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Supersymmetry predicts multiple flat directions, some of which carry a net baryon or lepton
number. Condensates in such directions form during inflation and later fragment into Q-balls,
which can become the building blocks of primordial black holes. Thus supersymmetry can create
conditions for an intermediate matter-dominated era with black holes dominating the energy density
of the universe. Unlike particle matter, black holes decay suddenly enough to result in an observable
gravitational wave signal via the poltergeist mechanism. We investigate the gravitational waves
signatures of supersymmetry realized at energy scales that might not be accessible to present-day
colliders.

I. INTRODUCTION

Supersymmetry (SUSY) remains one of the most well
motivated paradigms to extend the Standard Model. Al-
though the paradigm conjectures at least twice the num-
ber of particles, it is minimal in the sense that it intro-
duces a single extra symmetry for the benefit of solving
the hierarchy problem and explaining the asymmetry be-
tween matter and anti-matter either through electroweak
baryogenesis or the Affleck-Dine mechanism [1–3], pro-
ducing viable dark matter candidates - either the lightest
supersymmetric partner [4] or primordial black holes [5–
8] and naturally predicting a myriad of “flat directions”
in field space [9]. That such a simple framework can pro-
vide a unified theory of particle cosmology makes it an
attractive paradigm even if hopes are fading that SUSY
can solve the hierarchy problem. Moreover, string theory
seems to require supersymmetry to be true in some form.
The lack of evidence at the LHC motivates considering
higher scales of supersymmetry breaking. In this article,
we suggest a path to testing such scenarios via the search
for a gravitational wave (GW) background.

We will make use of the fact that numerous supersym-
metric PBH models predict MPBH ∝ 1/Λ2

SUSY, where
ΛSUSY is the SUSY breaking scale, to explore high-scale
SUSY. Light PBHs, corresponding to a high SUSY scale,
can cause an early period of matter domination. Gener-
ically, black holes evaporate due to Hawking radiation
at the event horizon. The black hole evaporation rate is
related to the surface to volume ratio and will accelerate
once it begins. As the evaporation of black holes is very
sudden, the transition from matter domination to radi-
ation will also be rapid. Scalar perturbations that grow
during the matter domination do not have time to dis-
sipate and instead produce sound waves that resonantly

enhance an otherwise meagre abundance of GWs due to
inflation. This mechanism is known as the poltergeist
mechanism [10–28].

In this work we will explore the possibility of probing
high-scale SUSY through the evaporation of light PBHs.
In Sec. II we will review the formation of a scalar con-
densate and its fragmentation into Q balls. In Sec. III,
we will review the results of Ref. [8], discuss the for-
mation of light PBHs from the SUSY Q balls due to
long-range scalar forces. In Sec. IV we discuss details
of Hawking radiation, evaporation and evolution of the
Universe after the formation of PBHs. Following this, we
discuss the poltergeist mechanism, i.e., the GW signal
produced from the rapid transition from matter dom-
ination to radiation domination which follows shortly
after the evaporation of the population of light PBHs.
Throughout the manuscript, we consider natural units
where ℏ = c = kB = 1, and define the Planck mass to be
MPl = 1/

√
8πG, with G being the gravitational constant.

II. SUSY BACKGROUND & Q BALL
FORMATION

The formation of a supersymmetric scalar condensate
and its subsequent fragmentation is a well understood
phenomenon [29]. The scalar potential USUSY resulting
from a superpotential W can be written as

USUSY =
∑

i

|Fi|2 +
∑

a

g2
a

2 |Da| (1)

where Fi = ∂W/∂ϕi, Da = ϕ†
i T ij

a ϕj and the sum runs
over all the chiral superfields ϕi and all the gauge gener-
ators Ta. This potential has flat directions for the linear
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combinations of fields that make both the F -terms and
D-terms vanish. Inclusion of supersymmetry breaking
lifts the flat directions in the potential via the soft sym-
metry breaking terms, Usoft, gives

U(ϕ) = USUSY + Usoft. (2)

The soft SUSY breaking terms do not include any quar-
tic terms, thus implying that the flat direction remains
slowing growing after being lifted. The presence of these
flat directions allows for the development of large VEVs
during cosmological inflation. This can occur for two
reasons: (i) the effective minimum of the potential can
be displaced due to terms ∝ H2φ2 that come from the
Kähler potential [1, 2] and (ii) the field will undergo quan-
tum fluctuations away from the minimum [30–35]. Re-
gardless of the cause, after inflation ends and the Hubble
parameter decreases, the scalar condensate relaxes. The
condensate is subject to instabilities that lead to the for-
mation of Q-balls [3, 29, 36].

The generation and subsequent interactions of the Q-
balls is described in [8] in detail. As in Ref. [8] the phys-
ical properties of the Q-balls can be described in terms
of the global charge Q:

MQ ∼ Λ|Q|α, RQ ∼ |Q|γ

Λ , ωQ ∼ ΛQα−1, (3)

where MQ and RQ are the mass and radius of a soliton
with charge Q and ωQ is the energy per charge. The
parameters α and γ are positive and less than or equal to
one, and Λ is the energy scale associated with the scalar
potential. For a flat direction lifted by gauge-mediated
supersymmetry breaking, α = 3/4 and γ = 1/4 [29, 37].
Different supersymmetry breaking mechanisms can lead
to different values of α and γ [36].

Crucial to our mechanism will be the interaction
amongst Q-balls. For simplicity, we will focus on a sim-
ple model that encapsulates the physics required to de-
scribe Q-ball interactions. We assume interactions are
mediated by a light field χ, which can be a second flat
direction in field space. In particular, we assume that
these two flat directions ϕ and χ are lifted by some soft
terms from a gauge-mediated supersymmetry breaking
mechanism [37–41]:

Usoft(ϕ) ≈ Λ4
[
log
(

1 + |ϕ|2

M2

)]2

+ Ugrav + · · · (4)

Usoft(χ) ≈ Λ4
[
log
(

1 + |χ|2

M2

)]2

+ Ugrav + · · · . (5)

Following Ref. [8], we will assume that gauge mediated
terms dominate over the gravity mediated terms, so that
Ugrav can be neglected. Here, Λ is the scale associated
with supersymmetry breaking, and in the unbroken limit
Λ → 0. In our discussions below, Λ will correspond to
the height of the potential Usoft.

The two flat directions can be coupled through higher
dimensional operators. This leads to interaction terms of
the form

Vχϕ(ϕ, χ) = −yχϕ†ϕ + h.c., (6)

where y is an effective, dimensionful coupling. It is this
interaction which generates an attractive force between
Q-balls, and ultimately, results in PBHs [8].

We also note that the field χ can receive an effective
mass mχ ∼ H, of the order of the Hubble parameter [42],
on length scales smaller than m−1

χ ∼ H−1, and so it
generates a long-range attractive force.

III. PBH FORMATION

After the formation of Q-balls, the charges act simi-
larly as a system of fermions interacting via Yukawa in-
teractions [43–48]. The system can form bound halos
during radiation or matter dominated eras and will be
subject to radiative cooling by emission of χ waves. En-
ergy can be removed a variety of waves, although pairwise
interactions of charges is expected to be the main contrib-
utor to removing energy from a given system of charges
(that is, bremsstrahlung emission dominates). The char-
acterstic time scale associated with collapse of a system
of charges is given by

tcool = E

dE/dt
= E

Pbrem + · · ·
(7)

where the dots indicate additional radiative channels, in-
cluding coherent or incoherent oscillatory sources of radi-
ation. When tcool < H−1 radiative cooling is efficient and
a system of Q-balls will begin to collapse. As extended
objects, the charges will begin to merge once the Q-ball
halo reaches a radius R = N1/3RQ. This processes is
rapid and will lead to a single charge per horizon with
charge N⟨Q⟩.

As the horizon increases these newly formed larger Q-
balls will be able to interact, initiating another period of
mergers. This processes will continue, generating larger
and larger Q-balls. If the scalar potential responsible
for Q-ball formation is flat indefinitely, the VEV inside a
given Q-ball can exceed the Planck scale. To avoid reach-
ing a scale which is inconsistent with our field-theoretical
description of Q-balls, we note that higher dimensional
operators may play an important role as the VEV in-
creases. In particular operators of the form [49]

V n(ϕ)lifting ≈ λnM4
(

ϕ

M

)n−1+m(
ϕ∗

M

)n−1−m

, (8)

lift the flat direction potential, altering the evolution and
growth of the Q-balls. Here M is the scale of new physics,
i.e., MGUT or MPl and λn ∼ O(1). When the VEV
reaches some critical value, Qc, these operators transition
the Q-balls from flat-direction Q-balls (α = 1/4, γ = 3/4)
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into Coleman Q-balls (α = 1, γ = 1/3) which have Q-
independent VEVs. Explicitly,

Qc ≃ λ
− 2

n−1
n

(
M

Λ

) 4n−12
n−1

. (9)

For Λ ∼ 103 GeV and M ∼ 103 GeV, Qc ∼ 1017 for
n = 4 or as large as 1032 for n = 7. The Q-ball evolution
and growth is also affected by the decay of the Q-ball
charge [50]. We note that, for m ̸= 0, the above operators
can also cause decay of the global charge inside the Q-
ball.

After reaching the critical charge, mergers continue un-
til the maximum allowed charge is reached. This maxi-
mum is determined by the equality Rs = 2GMQ = RQ

which implies,

Qmax = 23/4√
3√

π
Q1/4

c

(
MPl

Λ

)3
. (10)

Once mergers result in charges equal to Qmax, the Q-ball
collapses into itself and a PBH is formed. The newly
formed black holes no longer participate in scalar inter-
actions in accordance with the no-hair theorems. The
mass of the resulting PBH is given by [8, 49]

MPBH = ωcQmax =
(

π
√

2ΛQ−1/4
c

)
Qmax

∼ 2 × 104 g
(

1014 GeV
Λ

)2 (11)

PBHs of this mass occur when the global charge within
a critical radius, R∗, is collected in one Q-ball with size
Qmax,

Qmax = 4π

3 q0R3
∗ (12)

where q0 is is the charge density at fragmentation. The
ratio,

R∗

H−1
f

=
(

Qmax

NQ0

)1/3
(13)

characterizes how much larger the Hubble radius is, rel-
ative to the Hubble radius at fragmentation, so that
MPBH = ωcQmax. Here, we assumed that N charges
of average charge Q0 formed within the horizon at Hf .
The product NQ0 can be related to the charge asymme-
try left in the condensate at the time of fragmentation
through

NQ0 = 4π

3 H−3
f ηQT 3

f . (14)

The flat direction we specified may or may not be the one
associated with the Affleck-Dine baryogenesis. If they
are unrelated, then ηQ may take any value besides ηB ∼
10−10. For later use, we note that this implies that

R∗ = 1
Tf

(
3Qmax

4πηQ

)1/3
. (15)

We may consider the case when the same flat direction
is used for generating both the baryon asymmetry and a
population of light PBHs. Initially the condensate starts
at with ηQ,i ≥ ηB at some high temperature. The con-
densate will decay into fermions at the rate ΓQ such that
at the time of fragmentation, ηQ = ηQ,i exp(−ΓQH−1

f ).
Any fermion coupled to the flat direction will be very
massive, implying that the decay rate is exponentially
suppressed, ΓQ ∝ exp(−1/ε), where ε = ω/(g ⟨ϕ⟩) ≪ 1
where ω is the energy density per unit charge in the con-
densate [51, 52].

The abundance of PBHs at formation is given by

ρPBH(a∗) = 3MPBH

4πH−3
∗

, (16)

where a∗ is the scale factor at formation. We will
compare this to the critical density and define β =
ρPBH(a∗)/ρcrit. Using (15),

β = Tf

Λ

(
ηQ

2Q
1/4
c

)1/3

. (17)

Rather than specifying the asymmetry ηQ, we can specify
the initial abundance β and instead deduce the required
asymmetry required to obtain such a fraction. In partic-
ular, we make use of the fact that

ΓQ ∼ e−1/ε Λ4

ηQT 3
f

,
ΓQ

Hf
= ln(ηB/ηQ). (18)

It follows that the asymmetry ηQ is given by

ηQ = ηB exp
[

− Λe−1/ε

2Hf β3Q
1/4
c

]
. (19)

There are a number of constraints which will limit the
accessible parameter space. First, we will require that
the energy density in the initial population of charges is
less than the critical density,

N <
4πM2

Pl
ΛQα

0 Hf
. (20)

Second, we require that the potential energy density due
to Yukawa interactions is less than the critical density,

N <
√

4π

(
ΛMPl

yHf Q2−α
0

)
. (21)

Third, we require that all of the resulting Q-balls formed
by the charges can fit within the horizon at fragmentation

N <
Λ3

Q3γ
0 H3

f

. (22)

In what follows, we fix N = 106. Fourth, we demand that
the fragmentation temperature is greater than height of
the flat direction, i.e. 1 < Tf /Λ. Lastly, as we mentioned
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FIG. 1. Overview of timeline in our scenario.

previously, this processes will occur before the end of
reheating. To ensure that the long-range scalar force is
not limited by thermal screening, we require that PBHs
form before reheating ends. This leads to the condition

TRH ≲ 25/24
(π

3

)1/4
[

e1/εΛ7

Hf Q
1/4
c ln(ηB/ηQ)

]1/6

. (23)

IV. POLTERGEIST FORMALISM

Once formed, and depending only on its initial charac-
teristics, the PBH starts emit particles, including those
beyond the Standard Model, via Hawking radiation. The
PBHs formed from Q-ball merging are Schwarzschild
black holes, with a horizon mass and temperature de-
termined by the instantaneous mass MPBH,

rS = MPBH

4πM2
Pl

, TPBH = M2
Pl

MPBH
. (24)

As a result of the particle emission, black holes lose mass
over time at a rate that depends on the spectrum of de-
grees of freedom existing in nature,

dMPBH

dt
= −

∑
i=all particles

gi

2π

∫ ∞

mi

ϑsi
(MPBH, E)EdE

exp(E/TPBH) − (−1)2si

= −ε(MPBH) M4
Pl

M2
PBH

(25)

where gi, mi, and si denote the number of internal de-
grees of freedom (dof), mass, and spin of particle i, re-
spectively. The si-dependent factors, known as greybody
factors, ϑsi

(MPBH, E) describes possible back-scattering
due to the centrifugal and gravitational forces in the
curved spacetime around the black hole. Finally, in
Eq. (25), we defined the evaporation function ε(MPBH),
which contains the information of the particle spectrum
that can be emitted including all SUSY degrees of free-
dom, see Ref. [53] for further details. For the specific
scenario that we are considering, we assume a minimal
spectrum consisting of all SM degrees of freedom and

assume that all SUSY degrees-of-freedom have masses
equal to the scale Λ.

The lifetime τ of any PBH will then depend on its
initial mass and the particle spectrum, and can be de-
termined by integrating the lost mass rate in Eq. (25).
A common approximation consists in considering the de-
nominated geometrical optics for the greybody factors,
ϑsi

(MPBH, E) → 27M2
PBHE2/16π2M4

Pl. Using such an
approximation for the mass depletion rate, we can esti-
mate the lifetime τ as

τ = 640
27πg⋆,BH

M3
h

M4
Pl

, (26)

where g⋆,BH = 106.75 the number of degrees of freedom
of the SM [54]. We stress, however, that the results pre-
sented in the next subsections are obtained including the
full greybody factors, and determining carefully the PBH
evaporation.

Before completely vanishing, the PBH fraction of to-
tal Universe energy density increases proportional to the
scale factor a since PBHs behave as matter, ρPBH ∝ a−3.
Thus, an early matter dominated era could have occurred
provided that the PBHs do not evaporate prior to a
matter-radiation equality. A simple criterion to establish
whether a PBH dominated era could have taken place is
obtained by comparing the plasma temperature at which
the evaporation would have occurred Tev with plasma
temperature at formation, assumed to be the reheating
temperature TRH [55]

β ≳ βdom ≡ Tev

TRH
. (27)

To consistently track the evolution of the Universe after
the PBH formation, we solve numerically the set of Fried-
mann and Boltzmann equations for the comoving PBHs
(ϱBH ≡ a3ρBH) and radiation (ϱR ≡ a4ρR) and energy
densities as function of the scale factor [53, 56],

H2 = 1
3 M2

P

(
ϱBHa−3 + ϱRa−4) , (28a)

dϱR

d ln a
= −BRBH→SM

H

d ln MPBH

dt
aϱBH , (28b)

dϱBH

d ln a
= 1

H

d ln MPBH

dt
ϱBH , (28c)
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where BRBH→SM ≡ εSM(MPBH)/ε(MPBH) denotes the
“Branching Ratio” of the PBH evaporation into SM par-
ticles. The evolution of the energy densities together with
the evolution of the PBH mass, Eq. (25), is traced with
the help of the python package FRISBHEE [57, 58], modi-
fied to account for the specific PBH formation mechanism
considered here.

Curvature perturbations source gravitational waves
at second order in perturbation theory [59–61]. The
strength of the resulting gravitational wave signal de-
pends on the cosmological history of the universe through
the gravitational potential. During an early matter dom-
inated epoch, the gravitational potential does not de-
cay, even at subhorizon scales. Therefore, the resulting
gravitational wave spectrum is enhanced as compared to
that of a universe without an early matter dominated
epoch. Furthermore, if the matter dominated period
ends abruptly, then there is a resonant-like enhance-
ment [10, 15]. This can be understood as a consequence of
the PBH overdensities converting into relativistic sound
waves when the PBHs decay, and gravitational waves co-
moving with these sound waves under go rapid enhance-
ment [10, 15, 62]. Note that if the transition between
matter and radiation domination is slow, the overden-
sities gradually dissolve instead of producing relativistic
sound waves.

This poltergeist phenomenon has been studied particu-
larly in the context of PBH evaporation in [15]. Because
we consider a population of black holes with a narrow
mass distribution, our analysis follows the instantaneous
transition limit of [10]. The time-averaged gravitational
wave power spectrum is

Ph(η, k) = 4
∫ ∞

0
dv

∫ 1+v

|1−v|
du

(
4v2 − (1 + v2 − u2)2

4vu

)2

× I2(u, v, k, η, ηRPζ(uk)Pζ(vk) ,
(29)

where Pζ = As(k/k∗)ns−1 is assumed to result from an
earlier inflationary epoch. The gravitational wave signal
at some conformal time η is related to the power spec-
trum by

ΩGW(η, k) = 1
24

(
k

a(η)H(η)

)2
Ph(η, k). (30)

The impact of the early matter dominated epoch ap-
pears in the time evolution of

I(u, v, k, η, ηR) =
∫ kη

0
d(kη)a(η̄)

a(η)kGk(η, η̄)f(u, v, kη, kηR),

(31)

which involves the source function

f(u, v, kη, kηR) = 3
25(1 + w)

(
2(5 + 3w)Φ(ukη)Φ(vkη)

+4H−1 ∂

∂η

(
Φ(ukη)Φ(vkη)

)
+4H−2 ∂

∂η
Φ(uk̄η) ∂

∂η
Φ(vkη)

)
. (32)

as well as the Green’s function which solves

∂2G(η, η̄)
∂η2 +

(
k2 − 1

a

∂2a

∂η2

)
G(η, η̄) = δ(η − η̄). (33)

The Green’s function is different during matter and
radiation domination as the scale factor a and equation
of state w are different, but the key difference is in the
source function, as the gravitational potential solves

∂2Φ
∂η2 + 3(1 + w)H ∂Φ

∂η
+ wk2Φ = 0 . (34)

During radiation domination this decays away at sub-
horizon scales whereas it is constant during matter dom-
ination.

For a sufficiently rapid transition from matter to radi-
ation domination, we can use the approximate analytic
formulas for the gravitational wave power spectrum in
Ref. [10].

If the end of the matter dominated epoch is suffi-
ciently late, matter perturbations may enter the non-
linear regime. In this case, we follow the conservative
approach of Ref. [10], and consider modes only up to
kmax = 470/ηR, where ηR is the conformal time at the
end of the matter dominated epoch.

V. RESULTS & DISCUSSION

After determining the full PBH evolution and the sub-
sequent generation of GWs as described above, we esti-
mate the sensitivity of future GW detectors by comput-
ing the signal-to-noise ratio, defined by [63]

SNR2 = T

∫ fmax

fmin

df

(
Ωh2

∣∣
polter

Ωh2|sens

)2

, (35)

where Ωh2
∣∣
polter is the GW spectrum produced by the

PBH sudden evaporation, Ωh2
∣∣
sens is the experimental

sensitivity, and T its expected exposure. We consider the
future proposals of THEIA [64, 65], with T = 20 years,
µARES [66], having T = 7 years, LISA [67] with T = 4
years, 3-units DECIGO [68, 69] with T = 1 year, and
BBO [70] having a T = 5 year observation period. We
require the signal-to-noise ratio to exceed SNR = 5 for
an experiment to be considered sensitive to the particular
parameters associated.

In Fig. 2, we depict the ratio of the conformal time
at evaporation ηeq,2 to that at PBH-radiation equality
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FIG. 2. (Left) Ratio of the conformal time at evaporation ηeq,2 to that at PBH-radiation equality ηeq,1 for the parameter
space spanned by the initial PBH fraction β and the scale Λ. The shaded regions are constrained by different requirements
(see text), and the hatched region corresponds to the non-linear regime for the GW generation in the poltergeist mechanism.
(Right) Sensitivity to the same parameter space from future GW observatories, THEIA (green), µ-ARES (light blue), LISA
(pink), DECIGO (darker orange), BBO (purple). The blue star indicates the benchmark chosen for Fig. 3.

ηeq,2 (left panel), and the sensitivity of the aforemen-
tioned GW experiments (right panel) to the parameter
space defined by the initial PBH fraction β and the SUSY
breaking scale Λ. We note that the poltergeist mecha-
nism is extremely sensitive to the ratio of ηeq,2/ηeq,1; the
analytic fits in Ref. [10] has the seventh power of this
ratio. Therefore the signal is strongest in the upper left
corner, which is thus the regime best probed by future
experiments. For these figures, we assumed the values
of Hf = 105 GeV for the Hubble radius at the time of
Q-ball fragmentation, Qc = 1032, and y = 1 GeV. In
both panels, the gray regions correspond to parameters
restricted by previously mentioned constraints, specifi-
cally: Tf < Λ, Tf > MPl, regions where the fragmenta-
tion temperature is either smaller than the height of the
flat direction or larger than the Planck scale, respectively,
ηQ ∼ 0 where the charge asymmetry becomes suppressed,
and the area marked as “Yuk” where the potential energy
density surpasses the critical density (refer to eq. (21)).
Additionally, the region marked with β < βdom indicates
the parameters where PBHs are formed, but they do not
dominate the evolution of the Universe prior evaporation.
The hatched region in both panels denotes the non-linear
regime in the poltergeist mechanism, characterized by
ηeq,2/ηeq,1 > 470.

Upon examining the sensitivity of different experi-
ments to the parameters under consideration, we find
that observatories capable of measuring the GW back-
ground in the high-frequency region f ≳ 10−4 Hz, i.e.,
LISA, DECIGO, and BBO, will be able to probe the high-

est SUSY scales of Λ ≳ 1013 GeV, for initial PBH frac-
tions of β ≳ 6 × 10−6 for LISA, β ≳ 1.3 × 10−5 for BBO,
and β ≳ 2 × 10−5 for DECIGO. µ-ARES is anticipated
to offer a broader range of sensitivity, potentially test-
ing PBH initial fractions as low as ∼ 10−6 and scales of
Λ ≲ 1014 GeV. However, we highlight that a substantial
portion of the expected sensitivity region resides within
the non-linear regime. Consequently, it is reasonable to
expect modifications when considering the complete de-
termination of the GW spectrum. This observation holds
particular relevance for THEIA, whose entire sensitivity
region falls within the non-linear regime.

In the right panel of Fig. 3, we display the GW spec-
trum corresponding to selected benchmark parameters in
Fig. 2, Λ = 5.25×1013 GeV for the SUSY breaking scale,
β = 5 × 10−5 for the initial PBH fraction. This scenario
is depicted by a solid black line. We also map the an-
ticipated sensitivity ranges of various upcoming GW de-
tectors, denoted by their specific colors: THEIA (green),
µ-ARES (light blue), LISA (light red), BBO (light pur-
ple), and DECIGO (light orange). In the left panel of the
same figure, we plot the evolution of the PBH and radia-
tion energy densities, both normalized to the total energy
density subsequent to PBH formation. This is depicted
as a function of the scale factor, which is normalized with
respect to the scale factor at the time of PBH formation.
We observe that the PBH population generated by Q-
ball collapse indeed dominates the evolution of the en-
ergy density of the Universe at around a/a∗ ∼ 104, and
evaporated completely at a/a∗ ∼ 3×109. For the chosen
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FIG. 3. (Left) PBH (purple) and radiation (green) energy densities normalized to the total as function of the scale factor for
benchmark parameters of Λ = 5.25 × 1013 GeV for the SUSY breaking scale, β = 5 × 10−5 for the initial PBH fraction. (Right)
GW spectrum for the same benchmark (full black) as function of the frequency, together with sensitivity regions for THEIA
(green), µ-ARES (light blue), LISA (light red), BBO (light purple), and DECIGO (light orange).

benchmark, it is worth noting that the predicted GW
spectrum lies with the sensitivity ranges of four out of
the five experiments under consideration, µ-ARES, LISA,
BBO, and DECIGO. These experiments are anticipated
to detect the GW background with a notable degree of
sensitivity. Specifically, µ-ARES is expected to provide
extensive coverage of this signal, enabling a thorough ex-
amination of the spectral shape of the GW background.

Recently, the NANOGrav collaboration provided evi-
dence pointing towards the existence of a stochastic GW
signal, with a confidence level (C.L.) of ∼ 4σ [71–75].
Given this development, it is natural to inquire if the
poltergeist GWs in our proposed scenario could account
for such a signal. Upon analyzing Fig. 2 (right panel),
it appears that the NANOGrav signal could potentially
be attributed to PBHs, formed due to the collapse of Q-
balls, especially when the SUSY scale is around 1012GeV,
given that THEIA is expected to cover the same spec-
trum region as NANOGrav. However, as mentioned be-
fore, THEIA’s sensitivity predominantly lies within the
non-linear regime. Consequently, an accurate prediction
for the NANOGrav signal would necessitate a compre-

hensive understanding of the poltergeist dynamics in this
regime. Given the intricacies involved, we exercise cau-
tion and choose not to further pursue this line of inter-
pretation.
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