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Pulsar timing arrays are playing a crucial role in the ongoing gravitational wave astronomy revolution.
The current evidence for a stochastic gravitational wave background at nHz frequencies offers an
opportunity to discover cosmological signals and threatens the observability of other subdominant
gravitational waves (GWs). We explore prospects to constrain second-order scalar-induced GWs (SIGWs)
associated with enhanced curvature perturbations in the primordial universe, forecasting realistic future
pulsar timing array datasets. We assess how the currently observed signal could eventually limit future
capabilities to search for GW relics of primordial phenomena and associated phenomenological
consequences such as primordial black hole (PBH) formation. Given the sensitivity of PBH abundance
to spectral parameters, measuring it remains a challenge for realistic signals. However, future observation
could still rule out nearly subsolar mass PBHs formed through standard formation scenarios in some cases.
Future progress in constraining PBH models is expected to stem from theoretical advancements in PBH
computations, which should help resolve the tension between different computational methods. The
analysis is based on and extends the Python code fastPTA.
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I. INTRODUCTION

Pulsar timing array (PTA) experiments represent an
unprecedented opportunity to investigate the spectrum of
gravitational waves (GWs) in the nHz frequency range.
Recently, various PTA collaborations reported substantial
evidence of a stochastic common spectrum with an angular
correlation pattern consistent with the quadrupolar nature of
GWs in general relativity [1]. As reported by NANOGrav
(NG) [2], EPTA (in combination with InPTA) [3], PPTA [4],
and CPTA [5], the evidence reaches ð2 ÷ 4Þσ significance
and is expected to grow in the not so distant future [6–8].
Most recently, the MeerKAT PTA (MPTA) reported similar
results [9]. The excess is compatible with a stochastic GW
background (SGWB) characterized by a blue-tilted spectrum
of energy densityΩGW ∝ fnT, with a best-fit value of nT ≃ 2
and relatively large uncertainties.

In the astrophysical setting, this signal can be produced by
the incoherent superposition ofGWs emitted by a population
of inspiralling supermassive black hole (SMBH) binaries
[10,11]. While ΩGW ∝ f2=3 for circular orbits in the GW-
driven regime, eccentricity and environmental effects can
modify binary evolution. Additionally, the discrete number
of sources and statistical fluctuation thereof in each fre-
quency bin can lead to different predictions [12–14].
In a cosmological setting, plausible sources of nHz

frequencies are extremely diverse. For example, first-order
phase transitions, cosmic strings, domain walls, scalar-
induced GWs (SIGWs), linear tensor perturbations gen-
erated during inflation, among others, could contribute to
the observed signal, as addressed by an impressive body of
literature (see Ref. [15] for a review). Inflationary models
capable of amplifying scalar fluctuations are particularly
promising candidates for generating an SGWB within the
frequency range detectable by PTAs. These enhanced scalar
fluctuations lead to the production of SIGWs at second
order in perturbations [16–25], which could give rise to a
significant SGWB. Amplified scalar perturbations can
naturally emerge from single-field inflationary models with
features in the potential, such as those inducing ultra-slow-
roll phases. They may also arise in multifield inflationary
scenarios or due to mechanisms like preheating and early
matter-dominated periods.
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Notably, the same scalar perturbations responsible for
SIGWs are linked to the potential formation of primordial
black holes (PBHs) [26–31]. When SIGWs fall in the nHz
frequency band, they correspond to the stellar mass range
of PBHs, which can contribute to a part of the dark matter
and are complementarily searched for through lensing and
ground-based GW searches looking for mergers (see
Ref. [32] for a review). Through the detection of SIGWs
or by establishing constraints on their amplitude, PTA data
has the potential to provide crucial insights into the infla-
tionary epoch, potentially strengthening bounds on dark
matter candidates. On the other hand, the overproduction of
dark matter in the form of PBHs in the stellar mass range
implies a bound around Pζ ≤ Oð10−2Þ [33–37] on the
scalar curvature perturbations and thus also on the strength
of the SIGW in the nHz frequency band. For all of these
reasons, SIGWs are a compelling and high-priority obser-
vational target for PTAs. Thus, exploring PTA capabilities
to constrain such a scenario is timely, and including
theoretical information on SIGWs can help interpret current
and future data.
Currently, many cosmological and astrophysical models

compatible with the data predict GW spectra with similar
shapes, and existing measurement uncertainties do not allow
us to distinguish between them [10,38–41]. Therefore, it is
possible that SIGWs are the dominant source, or that an
astrophysical background dominates PTA observations, and
SIGW searches would need to dig below the astrophysical
foreground, as we will show. We do not consider the
possibility of multiple cosmological signals, although the
same logic would apply in that case too. We will show that
future datasets will improve our current understanding,
showing, however, how systematic uncertainties on the
computation of the PBH abundance remain and could limit
our ability to draw stringent conclusions (see also [42,43]).
This paper is organized as follows. In Sec. II we discuss

the phenomenological parametrization we adopt of scenar-
ios with enhanced curvature power spectra at small scales,
including how to compute the spectrum of SIGW. In
Sec. III we describe the essence of PTA searches for
GWs, and the construction of the PTA likelihood that we
adopt to estimate current and future sensitivity to SIGWs.
In Sec. IV we forecast the future bound on both motivated
astrophysical and SIGW signals and conclude the ability of
future PTAs to constrain the spectrum of curvature pertur-
bations. Moreover, in Sec. V we connect these results to the
related abundance of PBH, commenting on the challenges
associated with setting robust bounds due to the large
model dependence and systematic uncertainties. We con-
clude in Sec. VI with some discussion and outlook.

II. SECOND-ORDER INDUCED GWS

The generation of GWs from scalar (curvature) pertur-
bations is a direct consequence of general relativity. While
scalar and tensor modes do not couple at first order in

perturbation theory, second-order tensor perturbations are
sourced by first-order scalar modes. However, producing an
observable SGWB requires sufficiently large scalar pertur-
bations. Although the amplitude and shape of the curvature
power spectrum are tightly constrained by cosmic micro-
wave background (CMB) and large-scale structure obser-
vations on scales k≲Mpc−1, they remain unknown at
smaller scales. The frequency range probed by PTAs
corresponds to scales k ∼ ð106 − 108Þ Mpc−1 which
entered the Hubble sphere around the epoch of the QCD
crossover [42,44–46]. Therefore, measuring SIGWs at PTA
scales indirectly probes small-scale enhancements of the
curvature power spectrum at such scales.
We note that SIGWs would also contribute to the effective

number of neutrino species as Neff ≡ 3.044þ ΔNGW
eff , with

ΔNGW
eff ¼ ρGW=ρν;1 and ρν;1 is the energy density of a single

neutrino species. As a consequence of the measurements of
the CMB [47] and baryon acoustic oscillations, which
constrain ΔNeff ≤ 0.28 at 95% CL, the total (integrated)
GW abundance is forced to be [15]

h2ΩGW ≃ 1.6 × 10−6
�
ΔNGW

eff

0.28

�
: ð1Þ

Wewill not include this bound in our analyses, as it is much
weaker than the one coming from PBH overproduction, as
we will see.
The current day abundance can be expressed as (see [15])

h2ΩGWðkÞ ¼
h2Ωr

24

�
g�
g0�

��
g�s
g0�s

�
−4
3

PhðkÞ; ð2Þ

as a function of the tensor power spectrum PhðkÞ, where
g�s ≡ g�sðTkÞ and g� ≡ g�ðTkÞ represent the effective
entropy and energy degrees of freedom at the time of
Hubble crossing of mode k and at present (denoted by
superscript 0), respectively. The current radiation abundance
is h2Ωr ¼ 4.2 × 10−5, while g0� ¼ 3.38 and g0�s ¼ 3.93.
Each mode k crosses the Hubble sphere at a temperature

Tk given by

k¼ 1.5×107 Mpc−1
�

g�
106.75

�1
2

�
g�s

106.75

�
−1
3

�
Tk

GeV

�
; ð3Þ

and corresponds to a current GW frequency

f ≡ k=2π ¼ 1.6 nHz

�
k

106 Mpc−1

�
: ð4Þ

Finally, limiting ourselves to Gaussian curvature perturba-
tions, the tensor mode power spectrum is expressed as
[48,49]
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Phðη; kÞ ¼ 4

Z
∞

0

dt
Z

1

0

ds

�
tð2þ tÞð1 − s2Þ

ð1 − sþ tÞð1þ sþ tÞ
�
2

× I2ðt; s; k; ηÞ × PζðukÞPζðvkÞ; ð5Þ

where the transfer function assuming radiation domination
(RD) can be written as

I2RDðt; s; kη → ∞Þ ¼ 1

2ðkηÞ2 I
2
Aðu; vÞ½I2Bðu; vÞ þ I2Cðu; vÞ�;

ð6Þ

where

IAðu; vÞ ¼
3ðu2 þ v2 − 3Þ

4u3v3
;

IBðu; vÞ ¼ −4uvþ ðu2 þ v2 − 3Þ log
���� 3 − ðuþ vÞ2
3 − ðu − vÞ2

����;
ICðu; vÞ ¼ πðu2 þ v2 − 3ÞΘðuþ v −

ffiffiffi
3

p
Þ; ð7Þ

with u≡ ð1þ sþ tÞ=2, and v≡ ð1 − sþ tÞ=2.
To simplify the analyses, we assume that the nHz SIGW

background is emitted during an approximately radiation-
dominated era in the early universe, ignoring equation of
state and sound speed variation during the QCD era
[45,50], which imprints specific features on the low-
frequency tail of the SGWB [46].1 Additionally, cosmic
expansion may be influenced by unknown dark sector
physics, potentially causing transient matter domination or
kination [55–60]. Such nonstandard cosmologies can

significantly affect SIGW and PBH production [61–69].
We leave the exploration of these scenarios for future work.

A. SIGW template for a log-normal spectrum

The spectrum of SIGWs depends on the features of the
curvature power spectrum PζðkÞ, as described in Eq. (5).
This is fully model dependent. In the simplest scenarios, for
example, the enhanced curvature perturbations are induced
by features in the potential of single-field inflation. See,
e.g., Ref. [70] for a review on model building. One could
perform the analysis by adopting different approaches. In
particular, one could consider an explicit model of the early
universe, and compute the curvature power spectrum from
first principles, varying the model parameters. On the other
hand, as often done in the literature, one can adopt a
template-based method, where the shape of the curvature
power spectrum is assumed to follow a given functional
form, inspired by an explicit model, which is controlled by
phenomenological parameters (see, e.g., [71] for a com-
parison of these approaches in the context of SIGWs in
LISA). We will follow the latter approach and remain
agnostic on the model producing the enhancement of
curvature perturbations at small scales. Therefore, we
consider a log-normal parametrization of the curvature
power spectrum of the form2

PζðkÞ ¼
Aζffiffiffiffiffiffi
2π

p
Δ
exp

�
−
log2ðk=k�Þ

2Δ2

�
; ð8Þ

where k� is the peak scale. This assumption allows us to
speed up the computation of the double integral in Eq. (5)
and express the spectrum of SIGWs analytically, as [72]
(see also [42])

h2ΩGWðfÞ ≈
4

5
ffiffiffi
π

p
Δ
cgðfÞA2

ζκ
3exp

9Δ2
4

��
K2 þ Δ2

2

�
erfc
�
Kþ 1

2
log 3

2

Δ

�
−

Δffiffiffi
π

p exp

 
−

�
Kþ 1

2
log 3

2

	
2

Δ2

!�
K −

1

2
log

3

2

��

þ 0.0659κ2

Δ2
eΔ

2

exp

"
−

�
log κ þ Δ2 − 1

2
log 4

3

	
2

Δ2

#
þ 1

3

ffiffiffi
2

π

r
e8Δ

2

κ4Δ
exp

�
−
log2κ
2Δ2

�
erfc

�
4Δ2 − log κ=4ffiffiffi

2
p

Δ

�
; ð9Þ

where κ ¼ f=f�, f� being the peak frequency f� ¼ k�=ð2πÞ, K ¼ log ðκ exp ð3Δ2=2ÞÞ, and we introduced

cgðfÞ ¼ h2Ωr

�
g�
g0�

��
g�s
g0�s

�
−4
3

: ð10Þ

Note that Eq. (9) is valid in the broad peak regime of the log-normal parametrization in Eq. (8). We verified that it represents
a sufficiently accurate template in the range of Δ we restrict our analyses.

1The abundance of late-time universe SIGWs emitted during a RD phase is gauge independent [51–54].
2The choice of normalization of the amplitude ∝ Aζ=Δ is standard in the literature, as it makes the variance of perturbations finite in

the small width limit. However, this choice inevitably introduces degeneracies between the overall Aζ amplitude and Δ.
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III. FORECASTING FUTURE PTA CONSTRAINTS

In this section, we outline the methods adopted to
estimate future PTA sensitivity, building on the framework
first introduced in Ref. [8]. We assume the PTA data
consists of residuals of time of arrivals (TOAs) dIðtÞ, where
I ¼ 1;…; Np is the pulsar index. We further assume
stationarity and introduce the Fourier domain data as

d̃ki ¼
Z

Tobs=2

−Tobs=2
dIðtÞe−i2πfktdt; ð11Þ

where Tobs is the observation time and fk ¼ k=Tobs are the
Fourier basis components. We take the data as the sum of
two zero mean, Gaussian processes: the stochastic GW
signal and the noise part, d̃kI ¼ s̃kI þ ñkI . Then, all of the
information is contained in the covariance matrix,

CIJ ¼ Ch;IJ þ Cn;IJ: ð12Þ

To model the SGWB, we take it as unpolarized and
isotropic, which means that the Fourier modes h̃Pðf; k̂Þ
of the metric spin-2 perturbation follows3:

hh̃Pðf; k̂Þh̃�P0 ðf0; k̂0Þi ¼ 1

16π
ShðfÞδðf − f0ÞδPP0δ2ðk̂; k̂0Þ;

ð13Þ

where P ¼ fþ;×g denotes the two polarizations and ShðfÞ
is the (one-sided) strain power spectral density of the
SGWB, related to the SGWB energy density as

ΩGWh2 ¼
h2

ρc

dρGW
d log f

≡ 2π2f3

3H2
0=h

2
Sh; ð14Þ

where ρc=h2 ¼ 3ðH0=hÞ2=ð8πGÞ is the Universe critical
energy density and H0=h ¼ 1=ð9.78 GyrÞ is the Hubble
parameter today.
Under the above assumptions, we can show that (see [8]

for the details) the time delay covariance matrix is given by

hfΔtIfΔt�Ji≡1

2
δðf−f0ÞCh;IJ ¼

1

2
δðf−f0ÞRIJShðfÞ; ð15Þ

where we have defined

RIJ ¼ χIJ ·RðfÞ½T IðfÞT JðfÞTIJ=Tobs�1=2: ð16Þ

The first geometrical factor χIJ is the well-known Hellings-
Downs correlation pattern as a function of the angular
separation between any pair of pulsars [1]. The time-
dependent part accounts for the pulsar’s transmission func-
tion T ðfÞ, which models the low-frequency suppression of

the extracted signal [74], and the individual observation time
TI . The off-diagonal components are limited by the effective
overlapping time between pulsars I and J, defined as
TIJ ¼ min½TI; TJ�. We have further defined the sky-aver-
aged quadratic response function RðfÞ≡ 1=12π2f2.
We assume the noise contribution to the covariancematrix

to be dominated by the diagonal terms, i.e., to be uncorrelated
between pulsars. We thus approximate Cn;IJ ¼ δIJPn;I . We
model the noise budget as a white noise (WN) with the
addition of a red noise (RN) component, along with the
temporal variations in dispersion measurements (DM) and
scattering variations (SV),

Pn;I ¼ PWN
I þ ARN

I

�
f
fr

�
γRNI þ PDM

I þ PSV
I ; ð17Þ

where we arbitrarily fix the reference frequency at fr ¼ fyr
and γRNI < 0. See [8] for more details on the noise modeling
adopted in fastPTA, along with its reliability in recovering the
performance of current PTA datasets.
In what follows, we will simulate future PTA datasets by

sampling random realizations of the noise components of
the pulsars from the distribution of the observed properties
of those contained in the current EPTA catalog. Also, we
will not include noise parameters in the inference, but we
will fix them at the best fit. While this may approximate
some of the possible correlations between signal and noise,
this choice was shown to have a negligible impact on the
forecasts, as validated in [8]. Also, as we extrapolate to
larger datasets, the observations enter the signal-dominated
regime in the most relevant frequency range, which further
justifies these approximations.
The log-likelihood of Gaussian and zero-mean data d̃k

entirely described by their variance CIJðfk; θÞ is given by
[75,76]

− lnLðd̃jθÞ ¼ constþ
X
k;IJ

½ln ½CIJðfk; θÞ�

þ d̃kIC
−1
IJ ðfk; θÞd̃k�J =Tobs�; ð18Þ

also known as Whittle’s likelihood, which represents the
probability of the data d̃ given the model parameters θ. This
is the main ingredient for the fast forecasting technique
introduced in [8], which entails evaluating the Fisher
information matrix (FIM). The FIM is defined as

Fαβ≡−
∂
2 lnL

∂θα∂θβ

����
θ¼θ0

¼
X
k

Tr

�
C−1 ∂C

∂θα
C−1 ∂C

∂θβ

�
θ¼θ0

; ð19Þ

where θ0 is the maximum likelihood estimator of the model
parameters, obtained by imposing ð∂ lnL=∂θαÞjθ0 ¼ 0. For
the likelihood in Eq. (18), the FIM reads3See [73] for the inclusion of anisotropies.
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Fαβ ≡
X
fk

C−1
IJ C

−1
KL

∂ðRJKShÞ
∂θα

∂ðRLIShÞ
∂θβ

: ð20Þ

The covariance matrix is then computed by inverting the
FIM, and the uncertainties on the model parameters are
easily obtained as σα ≡

ffiffiffiffiffiffiffiffi
F−1
αα

p
. This means that estimating

the uncertainties boils down to inverting the FIM, with
dramatically reduced computational times compared to a
full-time-domain Bayesian analysis.
The FIM is considered to be a reliable estimator of the

uncertainties in the limit of large signal-to-noise ratio, for
which, typically, the posterior distribution can effectively be
approximated by a Gaussian distribution. When this con-
dition is not satisfied, we will compare the FIM results with
full-fledged Bayesian parameter estimation methods. To this
aim, we simulate frequency-domain data d̃k ≡ d̃ðfkÞ, where
k runs over the frequencies within detector sensitivity. We
then generate zero-mean Gaussian realizations of signal and
noise components, whose variance is defined by their
spectral densities. The parameter estimation is performed
via Markov chain Monte Carlo (MCMC) using EMCEE [77].
It is also instructive to define an effective sensitivity,

which visually captures the reach of a given PTA dataset.
Following Ref. [8], we define (see also [74])

SeffðfÞ ¼ ðC−1
IJ C

−1
KLRJKRLIÞ−1=2; ð21Þ

in such a way that the SNR computation takes the familiar
form SNR2 ¼PkðSh=SeffÞ2 ¼ Tobs

R
dfðSh=SeffÞ2.

IV. FUTURE BOUNDS ON SIGWS

In this section, we forecast the future reach of PTA
datasets to constrain SIGWs and, indirectly, the primordial
curvature power spectrum. We do so employing two
working assumptions:

(i) In the first stage (Sec. IVA), we assume that the
current GW excess observed in the PTA dataset is
due to a cosmological SIGW. Under this hypothesis,
we show how the currently large uncertainties on the
amplitude of the curvature perturbation will shrink
significantly with longer observation time and larger
datasets. The fact that we are observing this signal
mostly in its low-frequency tail does not allow us to
completely break the degeneracy between peak
frequency and amplitude, leaving large uncertainties
on the total amplitude of curvature perturbations.

(ii) In a second stage (Sec. IV B), we assume that the
current PTA signal is dominated by an astrophysical
SGWB sourced by SMBH binaries, which we model
with a power law (PL), while SIGWs are only a
subdominant contribution. As in the first case,
uncertainties will shrink significantly with larger
datasets and the possibility of resolving the signal

peak below the dominant PL results in potentially
stronger constraints on the overall SIGW amplitude.

A. SIGWs as the dominant signal

Under the assumption of a dominant SIGW signal in the
nHz frequency range, our model parameters are

θ ¼ flog10Aζ; log10Δ; log10ðf�=HzÞg: ð22Þ

We simulate the observation of an SGWB dominated by
SIGWs with

log10 Aζ ¼ −1.64;

log10Δ ¼ −0.15;

log10ðf�=HzÞ ¼ −7.8: ð23Þ

We choose this set of parameters as they are compatible with
the current PTA observations (NG15, EPTAþ InPTA, and
PPTA) within 3σ [40,41] while complying with the PBH
overproduction bounds assuming small non-Gaussianities,
see below [78] for details. We will come back to the PBH
abundance computation in Sec. V.We checked that assuming
Np ¼ 68 and current noise configurations, the expected
uncertainties on the SIGW noise parameters match current
constraints based on available PTA data (see, e.g., [78]).
In Fig. 1, we report the forecasts obtained with a dataset

assuming Square Kilometre Array (SKA)-like noise con-
taining either Np ¼ 100 or Np ¼ 400 pulsars observed for
Tobs ¼ 10 yr. In the left panel, we show the effective
sensitivity defined in Eq. (21), for both cases, alongside
the SIGW signal with parameters in Eq. (23). In the right
panel, we report the posterior distribution for the model
parameters, inferred using the FIM approach. We observe a
striking correlation between the amplitude Aζ and the peak
frequency f�. This tight correlation arises because most of
the constraining power comes from the observation of the
low-frequency tail of the signal, where the signal is well
approximated by a power law, while the signal peak is more
loosely constrained. In such a regime, there is a leftover
degeneracy between the amplitude and the pivot scale, so
that larger pivot scales can be compensated by increasing
the amplitude of the signal accordingly. Similar correla-
tions, albeit slightly more pronounced, are found with the
width Δ, due to the normalization condition in Eq. (8).
Overall, we conclude that, given also the large degeneracies
observed, the bounds on the model parameters remain
rather weak. In terms of reconstructed ΩGW, we expect it to
be best constrained around f ∼ 10−8 Hz, with degeneracies
maintaining fixed the best-observed region of the GW
spectrum.
In Fig. 2, we show the posterior predictive distribution

(PPD) of ΩGW for the case with Np ¼ 400. We define the
PPD as
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pðΩGWjdÞ ¼
Z

pðΩGWjθÞpðθjdÞdθ; ð24Þ

where we introduced pðθjdÞ as the posterior distribution of
the model parameters θ given the simulated data d, while
pðΩGWjθÞ is the likelihood of new signal ΩGW given a set
of parameters θ. The integral marginalizes over all possible
parameter values θ, weighted by their posterior probabil-
ities. We obtain an upper bound on the signal amplitude at
all scales, as the signal is observed with sufficient SNR
across the whole range of frequencies. The high frequency
tail is less constrained, as it fully depends on the width
of the spectrum having ΩGWðf ≫ f�Þ ∝ P2

ζðf ≫ f�Þ.

Narrow spectra have a characteristic double peak feature
(see, e.g., discussion in [23,79]) that leads to the observed
shape, a feature which is sufficiently well reconstructed.
The reconstructed signal in the low-frequency tail is
bounded to be very close to the injection, even extrapo-
lating below the observed frequencies. This is because the
causality tail does not allow for spectra narrower than
ΩGW ∼ f3 [80–83] below the most constrained region of
the spectrum.
We provide fitting formulas for the precision achieved as

a function of the observation time and number of pulsars.
The relative uncertainties scale as

σAζ

Aζ
¼ 16%

�
Np

70

�
−1=2

;

σΔ
Δ

¼ 21%

�
Np

70

�
−1=2

;

σf�
f�

¼ 14%

�
Np

70

�
−1=2

: ð25Þ

In the scaling considered above, we do not include the fact
that, as a larger and larger set of pulsars becomes available,
the SNR of the signal would become larger at higher
frequencies, enhancing the number of effective frequencies,
thus further reducing the uncertainties in the high-
frequency portion of the signal.
Overall, we conclude that, given the relatively low

amplitude of the SIGW injected in this scenario, ΩGW
would remain relatively weakly constrained also with
realistic future datasets. To have tighter bounds, one would
need signals with smaller f� for which the peak appears in
the observable band, while still complying with the

FIG. 1. Left panel: SGWB abundance for the SIGW-only scenario with log10 Aζ ¼ −1.64, log10 Δ ¼ −0.15, and
log10ðf�=HzÞ ¼ −7.8. With red and blue lines we indicate the effective sensitivity for a future dataset with Np ¼ 100 and Np ¼
400 pulsar with SKA-like noise budget and Tobs ¼ 10 yr. Right panel: corner plot reporting the corresponding Fisher matrix uncertainty
estimates.

FIG. 2. Posterior predictive distribution of the SIGW measured
by a simulated SKA-like dataset with Np ¼ 400, as shown in
Fig. 1. Light red lines correspond to spectra obtained by random
sampling points from the posterior distribution of model param-
eters. The red solid line indicates the 90% CL, while the red
dashed line is the injected ΩGW.
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maximum Pζ imposed by the PBH abundance upper
bound. Having the peak more clearly in the band would
also reduce degeneracies. We will come back to the
implication of such constraints for the production of PBHs.

B. SIGWs as a subdominant signal

In this section, we proceed with a complementary
approach and assume the SIGW only amounts to a small
portion of the nHz SGWB, which is instead already
dominated by an astrophysical signal originating from
the mergers of SMBH binaries.

1. Modeling the astrophysical foreground

In this work, we do not attempt to model the astro-
physical signal from first principles but only adopt a simple
phenomenological parametrization of its spectrum. We,
therefore, assume the astrophysical SGWB to be described
by a PL compatible with the recent observations (however,
see [84])

h2ΩPL
GWðfÞ ¼ 10αPL

�
f
fyr

�
nT
: ð26Þ

For definiteness, when performing the injections, the
parameters are fixed to the maximum likelihood values
obtained by the EPTA [3] collaboration, which are also in
good agreement with the other observations [85], unless
otherwise stated. Therefore, we fix

αPL ¼ −7.2;

nT ¼ 2: ð27Þ

Here, it is important to mention that relative uncertainties
on the amplitude and tilt are of the order of 60% and 15%,
respectively. We will explore how the result changes by
varying the parameters within the 2σ range. To make
contact with other quantities used in the literature, the
spectrum in Eq. (26) corresponds to a strain amplitude
(hc ≡ ffiffiffiffiffiffiffiffi

fSh
p

) at f ¼ fyr of Ahc ≃ 10−14 and pulsar timing
residuals spectral index γ ¼ 5 − nT ¼ 3.
In the new physics search of the NANOGrav collabo-

ration analysis [86], astrophysical population modeling was
used to derive predictions for the amplitude and tilt of the
SMBH SGWB spectrum, i.e., the parameters αPL and nT .
These predictions, marginalized over the SMBH population
model parameters, were then used as prior in the Bayesian
inference analysis, on par with the cosmological bounds on
the amplitude of curvature perturbation, for example. Thus,
they worked with a bivariate normal distribution for
amplitude and tilt of the spectrum [11,86]. When translated
in terms of ðαPL; nTÞ, the mean μSMBH and covariance
σSMBH are given by

μSMBH ¼
�−10.4

0.30

�
; σSMBH ¼

�
1.1 0.0054

0.0054 0.12

�
:

ð28Þ

This prior distribution forces the amplitude of the SGWB to
preferentially fall at smaller values than what is currently
observed, thus downplaying the SMBH model in favor of
new physics [86]. In this work, we assume a more agnostic
approach and use uninformative priors with distant boun-
daries on both parameters.
To summarize, the total SGWB is assumed to be

h2ΩGW ¼ h2ΩPL
GW þ h2ΩSIGW

GW ; ð29Þ

and the model parameters in this case are

θ ¼ fαPL; nT; log10Aζ; log10Δ; log10ðf�=HzÞg: ð30Þ

2. Multimodel analysis

We simulate a scenario where the dominant PL con-
tribution (parameters of the PL are fixed to the reference
values) is hiding a subdominant SIGW with parameters
fixed to representative values:

log10 Aζ ¼ −1.7;

log10Δ ¼ −0.3;

log10ðf�=HzÞ ¼ −7.8: ð31Þ

In Fig. 3 (left panel),weplot the two separate contributions
to the SGWB abundance and the future effective sensitivity
achieved by the SKA 10 yr, assuming Np ¼ 100, 400
pulsars. Notice the injected SIGW signal is always subdomi-
nant with respect to the PL in the observed frequency range.
First of all, the presence of the dominant PL contribution
significantly degrades the effective sensitivity of the simu-
lated dataset [8]. However, with a sufficient number of
pulsars, the combined SGWB can still be measured with
sufficient accuracy to allow constraining subdominant con-
tribution with an abundance that is up to Oð1Þ orders of
magnitude below the astrophysical PL.
We show the corresponding posterior distribution of

parameters in the right panel of Fig. 3. One obtains relative
uncertainties of the order of Oð20Þ% on the curvature
power spectrum parameters, roughly indicating SIGW
detection at 5σ CL with more than Np ¼ 400 pulsars.
Focusing on the SIGW parameters only, we see correlations
similar to the ones observed in Fig. 1. However, since the
SIGW peak appears in the sensitivity of the simulated
dataset, these correlations are less pronounced. There exists
a negative correlation between αPL and Aζ. This appears
since PTA datasets are sensitive to the sum of the signals,
and a stronger SIGW can be compensated by a fainter
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astrophysical SGWB, and vice versa. Also, a similar
positive correlation is observed with nT , as a larger tilt
removes power from the lower frequencies of relevance for
the dataset we consider, due to our choice of pivot scale fyr
to normalize the PL. Finally, a negative correlation between
f� and αPL appears. This is most likely a combination of
multiple trends. As a SIGW pivot at lower frequencies
correlates with a narrower tilt, the steeper low-frequency
SIGW behavior is correlated with a shallower PL and a
larger αPL.
In Fig. 4, we report the PPD obtained from the results

of the analysis, assuming Np ¼ 400. The PL signal is
very tightly constrained up to frequencies of around

f ≳ f ∼ 10−7 Hz. The subdominant SIGW signal is best
constrained in the low-frequency region of the spectrum,
while it becomes unbounded from below above
f ≳ 2 × 10−8 Hz. As the peak of the injected signal partly
appears within the sensitivity band of the dataset, the width
of the spectrum is more tightly constrained, compared to
the previous case (see Fig. 2). As a consequence, the
uncertainty on the signal amplitude mostly rescales the
signal vertically around the injected spectrum in the low-
frequency range.
While our results are subject to the assumption Pζ is

described by a log-normal (LN) shape, we expect the
qualitative conclusions to remainvalid also formore complex
shapes. Itwould be interesting to perform analyseswithmore
flexible models (see, e.g., [71]). We leave this for
future work.
It is interesting to explore how the uncertainties on the

assumed subdominant SIGW background vary by modi-
fying the assumptions. In the following, we explore how
the uncertainties change as a function of

(i) the number of pulsars in the dataset;
(ii) the amplitude of the dominant astro-SGWB;
(iii) the SIGW signal parameters.

3. Scaling with the number of pulsars

Still assuming a multimodel inference, in Fig. 5 we
report how the uncertainties vary as a function of the
number of pulsars in the dataset Np. We derive these
uncertainties assuming the reference values of the PL
parameters, as well as the SIGW parameters, as defined
in Eq. (31). The relative uncertainties retain an overall

FIG. 3. Same as Fig. 1, but assuming the presence of astrophysical SGWB with αPL ¼ −7.2 and nT ¼ 2, while log10 Aζ ¼ −1.7,
log10 Δ ¼ −0.3, and log10ðf�=HzÞ ¼ −7.8. Right panel: corner plot reporting Fisher matrix uncertainty estimates for the same scenario
shown in the left panel. The red (blue) posterior assumes a SKA-like with 100 (400) pulsars and Tobs ¼ 10 yr.

FIG. 4. Same as 2 for the SIGWþ SMBH case. We show the
posterior predictive distribution for the power law (green) and
SIGW (red). We again assume a simulated SKA-like dataset with
Np ¼ 400.
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scaling ∼1=
ffiffiffiffiffiffi
Np

p
, as expected from the combination of Np

independent datasets with spectral parameters mostly con-
strained by autocorrelation information (see, e.g., [8,87]).
We analyze the scaling behavior of the uncertainties of

the following parameters: αPL and nT (first column),
log10 Aζ (second column), log10Δ (third column), and
log10ðf�=HzÞ (fourth column), as a function of the total
number of pulsars, Np. Our analysis assumes the obser-
vational period to be fixed to Tobs ¼ 10.33 yr. We consider
two distinct datasets: an EPTA-like dataset (top panel) and
an SKA-like dataset (bottom panel). The shaded regions in
the plots indicate the range of variation in the uncertainties
due to different choices of the PL spectral amplitude αPL.
The dark-shaded region corresponds to the 68% CL, i.e.,
αPL ∈ ½−7.6;−7�, while the light-shaded region extends to
the 95% CL, i.e., αPL ∈ ½−7.9;−6.8�, both derived from the
posterior distribution obtained using current EPTAþ
NANOGrav data, see Sec. IV B 1.
Additionally, we differentiate between two limiting cases

of αPL: solid lines represent results obtained for larger values
of αPL, while dashed lines correspond to smaller values. As
expected, in the leftmost panel, the uncertainties are larger for
smaller values of αPL, as it corresponds to weaker injected
signals. On the other hand, in the remaining columns, the
uncertainties are larger for larger values of αPL, as expected
for a larger dominant astrophysical foreground.
To account for statistical variations in the pulsar pop-

ulation, we generate multiple realizations of the pulsar
catalog. Specifically, the error bars surrounding the edges
of the shaded bands reflect the standard deviation computed
over ten independent realizations, where both the spatial

distribution of pulsars and their intrinsic noise properties
are varied. This variability is very small for large Np.
Furthermore, we see that it reduces significantly when
passing from EPTA to an SKA-like dataset, as the obser-
vations enter the signal-dominated regime.
We provide fitting formulas for the precision achieved as

a function of the observation time and number of pulsars.
The relative uncertainties of the PL parameters scale as

σαPL ¼ ½10; 24�%
�
Np

70

�
−1=2

;

σnT ¼ ½3.2; 5.5�%
�
Np

70

�
−1=2

; ð32Þ

while the SIGW parameter uncertainties are

σAζ

Aζ
¼ ½52; 150�%

�
Np

70

�
−1=2

;

σΔ
Δ

¼ ½48; 150�%
�
Np

70

�
−1=2

;

σf�
f�

¼ ½32; 96�%
�
Np

70

�
−1=2

: ð33Þ

In the above equations, we bracket the results obtained by
varying αPL within the 68% CL.
As already hinted in the previous section, the relatively

large uncertainties found for this injected SIGW signal,
which results in a large uncertainty on the amplitude
of the curvature power spectrum, imply relatively weak

FIG. 5. Scaling of the uncertainties on αPL and nT (first column), log10 Aζ (second column), log10 Δ (third column), and log10ðf�=HzÞ
(fourth column), as a function of the number of pulsars Np, assuming a Tobs ¼ 10.33 yr. We assume an EPTA-like (top) or SKA-like
(bottom) dataset. The dark (light) shaded area is obtained by varying αPL within the 68% (95%) CL posterior distribution from the
current EPTAþ NANOGrav posterior, see [40]. Solid (dashed) lines correspond to larger (smaller) αPL. The bars around the band edges
are obtained from the standard deviation of ten realizations of the pulsar catalog (varying both location and noises).
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constraining power on the parameter space of relevance for
PBH formation. In Sec. V, wewill discuss the implications of
such constraints for PBH production.

4. Scaling with SIGW model parameters

We further derive future bounds on the curvature power
spectrum by varying the SIGWmodel parameters. In Fig. 6,
we show the relative uncertainties on Aζ varying the
injected SIGW parameters, Δ (left panel) and f� (right
panel). We keep the PL parameters fixed to the reference
values chosen in Eq. (27). The results for an EPTA-like
dataset with Tobs ¼ 16.03 yr and Np ¼ 120, similar to the
upcoming IPTA data release, are shown with a dashed line.
The future SKA-like configuration with Tobs ¼ 10.33 yr
and Np ¼ 200 is shown with colored shading.
We can identify simple trends in the left plot of Fig. 6.

We see that relative uncertainties on Aζ decrease both for
larger amplitude and smaller Δ, up to log10Δ ≃ −0.5.
Because of our choice of f�, narrower spectra exit from
the observable window and thus correspond to larger
uncertainties. The EPTA-like case, due to the longer
assumed observation time, can reach a larger parameter
space, as it can access slightly lower frequencies ∼1=Tobs.
The secondary island is induced by the large bump in the
signal obtained in the small Δ limit. Interestingly, in this
specific setting, the uncertainties are smaller for the EPTA-
like configuration. This is simply due to our choice of f�.
Focusing on the right panel, we see that the best

reconstruction is obtained for a peak frequency around
f� ∼ few=Tobs, depending on the observation time we
consider. For the current NANOGrav duration of 16.03 yr,
the peak sensitivity falls at f� ≃ 10−8.5 Hz. The double peak
feature reflects the shape of the SIGW spectrum for the
assumed narrowwidth ofPζ. The uncertainty quickly grows
going away from the sweet spot values either because the
signal falls outside the observable band (at low pivot
frequencies) or it can only be observed above the pulsar

noise in its tail (at high pivot frequencies). Aswe already saw
in the examples of the previous sections, a subdominant
SIGW can be measured with a precision better thanOð30Þ%
only in a limited region of parameter space.
We validate the results of the FIM estimates by comparing

them with MCMC Bayesian inference of simulated fre-
quency domain datasets.When runningMCMCanalysis, we
impose the following priors on the model parameters:

θ∈ ½θ0 − 5σθ; θ0 þ 5σθ�; ð34Þ

where the subscript 0 denotes the injectionvalues, while σθ is
the uncertainty estimated using the FIM analysis. The SIGW
priors are further limited by the following ranges:

log10Aζ ∈ ½−3.5; 0�;
log10Δ∈ ½−1.5; 0.9�;

log10ðf�=HzÞ∈ ½−10;−6�: ð35Þ

Moreover, in the MCMC run we also impose a prior that
avoids PBH overproduction (see next section), i.e., we
impose fPBH < 1, which partially cuts a portion of the
parameter space with large Aζ.
In Fig. 7, we show the posterior distribution on the PLþ

SIGW analyses for some benchmark points identified in the
plane of Fig. 6 by crosses. Notice that, since we are
interested in comparing the measurement uncertainties
from the MCMC procedure and with the FIM, in this
case, we do not generate data by sampling from a Gaussian
distribution with zero mean and standard deviation given
by the corresponding spectral density. Rather, we fixed the
data to match with the ensemble average. Effectively, this
corresponds to anchoring the mean of the realization (and,
correspondingly, the mean values of all the parameters) to
its expectation value, which allows us to focus on the
uncertainties. In general, we find very good agreement
between the results of the MCMC analysis and the

FIG. 6. Fisher matrix relative uncertainties on Aζ for EPTA-like configuration with Tobs ¼ 16.03 yr and Np ¼ 120 (solid lines) and
SKA-like configuration with Tobs ¼ 10.33 yr and Np ¼ 200 (shaded), as a function of log10 Δ (left panel) and log10ðf�=HzÞ (right
panel). When fixed, the parameters are set to log10ðf�=HzÞ ¼ −8.45 (left panel) and Δ ¼ 0.5 (right panel). The injection values for the
MCMC analysis are marked with a red cross (star) for present (future) configuration. They coincide in the left panel.
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uncertainties estimated through the FIM. In the left panel, a
slight non-Gaussianity of the green MCMC posterior is
found, with small tails of the distribution appearing at low
values of αPL, Aζ, and Δ. This is due to the relatively small
SNR of the injected signal. Contrarily, in the right panel, we
notice that the green contours appear to be slightly more
constraining than the red ones. The origin of this small
difference comes from the PBH overproduction prior,
which is imposed in the MCMC, but not in the FIM.
For this reason, we also show, in blue, the impact
of including the same prior in the FIM analysis.4 After
including the same prior, while this does not introduce
major corrections to the posterior, we see the constraints to
match nearly perfectly.
We repeat the exercise in Fig. 8, by varying the

amplitude of the PL foreground within the 2-σ CL. As
expected, the uncertainties on Aζ are anticorrelated with the
choice of injected αPL. Overall, we conclude that varying
the amplitude of the PL foreground within the 95% CL
results in a shift of around half an order of magnitude in the
reach of future PTA datasets on Aζ. This would be
significant in terms of constraining power on PBH for-
mation scenarios, as we motivate in the following section.

V. IMPLICATIONS FOR PBHS

In this section, we explore the implications of a detection
or upper bound on curvature perturbations for PBHmodels.
Large primordial density perturbations can lead to the

formation of a significant abundance of PBHs (see [88] for
a recent review). Let us connect the scale of the perturba-
tions, or equivalently the comoving wave number k, with
the Hubble sphere mass MH as [89]

MH ≃ 10M⊙

�
g�

106.75

�
1=2
�
106.75
g�s

�
2=3
�
106 Mpc−1

k=κ

�
2

:

ð36Þ

The resulting PBH mass after the collapse is related to MH
by an order-unity factor described by the theory of critical
collapse and validated through dedicated numerical rela-
tivistic simulations [90] (see Ref. [91] for a recent review).
Notice that we include the prefactor κ ≡ krm that relates k
to the characteristic perturbation size at Hubble crossing
rm ¼ 1=aH [92–95], which also corresponds to the peak of
the compaction function. For definiteness, we will fix it to
the value κ ¼ 2 that corresponds to the case of a LN
curvature spectrum with width Δ ≃Oð0.5Þ [96,97].
Directly inspecting the right panel of Fig. 6, we see that
PTA observations with Tobs ¼ Oð10Þ yr have a peak
sensitivity for masses around M ≃OðfewÞM⊙, with an
extended tail in the subsolar mass range.
The PBH abundance can be computed by evaluating the

probability that the compaction function, a measure of
the mass excess over the areal radius, is larger than the
threshold for collapse, which is defined through dedicated
numerical simulations. We follow the general prescription
presented in Ref. [98] (see also Refs. [99,100]), where more
details can be found. The approach is based on threshold
statistics on the compaction function and can include NG

FIG. 7. Comparison between Fisher matrix (red) and Bayesian MCMC parameter estimation (green) obtained from EPTA-like
configuration with Tobs ¼ 16.03 yr and Np ¼ 120 (left panel) and SKA-like configuration with Tobs ¼ 10.33 yr and Np ¼ 200 (right
panel). The signal is composed of a PL as in Eq. (27), and an SIGW with log10 Aζ ¼ −1.7;Δ ¼ 0.5; log10ðf�=HzÞ ¼ −8.45ð−8.25Þ for
the left (right) plot. The Fisher matrix results excluding the points with fPBH > 1 are plotted in blue. In the 2-d panels, 68%; 95%, and
99% confidence interval are shown. The prior ranges coincide with the boundaries.

4In practice, this is achieved by sampling data from the FIM
and rejecting points that are not compatible with fPBH < 1.
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corrections to the statistics, although we only assume
Gaussian perturbations in this work. We review these
computations in the Appendix for completeness. This is
also built in an independent module of the fastPTA code and
can be used to evaluate overproduction bounds when
running MCMC Bayesian analysis both on simulated
and real GW data.
In this section, we derive the upper bound on the spectral

amplitude and compare it to the values required to produce
a significant population of PBHs. Assuming no SIGW
detection, an agnostic upper bound is obtained by injecting
a PL signal with best-fit parameters and performing a
multimodel fit which could include a subdominant SIGW
signal. The priors we impose on the SIGW parameters are

log10 Aζ ∈ ½−3.5; 0�;
log10Δ∈ ½−1.5; 0.9�;

log10ðf�=HzÞÞ∈ ½−10;−6�: ð37Þ

We do not include additional priors from PBH over-
production in this first stage.
In Fig. 9, we derive the upper bound on the power

spectral parameters Aζ and k�, marginalized over the power
spectral width Δ, assuming no SIGW is detected using the
MCMC analyses. In the left panel, we show the full MCMC
posterior distribution. We see that the PL parameters are
well reconstructed, with bounds on αPL and nT which are
competitive with analyses assuming a single PL. A slight

degeneracy between the PL and SIGWs is observed, and a
subdominant tail of the posterior explains the injected
signal as coming from SIGWs, with Aζ ≃ 0.1 and
log10ðf�=HzÞ ≃ −7.2. This is also observed as a darker
contour in the ðAζ; f�Þ plane. For pivot scales away from
the sweet-spot frequency, the shape of the SIGW becomes
unconstrained, as can be seen by the flat posterior dis-
tribution of Δ.
The plots depict a clear upper bound on Aζ as a function

of the pivot scale, marginalized over the spectral width. We
focus on the ðAζ; f�Þ plane again in the right panel, where
we show marginalized upper bounds at 95% CL for three
different datasets, assuming Np ¼ 68 (green), Np ¼ 136

(orange), and Np ¼ 272 (blue) of EPTA-like catalogs with
Tobs ¼ 16.03 yr. The green line, corresponding to
Np ¼ 68, is compatible with the current most stringent
upper bound derived from existing NANOGrav data. This
line serves as a benchmark for comparison, illustrating the
present constraints on parameter uncertainties. The other
lines correspond to projections based on future IPTA
analyses or subsequent datasets, such as those anticipated
from enhanced observations with larger PTA datasets.
Slight oscillatory features observed in the plot are only
due to the finite sampling of the posterior. These scenarios
demonstrate a progressive tightening of the uncertainties,
leading to stronger upper bounds. Notice there exists a
difference with the result reported in Fig. 2 (left panel) of
[43], where a much tighter upper bound was derived from
the currently available PTA dataset (to be compared with

FIG. 8. Same as Fig. 6 but assuming αPL to be at the current best fit þ2σ (top row) and −2σ (bottom row).
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our green line Np ¼ 68). The difference comes from our
marginalization over Δ, which was instead fixed to the
representative value of Δ ¼ 0.5 in [43].
To facilitate the comparison of the forecasted bounds

with PBH abundance, as well as previous literature, we
further restrict the width of the PBH spectrum to be
Δ ¼ 0.5. In Fig. 10, we show the corresponding upper
bound on the spectral amplitude as a function of the pivot

scale. The color code is the same adopted in Fig. 9 (right
panel), with the colored band corresponding to 95% and
99.7% CL. We find that, by fixing the width to the choice
made in [43], our estimate of the current PTA bound agrees
with their derivation from the real NANOGrav data when
assuming nearly Gaussian perturbations.5 We also estimate
an SKA-like scenario with Np ¼ 272 and Tobs ¼ 10.33 yr.
The bound shifts to a higher pivot frequency due to the
shorter observation time we assumed. It is interesting to
stress, though, that the bound does not improve signifi-
cantly moving from EPTA-like to SKA-like noise. This is a
consequence of the fact that we enter in the signal-
dominated regime with the PL dominating the SGWB in
the observed frequency range.
We also superimpose a black solid line to show the

amplitude corresponding to the representative value
fPBH ¼ 1 computed assuming threshold statistics. In
the same plot, the black dashed line indicates the value
of the amplitude computed assuming peak theory [101].
The slight reduction observed in both lines around k ≃ 6 ×
106 Mpc−1 is due to the effect of the QCD era in reducing
the threshold for collapse [89,102–105]. The difference
between these two lines indicates the systematic theoretical
uncertainties associated with this computation [106–109].

FIG. 9. Left panel: posterior distribution obtained performing a Bayesian inference of the simulated power law signal as in Eq. (27)
with a negligible SIGW contribution. The dataset simulates a EPTA-like observation campaign with Tobs ¼ 16.03 yr, and Np ¼ 272.
Right panel: enlargement of the ðk�; AζÞ panel, reporting the upper bound on Aζ at the 95% CL, marginalizing over the spectral width
and assuming Np ¼ 68 (green), Np ¼ 136 (orange), and Np ¼ 272 (blue).

FIG. 10. Same as Fig. 9 (right panel), but fixing Δ ¼ 0.5.
Additionally, the bound obtained from SKA-like data with Tobs ¼
10.33 yr and Np ¼ 272 is reported in red. Tobs ¼ 16.03 yr is
assumed for EPTA-like catalogs with different numbers of
pulsars. The band indicates the upper bound at 95% and
99.7% CL. The black solid and dashed lines indicates fPBH ¼
1 using threshold statistics or peak theory, respectively. In both
cases, we assume Gaussian perturbations.

5A minor difference is observed around k� ≃ 107 Mpc−1,
where the actual NANOGrav 15 yr bound is slightly more
stringent. As we work with simulated datasets, we are not able
to reproduce real data statistical fluctuations or unmodeled
systematics. Furthermore, it should be noted that those frequency
bins only provide an upper bound on the SGWB amplitude, and
the 95% CL upper bound is thus still sensitive to the choice of the
lower edge of the prior range for the SGWB amplitude.
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While threshold statistics predicts a larger amplitude for
fixed abundance and reduces the tension with the SIGW
explanation of the current PTA signal, it would also lead to
tighter bounds on the PBH production in the range
k∈ ½4 × 105; 107� Mpc−1, which corresponds to masses
in the range MPBH ∼ 0.6MH ∈ ½0.28; 200�M⊙, right in the
range of masses probed by the LVK collaboration [110] and
by future next-generation ground-based experiments [111–
114]. Conversely, assuming peak theory, one obtains a
smaller required amplitude, which exacerbates the tension
with a possible SIGW interpretation of current PTA data,
but at the same time corresponds to very weak bounds on
PBH production, only currently scratching the 3σ signifi-
cance around MPBH ∼ 0.6MH ∈ ½10; 56�M⊙. This theoreti-
cal uncertainty should be addressed elsewhere in dedicated
studies.
It is striking that, although the dataset is assumed to grow

by a factor of 4 in terms of the number of pulsars, the upper
bound from SIGWonly improves by less than a factor of 2,
due to the dominant role of the PL signal in the nHz band.
We, therefore, foresee much of the progress in constraining
PBH models coming from theoretical advancements in
reducing uncertainties in the PBH computations, which
should resolve the tension between the different methods.
Additionally, we do not address the additional model
dependence introduced by possible non-Gaussianity of
curvature perturbations, and refer to [43] for a thorough
discussion.
It should be stressed that the conclusions above are

subject to the assumption that the dominant PL signal is
described by the current best-fit PL parameters (27). The
actual future observational bound may also change

depending on the assumptions we make on the true value
of αPL. We explore this dependence in Fig. 11, where we
compare the FIM uncertainties on the power spectral
amplitude to the upper bounds of the PBH abundance
while also varying the assumed amplitude of the fore-
ground αPL. In blue, we indicate the upper bound at 1σ CL,
i.e., ΔAζ=Aζ < 1, and 3σ CL, i.e., ΔAζ=Aζ < 1=3. As
expected, the upper bound on Aζ scales with the assumed

value of αPL. At the high end, we find MaxðAζÞ ∼ α1=3PL . On
the other hand, the upper bound flattens for sufficiently low
values of αPL, where the GW foreground becomes irrel-
evant and the bound is driven by the pulsar noises. The
SIGW parameters not shown are fixed to log10Δ ¼ −0.3
and log10ðf�=HzÞ ¼ −7.8, as in Fig. 3. Most notably,
varying αPL within the current most stringent 95% CL
reported by the NANOGrav collaboration (green band)
results in a shift of the upper bound on Aζ by around half an
order of magnitude. This range is compatible with the
current systematic uncertainties on the computation of the
PBH abundance. Therefore, further reduction of the uncer-
tainties expected with future datasets will have to be
accompanied by a drastic reduction of the theoretical
uncertainties associated with the PBH abundance
computation.

VI. CONCLUSIONS

In this work, we have explored the future constraints that
PTA observations could impose on SIGWs and the asso-
ciated primordial curvature power spectrum. We mostly
employed an FIM approach, which was validated through
specific full Bayesian MCMC runs, and we evaluated the
precision with which upcoming PTA datasets—character-
ized by increased numbers of pulsars, extended observation
times, and lower white noise—will be able to probe SIGWs.
Our analysis indicates that, while current PTA data is still

plagued by significant uncertainties on the SIGW proper-
ties, future PTA observations with larger pulsar networks
will drastically improve sensitivity. This will lead to
reduced degeneracies between key parameters, such as
the amplitude, width, and peak frequency of the SIGW
spectrum, ultimately providing stronger constraints on the
primordial power spectrum. In case SIGW is the sole
responsible for the PTA excess, future PTA datasets will
slowly increase precision in the determination of the
spectral amplitude and tilt, with uncertainties remaining
relatively large due to the necessarily low signal amplitude
forced by the PBH overproduction bound. Efforts should be
directed towards testing this hypothesis using information
beyond the frequency spectrum. Moreover, in the scenario
in which SIGW only accounts for a subdominant contri-
bution to current data, we have investigated how future
datasets could improve our constraints on PBH formation.
While current uncertainties limit precise determinations of
the PBH abundance, the enhanced sensitivity of the next

FIG. 11. 1σ and 3σ detectability level for Aζ for a SKA-like
configuration with fixed Tobs ¼ 10.33 yr and Np ¼ 200. The
black horizontal line shows the PBH overproduction (fPBH ¼ 1)
amplitude assuming threshold statistics. The colored vertical
bands are the 95% CL for αPL as computed from EPTA data
(gray), NANOGrav data (green), and EPTAþ NANOGrav data
(orange), see [40]. The other parameters are fixed as in Fig. 3. The
injection values for the MCMC analysis shown in Fig. 7 are
marked with a red cross.
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PTA datasets will either impose stringent upper bounds on
PBH populations or detect signatures of primordial density
fluctuations responsible for their formation. We stressed
how as measurement uncertainties narrow down, the
theoretical uncertainties on the determination of the PBH
abundance could remain a limiting factor, potentially
preventing us from drawing strong conclusions.
The potential existence of an astrophysical foreground,

i.e., sourced by SMBH mergers, remains a key factor in
SIGW detectability. A reduction of the uncertainties on the
possible foreground amplitude, i.e., leading to a more
precise determination of the GW foreground to be
expected, would allow a more precise determination of
the future upper bound on SIGWs.
We conclude by mentioning a few caveats underlying

our analyses, which could be independently addressed in
future work. The present analysis relies solely on the
information provided by the spectral shape of different
SGWB contributions without identifying any smoking-gun
feature distinguishing astrophysical from cosmological
sources. While this Bayesian model comparison approach
is standard in GW data interpretation, the conclusions
drawn remain inherently dependent on the reliability of the
assumed models. In this respect, the template employed for
the curvature power spectrum is relatively flexible, yet the
second-order nature of the induced signal imposes con-
straints on its shape. A more robust modeling of the
astrophysical sources would refine these constraints and
enhance their significance. Moreover, an explicit model
comparison incorporating a first-principles computation of
Pζ within an early-universe framework would yield even
more stringent bounds, as discussed in [71].
In our study, we assumed that the dominant astrophysical

foreground follows a power-law spectrum. Future obser-
vations with greater sensitivity might reveal deviations
from this assumption, manifesting as spectral oscillations
absent from the SIGW signal. Such deviations could
improve the differentiation between astrophysical and
cosmological components. Additionally, we conservatively
considered the astrophysical SGWB to be irreducible
through the subtraction of individually resolved sources.
However, in practice, improved source subtraction tech-
niques might reduce its contribution, thereby further
clarifying the potential SIGW signature.
Another distinguishing aspect is that the astrophysical

foreground exhibits significantly stronger anisotropies,
particularly at high frequencies, which are instead not
present in the cosmological SIGW at large scales [115].
Once detected, incorporating these anisotropies into the
analysis could improve the separation of the subdominant
cosmological SGWB component. The study of these
anisotropic effects is left for future research.
To extend the scope of our analysis, we envision the use

of our forecast code in conjunction with SIGWAY. This

combination would enable the exploration of more model-
independent spectral parametrizations and facilitate the
direct modeling of the inflationary dynamics responsible
for large curvature perturbations. Additionally, one should
explore more in detail deviations from the perfect radiation
assumption adopted here, as would QCD thermal history
unavoidably affect the PTA scale [44,46,116], as well as
possible new physics beyond the standard model. Finally, it
would be interesting to investigate the effect of accounting
for a more realistic damping of curvature modes, which we
neglect in this work, as discussed in [117], to test whether it
may be measured with future PTA datasets. This would
particularly affect the tail of the signal and the resonant
peak. We leave this for future work.
It would also be interesting to complement the con-

straints on the SIGW scenarios with information derived
through additional observations beyond the PTA dataset.
One possibility is to include bounds from CMB spectral
distortions (see, e.g., [118,119]). It should be stressed that
the scales of relevance for PTA observations fall in the
range between k ∼ 106 ÷ 108 Mpc−1, while CMB spectral
distortions can only reach up to around k≲ 104 Mpc−1.
Therefore, a priori, there is no direct connection between
the two observations. However, within an explicit scenario
where the power spectrum of curvature perturbations is
enhanced at small scales, the spectral growth required to
deviate from the small CMB amplitude would cross the
scales relevant for distortions. Thus, models featuring mild
growth would lead to signatures at both scales.
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APPENDIX: COMPUTING THE PBH
ABUNDANCE

One can compute the PBH abundance by integrating the
mass fraction βðMHÞ produced when perturbations re-enter
the Hubble sphere at all relevant scales, including the
appropriate redshift scaling. This can be computed as [120]
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fPBH ¼ 1

ΩDM

Z
MH;max

MH;min

dMH

MH

�
1

MH

�1
2

×

�
g�

106.75

�3
4

�
g�S

106.75

�
−1
�

βðMHÞ
7.9 × 10−10

�
; ðA1Þ

where we introduced the fraction of PBHs compared to the
DM budget fPBH ≡ΩPBH=ΩDM. Furthermore, the effective
degrees of freedom should be evaluated at the correspond-
ing epoch, identifying the Hubble mass with the temper-
ature using

MHðTkÞ ¼ 4.8 × 10−2M⊙

�
g�

106.75

�
−1
2

�
Tk

GeV

�−2
: ðA2Þ

Given Eq. (A1), computing the abundance boils down to
evaluating the probability a given Hubble patch collapses to
form a PBH. We will follow the general prescription
presented in Ref. [98] (see also Refs. [99,100]), where
more details can be found. The approach is based on
threshold statistics on the compaction function, a funda-
mental variable defined as twice the local mass δMðr; tÞ
excess over the areal radius Rðr; tÞ,

Cðr; tÞ≡ 2δMðr; tÞ
Rðr; tÞ ¼ 2

Rðr; tÞ
Z
S2R

d3x⃗ρbðtÞδðx⃗; tÞ: ðA3Þ

Assuming spherical symmetry and adopting the gradient
expansion approximation, on the super-Hubble scale the
relation between the density contrast δ and the curvature
perturbation ζ is nonlinear [93,121]:

δðr; tÞ ¼ −
2Φ
3

�
1

aH

�
2

e−2ζðrÞ
�
ζ00ðrÞ þ 2

r
ζ0ðrÞ þ 1

2
ζ0ðrÞ2

�
:

ðA4Þ

The parameter Φ is introduced to keep track of how the
equation of state of the Universe changes due to the thermal
history, which is particularly relevant for the formation of
stellar mass PBH across the QCD phase transition.
As the relation between the density contrast and curva-

ture perturbations is nonlinear, the above equation unavoid-
ably introduces a certain amount of NGs in the probability
density function (PDF) of δ, and hence on that of C.
Integrating Eq. (A4) over the radial coordinate, one finds

CðrÞ ¼ −2Φrζ0ðrÞ
�
1þ r

2
ζ0ðrÞ

�
¼ C1ðrÞ −

1

4Φ
C1ðrÞ2;

ðA5Þ

whereC1ðrÞ≡ −2Φrζ0ðrÞ is defined as the linear component
of the compaction function. In full generality, the latter can be
recast in terms of its Gaussian counterpart as follows:

C1ðrÞ ¼ CGðrÞ
dF
dζG

; CGðrÞ ≔ −2Φrζ0GðrÞ; ðA6Þ

where F encodes the relation between ζ and the Gaussian
component ζG.
We stress that CðrÞ depends both on ζG and CG which

are, by definition, Gaussian distributed. Therefore, their
joint PDF can be computed as

PGðCG;ζGÞ¼
1

2πσcσr
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1− γ2cr

p exp

�
−
ζ2G
2σ2r

�
×exp

�
−

1

2ð1− γ2crÞ
�
CG
σc

−
γcrζG
σr

�
2
�
; ðA7Þ

where γcr ≡ σ2cr=σcσr and the correlators are given by

σ2c ¼
4Φ2

9

Z
∞

0

dk
k
ðkrmÞ4W2ðk; rmÞPT

ζ ðkÞ;

σ2cr ¼
2Φ
3

Z
∞

0

dk
k
ðkrmÞ2Wðk; rmÞWsðk; rmÞPT

ζ ðkÞ;

σ2r ¼
Z

∞

0

dk
k
W2

sðk; rmÞPT
ζ ðkÞ; ðA8Þ

with PT
ζ ðkÞ≡T2ðk;rmÞPζðkÞ,Wsðk; rÞ ¼ sinðkrÞ=kr while

Wðk; RÞ and Tðk; τÞ are given by

Tðk; τÞ ¼ 3

�
sinðkτ= ffiffiffi

3
p Þ − ðkτ= ffiffiffi

3
p Þ cosðkτ= ffiffiffi

3
p Þ

ðkτ= ffiffiffi
3

p Þ3
�
;

Wðk; RÞ ¼ 3

�
sinðkRÞ − kR cosðkRÞ

ðkRÞ3
�
: ðA9Þ

The transfer function Tðk; τÞ we adopt in this section is
derived assuming a perfect radiation fluid. Furthermore, we
have selected the Hubble crossing epoch by fixing the
conformal time τ ¼ 1=ðaHÞ ¼ rm, using the Hubble cross-
ing condition aHrm ¼ 1.
Finally, βðMHÞ entering in Eq. (A1), which is identified

with the mass fraction derived from the collapse of a single
mode is

βðMHÞ ¼
Z
D
KðC − CthÞγPGðCG; ζGÞdCGdζG; ðA10Þ

with the collapse condition being expressed as

D ¼ fCðCG; ζGÞ > Cth ∧ C1ðCG; ζGÞ < 2Φg: ðA11Þ

The first condition requires overthreshold perturbations,
while the second allows us only to consider type I PBH
formation.
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Throughout this work, we have assumed Gaussian
curvature perturbations. In this case, F≡ 1 and one can
marginalize over ζG in Eq. (A7), being the compaction
function independent of ζG. Therefore, (A7) simply

becomes a Gaussian distribution with variance σ2c.
Notice that nonlinearities induced by general relativity
are still accounted for through the full nonlinear compac-
tion function entering the threshold condition in Eq. (A10).

[1] R. w. Hellings and G. s. Downs, Astrophys. J. Lett. 265,
L39 (1983).

[2] G. Agazie et al. (NANOGrav Collaboration), Astrophys. J.
Lett. 951, L8 (2023).

[3] J. Antoniadis et al. (EPTA Collaboration), Astron. As-
trophys. 678, A50 (2023).

[4] D. Reardon et al. (PPTACollaboration), Astrophys. J. Lett.
951, L6 (2023).

[5] H. Xu et al. (CPTA Collaboration), Res. Astron. As-
trophys. 23, 075024 (2023).

[6] X. Siemens, J. Ellis, F. Jenet, and J. D. Romano, Classical
Quantum Gravity 30, 224015 (2013).

[7] N. S. Pol et al. (NANOGrav Collaboration), Astrophys. J.
Lett. 911, L34 (2021).

[8] S. Babak, M. Falxa, G. Franciolini, and M. Pieroni, Phys.
Rev. D 110, 063022 (2024).

[9] M. T. Miles et al., Mon. Not. R. Astron. Soc. 536, 1489
(2024).

[10] J. Antoniadis et al. (EPTA, InPTACollaborations), Astron.
Astrophys. 685, A94 (2024).

[11] G. Agazie et al. (NANOGrav Collaboration), Astrophys. J.
Lett. 952, L37 (2023).

[12] A. Sesana, A. Vecchio, and C. N. Colacino, Mon. Not. R.
Astron. Soc. 390, 192 (2008).

[13] B. Kocsis and A. Sesana, Mon. Not. R. Astron. Soc. 411,
1467 (2011).

[14] J. Ellis, M. Fairbairn, G. Hütsi, M. Raidal, J. Urrutia, V.
Vaskonen, and H. Veermäe, Astron. Astrophys. 676, A38
(2023).

[15] C. Caprini and D. G. Figueroa, Classical Quantum Gravity
35, 163001 (2018).

[16] K. Tomita, Prog. Theor. Phys. 54, 730 (1975).
[17] S. Matarrese, O. Pantano, and D. Saez, Phys. Rev. D 47,

1311 (1993).
[18] S. Matarrese, O. Pantano, and D. Saez, Phys. Rev. Lett. 72,

320 (1994).
[19] S. Matarrese, S. Mollerach, and M. Bruni, Phys. Rev. D 58,

043504 (1998).
[20] V. Acquaviva, N. Bartolo, S. Matarrese, and A. Riotto,

Nucl. Phys. B667, 119 (2003).
[21] S. Mollerach, D. Harari, and S. Matarrese, Phys. Rev. D

69, 063002 (2004).
[22] C. Carbone and S. Matarrese, Phys. Rev. D 71, 043508

(2005).
[23] K. N. Ananda, C. Clarkson, and D. Wands, Phys. Rev. D

75, 123518 (2007).
[24] D. Baumann, P. J. Steinhardt, K. Takahashi, and K. Ichiki,

Phys. Rev. D 76, 084019 (2007).
[25] G. Domènech, Universe 7, 398 (2021).

[26] Y. B. Zel’dovich and I. D. Novikov, Sov. Astron. AJ (Engl.
Transl.), 10, 602 (1967).

[27] S. W. Hawking, Mon. Not. R. Astron. Soc. 152, 75 (1971).
[28] B. J. Carr and S. W. Hawking, Mon. Not. R. Astron. Soc.

168, 399 (1974).
[29] B. J. Carr, Astrophys. J. 201, 1 (1975).
[30] G. F. Chapline, Nature (London) 253, 251 (1975).
[31] Primordial Black Holes, edited by C. Byrnes, G.

Franciolini, T. Harada, P. Pani, and M. Sasaki, Springer
Series in Astrophysics and Cosmology (Springer,
New York, 2025).

[32] B. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama, Rep.
Prog. Phys. 84, 116902 (2021).

[33] R. Saito and J. Yokoyama, Phys. Rev. Lett. 102, 161101
(2009); 107, 069901(E) (2011).

[34] E. V. Bugaev and P. A. Klimai, JETP Lett. 91, 1 (2010).
[35] E. Bugaev and P. Klimai, Phys. Rev. D 83, 083521 (2011).
[36] C. T. Byrnes, P. S. Cole, and S. P. Patil, J. Cosmol.

Astropart. Phys. 06 (2019) 028.
[37] A. D. Gow, C. T. Byrnes, P. S. Cole, and S. Young,

J. Cosmol. Astropart. Phys. 02 (2021) 002.
[38] A. Afzal et al. (NANOGrav Collaboration), Astrophys. J.

Lett. 951, L11 (2023); 971, L27(E) (2024).
[39] E. Madge, E. Morgante, C. Puchades-Ibáñez, N. Ramberg,

W. Ratzinger, S. Schenk, and P. Schwaller, J. High Energy
Phys. 10 (2023) 171.

[40] D. G. Figueroa, M. Pieroni, A. Ricciardone, and P.
Simakachorn, Phys. Rev. Lett. 132, 171002 (2024).

[41] J. Ellis, M. Fairbairn, G. Franciolini, G. Hütsi, A. Iovino,
M. Lewicki, M. Raidal, J. Urrutia, V. Vaskonen, and H.
Veermäe, Phys. Rev. D 109, 023522 (2024).

[42] V. Dandoy, V. Domcke, and F. Rompineve, SciPost Phys.
Core 6, 060 (2023).

[43] A. J. Iovino, G. Perna, A. Riotto, and H. Veermäe,
J. Cosmol. Astropart. Phys. 10 (2024) 050.

[44] D. J. Schwarz, Mod. Phys. Lett. A 13, 2771 (1998).
[45] K. T. Abe, Y. Tada, and I. Ueda, J. Cosmol. Astropart.

Phys. 06 (2021) 048.
[46] G. Franciolini, D. Racco, and F. Rompineve, Phys. Rev.

Lett. 132, 081001 (2024).
[47] N. Aghanim et al. (Planck Collaboration), Astron.

Astrophys. 641, A6 (2020); 652, C4(E) (2021).
[48] K. Kohri and T. Terada, Phys. Rev. D 97, 123532 (2018).
[49] J. R. Espinosa, D. Racco, and A. Riotto, J. Cosmol.

Astropart. Phys. 09 (2018) 012.
[50] F. Hajkarim and J. Schaffner-Bielich, Phys. Rev. D 101,

043522 (2020).
[51] K. Inomata and T. Terada, Phys. Rev. D 101, 023523

(2020).

FORECASTING CONSTRAINTS ON SCALAR-INDUCED … PHYS. REV. D 111, 123536 (2025)

123536-17

https://doi.org/10.1086/183954
https://doi.org/10.1086/183954
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.1051/0004-6361/202346844
https://doi.org/10.1051/0004-6361/202346844
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1088/0264-9381/30/22/224015
https://doi.org/10.1088/0264-9381/30/22/224015
https://doi.org/10.3847/2041-8213/abf2c9
https://doi.org/10.3847/2041-8213/abf2c9
https://doi.org/10.1103/PhysRevD.110.063022
https://doi.org/10.1103/PhysRevD.110.063022
https://doi.org/10.1093/mnras/stae2571
https://doi.org/10.1093/mnras/stae2571
https://doi.org/10.1051/0004-6361/202347433
https://doi.org/10.1051/0004-6361/202347433
https://doi.org/10.3847/2041-8213/ace18b
https://doi.org/10.3847/2041-8213/ace18b
https://doi.org/10.1111/j.1365-2966.2008.13682.x
https://doi.org/10.1111/j.1365-2966.2008.13682.x
https://doi.org/10.1111/j.1365-2966.2010.17782.x
https://doi.org/10.1111/j.1365-2966.2010.17782.x
https://doi.org/10.1051/0004-6361/202346268
https://doi.org/10.1051/0004-6361/202346268
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1143/PTP.54.730
https://doi.org/10.1103/PhysRevD.47.1311
https://doi.org/10.1103/PhysRevD.47.1311
https://doi.org/10.1103/PhysRevLett.72.320
https://doi.org/10.1103/PhysRevLett.72.320
https://doi.org/10.1103/PhysRevD.58.043504
https://doi.org/10.1103/PhysRevD.58.043504
https://doi.org/10.1016/S0550-3213(03)00550-9
https://doi.org/10.1103/PhysRevD.69.063002
https://doi.org/10.1103/PhysRevD.69.063002
https://doi.org/10.1103/PhysRevD.71.043508
https://doi.org/10.1103/PhysRevD.71.043508
https://doi.org/10.1103/PhysRevD.75.123518
https://doi.org/10.1103/PhysRevD.75.123518
https://doi.org/10.1103/PhysRevD.76.084019
https://doi.org/10.3390/universe7110398
https://doi.org/10.1093/mnras/152.1.75
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1086/153853
https://doi.org/10.1038/253251a0
https://doi.org/10.1088/1361-6633/ac1e31
https://doi.org/10.1088/1361-6633/ac1e31
https://doi.org/10.1103/PhysRevLett.102.161101
https://doi.org/10.1103/PhysRevLett.102.161101
https://doi.org/10.1103/PhysRevLett.107.069901
https://doi.org/10.1134/S0021364010010017
https://doi.org/10.1103/PhysRevD.83.083521
https://doi.org/10.1088/1475-7516/2019/06/028
https://doi.org/10.1088/1475-7516/2019/06/028
https://doi.org/10.1088/1475-7516/2021/02/002
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.3847/2041-8213/ad68fc
https://doi.org/10.1007/JHEP10(2023)171
https://doi.org/10.1007/JHEP10(2023)171
https://doi.org/10.1103/PhysRevLett.132.171002
https://doi.org/10.1103/PhysRevD.109.023522
https://doi.org/10.21468/SciPostPhysCore.6.3.060
https://doi.org/10.21468/SciPostPhysCore.6.3.060
https://doi.org/10.1088/1475-7516/2024/10/050
https://doi.org/10.1142/S0217732398002941
https://doi.org/10.1088/1475-7516/2021/06/048
https://doi.org/10.1088/1475-7516/2021/06/048
https://doi.org/10.1103/PhysRevLett.132.081001
https://doi.org/10.1103/PhysRevLett.132.081001
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1103/PhysRevD.97.123532
https://doi.org/10.1088/1475-7516/2018/09/012
https://doi.org/10.1088/1475-7516/2018/09/012
https://doi.org/10.1103/PhysRevD.101.043522
https://doi.org/10.1103/PhysRevD.101.043522
https://doi.org/10.1103/PhysRevD.101.023523
https://doi.org/10.1103/PhysRevD.101.023523


[52] V. De Luca, G. Franciolini, A. Kehagias, and A. Riotto,
J. Cosmol. Astropart. Phys. 03 (2020) 014.

[53] C. Yuan, Z.-C. Chen, and Q.-G. Huang, Phys. Rev. D 101,
063018 (2020).

[54] G. Domènech and M. Sasaki, Phys. Rev. D 103, 063531
(2021).

[55] P. G. Ferreira and M. Joyce, Phys. Rev. D 58, 023503
(1998).

[56] C. Pallis, Nucl. Phys. B751, 129 (2006).
[57] K. Redmond, A. Trezza, and A. L. Erickcek, Phys. Rev. D

98, 063504 (2018).
[58] R. T. Co, D. Dunsky, N. Fernandez, A. Ghalsasi, L. J. Hall,

K. Harigaya, and J. Shelton, J. High Energy Phys. 09
(2022) 116.

[59] Y. Gouttenoire, G. Servant, and P. Simakachorn, arXiv:
2111.01150.

[60] C.-F. Chang and Y. Cui, J. High Energy Phys. 03
(2022) 114.

[61] I. Dalianis and G. Tringas, Phys. Rev. D 100, 083512
(2019).

[62] S. Bhattacharya, S. Mohanty, and P. Parashari, Phys. Rev.
D 102, 043522 (2020).

[63] S. Bhattacharya, S. Mohanty, and P. Parashari, Phys. Rev.
D 103, 063532 (2021).

[64] A. Ireland, S. Profumo, and J. Scharnhorst, Phys. Rev. D
107, 104021 (2023).

[65] S. Bhattacharya, Galaxies 11, 35 (2023).
[66] A. Ghoshal, Y. Gouttenoire, L. Heurtier, and P.

Simakachorn, J. High Energy Phys. 08 (2023) 196.
[67] G. Domènech, Int. J. Mod. Phys. D 29, 2050028

(2020).
[68] G. Domènech and A. Ganz, J. Cosmol. Astropart. Phys. 01

(2025) 020.
[69] U. Kumar, U. Thattarampilly, and P. Chaturvedi, arXiv:

2410.12931.
[70] O. Özsoy and G. Tasinato, Universe 9, 203 (2023).
[71] J. E. Gammal et al. (LISA Cosmology Working Group),

arXiv:2501.11320.
[72] S. Pi and M. Sasaki, J. Cosmol. Astropart. Phys. 09

(2020) 037.
[73] P. F. Depta, V. Domcke, G. Franciolini, and M. Pieroni,

Phys. Rev. D 111, 083039 (2025).
[74] J. S. Hazboun, J. D. Romano, and T. L. Smith, Phys. Rev.

D 100, 104028 (2019).
[75] J. R. Bond, A. H. Jaffe, and L. Knox, Phys. Rev. D 57,

2117 (1998).
[76] C. R. Contaldi, M. Pieroni, A. I. Renzini, G. Cusin, N.

Karnesis, M. Peloso, A. Ricciardone, and G. Tasinato,
Phys. Rev. D 102, 043502 (2020).

[77] D. Foreman-Mackey, D. W. Hogg, D. Lang, and J.
Goodman, Publ. Astron. Soc. Pac. 125, 306 (2013).

[78] G. Franciolini, A. Iovino, Jr., V. Vaskonen, and H.
Veermae, Phys. Rev. Lett. 131, 201401 (2023).

[79] M. Braglia et al. (LISA Cosmology Working Group),
J. Cosmol. Astropart. Phys. 11 (2024) 032.

[80] C. Caprini, R. Durrer, T. Konstandin, and G. Servant, Phys.
Rev. D 79, 083519 (2009).

[81] R.-G. Cai, S. Pi, and M. Sasaki, Phys. Rev. D 102, 083528
(2020).

[82] R. Allahverdi et al., Open J. Astrophys. 4, 52 (2021).
[83] A. Hook, G. Marques-Tavares, and D. Racco, J. High

Energy Phys. 02 (2021) 117.
[84] G. Agazie et al., Astrophys. J. 978, 31 (2025).
[85] G. Agazie et al. (International Pulsar Timing Array

Collaboration), Astrophys. J. 966, 105 (2024).
[86] A. Afzal et al. (NANOGrav Collaboration), Astrophys. J.

Lett. 951, L11 (2023).
[87] J. Samsing, M. MacLeod, and E. Ramirez-Ruiz, Astro-

phys. J. 784, 71 (2014).
[88] E. Bagui et al. (LISA Cosmology Working Group), Living

Rev. Relativity 28, 1 (2025).
[89] G. Franciolini, I. Musco, P. Pani, and A. Urbano, Phys.

Rev. D 106, 123526 (2022).
[90] I. Musco, J. C. Miller, and A. G. Polnarev, Classical

Quantum Gravity 26, 235001 (2009).
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