals would finally
make it possible to probe almost the entire phenomeno-
logically interesting parameter space. This paper provides
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further motivation to keep exploring ultrahigh-frequency
gravitational wave physics.
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Note added.—Recently, we learned that the second version
of Ref. [205] was in preparation. In particular, in their
Appendix III, the authors address some details of the
computation of the merger rate of individual PBH binaries
also discussed here. Where they overlap, the results are
consistent with the ones presented here.

APPENDIX: GW ENERGY EMISSION
SPECTRUM FROM BINARY BHs

In this appendix, we report the formulas entering the
computation of the energy spectrum of GW emitted during
the inspiral-merger-ringdown evolution. Following the
notation adopted in Eq. (2.40), one can define

fi=filw.Mn.x) =1+ ar/? + az?,

fr=falv. Mo y) =1+¢e/ + 1,
v

3= f, Vringdown»MvZ) = m (Z(D—Uﬂngdown))z - (Al

o

with / = (zMGu/c?)'/3. Additionally, the single spin
parameter is defined as

X2

;{:(1+5)’%+(1—5)?, (A2)
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27 11
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The merger, ringdown, and cut frequencies, as well as o, are

approximated by
3
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where M,((ij), with the index k& indicating either
(merger, ringdown, cut, ), is computed as
3 min(3—i,2) B
=) =Y. > s, (a5)
=1 j=0

with y; coefficients given in Table 1 of [214]. Finally, w,
and @, are normalization constants that guarantee con-
tinuity at the frequencies Vperger a0 Uyingdown» re€spectively,

W = Vr_nérgerf%(ymerger’ M, ﬂ’){)/f%(l/mergerv M, 77’)()7
(A6)

Wy = wlyr_iiégownf%(yringdowna M, ’7’)()'
We will neglect the impact of spin on the GW emission as
PBHs are expected to be produced with very small spin in
the standard scenario [247,248]. However, we note that
considering extremal spin may lead to a relative variation of
the SGWB amplitude smaller than about 40%.
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