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GW signatures due to primordial non-Gaussianity and LSS Ragavendra et al.

This chapter explores theoretical and observational strategies to use the stochastic
gravitational-wave background detectable by Square Kilometre Array Observa-
tory (SKAO) as a probe of precision cosmology. We detail the critical phe-
nomenon of scalar-induced gravitational waves, demonstrating their unique fea-
tures and their sensitivity to primordial non-Gaussianity on scales much smaller
than those probed by the cosmic microwave background and large-scale struc-
ture. We investigate the phenomenology of parity violation in the early Universe
through the chirality imprinted in the stochastic gravitational-wave background,
demonstrating that a parity-odd primordial trispectrum can generate a detectable
scale-dependent helicity. On the observational side, we point out that the stan-
dard gravitational-wave angular auto-correlation analysis is significantly limited
by astrophysical shot noise. We show that cross-correlating the gravitational wave
signal with independent large-scale structure tracers enhances the signal-to-noise
ratio and allows us to isolate the astrophysical and cosmological components in the
background. These results can be achieved only thanks to the enhanced sensitivity
of SKAO, extensive sky coverage, and high angular resolution, which together
make such targets observationally feasible.
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1 Introduction

The stochastic Gravitational Wave Background (GWB), arising from the isotropic (and anisotropic)
superposition of unresolved gravitational wave sources, constitutes a fundamental probe of both
primordial cosmology and the cosmic evolution of astrophysical systems (see Sathyaprakash and
Schutz (2009); Bartolo et al. (2016); Caprini and Figueroa (2018); Auclair et al. (2023) and
references therein). Current data from the Pulsar Timing Array (PTA) collaboration have provided
the first existence of a stochastic signal in the nano-Hertz band Agazie et al. (2023b); Antoniadis
et al. (2023); Agazie et al. (2023d,c); Afzal et al. (2023). The transition from detection to precise
characterization, however, requires a rigorous theoretical understanding of its complex signatures
and the development of advanced observational strategies, particularly with the advent of next-
generation probes such as SKAO Janssen et al. (2015); Keane et al. (2015). This chapter explores
the theoretical and observational frontiers of science enabled by the GWB, accessible to SKAO, in
both the AA4 and Beyond-AA4 configurations. We focus on three distinct yet interrelated aspects:
the phenomenon of Scalar-Induced Gravitational Waves (SIGWs) and the role of primordial non-
Gaussianity Perna et al. (2024); Mierna et al. (2025); the imprint of chirality in SIGWs arising from
parity violation mechanisms in the early Universe Ragavendra and Bartolo (2025); and the robust
exploitation of stochastic GWB anisotropies through cross-correlation with large-scale structure
(LSS) Semenzato et al. (2024); Sah et al. (2024).

The chapter is comprised of three sections detailing the three aspects mentioned above, and con-
cludes with a brief summary. Section 2 discusses the phenomenon of SIGWs (see Domènech (2021)
for a review, and references therein). Generated at second order from the coupling of primordial
scalar and tensor perturbations, SIGWs are intrinsically linked to the spectral features of scalar
perturbations (see, for early works Tomita (1967); Matarrese et al. (1993, 1994)). SIGWs could
constitute a non-negligible fraction of the stochastic GWB in the PTA data (see for e.g., Powell and
Tasinato (2020); Figueroa et al. (2024)). We detail how the presence of primordial non-Gaussianity
at the level of bispectrum, quantified through the non-linearity parameter 𝑓NL Akrami et al. (2020),
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can fundamentally alter the spectrum of the SIGW signal ΩGW ( 𝑓 ) Adshead et al. (2021); Ragaven-
dra (2022); Perna et al. (2024). These non-Gaussian contributions, while proportional to higher
powers of the scalar amplitude, become significant in scenarios featuring enhanced scalar spectrum
on small scales (for e.g., ref Cai et al. (2019); Unal (2019); Atal and Domènech (2021); Ragavendra
et al. (2021)). Through this behavior, SIGWs provide a unique probe of inflationary dynamics on
small scales that are inaccessible to Cosmic Microwave Background (CMB) and LSS measurements
(for instance, see Firouzjahi and Talebian (2023); Cai et al. (2023); Fei (2024); Li et al. (2024)).

Section 3 extends this discussion by examining the characteristic signature of parity-violation in the
form of chirality in cosmological GWB, i.e., the degree of asymmetry between the spectral densities
of their helical polarizations Belgacem and Kamionkowski (2020); Sato-Polito and Kamionkowski
(2022); Orlando et al. (2021). We show that a parity-odd component of the primordial scalar
trispectrum, parameterized by 𝑔̃NL , induces a sizable preferential handedness in the SIGW sig-
nal Ragavendra and Bartolo (2025). The degree of chirality is found to be highly scale-dependent.
Moreover, over a range of scales close to the peak amplitude, chirality provides a direct and clean
window into the ratio of parity-odd to parity-even components of scalar non-Gaussianity. Cru-
cially, while the monopole (all-sky-average) of this chiral V-mode may be difficult to measure, the
anisotropies of the stochastic GWB are shown to be a sensitive to it (see, for instance Belgacem
and Kamionkowski (2020); Sato-Polito and Kamionkowski (2022); Cruz et al. (2024)). This effect
can be leveraged to impose constraints on 𝑔̃NL , thereby offering complementary constraint on the
parameter over the scales probed by surveys of LSS Philcox (2022); Hou et al. (2023).

Section 4 addresses the transition from the theoretical prediction of the GWB to its observational
characterization, focusing on its anisotropic component. In the nano-Hertz frequency band, the
GWB is primarily sourced by the cosmic population of inspiraling Supermassive Black Hole
Binaries (SMBHBs) Sesana et al. (2008); Casey-Clyde et al. (2022). These binaries reside in massive
galaxies, which in turn trace the Universe’s LSS. Consequently, the intrinsic spatial clustering of
these GW sources imprints a characteristic anisotropy onto the GWB Mingarelli et al. (2013);
Pol et al. (2022b). This anisotropy is statistically described by its angular power spectrum, 𝐶ℓ ,
which quantifies the correlation strength of the GW signal as a function of the angular scale ℓ. A
direct measurement of this cosmological structure via the GWB auto-correlation power spectrum
(𝐶GW,GW

ℓ
) is severely contaminated by a stochastic shot-noise component arising from the finite and

discrete number of sources. This shot noise can overwhelm the underlying signal imprinted by the
cosmic clustering of sources. To isolate the cosmologically meaningful LSS signal, Semenzato et al.
(2024) advocates for the necessary implementation of cross-correlation techniques Sah et al. (2024);
Cusin et al. (2025). This method involves correlating the GWB anisotropy map with independent
tracers of the LSS, such as maps derived from large-scale galaxy surveys. The resulting cross-power
spectrum, 𝐶gal,GW

ℓ
, is sensitive only to the spatial pattern, common to both the GWB and the galaxy

distribution. This approach allows us to extract the imprint of LSS on the GWB clustering signal,
making the GWB a novel and powerful probe of the matter distribution and opening a new channel
to study the properties of the SMBHB population.

The successful execution of these analyses critically depends on the capabilities of the SKAO.
Current limitations of PTA including highly non-uniform sky response, large sample variance, and
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poor constraints on high-ℓ modes Konstandin et al. (2024), will be mitigated by the SKAO improved
configuration Xin et al. (2021). The projected increase in the number of high-precision millisecond
pulsars (𝑁psr ∼ 700 for SKA1 Xin et al. (2021) and more optimistic forecasts considering even 103

pulsars Janssen et al. (2015)) will dramatically expand the number of measurable angular modes, and
ensure a near-isotropic sky coverage which will provide an enhanced sensitivity to the anisotropic
component. This advancement allow us to access high-resolution GWB maps and probe their spatial
structure, establishing the GWB as a robust cosmological probe of the aforementioned phenomena
of primordial and late-times.

2 Primordial sources of induced gravitational waves

Primordial gravitational waves provide a powerful probe of the early Universe. Generated during
inflation and the subsequent radiation-dominated era, they are highly sensitive to the detailed
dynamics of cosmic expansion and can therefore test a wide range of cosmological scenarios (see
Guzzetti et al. (2016); Caprini and Figueroa (2018) for a review and references therein). After their
generation, primordial gravitational waves propagate almost freely throughout the Universe due to
the weakness of the gravitational interaction, preserving information about their sources Guzzetti
et al. (2016); Caprini and Figueroa (2018). This underlines the importance of detecting primordial
GWs and justifies the effort in building GW detectors spanning over a wide frequency range.
Different cosmological GW sources can produce a detectable signal in the nano-Hertz frequency
band (see Sathyaprakash and Schutz (2009); Bartolo et al. (2016); Caprini and Figueroa (2018);
Auclair et al. (2023). Among such cosmological signals, the guaranteed ones are the SIGWs Tomita
(1975); Matarrese et al. (1994); Acquaviva et al. (2003); Mollerach et al. (2004); Carbone and
Matarrese (2005); Ananda et al. (2007); Baumann et al. (2007); Domènech (2021). As the name
suggests, these are GWs generated by a coupling between scalar and tensor perturbations, which
arises at second order in perturbation theory. Scalar (i.e., temperature) fluctuations have already
been observed in the CMB. This observation implies the existence of SIGWs, which are directly
linked to the spectral properties of the scalar perturbations and could, in principle, be used to probe
them. Additionally, as we will argue in the next subsection, these signals are highly sensitive to
possible deviations from the Gaussian statistics of the scalar perturbations, making their detection
even more appealing. Another possible source of GWs is represented by cosmic strings Vachaspati
and Vilenkin (1985); Sakellariadou (1990); Berger (1989); Damour and Vilenkin (2000, 2001,
2005); Blanco-Pillado and Olum (2017), which are topological defects that may form, for instance,
after a phase transition in the early-Universe Vilenkin and Everett (1982); Kamionkowski et al.
(1994); Caprini et al. (2008); Huber and Konstandin (2008); Hindmarsh et al. (2015).

In this section, we will illustrate that we can probe and constrain primordial scalar non-Gaussianity
at the level bispectrum using the spectral density of GWB probed by SKAO. We discuss the
phenomenon of SIGW and the associated prediction on the shape of spectral density of GWB to
levy constraint on the non-Gaussianity parameter 𝑓NL . We also discuss how additional information
can be extracted from the anisotropies in the GW signal of cosmological origin, which shall help
distinguish different sources of the signal.

Although the detection of a Hellings–Downs correlation pattern in pulsar timing residuals is a
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Figure 1: Plot of the spectral energy density ℎ2ΩGW for SIGWs in the Gaussian case (red solid line) as well as
accounting for the presence of non-Gaussianity (blue, orange, green solid lines) in the case of a log-normal
scalar power spectrum seed [adapted from Perna et al. (2024)].

distinctive signature of a GW signal, it does not reveal its origin. The measured correlation, in
general, is the result of a superposition of both a cosmological and an astrophysical background.
This highlights the need for more accurate modelling of the expected spectra and the key role of
SKAO, which will deliver additional data with significantly improved precision.

2.1 Effect of primordial non-Gaussianity on the spectral density

Primordial non-Gaussianity quantifies the departure of the quantum fluctuations from the Gaussian
behaviour, and it is considered a fundamental observable to shed light on the dynamics of the
primordial Universe (e.g., see Bartolo et al. (2004); Babich et al. (2004); Komatsu (2010) for a
review). Standard models of inflation, with a single field slow rolling along its potential Guth
and Pi (1982); Starobinsky (1982), predict an amount of non-Gaussianity proportional to the slow-
roll parameters, thus very small. However, different models can generate large non-Gaussian
perturbations Bartolo et al. (2004). The Planck Collaboration has placed strong constraints for
different types of non-Gaussianity, all of which are still compatible with zero Akrami et al. (2020).
Additionally, the error bars are large enough to allow for large values of non-Gaussianity. One
could also argue that these constraints hold only on the largest scales, leaving the smallest ones
unconstrained. In the case of a Gaussian field, its distribution is fully characterised by its first and
second moments. In case of non-vanishing non-Gaussianity, instead, higher-order moments are
crucial to characterize the distribution. The lowest order correlator is the three-point correlation
function, which, in Fourier space, corresponds to the bispectrum. Given a generic field Φ, it is
defined as

⟨Φk1Φk2Φk3⟩ = (2𝜋)3𝛿D(k1 + k2 + k3)𝐵Φ(𝑘1, 𝑘2, 𝑘3) , (1)

where 𝐵Φ is the bispectrum. Here, the Dirac delta imposes the triangle configurations for the
wave-numbers due to the homogeneity of primordial perturbations. The bispectrum can be written
as Liguori et al. (2010)

𝐵Φ(𝑘1, 𝑘2, 𝑘3) = 𝑓NL𝐹 (𝑘1, 𝑘2, 𝑘3) , (2)
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where 𝑓NL quantifies the amount of non-Gaussianity, while 𝐹 encodes the dependence on the
specific triangular shape associated to the model considered. The main shapes considered by the
Planck collaboration are the local, the equilateral and the orthogonal shape. Constraining them
is thus necessary to shed light on the inflationary Universe Bartolo et al. (2004); Aghanim et al.
(2020).

Interestingly, the presence of primordial non-Gaussianity influences the production of GWs in both
the early and late Universe in multiple ways. The SIGW spectrum is highly sensitive to presence of
non-Gaussianity, being dependent by definition on the trispectrum of the primordial perturbations.
In fact, one can relate the dimensionless SIGW energy density ΩSIGW to the trispectrum of scalar
perturbations as ΩSIGW(𝑘) ∝

∫
p1

∫
p2
⟨𝜁p1𝜁k−p1𝜁p2𝜁k−p2⟩. As shown by Adshead et al. (2021); Perna

et al. (2024), in the case of local non-Gaussianity, the corresponding GW spectrum shows additional
contributions which can be schematically written at the emission as

ΩTOT
SIGW( 𝑓 ) = ΩGaussian

SIGW +Ωnon−Gaussian
SIGW = 𝐴2ΩG

GW( 𝑓 ) + 𝑓 2
NL𝐴

3ΩNG
GW( 𝑓 )

where we indicated with ΩG
GW( 𝑓 ) and ΩNG

GW( 𝑓 ) the spectral shapes of the spectrum without any
multiplicative factor and 𝐴 is the amplitude of the scalar power spectrum, which is constrained
to be of order ∼ 10−9 Aghanim et al. (2020) at CMB scales. In the case of scale-independent
non-Gaussianity it is expected that the non-Gaussian contribution is small, being proportional to
𝐴3. However on smaller scales, some mechanisms allow for an enhancement of the scalar power
spectrum, which allows the amplitude to be of order ∼ 10−2, thereby proportionately increasing the
non-Gaussian contribution. As shown, for example, in Figueroa et al. (2024), PTA observations
can be employed to constrain the value of 𝑓NL, with significant implications for models of inflation,
suggesting that SKAO will have a great potential to improve the constraints. Even a non-observation
of this signal would allow to place stringent upper bounds on the model parameters Iovino et al.
(2024), possibly ruling out some models of inflation.

In addition, the SIGW spectrum is model dependent, in the sense that its enhancement as well as its
shape depend on the underlying assumptions on the inflationary dynamics. For what concerns the
non-Gaussian part, the theoretical analysis is limited on considering local non-Gaussianity, since
it allows to perform analytical and numerical calculations more easily. However, even different
shapes and template for primordial non-Gaussianity could produce relevant imprints on the GW
signal, which are yet to be explored. This highlights that more data and analysis are needed first
for a better understanding of the cosmological signals but also to disentangle them from the ones
of astrophysical origin. Besides, we may note that the sign of 𝑓NL remains unconstrained in this
method as ΩSIGW is insensitive to it.

On the astrophysical side, primordial non-Gaussianity affects the clustering properties of the sources
generating the GW. The main imprints are expected on the largest scales: in presence of local non-
Gaussianity, in fact, the bias, which links the clustering of the GW sources to the underlying Dark
Matter distribution, acquires a scale dependence whose amplitude is controlled by 𝑓NL but also by
the evolution history of the halo, as well as on its properties Dalal et al. (2008); Matarrese and
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Verde (2008); Slosar et al. (2008). One can write the non-Gaussian bias as

𝑏NG = 𝑏̄ + 𝐶 (𝑘, 𝑧)
𝑏𝜙 𝑓NL

𝑘2 (3)

with 𝑏̄ the Gaussian bias, and 𝐶 (𝑘, 𝑧) a function (note that on large scales the dependence of this
function on 𝑘 is negligible). From this relation it is clear how primordial non-Gaussianity enters the
game but also how this effect is mainly relevant on the largest scales (small 𝑘), affecting thus only
the lowest multipoles and being potentially detectable by SKAO, given its better angular resolution.
A main limitation of this approach arises from our incomplete knowledge of the evolution of the
underlying distribution, as well as from the uncertainty in how the linear bias itself is related to the
formation and evolution of the halo hosting the binary Lazeyras et al. (2023); Barreira (2022).

2.2 Anisotropies of the primordial GWs

Anisotropies of the cosmological GW background could provide a crucial information about the
source of GWs. The Boltzmann equation characterizes the evolution of GWs in the geometric
optics limit and, similar to CMB, can be used to compute the linear anisotropy Alba and Maldacena
(2016); Contaldi (2017); Bartolo et al. (2019, 2020). We can define a graviton distribution function
𝑓GW (𝜂, ®𝑥, ®𝑞) as a function of the conformal time 𝜂, the position ®𝑥 and the comoving momentum ®𝑞
(𝑞 = | ®𝑝 |𝑎), which obeys the Boltzmann equation

L [ 𝑓GW] = C [ 𝑓GW] + I [ 𝑓GW] , (4)

where L [ 𝑓 ] = 𝑑𝑓 /𝑑𝜆 is the Liouville operator, C [ 𝑓 ] and I [ 𝑓 ] are the collision and emissivity
terms respectively. The collisional term is absent for GWs and the emissivity term can be considered
as an initial condition for the graviton distribution function. We consider a Friedmann-Lemaître-
Robertson-Walker (FLRW) metric perturbed up to first order in the Poisson gauge

𝑑𝑠2 = 𝑎2 [−𝑒2Ψ𝑑𝜂2 + 𝑒−2Φ (𝑒𝛾)𝑖 𝑗 𝑑𝑥𝑖𝑑𝑥 𝑗
]
, (5)

where Φ and Ψ are the large-scale scalar perturbations and 𝛾𝑖 𝑗 denotes the transverse-traceless
tensor perturbation. In the shortwave approximation, the tensor perturbations can be split into
the small-scale perturbations that we identify as GWs ℎ𝑖 𝑗 , whose wavelength is much smaller
than the scales on which the large-scale background tensor perturbations 𝐻𝑖 𝑗 vary and therefore
𝛾𝑖 𝑗 = ℎ𝑖 𝑗 + 𝐻𝑖 𝑗 Isaacson (1967). The graviton distribution function 𝑓GW can be expanded as the
isotropic component 𝑓GW that solves the Boltzmann equation at zero order, 𝑑 𝑓GW/𝑑𝜂 = 0, and an
anisotropic contribution that solves the Boltzmann equation at first order and can be parameterized
as

𝛿 𝑓GW = −𝑞 𝑑 𝑓GW
𝑑𝑞

Γ . (6)

where Γ is a dimensionless function, which can be related to the perturbation in the GW energy
density 𝛿GW =

[
4 − 𝑛gwb

]
Γ with 𝑛gwb being the Gravitational Wave Background (GWB) spectral

index. The solution of the Boltzmann equation written in terms of the function Γ in Fourier space
is

Γ(𝜂0, ®𝑘, 𝑛̂, 𝑞) =Γ(𝜂in, ®𝑘, 𝑛̂, 𝑞)𝑒𝑖𝑘𝜇 (𝜂in−𝜂0 ) + Ψ(𝜂in, ®𝑘)𝑒𝑖𝑘𝜇 (𝜂in−𝜂0 )

+
∫ 𝜂0

𝜂in

𝑑𝜂

[
Φ′(𝜂, ®𝑘) + Ψ′(𝜂, ®𝑘) − 1

2
𝑛̂𝑖 𝑛̂ 𝑗𝐻′

𝑖 𝑗 (𝜂, ®𝑘)
]
𝑒𝑖𝑘𝜇𝜂̃ ,

(7)
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where 𝜂in is the initial time and 𝜇 ≡ 𝑘̂ · 𝑛̂. The first term is due to the initial conditions and
other two terms are due to the propagation of GWs through the large-scale scalar and tensor
perturbations of the Universe. The initial condition depend on the specific source of GWs and can
be related to the perturbations of other particle species or not if generated by independent degrees
of freedom Schulze et al. (2023); Valbusa Dall’Armi et al. (2023, 2024); Mierna et al. (2025).
Given the better angular resolution of SKAO compared to current PTA observations, the initial
anisotropy of the GW background can be an effective tool to distinguish among different sources in
the nano-Hertz frequency range.

3 Probing primordial parity violation via chirality in GWB

Chirality in the cosmological GWB is a tell-tale signature of violation of parity in the universe.
Several models of early universe have been explored in the literature to generate chiral GW, with
the intensity of one helicity dominating over the other, such as axion models of inflation (for
e.g. Barnaby and Peloso (2011); Bartolo et al. (2015); Thorne et al. (2018)), presence of parity-
violating spectator fields (for e.g. Adshead et al. (2013); Anber and Sabancilar (2017)), primordial
magnetogenesis (for instance Caprini and Sorbo (2014); Kahniashvili et al. (2021); Okano and Fujita
(2021); Brandenburg et al. (2021); Roper Pol et al. (2022)) and certain modified gravity models (for
e.g. Takahashi and Soda (2009); Cai et al. (2022); Bari et al. (2024); Feng et al. (2024); Alexander
et al. (2025)). Such helical imbalance, if found in GWB contributed by scalar-induced tensor
perturbations as discussed in the preceding section, can be a probe of parity-violation in the higher-
order correlations of the primordial scalar perturbations. As shown in Ragavendra and Bartolo
(2025), a unique source of chirality in SIGW is the parity-odd component of the primordial scalar
trispectrum. The amount of chirality thus induced is directly proportional to the non-Gaussianity
parameter determining the strength of the parity-odd trispectrum 𝑔̃NL .

In this section, we illustrate a method to probe parity-violation in the primordial Universe using
SKAO. Since the chirality of SIGW is sourced by the parity-odd part of the primordial trispectrum,
the V-mode of GWB constrains the strength of the parity-odd trispectrum 𝑔̃NL . While the timing
residuals of PTA may be insensitive to the monopole of the V-mode, they are sensitive to the
anisotropies and so shall serve as observables to constrain primordial parity-violation.

We may illustrate the effect of chirality being induced by the scalar trispectrum, using the following
simple template of trispectrum Shiraishi (2016); Shiraishi et al. (2016); Philcox (2025a)

Todd(𝒌1, 𝒌2, 𝒌3, 𝒌4) = 𝑖 𝑔̃NL 𝛽(�𝒌1 + 𝒌2, 𝒌̂1, 𝒌̂3)𝑃(𝑘1)𝑃(𝑘3)𝑃( |𝒌1 + 𝒌2 |) + 23 permutations ,
(8a)

Teven(𝒌1, 𝒌2, 𝒌3, 𝒌4) = 2 𝑔NL 𝑃(𝑘1)𝑃(𝑘3)𝑃( |𝒌1 + 𝒌2 |) + 11 permutations , (8b)

where 𝑔NL and 𝑔̃NL are the strengths of even and odd components of the trispectrum. The quantity
𝑃(𝑘) = 2𝜋2 PS (𝑘)/𝑘3, is the power spectrum of primordial scalar perturbations. Since ΩSIGW ∝
⟨𝜁𝒌1𝜁𝒌2𝜁𝒌3𝜁𝒌4⟩, the effect of parity-odd trispectrum is directly captured in the spectral density of
𝑉 mode, i.e. the Stokes parameter quantifying the degree of circular polarization. As mentioned
in the preceding section, there is a level of model dependence in this analysis. We work with a
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template of exchange trispectrum that is constituted by local-type three-point interaction Philcox
(2025b). But the choice illustrates the effect without loss of generality.

The degree of chirality in GWB is given by Satoh (2010); Bartolo et al. (2021)

Π𝑘 =
Ω𝑉

GW (𝑘)
ΩGW (𝑘) =

Ω𝐿
GW (𝑘) −Ω𝑅

GW (𝑘)
Ω𝐿

GW (𝑘) +Ω𝑅
GW (𝑘) , (9)

where ΩGW is the dimensionless spectral density of GW, Ω𝑉
GW is the corresponding quantity for the

𝑉 mode of GW, Ω𝐿 (𝑅)
GW is the spectrum associated with the left (right) circular polarization mode.

For a simple case of a scale-invariant, primordial scalar power spectrum PS (𝑘) = 𝐴S substituted in
the above expression of T , we may estimate Π𝑘 to be

Π𝑘 ≃ 7
2𝜋

𝑔̃NL 𝐴S . (10)

For the case of a peak in the scalar power, which is relevant for enhanced amplitudes of SIGW over
small scales, we shall have

PS (𝑘) = 𝐴S

(
𝑘

𝑘∗

)𝑛s−1
+

𝐴p√︃
2𝜋𝜎2

p

exp

[
− 1

2𝜎2
p

ln2
(
𝑘

𝑘p

)]
, (11)

where 𝐴S and 𝑛s ensure the right amplitude and shape of spectrum over large scales of CMB around
the pivot scale of 𝑘∗ = 0.05 Mpc−1. The term with the lognormal form leads to an enhanced
amplitude of 𝐴p at 𝑘p ≫ 𝑘∗. We present the behavior of Ω𝑉

GW (𝑘) and ΩGW (𝑘) in this case along with
their ratioΠ𝑘 in Fig. 2. We have chosen 𝑘p = 106 Mpc−1, which corresponds to 𝑓p ≃ 1.55×10−9 Hz,
the frequency range of interest for SKAO (see Ragavendra (2022) for inflationary models generating
peaks in this frequency range). The overlap of sensitivity curves of SKAO to ΩGW for different
observing times Shannon et al. (2026) and the peak amplitude of the theoretically predicted ΩGW

suggests the possibility of obtaining reliable parameter constraints for the scenario of interest. We
find that the corresponding chirality alters sign around the peak, i.e. Π𝑘 is negative (right-circular)
away from the peak over 𝑘 ≪ 𝑘p and positive (left-circular) just after the peak 𝑘 ≳ 𝑘p. Secondly,
𝑔̃NL = 1 easily induces chirality of Π𝑘 ≳ 10−3 around the peak. Importantly, at 𝑘 ≃ 3𝑘p, Π𝑘 reaches
as high as Π𝑘 ≃ 0.1 − 1.

Focussing specifically over the region adjacent to 𝑘p, we find that the behavior of ΩGW around
𝑘 ≃ 3𝑘p is dominated by contribution from Teven. Here, the degree of chirality becomes

Π𝑘≃3𝑘p ≃
𝑔̃NL

𝑔NL

, (12)

the ratio of amplitudes of the parity-odd to parity-even parts of the trispectrum. Thus, the degree
of chirality of SIGW, over a range of scales adjacent to the peak, is a direct window to the degree
of parity violation in the primordial scalar trispectrum.

Even in case of not detecting strong chirality, an upper bound on Π𝑘 will translate to a bound on
𝑔̃NL . In case of the observed GWB being a composite signal of which SIGW is a constituent fraction

10



GW signatures due to primordial non-Gaussianity and LSS Ragavendra et al.

10−18

10−16

10−14

10−12

10−10

10−8

|Ω
V G

W
(f

)|,
Ω

G
W

(f
)

σ2
p = 10−1

SKAO - 5yr

SKAO - 10yr

SKAO - 20yr

ΩGW

ΩV
GW

10−9 10−8

f/Hz

10−4

10−2

100
|Π

k
|

Figure 2: We illustrate the spectral densities ΩGW and Ω𝑉
GW of SIGW, while accounting for T given by

Eq. (8). The scalar power spectrum PS (𝑘) in this case is described by a lognormal peak [Eq. (11)]. We
present ΩGW and Ω𝑉

GW in red and blue curves respectively, and indicate negatives values of Ω𝑉
GW in green. We

present the corresponding degree of chirality Π𝑘 in the panel below. We have set 𝐴p = 10−2, 𝑔NL = 𝑔̃NL = 1
and 𝜎2

p = 10−2. Setting 𝑘p = 106 Mpc−1 (corresponding to 𝑓p ≃ 1.55 × 10−9 Hz), we obtain the signal
in the range of frequencies observable by SKAO. We have also included the sensitivity of SKAO to ΩGW

through a PTA style observation over different durations, in solid, dashed and dotted black curves Shannon
et al. (2026). We observe the following behaviors from this analysis: Π𝑘 is highly scale-dependent, changing
signature around the peak (𝑘 ≃ 𝑘p). Notably, Π𝑘 is significantly large over the wavenumbers of 𝑘 ≃ 3𝑘p,
reaching as high as 10% − 100% [adapted from Ragavendra and Bartolo (2025)].

along with other sources, possibly astrophysical in origin, the bound shall be relatively weaker
proportional to the relative intensity of SIGW. Nevertheless, we must emphasize that it shall be a
unique probe of 𝑔̃NL over small scales of around 106 Mpc−1, compared to probes of 𝑔̃NL such as
galaxy surveys over large scales of around 10−2 Mpc−1.

A caveat of this analysis that we already noted is that, the monopole of the V-mode of GWB may
not be measurable using the correlations of the time-delay residuals in the signals from an array of
pulsars. However, the anisotropies of the signal shall be sensitive to it Belgacem and Kamionkowski
(2020); Sato-Polito and Kamionkowski (2022); Cruz et al. (2024); Chen et al. (2025); Caporali and
Ricciardone (2025). Thus, the measurement of GW with better resolution of anisotropies using a
larger and widely-distributed array of pulsars, shall enable constraining the chirality of the GW and
in turn introduce a new bound on 𝑔̃NL . Such a bound from SKAO shall complement the bounds
on 𝑔̃NL over large scales as is currently being inferred from CMB Philcox (2025b) and galaxy
surveys Philcox (2022); Hou et al. (2023), eventually informing us of the scale dependence of the
trispectrum.

4 Exploring cross-correlation of large-scale structure tracers with GWB

The GWB in the nano-Hertz regime is expected to originate primarily from the cosmic population
of inspiraling SMBHBs, which trace the formation and evolution of massive galaxies over cosmic
time Sesana et al. (2008); Sesana (2010); Mingarelli et al. (2017); Casey-Clyde et al. (2022). Since
these binaries reside in galaxies, their distribution reflects the underlying large-scale structure (LSS)
of the Universe, and the resulting GWB encodes information about it. In this Section, we review
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the potential of the SKAO to turn anisotropies of the nano-Hertz GWB from a largely theoretical
target into a practically exploitable observable. In particular, SKAO will monitor a much larger
number of pulsars compared to current PTAs, with improved timing precision, and better prospects
for identifying and subtracting the brightest continuous-wave sources. This unlocks the possibility
of reconstructing the angular structure of the nano-Hertz GWB sky, providing a new window to test
the properties and ultimately the origin of the signal. At the same time, the scientific return of this
program will depend on how well SMBHB population uncertainties, galaxy bias, resolved source
subtraction, and redshift systematics can be controlled.

Several complementary techniques to characterize and measure these anisotropies with PTAs are
being developed and validated Mingarelli et al. (2013); Taylor and Gair (2013); Gair et al. (2014);
Ali-Haïmoud et al. (2021); Pol et al. (2022b); Depta et al. (2025). Cross-correlation techniques
provide a powerful tool to extract this information by matching the GWB anisotropies with those of
independent LSS tracers, such as galaxy counts or weak lensing maps Sah et al. (2024); Semenzato
et al. (2024); Cusin et al. (2025). This strategy can boost the detectability of the GWB, disentangle
its astrophysical and cosmological components, and establish it as a novel tracer of the LSS. Such
cross-correlations are especially valuable as they are expected to be more robust than the GWB
auto-correlation to shot noise from the discrete SMBHB population, and can therefore provide a
cleaner test of whether the GWB follows the large-scale distribution of massive galaxies. This
approach has been extensively explored at higher frequencies, e.g., for stellar-origin binaries in the
LIGO-Virgo-KAGRA or LISA bands. Recent studies show that, despite the presence of shot noise,
such correlations remain detectable with next-generation instruments Ricciardone et al. (2021);
Capurri et al. (2022); Valbusa Dall’Armi et al. (2022); Alonso et al. (2020); Yang et al. (2020);
Cañas-Herrera et al. (2020); Scelfo et al. (2018); Libanore et al. (2021); Bartolo et al. (2022);
Bosi et al. (2023). Indeed, frameworks established at higher frequencies can be employed in the
PTA regime, with adaptations related to, e.g., array geometry, noise properties, and likelihood
modeling. However, a crucial difference arises in the nature of the observable. Each pair of pulsars
is intrinsically sensitive to GWB power across all angular scales. Therefore, this effect introduces
its own potential bias, and can limit the maximum angular scale that can be probed (ℓmax). This
should be taken into account in the process of reconstructing an unbiased of the GWB sky.

Forecasts indicate that future datasets, particularly from the SKAO, will enable statistically sig-
nificant measurements of GWB–galaxy cross-correlations. With enhanced angular resolution and
a growing pulsar network Smits et al. (2009); Janssen et al. (2015); Xin et al. (2021), SKAO-era
PTAs will allow high-confidence reconstructions of the GWB sky Weltman et al. (2020); Pol et al.
(2022b); Depta et al. (2025), enabling cross-correlations with galaxy surveys such as LSST, Eu-
clid, and DESI Sah et al. (2024); Semenzato et al. (2024); Cusin et al. (2025). This will turn the
anisotropic GWB in the nano-Hertz regime into a new cosmological observable, offering a GW
counterpart to traditional electromagnetic probes of the LSS.

In this section, we briefly review the origin of GWB anisotropies in the PTA band, the advantages
of cross-correlation techniques, and the current status and future prospects with SKAO.
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4.1 Spatial anisotropies of the Late-Universe GWB

Multiple mechanisms can source GWB anisotropies, each carrying distinct astrophysical or cos-
mological signatures. While current PTA analyses often assume isotropy, a degree of anisotropy
is expected from the superposition of contributing sources and their inherently non-uniform spatial
distribution. The detection and characterization of these anisotropies serves as a powerful discrimi-
nant between competing models of the background’s origin. The dominant contribution arises form
the incoherent superposition of signals from the population of inspiraling SMBHBs Sesana et al.
(2008); Mingarelli et al. (2017); Agazie et al. (2025); Sato-Polito and Zaldarriaga (2024). These
SMBHBs reside in massive galaxies that themselves trace the LSS of the Universe. The GWB
hence inherits this spatial clustering, with the angular distribution of GW power 𝑃(Ω̂) encoding the
same statistical features of the dark matter distribution mapped by galaxies. This fundamental con-
nection makes GWB anisotropies a novel probe of the matter distribution, offering unique insights
complementary to electromagnetic observations.

The connection between the astrophysical source properties and the PTA observable is formalized
through the statistics of the timing residuals, 𝑟𝑝 (𝑡), induced in each pulsar 𝑝. The fundamental
quantity describing the background is the GW power spectrum dependence on sky direction,
𝐻 ( 𝑓 , Ω̂), where 𝑓 is the GW frequency and Ω̂ is the direction of propagation. For a stationary
and unpolarized GWB, the two-point correlator of the GW strain Fourier amplitudes ℎ𝐴( 𝑓 , Ω̂)
is Mingarelli et al. (2013):

⟨ℎ∗𝐴( 𝑓 , Ω̂)ℎ𝐴′ ( 𝑓 ′, Ω̂′)⟩ = 1
4
𝛿( 𝑓 − 𝑓 ′)𝛿𝐴𝐴′𝛿 (2) (Ω̂, Ω̂′)𝐻 ( 𝑓 )𝑃(Ω̂). (13)

Here, 𝐻 ( 𝑓 ) represents the frequency-dependent part of the all-sky power, and 𝑃(Ω̂) is the dimen-
sionless angular power distribution, normalized such that it integrates to 4𝜋. The characteristic
strain spectrum, related to the power spectral density by ℎ2

𝑐 ( 𝑓 ) = 4 𝑓 𝐻 ( 𝑓 ), follows the expected
power law ℎ𝑐 ( 𝑓 ) = 𝐴yr( 𝑓 / 𝑓yr)−2/3 for a population of circular, GW-driven binaries, where the
measured amplitude is 𝐴yr = 2.4+0.7

−0.6 × 10−15 at 𝑓yr = 1 yr−1 Agazie et al. (2023b). This sky
distribution of power is not observed directly but is measured through its integrated effect on the
cross-correlation of timing residuals between pairs of pulsars. The cross-power spectral density of
the timing residuals, R𝑝𝑞 ( 𝑓 ), for a pair of pulsars 𝑝 and 𝑞 is given by:

R𝑝𝑞 ( 𝑓 ) =
𝐻 ( 𝑓 )
(2𝜋 𝑓 )2

∫
𝑆2

𝑑Ω̂ 𝑃(Ω̂) Γ𝑝𝑞 (Ω̂) (14)

where Γ𝑝𝑞 (Ω̂) is the antenna beam pattern, or Overlap Reduction Function (ORF), for the pulsar
pair. In the simplest case, neglecting the pulsar term (which is valid for 𝑓 𝐷 𝑝 ≫ 1, where 𝐷 𝑝 is the
pulsar distance), the ORF encodes the geometric response of the detector to a GW from direction
Ω̂. For an isotropic background where 𝑃(Ω̂) = 1, the integral encodes the Hellings and Downs
curve Mingarelli et al. (2013). For an anisotropic background, the measured correlation deviates
from this curve in a way that depends on the multipole moments of 𝑃(Ω̂) Allen (2023); Grimm et al.
(2025). To reconstruct the GWB power angular distribution, 𝑃(Ω̂) is typically decomposed into a
basis of spherical harmonics, 𝑃(Ω̂) = ∑

ℓ,𝑚 𝑐ℓ𝑚𝑌ℓ𝑚(Ω̂). Further basis choices can be explored to
optimize the reconstruction for specifc signal and detector configurations, see, e.g., Hotinli et al.
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(2019); Ali-Haïmoud et al. (2020); Taylor et al. (2020); Pol et al. (2022a); Agazie et al. (2023a). The
goal of an anisotropic search is to measure the coefficients 𝑐ℓ𝑚 and ultimately estimate the angular
power spectrum 𝐶̂ℓ = 1/(2ℓ + 1)∑𝑚 |𝑐ℓ𝑚 |2. However, the number of statistically independent
modes that can be constrained is fundamentally limited by the number of distinct pulsar pairs in the
array, 𝑁pairs = 𝑁psr(𝑁psr + 1)/2.

4.2 Probing LSS and SMBHB evolution with GWB cross-correlations

The angular power spectrum of the total sky power 𝑃(Ω̂) is a composite quantity that aggregates
contributions from physically distinct phenomena. The primary component of cosmological interest
is the correlated signal arising from the anisotropic clustering of SMBHB host galaxies tracing the
LSS. An additional stochastic shot-noise component arises from the finite number and discrete nature
of the unresolved sources contributing to the GWB. Moreover, a small population of individual,
luminous continuous wave (CW) sources introduces an additional contribution Agazie et al. (2023e);
Gardiner et al. (2024); Agazie et al. (2025); Agarwal et al. (2026). These sources are low-redshift
massive binaries whose coherent emission stands out from the stochastic ensemble and can, in
principle, be resolved individually. Although all GWB anisotropies can be traced back to the LSS,
these components possess distinct angular signatures and present a hierarchical challenge for data
analysis. A single, bright CW source, as well as the collective shot noise, both contribute a nearly
constant, scale-invariant power across all angular multipoles ℓ Agarwal et al. (2026). In contrast,
the LSS-imprinted signal is expected to exhibit a non-trivial, scale-dependent structure reflective
of the matter power spectrum and SMBHB distribution. The deterministic CWs and the stochastic
shot noise act as foregrounds that can dominate and obscure the LSS signal. A robust measurement
of the LSS imprint therefore requires a multi-step approach: first, the identification and subtraction
of individually resolvable CW sources, and second, the careful modeling of the residual shot-noise
level to isolate the underlying correlated signal.

The presence of these few luminous sources fundamentally alters the statistical nature of the GWB
map. They introduce a high degree of variance between realizations and cause the statistics of
the angular power spectrum coefficients, 𝐶̂ℓ , to deviate significantly from the Wishart distribution
expected for a Gaussian random field Semenzato et al. (2024). This implies that the two-point
function alone becomes an insufficient descriptor of the field, a critical consideration for current PTA
experiments that have yet to resolve individual sources. By progressively lowering the resolvability
threshold, ℎres, we effectively transition from a sky dominated by a few point-like sources to a true
background sourced by a vast, unresolved population whose anisotropies are more representative of
the LSS. However, even after the removal of the brightest sources, a significant challenge remains.
The auto-correlation of the residual GWB (𝐶GW,GW

ℓ
) is still heavily contaminated by the shot noise

from the discrete nature of the remaining population. The analysis in Semenzato et al. (2024)
shows that this contamination is severe enough to render the auto-correlation statistically incapable
of distinguishing a GWB that traces the LSS from one generated by a spatially uniform source
distribution.

The limitations of auto-correlation analysis can be overcome through the use of cross-correlation.
The fundamental strength of this technique lies in its capacity to isolate a shared physical signal
by leveraging two distinct and independent observational probes of the same underlying field Dai
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et al. (2016); Kovetz et al. (2017); Scelfo et al. (2018, 2020). In this context, both the galaxy
distribution and the SMBHB-induced GWB are tracers of the same LSS. The cross-correlation
angular power spectrum 𝐶

gal,GW
ℓ

can robustly distinguish the LSS-imprinted GWB from a uniform
model at 1𝜎, 2𝜎, 3𝜎, and 5𝜎 significance with access to angular scales of ℓmax ≳ 20, 30, 42, and
72, respectively Semenzato et al. (2024). Achieving this requires a source-resolving sensitivity of
ℎres ≈ 10−16, a capability anticipated for next-generation facilities like the SKAO.

Beyond confirming the astrophysical origin of the GWB, cross-correlation with LSS tracers provides
a unique probe of the cosmic evolution of the source-galaxy connection. While the auto-correlation
signal is dominated by shot noise , the cross-spectrum carries a clean imprint of the SMBHB
population’s redshift distribution and its relation to host galaxy properties, such as the evolution
of the 𝑀∗ − 𝑀BH relation Sah et al. (2024). Furthermore, in a controlled analytical model for
the SMBHB distribution, forecasts show that GWB cross-correlations improve constraints on the
redshift-dependent parameters governing SMBHB populations Sah et al. (2024); Sah and Mukher-
jee (2026). This enables constraints on SMBHB cosmic merger history that are inaccessible through
spectral measurements studies alone. Indeed, a measurement of the cross-correlation power spec-
trum can be used to constrain the redshift evolution, luminosity function, and host environment of
SMBHBs. Moreover, it allows measurement of the gravitational-wave bias, i.e., the ratio between
the clustering of the stochastic GWB and that of the matter field, which is crucial for understanding
the relationship between GW sources and the underlying matter distribution.

However, precise modeling of the SMBHB population presents challenges. Uncertainties in stellar
hardening, gas-driven migration, and eccentricity evolution can modify the residence time of
binaries in the PTA band and hence the frequency spectrum and redshift distribution of the GWB
Sesana (2010); Taylor et al. (2016); Agazie et al. (2024). Different prescriptions for SMBH growth
and AGN/stellar feedback can alter the black-hole mass function and the SMBH-host connection,
thereby changing the predicted SMBHB population and its cross-correlation with galaxies Sah et al.
(2024); Sah and Mukherjee (2026). A further source of uncertainty comes from the modeling of
the large-scale-structure tracer itself: the interpretation of 𝐶gal,GW

ℓ
depends on the tracer redshift

distribution and bias, and can be impacted by photometric-redshift errors, magnification, and
selection effects Konstandin et al. (2024); Bertacca et al. (2020); Raccanelli et al. (2016); Bernal
et al. (2020). For this reason, the most robust early SKAO-era applications will likely emphasize
well-characterized tracers and angular scales where these systematics are best controlled.

Furthermore, the statistical properties of the GWB offer a powerful, although degenerate, window
into the intrinsic dynamics of the binaries themselves. Specifically, the observed flattening of
the GWB spectrum at low frequencies can be attributed to either strong environmental coupling
(e.g., efficient stellar hardening) or high orbital eccentricity of the binaries Taylor et al. (2016);
Agazie et al. (2024). These two scenarios can be disentangled by examining the GWB’s frequency-
correlated anisotropy Truant et al. (2025); Moreschi et al. (2025); Fastidio et al. (2025). Eccentric
binaries emit GWs over a broad spectrum of harmonics, meaning a single bright source will
imprint a similar anisotropic pattern on the sky across multiple frequency bins. On the other hand,
quasi-circular binaries are essentially monochromatic, leading to uncorrelated sky maps at different
frequencies. High-resolution N-body simulations of realistic galaxy mergers suggest that SMBHBs
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are indeed expected to enter the PTA band with substantial eccentricities (𝑒 > 0.85) Fastidio et al.
(2025), making the search for such frequency correlations a physically motivated necessity. This
internal cross-correlation of the GWB signal with itself therefore provides a key diagnostic to
separate environmental effects from intrinsic binary dynamics, revealing a deeper layer of physical
information about the final stages of SMBHB evolution.

4.3 Current challenges and future prospects with SKAO

The reconstruction of the GWB power distribution, 𝑃(Ω̂), from timing residual data presents
formidable observational and analytical challenges.

Current PTAs consist of a relatively small number of pulsars distributed anisotropically across the
sky, leading to a highly non-uniform sky response where sensitivity is direction-dependent and
certain angular modes are poorly constrained. Beyond these instrumental limitations, the coherent
superposition of signals from all directions introduces interference terms that do not vanish in a
single realization, leading to a sample variance in the measured cross-correlations that is significantly
larger than the expectation from Gaussian statistics Konstandin et al. (2024). This sample variance,
compounded by the pulsar term and polarization interference, degrades the precision of any GWB
map and can obscure the subtle, underlying physical signal we seek to measure.

The advent of the SKAO is poised to mitigate these challenges, transforming the landscape of GWB
anisotropy science Janssen et al. (2015). The primary advance will be a dramatic increase in the
number of high-precision millisecond pulsars; conservative forecasts project ∼700-800 pulsars for
SKA1 and SKA2, with optimistic estimates reaching over 103 Keane et al. (2015); Xin et al. (2021).
This increase in 𝑁psr directly expands the number of measurable angular modes, as the number
of independent constraints scales with the number of pulsar pairs, 𝑁pairs. Crucially, the SKAO
will provide near-isotropic sky coverage, moving beyond the hemispheric biases of current arrays
and enabling a more uniform and robust reconstruction of the GWB map. Furthermore, the large
pool of available pulsars will permit the selection of an optimal subset with the lowest intrinsic
red noise and highest timing precision, which will significantly enhance the signal-to-noise ratio
for the faint anisotropic component. The MeerKAT Pulsar Timing Array already shows evidence
for GWB anisotropies with 83 timed pulsars after just 4.5 years of data Miles et al. (2024). The
combination of a larger, more isotropically distributed, and higher-fidelity pulsar array, is what
makes the high-resolution maps required for the cross-correlation analyses a feasible goal for the
next decade.

5 Conclusions

This chapter summarizes the science cases involving theoretical features and observational re-
quirements that are necessary to promote the stochastic GWB from a promising detection to a
high-precision cosmological and astrophysical probe.

We have illustrated how the phenomenon of SIGW allows us to probe primordial scalar non-
Gaussianity parameters namely 𝑓NL, 𝑔NL and 𝑔̃NL by studying the shape of ΩGW( 𝑓 ) and Ω𝑉

GW( 𝑓 )
observable through SKAO Perna et al. (2024); Ragavendra and Bartolo (2025). The constraints
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on these parameters over scales of 𝑘 = 106 Mpc−1 corresponding to nano-Hertz frequency shall
complement the constraints on them over large scales from CMB and galaxy surveys. We also
discussed the scale dependent bias of astrophysical GW sources and the imprints of primordial
anisotropies in GWB that help distinguish between various contributions to the total GW signal
probed by SKAO Perna et al. (2023); Mierna et al. (2025). As to caveats of the outlined analyses,
while the non-Gaussianity parameters can be easily constrained for simple templates, such as
local, they turn computationally challenging for models with non-trivial shapes and strong scale-
dependence. This theoretical bottleneck may remain a challenge even with improvement in the
observational capabilities of SKAO.

Beyond the early Universe physics, the astrophysical component of GWB serves as an independent
tracer of the matter distribution. We have discussed how cross-correlating GWB anisotropy maps
with electromagnetic tracers of LSS (𝐶gal,GW

ℓ
) effectively suppresses the astrophysical shot noise of

the discrete SMBHB sources Semenzato et al. (2024); Sah et al. (2024); Cusin et al. (2025). The
technique establishes GWB as a novel probe of the cosmic evolution and environmental properties of
the SMBHB population. Current PTA is fundamentally restricted by a limited number of monitored
pulsars, highly non-uniform sky coverage and proper noise modeling, which limit both the effective
angular resolution and accuracy of the recovered angular scales. The SKAO has the potential to
dramatically expand PTA’s capabilities, monitoring hundreds to potentially over a thousand high-
precision millisecond pulsars Keane et al. (2015); Xin et al. (2021). This expanded baseline will
provide near-isotropic sky coverage and enable the high-resolution GWB maps strictly required for
statistically significant cross-correlations.

Even in the SKAO era, progress will depend not only on improved sensitivity, but also on the ability to
identify or subtract resolvable continuous-wave sources, control the residual shot-noise contribution,
and realistic modelling of the astrophysics of SMBHB population. The interpretation of GWB cross-
correlations will further require accurate knowledge of tracer redshift distributions and biases,
together with control of selection effects, magnification, and photometric-redshift systematics. For
this reason, the most robust early applications will likely focus on well-characterized tracers and on
angular scales where both PTA and LSS systematics are under the best control.

Weighing the possibilities and the associated caveats, SKAO is definitely transformative, repre-
senting a significant step toward using GWB to explore properties of primordial non-Gaussianities,
large-scale structure, and the cosmic evolution of SMBHB population.
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