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Coalescing Binary Black Holes (BBHs) trace the Large-Scale Structure (LSS) of
the Universe, and their clustering properties can be extracted from Gravitational
Wave (GW) data. Next-generation detectors, such as the Einstein Telescope
and Cosmic Explorer, will enable statistical studies of GW sources thanks to
the massive number of detected events. However, such events will still suffer
from significant instrumental and theoretical uncertainties. Cross-correlating
GW maps with other LSS surveys provides a promising strategy to mitigate these
limitations. The SKA-Mid intensity mapping and radio continuum surveys offer
ideal datasets for cross-correlation studies with GWs (SKAOXET2CE). Their
wide sky coverage and deep redshift sensitivity will allow precise probing of
the epochs and environments where stellar BBHs form most efficiently. In this
chapter, we forecast the potential of cross-correlation angular power spectra to
extract information on the distribution and clustering properties of GW events.
First, we model the number density and bias of three independent tracers: GW
sources, neutral hydrogen intensity maps, and radio galaxies. We estimate the
constraining power of SKA-MidXET2CE on the GW clustering bias, which carries
information on the origin of GW progenitors, e.g., whether they formed through
stellar evolution or are primordial black holes. Finally, we develop a semi-
analytic model for GW events hosted by SKAO galaxies as a function of the
time-delay distribution between the binary formation and merger, which is still
largely uncertain to date. We forecast the signal-to-noise ratio of their cross-
correlation with SKA-Mid, and demonstrate that SKA-MidxET2CE will foster
our understanding of the time-delay distribution.
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1 Introduction

Cross-correlations between multiple tracers are widely employed in Cosmology as a way to reduce
the noisiness of measurements, thus enhancing the statistical significance of the detected signal, and
allowing for the detection of minor physical effects that might be hidden in a single-tracer analysis.
To our knowledge, Seljak (2009) is the first that discusses the critical advantages of performing a
multi-tracer analysis to mitigate the impact of cosmic variance, eliminate shot-noise contributions,
and showcase the improvement on the cosmological parameters confidence regions. The core idea
of this work, and many others that followed, see, e.g., (McDonald and Seljak, 2009; Hamaus et al.,
2011; Abramo et al., 2015), is that each tracer provides an independent sample of the underlying
Dark Matter field. Thus, by combining the clustering information of multiple tracers, we effectively
probe multiple times poorly sampled modes with a characteristic size of our galaxy survey.

Since different tracers are inherently characterized by different biasing properties, multi-tracer
analyses prove to be extremely effective in disentangling the effect of cosmological parameters,
acting in the same fashion on all tracers, from individual tracers properties due to their unique
formation history. Regarding this last point, cross-correlation techniques already demonstrated
their ability to characterize the distribution, environment, and nature of poorly constrained tracers,
such as in the context of the clustering-based redshift analysis pioneered by Newman (2008);
McQuinn and White (2013); Ménard et al. (2014). In these early works, cross-correlations between
spectroscopic and photometric galaxy surveys allowed for the assignment of spectroscopic redshift
to photometric sources, as in the case of the Dark Energy Survey in Davis et al. (2018); Cawthon
et al. (2022), and the Sloan Digital Sky Survey (SDSS) in Rahman et al. (2015). Other fields
have also benefitted from the use of the clustering-based redshift, showing that cross-correlations
can be used to reconstruct the tomographic information of observables that are integrated over
broad observational bands. For instance, Cheng and Chang (2022); Schmidt et al. (2015); Chiang
et al. (2019); Libanore and Kovetz (2024) constrained the redshift evolution of the extra-galactic
background light using its cross-correlation with spectroscopic galaxy surveys, while Kovetz et al.
(2017) demonstrated how a clustering-based redshift analysis between photometric and radio surveys
has the potential of constraining exotic cosmological scenarios.

The performance of a cross-correlation analysis is heavily dependent on the characteristics of the
most precise of the two Large-Scale Structure (LSS) surveys. In this sense, the Square Kilometer
Array Observatory (SKAQO, Carilli and Rawlings (2004); Braun et al. (2015)), with its unprecedented
sensitivity, sky coverage, and redshift depth, offers a unique opportunity. In this chapter we focus
on the SKA-Mid telescopes, which cover the redshift range z € [0, 3] via their radio frequency
bands (vobs € [0.35, 15.4] GHz), span almost half of the sky, and represent an ideal partner to study

the Universe around Cosmic Noon, when star formation reaches its maximum.'

On the other hand, cross-correlation analyses yield the greatest benefit when the two LSS tracers
originate from distinct and independent formation channels. This insight has motivated the idea of
combining electromagnetic measurements with Gravitational-Wave (GW) surveys. Over the course

1During the AA* stage, SKA-Mid telescopes will observe only in four frequency bands, i.e., 1,2, 5a, 5b. Although
still planned, Band 3 (vo,s = [1650,3050] MHz) and Band 4 (vops = [2800,5180] MHz) are expected to be deployed
once funding becomes available. Since they remain part of the AA4 Design Baseline, we include them in our work.
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of the past decade and its four observational runs, the LIGO-Virgo-KAGRA Collaboration has
detected hundreds of GW events (Abbott et al., 2016, 2019, 2021, 2024, 2023; Abac et al., 2025b)
produced by the merger of Binary Black Hole (BBH) systems. These compact objects are expected
to be created at the end of the stellar cycle of very massive stars; thus, we expect them to trace the
regions of our Universe that underwent an intense star-forming epoch. Meanwhile, star-forming
galaxies (SFGs) are observable in the radio band through their free-free and synchrotron emission.
As a result, the SKAO has the ability to detect a large population of SFGs, offering a unique
opportunity, via cross-correlation, to test whether these galaxies are indeed the place where BBH
systems are born and have merged. Moreover, the SKAO is expected to be fully operational by the
time next-generation GW interferometers, such as the Einstein Telescope (ET, Punturo et al. (2010);
Abac et al. (2025a)) and the Cosmic Explorer (CE, Evans et al. (2021)), begin observations, making
this synergy even more compelling and opening the possibility of cross-correlating both new and
archival SKAO data with GW observations.

The seminal work of Raccanelli (2017) showcased the natural synergy between GW and radio
surveys datasets to constrain the relationship between BBHs and their hosts. Later, Scelfo et al.
(2022) demonstrated how to reconstruct the redshift distribution of GWs from BBH mergers by
employing the clustering-based redshift technique in cross-correlation with high-frequency reso-
Iution HI intensity maps. Additionally, Zazzera et al. (2025b) has recently shown how GW and
radio cross-correlations can be exploited to test General Relativity on scales comparable with that
of the cosmological horizon. Therefore, in this chapter, we aim to characterize the potential gain
of information that a cross-correlation analysis with SKAO Telescopes might bring to the GW
community in terms of understanding of GW sources and their clustering properties.

To this end, we focus on two anticipated SKA-Mid surveys: one tracing radio-continuum galaxies
(RC) and the other mapping neutral hydrogen intensity (HI-IM). While the RC survey will be
conducted using an interferometric setup, the HI-IM survey will employ a single-dish configuration,
following the pioneering approach of MeerKLASS (Santos et al., 2017b). To model the redshift-
dependent number density and bias of RC sources, we exploit T-RECS catalogs. For HI-IM instead,
we rely on the semi-analytical model in Crighton et al. (2015); Battye et al. (2013). In the first part
of our analysis, we demonstrate that SKAQO’s contribution will be essential for obtaining informative
constraints on the GW clustering bias, enabling us to break degeneracies between cosmological
and astrophysical parameters. Constraining the GW bias will also improve our understanding on
the nature of GW progenitors, including the possibility of identifying signatures of more exotic
scenarios, such as the presence of primordial black hole binaries (PBHs).

In the second part of this chapter, we take a further step and introduce a novel approach to
constraining the BBH time-delay distribution, namely the probability distribution of the time interval
between the formation and merger of a BBH system. This quantity depends on the binary formation
channel but remains highly uncertain, even from a theoretical point of view (see, e.g., Fishbach and
Kalogera (2021)). With our analysis, we show for the first time that cross-correlating GWs with
SKAO RC galaxy observations can yield strong constraints on the time-delay distribution.

The chapter is structured as follows. In Sec. 2, we summarize the formalism of the cross-angular
power spectrum in the context of SKAO science and describe the redshift distribution and bias of the
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SKAO tracers adopted in our analysis. Sec. 3 introduces our fiducial model for astrophysical BHs;
throughout this work, unless otherwise specified, we assume a 10-year observational period with a
network of three third-generation interferometers, one triangular ET-like and two L-shaped CE-like
detectors (ET2CE). Sec. 4 presents our first analysis: using three independent models for RC, HI-IM,
and GW events, we employ a novel version of the publicly available code Multi_CLASS (Bellomo
et al., 2020; Scarpel et al., 2025) to estimate the constraining power of SKA-MidxET2CE on the
GW bias. In Sec. 5, we extend this analysis to estimate the signal-to-noise ratio (SNR) for detecting
PBH signatures in the observations. Going further, Sec. 6 explores the impact of different time-delay
distributions on GW clustering properties and forecasts the capability of SKAO cross-correlations
to constrain the SNR associated with various time-delay models. Finally, Sec. 7 summarizes
our results and presents our concluding remarks on the promising prospects of using SKAO in
cross-correlation analyses for advancing GW science.

2 Probing the large-scale structure of the Universe with SKA-Mid surveys

In this Section, we introduce the formalism needed in our analyses in Sec. 4, Sec. 5 and Sec. 6, to
model the cross-correlation between SKAO surveys and another tracer of the LSS.

2.1 Brief overview of clustering theory

Galaxy clustering has been extensively studied (see, e.g., (Kaiser, 1987; Feldman et al., 1994;
Tegmark, 1997; Matsubara et al., 1997; Verde et al., 1998; Weinberg et al., 2004; Desjacques and
Seljak, 2010; Huterer et al., 2015; Adame et al., 2025)); here we briefly review the theoretical tools
used in the analysis presented in this chapter.

Clustering analyses typically focus on deriving the statistical properties of the anisotropies in
the fields that describe our tracer of choice, either galaxies, HI-IM or GWs. Here, we consider
statistical properties on large scale, where anisotropic fluctuations are Gaussian and the sky cannot
be approximated as a flat surface, and we rely on the two-point function in harmonic space, i.e., the
angular power spectrum. Given two tracers X, Y in two redshift bins centered at z;, z;, respectively,
their angular power spectrum reads as (Challinor and Lewis, 2011)

CX(zi,2)) = 47r/ dlogk qu(k)Af’Z"(k)A?’zj(k), (D)

where P is the almost scale-invariant primordial curvature power spectrum, and k£ and ¢ label
Fourier modes and multipoles, respectively. The harmonic transfer functions are defined as

, © 4N
A () = / a2 W (2,20, A2 AT (k. 2). @
0

where dN /dz describes the redshift-dependent number distribution of the sources, W(z, z;, Az;) is
a window function centered at z;, with half-width Az;, and normalized to unity. The full harmonic
transfer function Aif (k, z) includes density, velocity, and potential terms (see Appendix A of Scelfo
et al. (2020)); here we highlight the structure of the “density term”, which is proportional to

AX (k. z) o« X" (k, z) o bx(k,2)D(k,2), 3)
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where D(k,z) is the gauge-invariant matter fluctuation, and bx(k, z) is the scale- and redshift-
dependent bias, describing how any given LSS-probe traces the underlying matter distribution (Sheth
and Tormen, 1999; Verde et al., 1998; Sheth et al., 2001; Desjacques et al., 2018). In this chapter,
bx(k, z) = bx(z) always represents the large-scale linear bias, which, in absence of any primordial
non-Gaussianity, only depends on time (Dalal et al., 2008; Matarrese and Verde, 2008; Desjacques
and Seljak, 2010). Small scales where higher-order bias terms become relevant (Desjacques et al.,
2018) are inaccessible to the poor angular resolution of GW surveys (see Sec. 3).

In general, the density term in Eq. (3) is the dominant one for the auto-bin angular power spectrum
(zi = z;). When z; # zj, instead, the dominant contribution is sourced by “lensing” effects (Yoo
et al., 2009; Yoo, 2010; Challinor and Lewis, 2011; Bonvin and Durrer, 2011; Jeong et al., 2012;
Bertacca, 2015; Raccanelli et al., 2016; Semenzato et al., 2024a). Additionally, we remind the
reader that the angular auto- and cross-power spectra correspond to the cases X =Y and X # Y,
respectively, i.e., cross-correlation indicates a scenario where the two tracers are different.

Finally, we note that the angular power spectrum CfY(zi, z;j) described in Eq. (1) only describes
the physical signal we plan to observe. In practice, every measurement suffers from noise, either
instrumental, systematic, or intrinsic. For discrete sources like galaxies and GWs, the dominant
intrinsic noise is a shot-noise contribution; therefore, the observed angular power spectrum reads
as

CXV(zi,2j) = CX¥ (21, 2;) + K N, 4)

where N is the noise angular power spectrum, and the Kronecker delta §% encodes the fact that
noise is typically uncorrelated across different tracers.

2.2 SKA-Mid surveys

SKA-Mid is expected to realize three independent surveys: a neutral-hydrogen (HI) intensity
mapping (IM) experiment, a radio-continuum (RC) galaxy survey, and a second, low-redshift,
HI-emitting galaxy survey. Because of the low number of detected astrophysical objects and the
limited coverage in redshift (z € [0.,0.5]), we do not consider the HI-emitting galaxy survey a good
candidate for a cross-correlation study, and we do not include it in our analysis.

All SKAO specifications adopted in this chapter are based on the AA4 ‘Wide Band 17 survey
described in the SKA Cosmology Red-Book (Bacon et al., 2020); further details on the anticipated
performance of the SKAO AA* and AA4 designed baseline are described in Braun et al. (2019).
Table 1 summarizes our fiducial survey specifications, together with representative values for the
GW survey described in Sec. 3. All tracers (RC, HI-IM, GW) effectively cover the epoch of Cosmic
Noon, with HI-IM providing finer redshift sampling. In terms of angular resolution, the RC survey
is able to achieve a much larger angular resolution than the other surveys. In practice, the maximum
multipole €ax adopted in this analysis for RC is a conservative limit, especially at high redshift, set
by the emergence of nonlinearities in the power spectrum (Bellomo et al., 2020). On the other hand,
the maximum multipole is set by instrumental noise and foreground presence for HI-IM, and by
intrinsic resolution for the GW interferometer. The sky coverage of both SKAO surveys is expected
to be around AQ = 20000 deg? for 10000 hours of observation, corresponding to an observed
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Tracer Experiment z-range Az Crnax AQ [degz] Sy
RC SKAO [0.0, 3.0] 0.5 500 20000 0.48
HI-IM SKAO [0.35, 3.0] 0.1 200 20000 0.48
GW ET2CE [0.0, 3.0] 0.5 100,200 41253 1.0

Table 1: Specifics of the surveys in our analysis: redshift range probed; amplitude of each redshift bin Az;
multipole associated with the smallest scale resolved {max (for GWs we consider two values, conservative and
optimistic respectively, see Sec. 3); observed sky area AL, and corresponding fraction of the sky fiky.

fraction of the sky fiy of approximately 50%. At the same time, a network of GW interferometers
is expected to be sensitive to the entire sky, although not in a uniform manner.

2.2.1 Radio Continuum Sources

The RC survey in SKA-Mid targets three main categories of sources: star-forming galaxies (SFGs),
active galactic nuclei (AGNSs), and radio-quiet AGNs. In SFGs, radio emission has both free-free and
synchrotron components, where the former is sourced by ionized HII regions surrounding young
stars (Murphy, 2009, 2013), while the latter is mostly generated by supernova remnants (Helou
etal., 1985; Condon, 1992; Murphy et al., 2006). On the other hand, AGNs’ emission is sourced by
accretion around the central supermassive black hole and by its ejected jets (Shakura and Sunyaev,
1973; Begelman et al., 1984; Cattaneo and Best, 2009; Best and Heckman, 2012). Finally, radio-
quiet AGNs represent a sort of intermediate scenario, where radio emission receives contributions
both from the SFG and the hosted AGN, see, e.g., Mancuso et al. (2017).

In this chapter, we rely on catalogs produced using the Tiered Radio Extragalactic Continuum
Simulation (T-RECS, Bonaldi et al. (2019, 2023)) to model the number density and clustering
properties of SFGs and AGNs. Radio-quiet AGNs are not implemented in T-RECS, and their nature
is still under debate; therefore, we do not include them explicitly in our analysis. However, since
their radio emission is dominated by star formation, they would in fact represent a subcategory of
the SFG galaxies (see also the discussion in Bonaldi et al. (2019)).

We simulated the RC sources baseline catalog by imposing a continuum flux density limit for the
AA4 configuration of S, = 22.8 uly at central frequency v, = 797.5 MHz, following the work
of Bacon et al. (2020).> The RC sources number per steradian per redshift bin d> Nrc/dzd€, which
include both SFGs and AGN:ss, is then fitted with the parametric function

dzNRC z QRrC B
=A < —(z/zrc)PRC , 5
dzdQ RC ZRC ¢ )

where the values of best-fit parameters are Agc = 15516 gal/deg?, zrc = 0.20, arc = 1.38,
and Brc = 0.74. On the other hand, the clustering bias of RC sources is estimated using a halo-
occupation distribution approach, see, e.g., (Cooray and Sheth, 2002; Zheng et al., 2005). In this
formalism, the average bias is computed for each lightcone slice as a weighted average of individual

2By design, T-RECS catalogs cover a 5 X 5 deg2 area of the sky. The results presented in this chapter have been
obtained by rescaling the relations derived to these catalogs to the actual area SKAO will cover, as reported in table 1.
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Figure 1: On the left: normalized redshift-dependent number density distribution of SKAO RC sources (dark
red) and ET2CE GW events (blue), and normalized brightness temperature of the HI-IM survey (orange)
expected for the Wide Band 1 Survey of SKA-Mid. On the right: redshift-dependent linear bias of the three
tracers. Details on the modeling are provided in Sec. 2.2 for SKAO tracers, Sec. 3 for GWs (for which we
show here the result using T-RECS to link the star formation rate and the host dark matter halo mass).

linear biases, and reads as

M e
dM b, (M;,
/Mmm " Md- n(Mp, z)

bre(z) = — ; (6)

M 42N
/ M, RC
Mgmin th dZ

h

where d?Nrc/dMp,dz is obtained directly from the T-RECS catalogs. In the equation, (M;lm“, M)
are the minimum and maximum host halo masses in the lightcone slice, and by, (M}, z) is the linear
halo bias (Tinker et al., 2010). For later convenience, we fit the bias function through

bre(z) = bt + bRz + b5C2 + bRC, o
where {bORC, blfC, bZRC’ bl§C} = {1.01,-0.19,0.72, —0.08}.

Figure 1, shows the RC number density and bias, in the left and right panels respectively. As we
can observe from the left panel, the bulk of RC is expected to be detected for redshift z < 2, where
star formation peaks around Cosmic Noon.

Finally, for this sample of galaxies, the noise appearing in Eq. (4) has the typical shot-noise form

dNrc(z;) -

RC K RC

Ny (zis zj) = 6;; [T] : (8)

As anticipated in table 1, in the case of RC survey we set £X$ = 500 as maximum resolution, in
order to avoid including multipoles that are potentially contaminated by nonlinearities.
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2.2.2  Neutral Hydrogen Intensity Mapping

At low redshift, neutral hydrogen is mostly found in the interstellar medium of SFGs, making it
a perfect candidate target for SKAO telescopes. The SKA-Mid HI-IM survey will observe the
integrated emission of the 21-cm HI line, having rest frame frequency of vi. =~ 1420 MHz, across
the entire southern hemisphere of the sky. This survey will not resolve individual sources, but will
measure the (anisotropic) integrated emission of the entire galaxy population, including its faintest
and most distant members. Its observed intensity is usually expressed in terms of the brightness
temperature Ty, and thanks to SKA-Mid HI-IM survey outstanding frequency resolution, we will
measure it in up to 26 bins between redshift z = [0.35, 3.0].

Although the formalism introduced in this Section has been formally developed for the number
count of resolved objects, it can easily be adapted to integrated signals coming from unresolved
sources. Following Alonso and Ferreira (2015); Hall et al. (2013); Scelfo et al. (2022), we change
the form of the harmonic transfer functions in Eq. (1) by substituting the number density per redshift
with the brightness temperature as

dNx ( Qui(z)h ) Ho(1 + 2)?

EX L Tin(z) = 4K :
gz ) =K 10 T H G

where Qui(z) = pu1(z)/poe is the relative HI density with respect to the critical density po., H(z)
is the Hubble expansion rate, Hy = H(z = 0), and h = Hy/(100 km/s/Mpc). The total amplitude
is given by the estimates of Crighton et al. (2015) and Battye et al. (2013). As for the HI bias, our
model is based on the estimates of Spinelli et al. (2020), which provide an analytical fit of the form

bui(z) = am(1 +2)" + cqyp, (10)

€))

where ay = 0.22, by = 1.47, and cyp = 0.63. This result is also compatible with the semi-
analytical galaxy formation model of Villaescusa-Navarro et al. (2018). Both the expected bright-
ness temperature and the HI bias are represented in the left and right panels of figure 1, respectively.

To model the observed angular power spectrum for the HI-IM survey, we consider a instrumental
noise characterized by an angular power spectrum of the form (Santos et al., 2017a, 2015)

2
. Toys AQ
NI (7, 27) = 6K Z —, (11)
Y Ty (Zi)V”polBtobs Nq

where, for SKA-Mid, Tiys = 28 K is the system temperature, B = 20 MHz is the observed frequency
bandwidth, 7ops = 5000hr is the total observation time, np, = 2 is the number of observed
polarizations, and Ny = 254 is the number of dishes, as reported in table 2 of Santos et al. (2015).

Moreover, since HI-IM collects the integrated emission in the observed band, it also includes
contributions from foregrounds, namely astrophysical processes at redshift z/ < z with characteristic
emission of photons having rest frame wavelength Ar, > 21cm, in such a way that Agps = (21 cm)(1+
7) = Agg(1 +2’). The smooth spectral shape of low-z foregrounds allows us to remove their
contribution (Liu and Tegmark, 2011), even if not perfectly. The residual noise due to imperfect
foreground cleaning is responsible for noise of the form (Scelfo et al., 2022)

a c
N;g(Zi,Zj) = Agg X (ﬁebfgf fg) ‘ (12)
fSky
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where Agz = 6X 1077, agg = 0.129, bgg = —0.081 and ¢y = 0.581. These values have been obtained
by fitting the scale dependency of the foreground removal found in previous works (see, e.g., figure
3 in Alonso et al. (2014)). As discussed in Scelfo et al. (2022), the amplitude Ayg, introduces a
variance of the residual noise compatible with values in Camera et al. (2016). We note that the
residual noise in Eq. (12) is present for both auto- and cross-bin angular power spectra.

Finally, in this analysis, we also consider a small-scale beam-smearing effect due to the single-dish
configuration. Assuming that the beam is Gaussian, we can introduce the beam-smearing factor

02 (z;
B(z;) = exp [—5(£+ 1)%], (13)
where 1994
Om(zi) = 1220, (z1) (14)

Dy ’
is the beam full-width at half-maximum of a single dish with diameter D4 = 15 m observing photons
with wavelength Aops(z) = (21 cm)(1 + z). Since every spherical harmonic coefficient gets one of
these factors, the HI-IM auto- and cross-power spectra signals read as

B(z)B(z )™Mz 2)), Bz ™MM(z,z)), (15)

respectively. Since HI-IM signal at small scales is suppressed by the beam-smearing factor, large

multipoles do not contain much information, thus we consider £ = 200 across all redshift bins.

3 Gravitational waves as tracers of the large-scale structure of the Universe

In the most common astrophysical scenario, BHs form from very massive stars, most likely located
in galaxies that underwent an intense star formation epoch. Consequently, GWs can be used as
a tracer of the LSS. The large number of GW events detected by next-generation interferometers
makes this opportunity even more compelling. Previous studies of GW clustering have focused on
(i) inferring the properties of typical host galaxies and different binary formation channels (Scelfo
et al., 2020; Mukherjee and Moradinezhad Dizgah, 2022; Zazzera et al., 2025a), (ii) disentangling
the presence of exotic GW sources alternative to Astrophysical Black Holes (ABHs) (Scelfo et al.,
2018; Calore et al., 2020; Bosi et al., 2023; Libanore et al., 2023), and (iii) tightening constraints
on cosmological parameters, both in ACDM and its common extension (Oguri, 2016; Mukherjee
and Wandelt, 2018; Mukherjee et al., 2021, 2024; Libanore et al., 2022; Bosi et al., 2023; Gagnon
et al., 2024; Afroz and Mukherjee, 2024; Balaudo et al., 2024; Pedrotti et al., 2025). Although the
majority of cross-correlation studies focused on resolved GW events in the Hz-kHz frequency band,
the technique has also been used to study cross-correlations between LSS and the GW background
in the nHz band (Sah and Mukherjee, 2024; Semenzato et al., 2024b; Sah and Mukherjee, 2025).
The interested reader can find a more in-depth discussion regarding this latter point in Ragavendra
et al. (2026). In this chapter, we focus on the first two scientific goals of the above list, which are
closely linked with the physics of GW sources.

As with galaxy number counts and neutral hydrogen brightness temperature, the formalism of
Sec. 2.1 applies directly to GW number counts. Previous works suggest that the angular power
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spectrum in Eq. (1) is more naturally defined in luminosity distance space, as its measurement from
GW data does not rely on any cosmological model to transform distances into redshifts (Zhang,
2018; Namikawa et al., 2016; Namikawa, 2021; Libanore et al., 2021; Fonseca et al., 2023). Despite
this, the uncertainty in the luminosity distance measurements in GW data is much larger compared to
the uncertainty on cosmological parameters, and hence dominates the uncertainty budget. The good
constraints from Planck 2018 (Aghanim et al., 2020), expected to be further improved by current
and upcoming CMB and LSS surveys, justifies the carrying out in redshift-space of GW xgalaxy
analyses as the one in this chapter, expected to be realized in the mid 2030s.

Our fiducial scenario assumes all GW events are sourced by astrophysical black hole (ABH) mergers,
following Bosi et al. (2023); Bellomo et al. (2022). Here, the binary formation rate is proportional
to the cosmic star-formation rate (SFR), the time-delay distribution follows p(ty4) o ¢3!, and the
local merger rate matches the LIGO-Virgo-KAGRA (LVK) estimate, R(%VK ~ 20 Gpc~3yr~! (Abbott
etal., 2023). For a third-generation (ET2CE), composed by one triangular ET-like and two L-shaped
CE-like detectors, the GW number density per redshift and steradian is parametrized as

d*Now (
W

2\ - (erzowron
R —(Z/2Gw , 16
dzdQ ) ¢ (16)

iGW

where Agw = 1.35x 1077 GW/sr, zgw = 2.02 X 1073, agw = 6.12, and Bgw = 0.41.
We model the GW bias as
bow (2) = bg™ + b7z + DSV + bFV 2, (17)

where the parameters 5§ = 0.68, b$V = 0.12, b5V = 0.17, bV = -0.01, are fitted to match
the T-RECS catalog (see Bellomo et al. (2022) for the methodology). In Appendix A we test
the robustness of our model when adopting a different parametrization gauged on the results of
UniversEMacHINE (UM), see e.g. Behroozi et al. (2019).

Since GWs are discrete tracers, similarly to galaxy surveys, the measurement of the GW clustering
signal is contaminated by shot-noise, with an angular power spectrum of the form (Bosi et al., 2023)

-1 -1

dN©°bs (Z) 42N,
N;}W(Ziszj) :65 %l =65 /dZT;;\;vpobs(Zi,Z) > (18)

where pobs(z;,z) is the probability that a GW emitted at redshift z is observed in the z; bin,
accounting for localization uncertainty. We choose redshift bins that are wider than the typical GW
localization error, hence the specific form of pops(zi, z) has negligible impact on our results.

Finally, we remind the reader that the precise and accurate sky localization of a GW event requires
a network of multiple detectors to perform triangulation. However, even in the case of ET2CE,
the precision of the sky localization ranges between [1073, 102] deg? (Iacovelli et al., 2022), with
an average precision of a few square degrees (Calore et al., 2020; Bosi et al., 2023), depending
on the binary and network properties at the moment the signal arrives on Earth. This prevents
GW measurements to resolve small scales, i.e., large multiples £s in the angular power spectrum in

{GW _

Eq. (14). As anticipated in Table 1, we consider two scenarios: a conservative scenario with £\ =

100, as in Scelfo et al. (2022), and an optimistic one with ¢SV =200, as in Bosi et al. (2023).

max
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4 Improving the measurement of GW bias with SKAO

Our first goal is to forecast the sensitivity on GW bias parameters obtained using the GW dataset
alone, and to contrast it with the case where SKA-MidXET2CE cross-correlation is implemented.
We begin our analysis assuming that the GW survey contains exclusively ABHs. For the rest of this
work, we fix the cosmological parameters to their Planck 2018 TT,TE,EE+lowE+lensing best-fit
values (Aghanim et al., 2020). The angular auto- and cross-power spectra are computed with the
updated version of Multi_CLASS (Bellomo et al., 2020; Scarpel et al., 2025) for all tracers described
in Sec. 2 and Sec. 3, using as fiducial models the ones previously described. We consider a different
number of redshift bins for each tracer, Nﬁﬁs =6, NM =26, and NSX = 6. Each redshift bin is

characterized by a top-hat window function with half-widths Azgc = 0.5, Az = 0.1 (except for
the last bin that has Az = 0.15), and Azgw = 0.5, as anticipated in table 1.

We perform a Fisher matrix analysis (Fisher, 1935; Bunn, 1995; Vogeley and Szalay, 1996; Tegmark
et al., 1997) to estimate the future sensitivity of GW datasets alone and in cross-correlation with
either the RC or HI-IM surveys of SKAO. The set of parameters analyzed in each scenario is:

0w = [bow 15 . bowys]
OrCxGW = |15y Wedms B DGW, 1, -+ DGW, 6 PRC. 1, - DRC6] (19)
Ori-tMxGw = |75, Wedm, 1 DGW, 15 - bGw,6, BV, 15 - Dim,26] 5

where ng is the spectral index of scalar perturbations, wcam is the cold dark matter physical
density, h = Hp/(100 km/s/Mpc), and the fiducial values of the bias parameters by ; for the
tracer X = GW, RC, IM in the j-th redshift bin are obtained from Eq. (7) for RC, Eq. (10) for HI-
IM, and either Eq. (22) or Eq. (17) for GWs. Additionally, for LSS surveys with angular resolution
greater than the GW one, we use the additional information contained at multipoles £ > £S™ as
detailed in Bellomo et al. (2020).

GW x GW RC x GW IM x GW

L = 100 L = 100 Cmae = 100
Ak . 0, =200 Ak ., =200 ] 4l Cae = 200

bTRECS (Z)

GW

z z z

Figure 2: Forecast constraints on the GW bias using ET2CE alone (left panel), in cross-correlation with RC
galaxies (middle panel), and with the HI-IM (right panel) survey observed by SKA-Mid. The errorbars show
the forecasts per each z-bin, while the shaded area extrapolates to the full redshift range. Each panel shows
results for two choices of £n,x for the GW survey.

Our result is shown in figure 2, where we marginalize over the cosmological parameters and, for
scenarios involving either RC or HI-IM surveys, over the bias of the SKAO tracer. The constraining
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power of the cross-correlation largely overcomes forecasts for ET2CE alone, demonstrating once
more the importance of this kind of study to foster our understanding of GW clustering. Since in
all cases parameters describing both the GW bias and the bias of the SKAO-tracer present partial
degeneracies with the cosmological parameters, the constraints can be further improved by imposing
a prior on the cosmological model, from, e.g., Planck 2018.

Our results for RC galaxies and HI-IM are comparable. On the one hand, HI-IM tomographic
precision allows us to better probe the redshift evolution of the bias. On the other, the larger
parameter set due to the be parameters makes the Fisher more sensitive to degeneracies among
their values and the b, parameters, thus lowering the constraining power. Also, the RC survey
benefits from the contribution of more signal coming from small scales in the auto-power spectra,
which is damped in the HI-IM case due to the single-dish beam. Furthermore, we test two different
choices of £« for the GW survey, as reported in table 1. The more optimistic value, {ax = 200,
yields only a modest improvement in constraining power. This is because, in our fiducial setup,
the GW auto-power spectra are already shot-noise dominated at £ ~ 100. Including smaller
scales therefore adds little information, especially in the HI-IM case, where beam smearing further
suppresses small-scale sensitivity. Although futuristic, assuming a longer GW observational time
would reduce the impact of shot noise, making small-scale information more relevant.

To conclude, we note that the GW bias constraints may vary when changing the ABH, RC or HI-IM
bias models. As discussed in Appendix A, changes in the calibration of the GW bias in Eq. (17)
have a small impact on the final results; on the other hand, a different redshift evolution can have
a stronger effect. According to the authors of Bosi et al. (2023) and Zazzera et al. (2025¢), the
cross correlation with SKAO may lead to more stringent forecasts than the ones described in this

chapter: instead of using the full set of bl ., b2 parameters, they rely either on the effective

J
re Pive Pow
bias (i.e., a single parameter obtained by averaging over all the redshift bins), or on a power-law
parametrization of the bias, deriving constraints on its parameters. Despite being less optimistic,
our analysis allows for more degrees of freedom, which we believe are important considering that

prior knowledge of the bias of these tracers is still poor.

5 Constraining the presence of exotic GW sources

Astrophysical BHs are not the unique GW-emitting candidate compatible with current observations.
A second alternative, which has raised considerable attention over the past decade, is given by
primordial black holes (PBHs), which may constitute a fraction fpgy of dark matter (Zel’dovich
and Novikov, 1967; Hawking, 1971; Carr and Hawking, 1974; Chapline, 1975; Sasaki et al., 2018).
Depending on the PBH mass, fpgy is constrained by a variety of astrophysical and cosmological
observables, see, e.g., (Carr and Kuhnel, 2020; Carr et al., 2021) for recent reviews; however, the
robustness of these bounds is still a matter for debate, as shown, e.g., in Piga et al. (2022).

PBHs with masses comparable to those of ABHs can bound in binaries in both the early (EPBH, Ali-
Haimoud et al. (2017); Raidal et al. (2019)) and late (LPBH, Bird et al. (2016); Clesse and Garcia-
Bellido (2017)) Universe, eventually merging and emitting GWs. Although the mass spectrum of
these compact objects can resemble that of astrophysical sources, their redshift distribution and
clustering properties is radically different.
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Given the profound impact that the discovery of PBHs would have, in this work we also discuss the
possibility of disentangling the presence of PBHs in the midst of an ABHs sample. While in our
fiducial scenario we model the GW number density and bias assuming that we only have ABHs,
now we also consider the possibility of having contributions from EPBHs and LPBHs.

We report in figure 3 the normalized number density distribution d>?Ngw/dzdQ and the GW
bias bgw in scenarios where the relative importance of the ABH and EPBH+LPBH contributions
varies according to fpgy. The ABH model follows the description in Sec. 3, while the EPBH+LPBH
contribution is obtained using the same formalism as in Bosi et al. (2023), with a fiducial EPBHs
merger rate of Ay, = 18 Gpc3yr~l.
ABHs are present, i.e., fpgg = 0. In contrast, the brown curve refers to the case with only PBHs
(feea = 1). In between these two scenarios, the color-coded curves describe mixed cases, including

ABHs, EPBHs and LPBHs, depending on the value of fpgy.

The blue line corresponds to the scenario in which only

T T T T T 2.5 T T T T T
g 05F - —— ABH
B LPBH+EPBH
0
= 04f — 2.0k 4
=
.4
'—:j —~
2 0.3F _ %
= So15F i
S 02 =
S
:ﬁ 0.1 —— ABH n 1.0 1
O LPBH+EPBH
1 1 1 1 1 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
z
_— _ _ 5 =]
0.0 0.2 0.4 0.6 0.8 1.0
fPBH

Figure 3: Redshift distribution (left) and bias (right) of GW events expected for ET2CE. In the fpgy = 0
scenario (blue), only ABHs are present; when fpgy = 1 (brown) the survey only contains PBHs. The color-
coded curves show intermediate scenarios, with relative ABHs, EPBHs, LPBHs abundances set by fppy.

Finally, we forecast the ability of SKA-MidXET2CE cross correlation to detect the contribution
of LPBHs and EPBHs. We quantify this through the signal-to-noise ratio (SNR) of the difference
between biases in the fiducial ABH case and alternative ABH-PBH mixed scenario, defined as

(20)

’

2
b (fop, Am, z;) — b, (z))
G ’ n» ] G ]
SNR?( fppH, Am) = E SNR?( fopH, Am» 2,) = E ( hd hd )
- . o (z7)
J J bfid A

where we also allowed for variations in the EBH local merger rate, A,,, to account for uncertainties
in their abundance (Raidal et al., 2019; Ballesteros et al., 2018; De Luca et al., 2020). In the

equation, the values of O'Zﬁd are those obtained in Sec. 4.
GW

Figure 4 shows the total SNR obtained by summing over all the redshift bins. Our forecasts
show that fpgy € [0.8,1] will be constrained by SKA-MidxET2CE at > 50 level; smaller
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fractions will be constrained with a smaller confidence level. Overall, RC cross correlation will
have larger constraining power than HI-IM. However, due to uncertainties in the EPBH formation
mechanism (Raidal et al., 2019; Ballesteros et al., 2018; De Luca et al., 2020), a smaller amplitude
A, may lead to constraints with a smaller confidence level (see Bosi et al. (2023)).

Our results are in a similar ballpark of current constraints on fpgy in the PBH mass range comparable
to ABHs probed by GW observations Mpgy € [1 Mg, 100 M| (compare, e.g., with Figure 10
in Carr et al. (2021)), confirming that the cross-correlation between SKA-Mid and ET2CE will
strengthen our interpretation of GW data, confirming or ruling out the existence of PBH binaries.

RC x GW IM x GW

7

T T T T

% l
15 5

A
?

15

00 02 04 06 08 10 00 02 04 06 08 10
feBu freu

Figure 4: Total SNR of the difference between only-ABH and ABH+EPBH+LPBH scenarios, vary-
ing A, feeu. On the left, we cross-correlate GW with RC, on the right with HI-IM.

6 Constraining the time-delay distribution

Phenomenological models such as those presented in Sec. 3 are widely used to connect the observed
merger rate to the underlying physical properties of GW sources and hosts, especially with the SFR,
although metallicity has also been shown to play an important role (Langer and Norman, 2006; Ma
etal., 2015; Chruslinska et al., 2019). However, drawing this connection is not straightforward, and
even in the ABH scenario our understanding of GW progenitors remains limited. Although SFR
and metallicity set the BBH formation rate, the time required for a binary to merge also depends
on the time-delay distribution, which is primarily determined by the BBH formation mechanism
and the local environment. Short time-delays are typically associated with environments with low
metallicity (Marchant et al., 2016; du Buisson et al., 2020), and binaries formed inside young star
clusters (Di Carlo et al., 2020) or in AGN disks (Yang et al., 2020). Mergers occurring within
globular clusters are also characterized by short time-delays, unless the BBH is ejected from the
cluster (Benacquista and Downing, 2013; Rodriguez et al., 2016; Banerjee, 2017; Rodriguez et al.,
2018). In contrast, isolated binary evolution predicts a statistical distribution of time-delays scaling
as p(tg) « t;’d , where the typical value a; = —1 follows from the assumption that the distribution
of BBH semi-major axis at formation, a, scales as p(a) « a’! (Abt, 1983). However, the validity
of this assumption is still uncertain and it depends very likely on additional effects such as stellar
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winds, mass transfer, and natal kicks (O’ Shaughnessy et al., 2008, 2010; Mapelli et al., 2017).

Constraining the time-delay distribution from GW-only experiments represents a challenging en-
deavor, since the observed merger rate probes a degenerate combination of the time-delay distribu-
tion and the binary formation rate. However, GW clustering (in this case in cross-correlation with
SKAO LSS surveys) provides an additional handle to constraint the effective time-delay distribu-
tion because it breaks this intrinsic degeneracy. Here we report the preliminary results discussed
in Bellomo et al. (2026), where two cases are discussed: a first scenario where we fix the binary
formation rate and we vary the time-delay distribution, and a second one where we fix the merger
rate while varying the time-delay distribution. In all the cases the local merger rate is compatible
with the observed Ligo-Virgo-KAGRA value, as explained in Sec. 3.

Fixed binary formation rate Fixed binary merger rate
T T

! ! | ! !
0 1 2 3 0 1 2 3
z z

— Qg = —-2.0 Qg = —-1.5 Qg = —-1.0 Qg = —0.5 — Qg = 0.0

Figure 5: GW bias obtained for different choices of the time-delay power-law distribution, and fixing either
the BBH formation rate (left panel) or their merger rate (right panel). Insets: GW redshift-dependent number
density distribution in arbitrary units (au) for the same two scenarios, following the same conventions of the
main panels. In both cases, we model the SFR-M, relation using the T-RECS parameterization.

The GW number density and bias corresponding to the two scenarios are reported in Fig. 5.
Different curves correspond to different time-delay distributions parameterized as p(ty) o« 154,
where @y = —1 for our fiducial model. In the first case, the merger rate depends on the time-delay
choice, which is responsible for a different shape of number density distribution. On the other hand,
in the second scenario, the merger rate is constant across models, since what changes is the binary
formation rate. In both cases, the GW bias depends on the choice of time-delay distribution and,
most notably, it still presents some variability even in the fixed merger rate scenario, where number
densities of different models are fundamentally indistinguishable. In other words, information about
the time-delay distribution is intrinsically encoded in the clustering properties of GWs.

We quantify the statistical difference in clustering properties associated with different time-delay
distributions by introducing a signal-to-noise ratio defined as

= fay 2 2+ Ly [ACg (C‘g?‘:‘)_1 AC (é}id)_l] : @1)
€
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where AC, = CZ;‘“ - C;‘d is the difference between the covariance matrices of the alternative and
fiducial time-delay models, while C‘{f‘d is the covariance matrix of the fiducial model.

Fixed binary formation rate % Fixed binary merger rate
émax = 200 ) ¢ gma.x =200
limax = 100 lmax = 100
15 o UM 15 o UM P
= TRECS =  TRECS
NX 10 B NX 10 -
5 4 BE o )
]
1 - : A - g
0F [ L] S B8 oF é = = - = =
—2.0 -1.5 —-1.0 —-0.5 0.0 -2.0 —-1.5 -1.0 —0.5 0.0
Qg Qq

Figure 6: y” detectability of different time-delay distributions p(t4) o t;’d, with respect to the fiducial
case ag = —1. Results are obtained from the RCxXGW cross-angular power spectra, by modeling the GW
bias as function of p(z;) and of the SFR of the host galaxies, with the T-RECS (square markers) and UM
(circle markers) parametrization. More conservative results ({yax = 100) are shown in blue, more optimistic
(€max = 200) in red. We test both what happens when the normalization is set fixing the formation rate (left
panel) or the merger rate (right panel).

The results of this kind of analysis are reported in Fig. 6, which shows the statistical distinguishability
between different time-delay models. The bias characterizing a GW population is the average of
the halo bias weighted by the probability p(M}) of finding a GW in host halo with a given mass.
Since different time-delay distributions change the association between GW events and host halo
masses, clustering measurements have the potential to distinguish between different scenarios.
In fact, the quantitative differences in y? originate from their different parameterizations of the
SFR-Mj, relation, leading to a different p(Mj,) at binary formation. Our forecasts show that the
imprint of the time-delay distribution on the GW clustering is robustly detectable. In other words,
the cross-correlation of GW clustering measurements with SKAO LSS surveys provides a novel
powerful observable to probe the BBH formation mechanism.

7 Conclusions

Binary black hole mergers trace the Large-Scale Structure of the Universe (LSS), but extracting their
clustering properties from Gravitational Wave (GW) observations faces fundamental challenges.
Next-generation detectors such as the Einstein Telescope and the Cosmic Explorer will detect
millions of events over the coming decades; yet, poor localization of events in terms of distance and
sky localization constitute an intrinsic limit in their ability to map the cosmic web. Cross-correlating
GW catalogs with LSS surveys offers a direct strategy to mitigate both instrumental and theoretical
uncertainties that hinder our understanding of GW sources and properties.
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The SKAO, with its SKA-Mid neutral hydrogen intensity mapping (HI-IM) and radio continuum
(RC) surveys, provides the ideal datasets for a synergistic cross-correlation analysis with GWs. Wide
sky coverage and deep redshift sensitivity extending up to z = 3 overlap precisely with the epoch
when astrophysical Black Hole (BH) binaries are expected to form most efficiently. In particular,
the RC survey has the potential of detecting a large fraction of Star Forming Galaxies (SFGs),
providing an accurate map of the most-likely environments where ABH binaries originate.

In this chapter, we have demonstrated the scientific potential for the SKAO surveys when used in
cross-correlation with GW datasets coming from third-generation GW detector networks. Indepen-
dently of the chosen SKAO LSS survey, error bars on the reconstructed bias parameters shrink by
a factor of few when compared to the GW-only analysis, with some additional gain in constraining
power for the RC survey due to its large number densities and access to small scales. Because of this
unprecedented sensitivity, cross-correlation studies have the potential to disentangle the presence of
different BH populations if they are characterized by different clustering properties. In particular,
we focused our interest on the possibility of detecting the presence of PBHs. Our analysis shows
that SKA-MidxET2CE achieves > 50 detection for primordial black hole fractions fpgy > 0.8
at theoretically motivated merger rate amplitudes A,, ~ 18 Gpc>yr~!. This detection relies en-
tirely on differences in clustering bias between astrophysical and primordial populations, since GW
observations can hardly determine the nature of BHs.

Aside from the presence of exotic GW-emitting sources, we also showed how the cross-correlations
with SKAO address the degeneracy between the binary formation rate and the time-delay distri-
bution between formation and merger. The observed GW merger rate is a convolution of these
two quantities, making it exceptionally difficult to disentangle the underlying physics of binary
BH formation channels with GW data alone. Even when the observed merger rate is fixed (thus
maintaining identical GW redshift distributions), different time-delay models produce distinct clus-
tering signatures, leaving a unique, detectable imprint on the clustering bias of the GW sources. In
particular, our analysis shows how it is possible to effectively measure the time-delay parameters
distribution with large statistical significance. This result opens a new avenue for constraining the
dominant binary BH formation mechanisms, a crucial open problem in GW astrophysics.

Looking ahead, the synergy between third-generation GW observatories and SKAO heralds a new
era of precision multi-messenger cosmology and astrophysics. In this work, we have focused exclu-
sively on binary BH mergers, as they will constitute the bulk of detections at the large cosmological
distances probed by these instruments. However, the intrinsic merger rates of binary neutron star
(BNS) and neutron star-black hole (NS-BH) systems are expected to be substantial. Once detectors
will achieve the sensitivity to build large catalogs of these events, our cross-correlation framework
will readily extended to them. This will provide independent constraints on their distinct formation
channels and time-delay distributions. SKA1-Mid extensions to higher frequencies will detect AGN
and starburst galaxies with exquisite precision, providing complementary tracers of the environ-
ments hosting dynamical formation channels. Ultimately, by leveraging the statistical power of LSS
surveys such as SKAO to calibrate the astrophysics of GW sources, we can turn these messengers
into cleaner probes of fundamental physics and cosmic expansion history.
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A Alternative GW parametrization

To model the GW bias in the main text we relied on the method described in Bellomo et al. (2022),
and calibrated it to match the T-RECS simulations. In the original work, the bias was calibrated on
Un1veERSEMAcHINE (UM), which differs from T-RECS in the way it connects the star-formation rate
to dark matter halo mass. In this Appendix, we test whether our results are robust to this model
change. By implementing the UM parametrization, we find that the GW bias is well-described by
the fitting formula

baw(2) = bV + bV z + bSV 2 + b§V 2, (22)
where the best-fit parameters are given by bOGW =0.65, blGW = 1.45, bgw =-0.14, bgw =0.01.

Clearly, changing the ABH bias model partially affects the capability of SKAOXET2CE to constrain
its parameters. We re-run the Fisher forecast from Sec. 4 using the UM parametrization and in
Figure 7 we compare its results with what we previously obtained in Fig. 2. The bias expected when
using the T-RECS prescription to link the SFR and host dark matter halo mass is smaller than the
UM case, but the constraining power results comparable.

GW x GW RC x GW IM x GW

Cinax = 100
Cinax = 200

L = 100
4t Lo = 200

Figure 7: Forecast constraints on the GW bias modeled using the UM (fop panels) and T-RECS (bottom
panels, analogous to Fig. 2) parametrizations, in Eq. (22) and Eq. (17) respectively.

Furthermore, we verify that the outcomes in Sec. 5 are stable when using the UM bias parame-
terization instead of the T-RECS one, hence all these results are independent from the systematic
uncertainties in the modeling of the SFR-M, relation.
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