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Stochastic gravitational-wave background at 3G detectors
as a smoking gun for microscopic dark matter relics
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Microscopic horizonless relics could form in the early universe either directly through gravitational
collapse or as stable remnants of the Hawking evaporation of primordial black holes. In both cases they
completely or partially evade cosmological constraints arising from Hawking evaporation and in certain
mass ranges can explain the entirety of the dark matter. We systematically explore the stochastic
gravitational-wave background associated with the formation of microscopic dark-matter relics in various
scenarios, adopting an agnostic approach and discussing the limitations introduced by existing constraints,
possible ways to circumvent the latter, and expected astrophysical foregrounds. Interestingly, this signal is
at most marginally detectable with current interferometers but could be detectable by third-generations
instruments such as the Einstein Telescope, strengthening their potential as discovery machines.
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I. INTRODUCTION

The nature of the nonbaryonic dark matter (DM) that
seems to dominate galactic dynamics and accounts for
roughly a quarter of the energy content of the universe
remains mysterious. Despite the decade-long experimental
effort, DM searches have so far provided only upper
bounds on a plethora of models [1-3]. An intriguing
possibility is the formation of microscopic compact objects
in the early universe, either in the form of primordial
horizonless solitons (for example Q-balls [4,5], boson stars
[6-8], oscillons [9], fermion soliton stars [10,11], and
fermi-balls [12,13]) or primordial black holes (PBHs)
[14,15] formed during the radiation-dominated era from
the collapse of very large inhomogeneities [16—19].

According to the standard formation scenario within
general relativity (GR), PBHs with masses smaller than
~107"M (i.e., ~10'* g) should be completely evaporated
by now and cannot therefore contribute to the DM
[14,15,20]. However, this conclusion assumes that GR is
valid all the way down to full evaporation, where ultraviolet
corrections should become dominant. An intriguing pos-
sibility is that ultraviolet effects would eventually halt the
evaporation of microscopic PBHs, producing a microscopic
relic [21-25] (see Ref. [26] for a review). This can naturally
occur in full-blown quantum gravity [27-30] (see Ref. [31]
for a review), but also in more tractable high-curvature
extensions to GR, where BHs feature a minimum mass
[32,33]. Likewise, primordial horizonless solitons—formed
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within and beyond the Standard Model (e.g., [34])—can
evade all the constraints arising from Hawking evaporation
[15] and could comprise the entirety of the DM also in mass
ranges excluded for PBHs [35]. Hawking evaporation is
also quenched for nearly-extremal PBHs (see Ref. [36,37]
and references therein) and in the presence of large extra
dimensions [38,39].

Motivated by the above scenarios, in this work we
explore the possibility that microscopic horizonless relics
could form in the early universe either from the gravita-
tional collapse of large perturbations or as (meta)stable
remnants of the Hawking evaporation of PBHs. As we shall
argue, in some of the above scenarios these objects are
compelling candidates for the entirety of the DM and
their formation would be associated with a stochastic
gravitational-wave background (SGWB) potentially observ-
able by future, third-generation (3G), ground-based inter-
ferometers [40] such as the Einstein Telescope (ET) [41-43]
and Cosmic Explorer [44,45]. The reach of 3G detectors to
constrain the amplitude of a SGWB nonlinearly induced
by large scalar perturbations was already mentioned in
Ref. [46] (see also Refs. [47,48]). Here we extend the
existing discussion connecting the SGWB signal to different
scenarios where Hawking remnants and exotic compact
objects [49,50] may be related to the DM and specifically
show that 3G detectors could test the formation of DM
relics that partially or totally circumvent the Hawking
evaporation bounds.

We shall mostly consider the standard formation scenario
in which primordial compact objects form from the
collapse of large inhomogeneities during a radiation domi-
nated era of the universe [16—19]. This could naturally lead
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to objects with masses approximately in the range
Me(1072,107)My (e, M€ (10'°,10') g), which
will be our primary range of interest."

The paper is structured as follows. In Sec. II we discuss
the basic formulas we use to derive the constraints, based
on threshold statistics describing compact object formation,
second-order gravitational-wave (GW) emission, and
PBH evaporation. We also present different scenarios that
circumvent current cosmological and astrophysical con-
straints on Hawking emission, and discuss the important
limiting effect of astrophysical foregrounds expected in the
frequency range of ground-based GW detectors. In Sec. III,
we summarize our results, showing the detectability pros-
pects of ET in various scenarios. We conclude in Sec. IV.

II. SETUP

A. Power spectrum

We consider formation scenarios where the spectrum of
curvature perturbations is enhanced at small scales, trigger-
ing gravitational collapse. In order to consider realistic
narrow spectra as a benchmark, we will adopt the following
functional form

Pe(k) = Ao(k/ko)" exp[2 — 2(k/ko)?]. (1)

which is parametrized by the peak amplitude A, spectral
growth index n, and the reference wave number ky. As a
reference, we will consider a spectrum characterized by a
growth n = 4, yielding Pg(k) o k* for k < ky, (see, e.g.,
[52-55]), while it is Gaussian suppressed for k > k. With
this parametrization, for n = 4 the maximum is achieved at
Pe(ky) = Ap. Later on, we will also explore the possibility
of a shallower growth at small k’s (assuming n ~ 1), which
enhances the low frequency tail of the associated SGWB.

B. Computation of the abundance

The first step is to consider the relationship between the
horizon mass My and the perturbation comoving wave
number k [56],

; 9. \Vo(_k/k )7
My ~12x10 25MO<]06‘75) (1013pc—1 . (2

The PBH mass resulting from the collapse is related to My
by an order-unity factor controlled by the critical collapse
parameters [57] (see Ref. [58] for a recent review). Here, g,
is the effective number of degrees of freedom of relativistic
particles and was normalized to the value for the Standard

'Very recently, Ref. [51] presented a complementary study
related to the SGWB produced by even smaller PBHs (with mass
Mppy ~ 1072M ) dominating the universe and responsible for
reheating, and that could also potentially lead to DM relics and to
a SGWB signal at 3G interferometers.

Model at high energies. We keep track of the additional
prefactor « = kr,, that relates k to the characteristic
perturbation size at horizon crossing r,, [59-62]. For
definiteness, we will later on adopt the value x = 2.51
that derives from assuming the spectrum (1) [63,64].2

Adopting threshold statistics, we compute the mass
fraction £ assuming Gaussian primordial curvature pertur-
bations’ and accounting for the nonlinear relationship
between curvature and density perturbations [67-69].
One obtains

5}nux 3 ) Y
ﬂ =K : dél 61 —gél - 50 PG(51)’ (3)

min
1

1
V2r6(r,,)

where §; is the linear (i.e. Gaussian) component of the
density contrast, and the integration boundaries are dictated
by having over-threshold perturbations and Type-I PBH
collapse (see, e.g., [60]). We indicate with o(r,,) the
variance of the linear density field computed at horizon
crossing time and smoothed on a scale r,, (see, e.g.,
Ref. [56] for more details), while o, is the threshold for
collapse. We also introduced the parameters KC and y to
include the effect of critical collapse. Overall, one finds the
peak of the PBH mass distribution to be Mpgy ~ 0.6M
(see, e.g., [56]).

Po(6) = e ), )

C. SGWB induced by adiabatic perturbations

Large adiabatic perturbations are responsible for the GW
emission at second order in perturbation theory [70-76].
The fundamental relation to consider is the one connecting
the frequency fgw of the SGWB to the comoving wave
number k = 2z fgw, which is

k

or equivalently, using Eq. (2),

—1/12
—4.1x10* Hz[ | (-2
Faw x 10 Z<2.51> (106.75)

MH )—1/2
x[—=2 ) . (6)
<10 BM,

The current energy density of GWs is given by

*Notice that in Ref. [46—48] the factor k was fixed to unity.
This systematically bias toward smaller peak frequencies the
SGWB associated to a given PBH population.

See, however, the recent Refs. [65,66] for nonperturbative
extensions of this computation if one assumes non-Gaussian
primordial curvature perturbations. We will not explore this
possibility in this paper.
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o g*(TH) g*,S(TH) _%
Zowo = 03920 (106.75) ( 10675 ) Powar (1)

as function of their frequency fgw, with

Qow p = (i) ~ /O " dv /1 1_+ duT (u, v) Py (ku) Py (kv)
(8)

(see e.g. Ref. [77] for a recent review). Here, b = (1 — 3w)/
(14 3w) with w being the universe’s equation of state
parameter (the pressure to energy density ratio) at the
emission time, €, is the density fraction of radiation,
9.(T) and g, ((T) are the temperature-dependent effective
number of degrees of freedom for energy density and entropy
density, respectively, and 7 (u, v) is the transfer function
[78,79]. We denote with the subscript “H” the time when
induced GWs of the given wave number k fall sufficiently
within the Hubble horizon to behave as a radiation fluid in an
expanding universe. The characteristics of the SGWB
emitted from a narrow spectrum of curvature perturbations
can be summarized as follows. The low frequency tail scales
like Qgw = f3, due to the causality limited efficiency of the
superhorizon emission [80-84]. On the other hand, one
obtains a high frequency tail that depends on the drop-off of
the curvature spectrum.

D. PBH evaporation and remnants

The Hawking temperature of a static BH of mass Mpgy is
given, in natural units, by [85]

M -1
=53 TeV<‘°B“> . 9)

T, =
FBH 10°5M,,

SEGMPBH
where G is Newton’s constant. The mass evolution of an
evaporating static PBH follows (e.g., [86,87]) dMpgy/dt =
—C/M3g,; where

_ 799 (TPBH)Mél

¢ 480 '

(10)
G~3.8 is the gray-body factor, and Tppy is the PBH
temperature in Eq. (9). gy, (Tppy) counts the spin-weighted
degrees of freedom of the particles produced from the
Hawking radiation with Tpgy, whose concrete value
ranges between gy, (Tppy)~ 108 for Tpgy > 100 GeV
and gy, (Tpgy) ~ 7 for Tpgy < 1 MeV. This can also be
written as

dMppy

M M -2
TR 9.7 x 10_26T09H*(TPBH>< _— )

105 M,,
(11)

Solving Eq. (11), we can derive the lifetime of a static
evaporating PBH

(MfJBH)3 3 gn \ 7! MfDBH 3
toyy = ———~ 3.4 x 10 — .
T % 100) \102my,
(12)

To simplify the interpretation of the previous equation, we
have reported it in terms of the initial PBH mass, Mbg,,, and
have neglected a putative remnant mass, M, (see below).

For comparison, in a radiation-dominated FLRW uni-
verse where the Friedmann equation dictates

473

="
45 9

(T)GT*, (13)

the age of the universe at a temperature 7 is

g -1/2 T -2
free = 0.15 s 2 . (14
ae S(10.75) (4 Mev> (14)

One possibility we are interested in here is that PBHs do
not evaporate completely but rather that, due to (possibly
unmodeled) quantum gravity or anyway beyond-GR
effects, Hawking evaporation leads to the formation of a
stable remnant, of mass M typically close to the Planck
scale [21-24,26]. Anyway, in order to be agnostic let us
assume that M is a free parameter, not necessarily of the
order of Mp). In the case such a remnant is formed, the
timescale during which the evaporation is active is modi-
fied with respect to Eq. (12) as

i \3 M3
fova = (Mppy) |:1 - f 3:| ) (15)
3C (MPBH)

Owing to a correction proportional to the third power of the
mass ratio, only in the (fine-tuned and scale-dependent)
case in which the remnant mass scale is very close to
the initial PBH mass a sizable change to ¢, is expected. In
all other cases (including the most interesting one when
M = Mp < Mgy, the estimate (12) provides the time
for the formation of a remnant.

E. How to evade the BBN and CMB bounds

Before leaving a microscopic relic, Hawking emission
might still lead to several effects in the early universe
which should be taken into account. In particular, for
Mpgy < 1015 g, PBH evaporation is mostly constrained by
big bang nucleosynthesis (BBN) and distortions of the
cosmic microwave background (CMB) (see e.g. Ref. [15]
for a detailed discussion on these and other constraints).
Below we consider various scenarios in which such
constraints can be evaded or strongly relaxed, thus moti-
vating the agnostic approach adopted in Sec. III, where we
will also take into account the possibility that non-GW
constraints based on Hawking evaporation do not hold.
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1. Hawking remnants

In the standard scenarios, a sizable fraction of the initial
PBH mass evaporates before leaving a stable remnant. Thus,
to recover the predictions of standard big-bang cosmology,
we require Hawking evaporation to terminate before BBN. In
practice, we impose foy, < f4se, using Eq. (14) and assuming

Tgpn = O(few) MeV. This yields [15]
Mgy <5 % 107%M . (16)

Note that, owing to the cubic dependence in Eq. (12), the
mass corresponding to f,, = e is only mildly sensitive to
O(1) changes in Tgpy and even to larger changes in the
parameters such as gy.., 9., and G. As previously discussed,

the bound (16) is valid as long as My < Mpgy,.

2. Quasiextremal PBHs

Beyond the possibility that the Hawking evaporation
leaves behind a stable Planck mass remnant explaining the
DM, one may also consider scenarios in which Hawking
evaporation is not efficient.

One such possibility involves quasiextremal PBHs (see
Refs. [37] and references therein). Indeed, quasiextremal
(charged and/or spinning) BHs in GR have nearly vanish-
ing temperature Tpgy, which translates into a longer
evaporation timescale and, most importantly, into a reduced
particle emission rate (the latter being proportional to
Tpgy)- We can define an extremal parameter e that controls
the BH temperature Tpgy = 1/(87Mpgy)[4e/(1 + €*)] and
its luminosity L o Tggy. For € =1 one recovers the
Schwarzschild case while € = 0 is the extremal case. As
a consequence, the BBN bounds and the CMB bounds [15]
in the relevant mass range can be evaded when [37]

e <1073, (17)

In this case quasiextremal PBHs remain stable on a time-
scale comparable to the age of the universe and therefore
represent viable DM candidates.

3. PBHs in large extra dimensions

It is likely that, in gravity theories introducing a new
fundamental microscopic scale, £, Hawking evaporation of
BH with size comparable to £ can be drastically different.

In theories with extra dimensions of size ¢, the evapo-
ration timescale of a d-dimensional BH with horizon radius

ro reads [38]

2(d—4)

tét\fz)l ~ (f) teva‘ (18)
ro

Thus, provided d > 4 and ry < ¢, the evaporation time can
be parametrically longer than Eq. (12). The different

relation between mass, radius, and temperature in this
scenarios provides different constraints on the PBH abun-
dance [39]. For example, for d = 6 and extra dimensions at
the 10 TeV scale, PBHs with mass Mpgy > 10'! g are
viable DM candidates [39].

4. Ultraviolet GR deviations and minimum mass BHs

A gravity theory with ultraviolet corrections to GR can
be schematically written as

S = /d“x\/—_g(R + R4 (19)

where the first term is the standard Einstein-Hilbert action,
R? schematically denotes quadratic curvature corrections
(implicitly including extra fields coupled to gravity), and ¢
is a new fundamental length scale below which GR
deviations become dominant. Indeed, in various theories
of this kind BHs have minimum size and mass of the order
L [32,33,88-90]. At the same time, the Hawking temper-
ature and the graybody factor of the minimum mass
solutions are finite [32,89,91], so the timescale and the
very fate of Hawking evaporation in theories with high-
curvature corrections is mysterious [32,33]. These studies
have been carried out in detail for Einstein-scalar-Gauss-
Bonnet gravity [88] (a theory belonging to the Horndeski
class and inspired by string theory), but are expected to be a
generic feature of a new fundamental length scale (see, e.g.,
[92]). Interestingly, in Einstein-scalar-Gauss-Bonnet grav-
ity the minimum-mass BH solution co-exists in the phase
space of the theory with a regular wormhole without exotic
matter [93]. This intriguing feature might suggest the
possibility of a transition from this critical BH solution
to a regular horizonless remnant, which does not evaporate
any further [32,33].

5. Horizonless relics

Finally, as anticipated by the wormhole example just
reported, the BBN and CMB constraints would not apply in
case of formation of horizonless relics, for which Hawking
radiation is totally absent or strongly suppressed [35].
Horizonless relics, cosmological solitons, and more generi-
cally exotic compact objects [49,50] can form from large
primordial curvature fluctuations [35] and might be stable
on cosmological timescales (see, e.g., [94]). Probably the
best-known examples are Q-balls [5], boson stars [7,8], and
oscillons [9], which can form from the collapse of massive
bosonic fields. Based on the nonlinear simulations in
asymptotically-flat spacetime [95], the threshold amplitude
for the formation of a soliton can be much smaller than that
for PBH formation, so the abundance of solitons is
expected to be much higher.

Again in the spirit of an agnostic search, we shall
parametrise the detectability of such scenario as a function
of the collapse threshold SR of these exotic compact
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objects (e.g., [96]). It is, therefore, convenient to define its
ratio R;, = S8R /8PBH with the threshold for PBH collapse
in a radiation-dominated universe.

F. Effects of expected astrophysical foregrounds

To understand the detectability of the SGWB signatures
discussed in this work, it is important to assess the expected
astrophysical foreground (AF) signatures falling within the
same frequency range. Focusing on ground-based experi-
ments, the known source of GWs that is expected to
dominate is represented by mergers of astrophysical binary
BHs (BBHs) and neutron stars (BNSs). In particular, an
astrophysical SGWB derives from the superposition of
individually unresolved GW emission from compact binary
systems, as well as the residual background from imperfect
removal of resolved sources. The remaining SGWB fore-
ground of astrophysical nature then limits how well we can
observe the potentially subdominant cosmological SGWB
discussed here.

The noise contribution from imperfect removal of
resolved sources has been investigated in Refs. [97-106].
In Ref. [99] in particular, at odds with previous claims
based on different cleaning techniques, it was shown that
adopting a method based on subtracting the approximate
signal strain and removing the average residual power can
reduce the noise from foreground BBHs and BNSs below

My[My)]
10—15 10—17 10—19 10—21
1078
107%
< 1070}
c
10—11_
10—12_
10—]3
10° 10! 102 103
Jaw [Hz]
FIG. 1. GW interferometer sensitivities compared the astro-

physical foreground from BBHs and BNSs. In particular, we
show contribution from unresolved BNS as derived in
Ref. [97,98] (top line) and [99] (bottom line), see more details
in the main text. The green lines denote the integrated power-law
sensitivity curves for 2 yr observation with ET in the following
configurations (taken from Ref. [115]): (i) single triangular
detector ET-D (solid); (ii) single triangle, 15-km arms (dashed);
(iii) two-detector network L-shaped 20-km arms (dot-dashed).
The purple curve is the expected power-law integrated sensitivity
curve obtained assuming 2-yr of observations with LIGO-Virgo-
KAGRA (LVK) OS5 at design sensitivity (see details on its
derivation in Ref. [116]).

the detector sensitivity limit. A sizable contribution still
remains, however, from unresolved BNS mergers, which is
still subject to uncertainties deriving from our limited
knowledge of their intrinsic population based on currently
available LVK data. It should be noticed that this is,
therefore, mostly insensitive to further improvements on
the techniques employed to subtract resolved signals (even
though attempts were made in Refs. [105,107,108]).

In Fig. 1 we show the residual SGWB coming from
unresolved BNSs (as derived in Refs. [97,98] (top line)
and [99] (bottom line) assuming a 3G detector network)
normalized with the 90% credible level provided by the
population analysis of the LVK GWTC-3 data release
[109]. The upper side of the band is derived assuming the
source-frame distribution of masses of each BNS to be
described as in Ref. [110], where the primary mass follows
a double Gaussian distribution and the secondary mass is
sampled uniformly. The merger rate redshift distribution
should necessarily be extrapolated from the low z obser-
vations, corresponding to approximately 320/(Gpc?® yr)
for BNSs. A convolution of the star formation rate with a
standard time-delay distribution p(t,) =~ 1/t; was used,
enforcing different minimum time delays for BBHs and
BNSs [111-114].

III. RESULTS

A. PBH evaporation and remnants

In the first scenario, PBHs are formed with mass Mg},
at early times, Hawking radiate for a time ¢,,,, and survive
as stable remnants with mass M (typically < Mpgy,). Due
to the mass loss experienced by each PBH, the mass
fraction in the PBH sector is decreased by a factor
Bi/Br = Mpgy/M, which follows from the conservation
of the number density of objects. Therefore, a larger initial
mass fraction is necessary in order for them to explain the
entirety of the DM. However, as a consequence of the
exponential dependence of the initial mass fraction to
the perturbation amplitude [see Eq. (3)], this effect results
in a larger SGWB that scales only weakly with M /Mp,,
where My, is the Planck mass. The SGWB peak amplitude
assuming fpgy = 1 for objects that evaporate and leave a
stable remnant at the mass scale M is described by the
following analytical fit

nQew (f) ~ 10781 <AA:—;) _0'11[1 —0.25log,o(f/Hz)

+ 1.6 x 1072 log?,(f/Hz)]. (20)

This fit is derived by varying k, in Eq. (1), that corresponds
to considering different scenarios of PBH formation with
narrow mass faction peaked at the associated mass scale
(2). It should not be interpreted as a SGWB spectrum, but
rather the largest amplitude that can potentially be reached
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FIG. 2. The SGWB signal associated with PBH formation and comparison with ET sensitivity (including the astrophysical
background, see Fig. 1). The nearly horizontal black dashed line indicates the peak spectral amplitude as a function of the varying peak
frequency fgw associated with the formation of narrow PBH mass distribution with fpgy = 1 neglecting bounds from Hawking
evaporation (see Fig. 4 below for details), while the solid black line denotes the corresponding peak amplitude subject to the non-GW
constraints from Hawking emission (see right panel of Fig. 3 below for details). The red solid spectra correspond to the SGWB induced
by the formation of PBHs evaporating before the onset of BBN and that could constitute the totality of the DM in the form of
microscopic relics. Solid (dashed) red curves assume a steep (shallow) spectral growth with n = 4 (n = 1). Finally, we indicate with

“Planck relics,” the peak amplitude of SGWB for light PBHs that would evaporate leaving a Planck mass remnant.

by different SGWB spectra peaked at different frequencies.
The shape of the SGWB spectrum in a given scenario, i.e.
for fixed k, features a low frequency f> tail dictated by
causality [80-82], a characteristic peak reaching the ampli-
tude dictated by (20), and a sharp decay at high large
frequencies (see, e.g., red spectra in Fig. 2). This amplitude
is indicated in Fig. 2 as a dotted blue line denoted “Planck
relics”, assuming M, = Mp;. As the effect of standard
Hawking evaporation forces the characteristic mass of these
objects to be lighter than the bound in Eq. (16), in order to
explain the entirety of the DM their SGWB must peak at
frequencies larger than O(10%) Hz.

We notice that, due to the exponential dependence of the
abundance on the power spectral amplitude, changing the
final mass of the remnant only implies a small change in
the SGWB peak amplitude. For this reason, even though the
amplitude of the SGWB associated with the Planck relic
scenario is larger than the one expected for non-evaporating
objects at masses below Mpgy <5 x 1072*M g, its tail is not
sizable enough to be visible by ET, as shown in Fig. 2. Also,
the astrophysical foreground is prominent in the portion at
large frequencies of the observable window of 3G detectors.
Therefore, searching of signatures of even lighter compact
objects would require the development of ultra-high fre-
quency GW experiments, see, e.g., Refs. [117-119].

Next, we consider scenarios in which Hawking evapo-
ration proceeds with a smaller efficiency. The SGWB peak
amplitude associated with scenarios that are able to explain
Jfpeu = 1 then follows the scaling

B2 Qaw(f) = 4.5 x 1071°[1 = 0.11 log,o(f/Hz)
+ 8.3 x 1073 log?,(f/Hz)). (21)

valid within the reach of ground-based detector frequencies
and shown as an almost horizontal, black dashed line in
Fig. 2. We remind the reader again that entering Eq. (21) the
peak frequency is associated with the characteristic PBH
mass using Egs. (5). Such a SGWB background is only
marginally visible within the O5 LVK design sensitivity4
(with an observation time of 2 yr), while it would be fully
accessible by ET.

As these objects (discussed in Sec. I E) are able to evade
other constraints on their abundance coming from the effect
of Hawking evaporation on BBN, CMB, and late-time
electromagnetic observations, they represent a viable DM
candidate, the formation of which could be probed by 3G
detectors. In Fig. 3, we show in detail the reach of ground
based detectors such as LVK and ET. In the left panel, we
report the SGWB peak amplitude that could be reached in
these scenarios, where the dashed black line, corresponding
to the fit (21), saturates fpgy = 1. The region shaded in
dark gray is where an observation would probe the
existence of a population of compact objects whose

*Notice that we report the astrophysical contamination from
unresolved BNS derived in Refs. [98,99] assuming 3G detector
sensitivities. One expects both a higher SGWB from unresolved
sources and a far less efficient subtraction with LVK, resulting in
a larger contamination.
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nop-GW probes of Hawking evaporation f
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My [ M)

10I—22

Left: zoom-in of Fig. 2 (left panel) also detailing the astrophysical foregrounds (cyan band) dominated by unresolved BNS

mergers. Right: range of mass where future ground-based detectors such as O5 LVK (purple) and ET (green) would be able to set
constraints on the PBH abundance fpgy. In black, we shade constraints derived assuming Hawking evaporation is active and ruling out
the effect of emission of SM particles on BBN, CMB, and late-time universe y-ray observations [15]. These plots assume a narrow PBH

mass distribution [derived starting from the spectrum in Eq. (1)].

Hawking emission is necessarily not efficient (or absent).
On the right panel, we show the range of masses where ET
could constrain the fraction of DM in objects that do not
evaporate, superimposed to non-GW constraints of the
scenario that assumes standard Hawking evaporation. The
future bound coming from null observation of a SGWB of
cosmological nature by ET would be incredibly stringent
(i.e., fpgy < 1) but limited to the mass range

Mpgy €[5.3 x 10723,4.0 x 107V|M . (22)
The bound reported in Eq. (22) is shown in the right panel
of Fig. 3. Finally, the right panel of Fig. 3 also shows the
much larger range of frequencies (corresponding to a larger
mass range) probed by the next generation of ground-based
detectors compared to LVK. Given also that the LVK reach
is limited by existing non-GW bounds, these results support
the science case for ET.

B. Horizonless relics

ET would also be able to detect the SGWB associated
with the formation of horizonless relics, avoiding bounds
derived from Hawking evaporation effects shown in Fig. 3.
The range of masses that could be probed, potentially being
as extended as Mg €[5.3 x 10723,4.0 x 10~7]M,. This
range is however reduced in practice, if the threshold for
formation of these objects was smaller than the one for
PBHs. In particular, we report results that assume different
values for the ratio R;, = 6% /8¢°H.

At first sight, we find that, fixing the amplitude of
perturbations such that this putative population of objects
made up the entirety of the DM, ET (in the 20-km L-shaped
configuration [115]) would only be able to observe signals

if Rs. > 0.2. We summarize these prospects in Fig. 4. In
this case, however, an important limiting factor will be the
presence of an astrophysical background, which further
limits the reach of ET. Considering the median value for
astrophysical background from unresolved BNS derived in
[98] (upper side of the cyan band), we see that for a narrow
range of masses ET could potentially probe the formation
mechanism of horizonless compact object whose threshold
for formation is close to the one for PBHs, with Rs5 2 0.5.

This estimate shows that the amplitude of perturbations
associated with a detectable SGWB is comparable to that

My [Me]

10—17 10—19

f aw [HZ]

FIG. 4. Same as Fig. 3 (left panel), but considering the case of
horizonless relics that do not evaporate. The red lines indicate the
peak amplitude of the SGWB associated with the formation of
nonevaporating compact objects. Each blue line corresponds to
different assumptions on the threshold for formation of these
objects, parametrized by a varying R .
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for PBH formation, despite the fact that horizonless
remnants can in general form from much lower amplitudes,
as in the case, e.g., of oscillons [120] (see also [95,121]). In
practice, SGWB detectability at 3G interferometers always
requires large curvature perturbations at small scales in the
early universe.

C. Other scenarios

In this section, we discuss other scenarios of formation of
exotic compact objects that could lead to the generation of a
SGWB in the ET frequency range but would be distinguish-
able from the ones discussed in this paper.

So far, we assumed that the formation of compact
objects takes place during a radiation dominated era of
the universe, and that such radiation domination lasts up
the usual matter-radiation equality at redshift z =~ 3400.
However, between the object formation and the BBN era,
different expansion histories are possible. In fact, an early
matter-dominated era would result in a different relation
between the BBN constraints and the PBH masses. As the
temperature of the universe scales as T « a~', where a is
the scale factor of the universe, the number of e-folds
occurring between two different epochs can be related
directly to the ratio of temperatures N = log(as/a;) =
log(7;/T;) (neglecting the possible change of effective
degrees of freedom). An intermediate early matter-
dominated phase has the effect of anticipating the onset of
the BBN era, as a ~ t'/? during a radiation-dominated phase,
while a ~ r*/3 during an early matter-dominated era. For our
purposes, it suffices to say that, in case such era is realized,
the mass scale that is able to evade BBN bounds when
Hawking evaporation is efficient would shift to smaller PBH
masses that evaporate faster. Therefore, these scenarios
would also not be visible with ground-based detectors.

One may also consider the formation of PBHs them-
selves to take place during an early matter-dominated era of
the universe. While the absence of radiation pressure
drastically reduces the pressure for collapse, the effect of
inhomogeneities and angular momentum of the collapsing
overdensities force the spectrum of perturbations to be
sizable to produce a significant population of compact
objects [122-126]. As shown in Refs. [127,128], the
evolution of density peaks leads to the generation of a
time-dependent quadrupole that is responsible for the
emission of a SGWB. Therefore, analogous signatures
are expected in formation scenarios within the early matter
domination, with an additional model dependence on the
length of the matter domination phase, typically tracked
using the reheating temperature 7';,. The peak frequency of
the SGWB is given approximately by the relation

M -1/3 T 1/3
~12x10*H PBH h .
Jow=1.2>10 Z(10-251\4o 100 Gev

(23)

while the expression for the spectral energy density
parameter of the GWs at the peak frequency

M 2/3
Qwh? =44 1071 ) (PBH
W x (0.1) <10—25MO

Trh 4/3
x (1010 GeV) ' 24)

The GW spectrum from this scenario would scales as
Qw(f) o f in the IR regime, while descending less
steeply Qaw(f) o f~! in the UV, with additional oscil-
latory features around the peak [128]. This is a distinct
feature that differs from the one produced during the
radiation domination era [73-75] or just before the tran-
sition to the radiation era [129,130].

Another scenario recently proposed in Ref. [51] assume
copious formation of PBHs that become the dominant
component of the energy budget of the early universe (also
dubbed PBH-domination era) and then decay to leave
Planck mass remnant potentially contributing to the totality
of the DM. As the SGWB in such scenario is induced by the
1socurvature modes of Poisson nature in the PBH sector, its
frequency is related to the PBH mass by [51,131]

Mg\ /°
~0.53 Hz( ——— . 25
f GW < 1 0_25 MQ) ( )
This is much different from the one we adopt in Eq. (6) as it
is controlled by the inverse of the PBH mean distance
instead of the inverse horizon size at collapse. It is
interesting, however, to notice that the SGWB is expected
to feature a scaling Qgw(f) « f'/3 in the low-frequency
tail, and a sharp drop-off beyond the peak, making it clearly
distinguishable from the scenario discussed in this work.

IV. DISCUSSION AND CONCLUSION

3G GW interferometers such as ET and Cosmic Explorer
will have the unique opportunity to detect the SGWB
associated with the formation of primordial microscopic
compact objects which, in various scenarios, can survive
until present times and explain the entirety of the DM. In
the relevant mass ranges these relics are microscopic and
would hardly leave any direct signature, but the SGWB
associated with their formation (or with their dynamics
[51]) would be a smoking gun for these DM candidates.
Although the details of various scenarios are either model
dependent or somehow vague, a generic prediction is that
non-GW bounds arising from Hawking radiation [15]
might be totally or partially evaded.

Interestingly, the mass range accessible by detecting the
SGWB at 3G detectors largely overlaps with the range
excluded by (non-GW) cosmological and astrophysical
probes. Thanks to this coincidence of scales, 3G detectors
could potentially test the absence or the suppression of
Hawking evaporation for compact objects formed in the
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early Universe. Conversely, even in the standard PBH
scenario the absence of SGWB associated with PBH
formation in this mass range would constrain the DM
fraction in PBHs much better than current BBN and CMB
constraints, even accounting for the contamination from an
astrophysical foreground.

We also have highlighted that the exciting possibility of
detecting the SGWB associated with microscopic DM
relics may hinge on the ability to subtract the known
foreground signal from ordinary binary coalescences of
BHs and neutron stars, and might require a more accurate
waveform modeling and new data-analysis techniques.

It is important to stress that the above opportunities are
unique for 3G detectors since, even for the LVK network at
design sensitivity, the signal is marginally detectable.

We also notice that there are two mass ranges which are
still allowed by non-GW constraints, namely Mpgy =
1071°My and Mpgy <5 x 107*M . In the former case
PBHs would survive evaporation until present times (thus
explaining all the DM) and their associated SGWB could
be detectable by deci-Hz interferometers such as DECIGO
(see, e.g., [132,133]). Also, a tail at large frequencies may
be generated by a power spectrum that drops less steeply in
the UV compared to Eq. (1), which we assumed throughout
this work, becoming potentially visible with ET. In the
latter range, evaporation ends before BBN and DM could
be explained by Planck-mass remnants. The associated
SGWSB in this case peaks at fgw > 10* Hz. Unfortunately,
no planned high-frequency GW detector is expected to
have the required sensitivity in that bandwidth [117].

Interestingly, besides the connection with the DM
problem, from a theoretical perspective, the fate of
the Hawking evaporation and possible stable remnants
are also relevant for the information loss paradox
[26,85,134,135].

We have largely focused on the standard formation
scenario from large adiabatic curvature perturbations, but
other cases are possible, including SGWB from number
density fluctuations of tiny PBH whose Hawking emission
reheats the universe [51], or formation in an early matter
dominated era of the universe [24,128]. Likewise, horizon-
less compact objects require specific matter content so
studying in detail their formation requires considering the
collapse of extra matter fields and the SGWB associated
with their isocurvature perturbations [136], as recently
studied in [137]. We plan to consider these extensions in
the near future.
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