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A B S T R A C T 

Futur e thir d-gener ation gr avitational w av e det ect ors like the Einstein Telescope (ET) and Cosmic Explorer (CE) are 
expect ed t o det ect millions of binary black hole (BBH) mergers. Alongside these advances, upcoming radio surveys, such 

as the Square Kilometer Array Observatory (SKAO) will provide new sets of cosmological tracers. These include mapping 

the large-scale distribution of neutral hydrogen (H i ) using intensity mapping (IM) and H i and radio continuum galaxies. 
In this w ork, w e will inv estigat e synergies betw een gr avitational w aves (GWs) and radio tracers through a multitracer 
appr oach. We first for ecast the pr ecision on the clustering bias of GWs by cr oss-corr elating data fr om an ET-like det ect or 
with an SKAO IM survey. Our results indicate that this approach can constrain the GW clustering bias to within 2 per cent 
up t o z = 2 . 5 . Additionally, w e e xplor e the potential of a triple cr oss-corr elation using G Ws, IM, and photometric g alaxies 
from a survey like the Vera Rubin Observatorys Legacy Survey of Space and Time (LSST). This multitracer method 

enhances constraints on the magnification lensing effect, achieving per cent-level precision, and allows for a measurement 
of the Doppler effect with appr o ximately 15 per cent uncertainty. Furthermore, we show for the first time that this method 

could achieve the pr ecision r equir ed to measure sub - dominant gravitational potential contributions to the relativistic 
corrections, which had thought to be below cosmic variance. Our analysis highlights the potential of cr oss-corr elations 
between GWs and r adio tr acers to improve constraints on astrophysical properties of BBHs, measure relativistic effects, 
and perform null tests of GR in cosmological scales. 

Key words: gr avitational w aves – large-scale structure of Universe. 
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 INTRODUCTION  

r avitational w aves (GWs) have r ecently g ained traction in the
it erature as pot entially pow erful cosmological probes (R.-G. Cai 
t al. 2017 ; K. Liao et al. 2017 ; J. M. Ezquiaga & M. Zumalacár-
egui 2018 ; S. Mastrogiovanni, D. Steer & M. Barsuglia 2020 ;
. Auclair et al. 2023 ; S. Mastrogiovanni et al. 2024 ). Since the
rst detection by the LIGO–Virgo–KAGRA collaboration (LVK) 

n 2015 (B. P. Abbott et al. 2016b ), numerous studies have demon-
trated their potential to constrain cosmological parameters and 

est Gener al R elativity (A. Palmese et al. 2020 , 2023 ; T. L. S.
ollaboration 2021 ; J. M. Ezquiaga 2021 ; A. Finke et al. 2021 ; K.
eyde et al. 2022 ; M. Mancarella, E. Genoud-Prachex & M. Mag-
iore 2022 ; R. Abbott et al. 2023 ; A. Chen, R. Gray & T. Baker 2024 ;
. Mastrogiovanni et al. 2024 ; A. Palmese & S. Mastrogiovanni
025 ). The growing number of detections, with observing runs 
ike O4 and O5, and the future advent of third-generation detec- 
ors such as the Einstein Telescope (ET) (M. Punturo et al. 2010 )
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nd Cosmic Explorer ( CE ) (M. Evans et al. 2021 ), will provide a
ery large catalogue of binary black hole (BBH) merger events. 
T alone is projected to detect around 10 6 BBHs over a 10-yr
eriod, a large increase in available data (F. Iacovelli et al. 2022 ;
. Branchesi et al. 2023 ; A. Abac et al. 2025 ). 
In parallel, the next decade will witness significant advance- 
ents in radio astronomy, particularly with the Square Kilometer 
rr ay Observ atory (SKA O) (D . J . Bacon et al. 2020 ). From the

ev eral surv eys t o be conduct ed by the SKAO, one will be able
o trace the large-scale structure of the Universe with three dis-
inctive tracers of dark matter: H i intensity mapping (IM), H i
pectr oscopic g alaxy surveys and radio continuum g alaxy sur-
 eys. H i corresponds t o the line emission due to the spin-flip
ransition between the two hyperfine states of neutral hydrogen 

ith a wavelength of 21 cm. One can exploit the redshifted H i
ine to perform spectroscopic galaxy surveys (M. Santos et al. 
015 ). In the absence of other cosmological emission lines in
he radio frequencies one has a one-to - one relationship between
bserved frequency and redshift of H i emission. One can then
se IM (J . F onseca et al. 2017 ), whereby the H i brightness tem-
 This is an Open Access article distributed under the terms of the 
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eratur e is measur ed in vo xels of the univ erse without det ecting
he individual galaxies. This way fluctuations in the brightness
emper ature tr ace fluctuations in the dark matter distribution. In
ddition, some radio galaxies do not present any emission line,
nly emission in the continuum. While getting redshift informa-
ion is limited one can still perform cosmological tests with such
atalogues (J. Asorey & D. Parkinson 2021 ). The Medium-Deep
and 2 Survey will cover 5000 deg 2 with appr o ximately 10 000 h
f observation, providing an H i galaxy redshift survey out to z ∼
 . 4 . Meanwhile, the Wide Band 1 Survey will span 20 000 , deg 2 
ver the same observation time, performing H i IM from z ∼ 0 . 35
o z ∼ 3 . Future extensions like SKAO2 will extend H i galaxy
urv eys t o z ∼ 2 , creating further opportunities for cosmological
nalyses (S. Yahya et al. 2015 ). 

Cr oss-corr elating G Ws with r adio tr acers of large-scale struc-
ure offers a promising avenue for investigating both cosmology
nd the pr operties of BBH populations. B y comparing the cluster-
ng of GWs with H i galaxies, H i IM and continuum galaxies, we
an measure the GW clustering bias and explore the large-scale
istribution of matter. In particular, a previous study examined
uch cr oss-corr elations to study the origin of the BBHs which
r oduced the G Ws by focussing on the clustering bias (G. Scelfo
t al. 2023 ). They showed that this kind of analysis will be able
 o distinguish betw een black hole mergers of astrophysical or
rimordial origin. Further, A. Pedrotti et al. ( 2025 ) carried out
n ext ensiv e forecast analysis on the measurement of the GW
lustering bias when cr oss-corr elated with E uclid data, work also
 xplor ed by A. Dehghani et al. ( 2025 ), although with a different
 alaxy catalog . 

This paper builds upon previous work that examined cross-
orr elation with G Ws (S. Mukherjee & B . D. Wandelt 2018 ; S.
ukherjee, B. D. Wandelt & J. Silk 2020a , b ; S. Mukherjee et al.

021 , 2024 ; S. Afroz & S. Mukherjee 2024 ), for example with
alaxy surveys (G. Scelfo et al. 2020 ; S. Libanore et al. 2021 ; A.
alaudo, M. Pantiri & A. Silvestri 2024 ; J. Pan et al. 2025 ; A.
edrotti et al. 2025 ; G. Sala et al. 2025 ) and IM (G. Scelfo et al.
023 ). In particular, we extend the analysis we presented in S.
azzera et al. ( 2025 ) wher e we pr oduced for ecasts on differ ent
ombinations of GWs det ect ors, and current and future galaxy
urveys such as the Vera Rubin Observatorys Legacy Survey of 
pace and Time (LSS T) (LSS T Science Collaboration 2009 ; LSS T
ark Energy Science Collaboration 2012 ; LSST Science Collabo-

ation 2021 ) by incorporating SKAO radio surveys as well. Here,
e are following a framework set-up in T. Namikawa ( 2021 ), J.
onseca et al. ( 2023 ), and A. Balaudo et al. ( 2024 ) where the
lustering of GWs is treated in luminosity distance space (LDS).
n fact, unlike galaxy surveys or IM, GWs from BBH mergers do
ot carry information on the redshift of the source, but rather a D L 
easurement; that is, unless an electromagnetic counterpart is

et ect ed. It is w orth noting that one can also use the correlations
etween GWs and galaxy surveys as a standard ruler, as shown
y J . F erri et al. ( 2025 ). The sole height of the cr oss-corr elation
ecomes such a ruler which we can then use to build a Hubble
iagram. This in turn is used to constrain the amount of matter
nd the Hubble constant. 

Furthermore, the clustering of GWs in LDS is affected by
hree important parameters, similarly to what happens in redshift
pace (RS) for other tracers like galaxies. The GW clustering bias
escribes how GWs trace the underlying dark matter distribution,
nalogous to the bias of g alaxy tracers. A dditionally, the limited
ensitivity of GW det ect ors introduces observational effects cap-
NRAS 547, 1–12 (2026) 
ured by the magnification bias (R. Maartens et al. 2021 ). The
agnification bias s GW gauges the amplitude of corrections to

he number density contrast arising from gravitational lensing,
hich can enhance or diminish the observed number of GWs
y magnifying sources into or out of detectability. The evolution
ias b GW 

e , on the other hand, accounts for the redshift evolution of 
he intrinsic merger rate and the det ect or’s ability t o observ e the
osmic evolution of the sources. Further analysis and modelling
f the magnification and evolution biases of GWs is described
n S. Zazzera et al. ( 2024 ). These parameters ar e dir ectly linked
o the properties of the BBH population producing the GWs ob-
erved, and so measuring them would imply constraining these
roperties. In particular, s GW and b GW 

e depend on the intrinsic
erger rate and chirp mass distribution, whilst measuring the

lustering bias would directly link the distribution of BBHs to that
f the underlying dark matter in the Univ erse, pot entially acting
s probe to differentiate between black holes living in dark matter
aloes and those in isolation, whether of primordial origin or else
G. Scelfo et al. 2018 , 2020 ). 

First, we look at how combining data fr om differ ent G W detec-
or and radio surveys can improve constraints on the GW cluster-
ng bias. Then, focussing on cr oss-corr elating ET-like data with an
M surv ey, w e pr oduce for ecasts on the detection of differ ent r el-
tivistic effects that affect the observed number count fluctuation
nd thus the angular power spectrum, namely the lensing correc-
ion, luminosity distance space distortions (LSDs) and Doppler
 erm. Finally, w e introduce a novel approach using a three-tracer
orrelation between GWs from an ET-like det ect or, H i IM from
n SKA1-MID-like survey, and g alaxies fr om an LSS T-like survey
o forecast constraints on clustering, magnification, and evolu-
ion biases of GWs and on the measurements of the relativistic
ffects. 

The paper is structured as follows. In Section 2 , we outline
he theoretical framework describing the large-scale clustering
f GWs and radio tracers. Then, Section 3 provides an overview
f the observational characteristics of SKA O’ s tracers and the
W data sets used in this analysis, while Section 4 presents the
isher formalism adopted to forecast parameter constraints. In
ection 5 , we present our results for the clustering bias of GWs
nd in Section 6 , we e xplor e the detection of relativistic effects.
urther, Section 7 introduces the triple-correlation analysis using
T, H i IM, and LSST. Finally, we summarize our conclusions in
ection 8 . 

 N U M B E R  COUNT  FLUCTUATION  

n this section, we briefly summarize the relevant equations de-
cribing the number counts (or density contrast) and the relativis-
ic effects in both luminosity distance and redshift space. How-
v er, a more complet e description is either found in Appendix A
r in S. Zazzera et al. ( 2025 ). 

We first define the linearly perturbed line element in the con-
ormal Newtonian gauge, used to derive the results listed below: 

 s 2 = a 

2 ( η) 
[−( 1 + 2�)d η2 + (1 − 2�) δab d x a d x b 

]
, (1) 

here � and � are the metric potentials and η is conformal time.
The observed density contrast for tracer A, measur ed thr ough

he distance type X (i.e. either redshift z or luminosity distance
 L ) can be e xpr essed in terms of different contributions as (C.
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onvin 2008 ; A. Challinor & A. Lewis 2011 ; J. Fonseca et al. 2023 )

( n , X ) = bδn + A 

X 
GRV ∂ r ( v · n ) + 

∫ r̄ 

0 
d r 

A 

X 
L 

r̄ 
��(� + �) 

+ A 

X 
D ( v · n ) + g X (�, �, r) . (2) 

n order, we have the matter density contrast with δn being the
ensity contrast in Newtonian gauge and b the clustering bias of 
he tracer in question; then follows distortions from the gradient 
f radial velocity, lensing magnification, Doppler term and the 
nal term, g X (�, �, r) is a function grouping together further
ub - dominant relativistic corrections (consisting of the metric 
otentials and related derivatives and integrals), with r being the 

omoving position r = 

∫ 
d z ′ /H. Different tracers are measured

hrough a different distance measure; for instance galaxies are 
 edshift tracers, wher eas G Ws ar e measur ed in luminosity dis-
ance space. Thus, depending on which tracer is used, the ampli-
udes of each contribution to the number counts have different 
orms. An int erest ed r eader can find the full e xpr ession for each
n both redshift space (RS) and LDS in Appendix A . 

Notably, A L and A D [and several terms inside g X (�, �, r) ] are
ound to be dependent on two other tracer-specific parameters, s 
nd b e . These ar e, r espectiv ely, the magnification and ev olution
iases of a given tracer. An in-depth analysis of these parameters
or galaxies and IM is presented in R. Maartens et al. ( 2021 ), and
or GWs in S. Zazzera et al. ( 2024 ). 

Fr om her e, one can e xpand these fields into spherical harmon-
cs and construct the angular power spectrum. As the data are 
sually binned into distance intervals, we e xpr ess the angular
ower spectrum for the i th and jth bin as 

 

i j 
	 = 4 π

∫ 
d ln k �A,i 

	 ( k)�B, j 
	 ( k) P R 

( k) , (3) 

here P R 

(k) is the power spectrum of primordial perturbations 
nd R is the curvature perturbation. This is effectively cross- 
orrelating counts of tracer A in the i th bin with those of tracer
 in bin j. The functions �A,i 

	 (k) include the transfer functions
eeded to relate the primordial perturbations to the contributions 

o the observed number counts in equation ( 2 ), and can be found
n J. Fonseca et al. ( 2023 ) for a tracer in luminosity distance space.

 S U RV E Y S  

n this section, we provide the properties of the surveys and trac-
rs used, in both the radio and G W domains. We addr ess e xpr es-
ions for the number densities, and clustering, magnification, and 

volution biases. 

.1 Radio tracers 

e consider three different radio tracers in this paper: H i galax-
es, radio continuum galaxies, and H i IM. 

For the former two, the approach is almost identical to the one
aken in S. Zazzera et al. ( 2025 ). We start by modelling the number
ensity of observed sources for H i galaxies, which is dependent 
n the flux density threshold S rms and on the observed line profile,
.e. how well the hydrogen spectral line is resolved. The resulting
ux threshold becomes (R. Maartens et al. 2021 ) 

 c ( z ) = S rms ( z ) 
N cut 

. (4) 

10 
n order to model the number density of H i galaxies, we follow
he results from S. Yahya et al. ( 2015 ), where the authors used
he S 3 –SAX simulation (D. Obreschkow et al. 2009 ). Here, each
alaxy has a redshift, H i luminosity and line profile, allowing
or the extraction of the following fitting formula as a function
f redshift and detection threshold: 

 

H i 
g ( z , S c ) = 10 c 1 (S c ) z c 2 (S C ) exp [ −c 3 ( S c ) z ] deg −2 . (5) 

he parameters c 1 , c 2 , and c 3 depends on the flux sensitivity S c 
sed, and are reported in table 3 of S. Yahya et al. ( 2015 ). We adopt
 c = 100 for SKAO1, and S c = 5 for SKAO2 (M. G. Santos et al.
015 ; S. Yahya et al. 2015 ). 

The clustering bias of H i galaxies is calculated with the same
imulation, resulting in 

 

H i , gal = c 4 (S c ) exp [ c 5 (S c ) z] , (6) 

or which we use the coefficients c 4 and c 5 from table 3 in S.
ahya et al. ( 2015 ). This is then inserted in equation ( 2 ) to relate

he number counts fluctuation to the underlying dark matter 
uctuation δN . 
Magnification and evolution bias are then evaluated using 

quation ( 5 ) following R. Maartens et al. ( 2021 ) 

 

H i ,gal = −5 
2 
∂ log N 

H i 
g 

∂ log S c 
, (7) 

 

H i ,gal 
e = 

∂ log N 

H i 
g 

∂ log a 

. (8) 

For our second radio tracer, radio continuum galaxies param- 
ters are instead found in table 3 in D . J . Bacon et al. ( 2020 ) for
he Wide Band 1 Survey . This lists the galaxy number density,
lustering bias, and magnification bias at differ ent r edshift bins.
o obtain the evolution bias, we compute a numerical derivative 
f the resulting number density with respect to redshift, similarly 
o equation ( 8 ). 

Our third radio tracer is H i IM. H i IM differs to standard
alaxy surveys as the method does not measure individual ob- 
ects, but rather the total 21 cm emission in each vo x el (i.e. a three-
imensional pixel given by telescope beam and frequency chan- 
el width). The H i brightness temperature at redshift z and in
ir ection n is pr oportional t o the observ ed number of H i emitt ers
er redshift per solid angle N H i 

 H i ( z , n ) ∝ 

N H i ( z , n ) 
D 

2 
A ( z , n ) 

, (9) 

here D A is the area distance. This is poorly constrained by cur-
ent observations and we use the fit of M. G. Santos et al. ( 2017 ) 

 H i = 0 . 055919 + 0 . 23242 z − 0 . 024136 z 2 . (10) 

ow ev er, equation ( 9 ) implies conservation of surface brightness,
ielding no magnification bias. In fact, for IM equation ( 2 ) is
lightly different (A. Hall, C. Bonvin & A. Challinor 2013 ) but one
an recover it using the expression in RS setting 

 

H i = 

2 
5 

. (11) 

o calculate the evolution bias for IM, we follow R. Maartens et al.
 2021 ), noticing that equation ( 9 ) implies that at the back gr ound
ev el, w e hav e 

 H i ∝ 

n H i r 2 H 

−1 

a 

2 r 2 
∝ 

(1 + z) 2 

H 

n H i , (12) 

here n H i is the comoving number density of H i emitters in the
our ce r est frame. Thus, w e can writ e (J . F onseca, R. Maartens &
MNRAS 547, 1–12 (2026) 
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. G. Santos 2018 ; S. Jolicoeur et al. 2021 ): 

 

H i 
e = − ∂ log n 

H i 

∂ log (1 + z) 

= − ∂ log T H i 

∂ log (1 + z) 
− ∂ log H 

∂ log (1 + z) 
+ 2 . (13) 

e then use equation ( 10 ) and assume a Lambda cold dark matter
 �CDM) universe for H( z ) to compute the evolution bias of H i
M. These parameters are all inserted in equation ( 2 ) through the
mplitudes of the corrections terms such as A L and A D , which are
 xpr essed fully in Appendix A . 

.2 GWs 

o model the population of G W sour ces we follow the prescrip-
ions already provided in S. Zazzera et al. ( 2025 ). 

In this w ork, w e focus on GWs emitted by a population of 
BHs. We do not focus on binary neutron stars (BNs) or neutron
tar–black hole (NSBH) mergers for simplicity. Accounting for
hem would r equir e separate modelling of the intrinsic merger
ate and chirp mass distribution for each, and consequently of 
heir related magnification and evolution bias, together with as-
uming a form of their clustering bias. Furthermore, as the fore-
asted number of detections are significantly higher for BBHs
ith ET (M. Punturo et al. 2010 ; F. Iacovelli et al. 2022 ; M. Branch-

si et al. 2023 ), we chose to only consider these events. We assume
hese to follow a standard Madau–Dickinson rate from P. Madau
 M. Dickinson ( 2014 ) and C. Ye & M. Fishbach ( 2021 ): 

 GW 

( z ) = R 0 
(1 + z) 2 . 7 

1 + ( 1+ z 
2 . 9 ) 5 . 6 

, (14) 

ith R 0 providing the merger rate at z = 0 , given by R. Abbott
t al. ( 2021 ) and LIGO -VIRGO -KAGRA Collaboration ( 2022 ) as
 0 = 23 . 9 Gpc −3 yr −1 . The values used in equation ( 14 ) are not

ully known and in this paper, we fix them to follow a regular
adau–Dickinson model. This assumption relies on the fact that

strophysical BBHs are the results of stellar processes, and would
her efor e follow a rate akin to the stellar formation rate. We can
hen set the amplitude R 0 to match LVK observations, and when
G det ect ors will come online, we will have better constraints
n the rest of the parameters. Modifications to the merger rate
ill result in different values of the magnification and evolu-

ion biases, thus impacting the angular power spectrum of GWs.
oreover, it will yield a new estimate of the shot noise. 
The number density of observed G W sour ces follows previous

tudies (M. Oguri 2018 ; S. Zazzera et al. 2024 ) as: 

 GW 

( z ) = τ
R GW 

( z ) 
1 + z 

∫ 
d M φ( M ) S( ρth ;M , z ) , (15) 

here τ is the observation time of the det ect or, R GW 

( z ) is the
ntrinsic merger rate in equation ( 14 ), φ(M ) is the chirp mass

 distribution, with 

 ≡ (m 1 m 2 ) 3 / 5 

(m 1 + m 2 ) 1 / 5 
. (16) 

he survival function S(ρth ;M , z) simply imposes whether an
vent of chirp mass M at redshift z is det ect ed assuming a cer-
ain signal-to-noise ratio (SNR) threshold ρth , and contains the
ower spectral density of the experiment, thus making each bias
et ect or -dependent. For an O5-lik e e xperiment (B . P. Abbott et al.
020 ) we assume a detector comprising of the advanced Laser
nt erferomet er Gra vitational-Wa v e Observat ory (LIGO) (J. Aasi
NRAS 547, 1–12 (2026) 
t al. 2015 ), Virgo (F. Acernese et al. 2014 ), and Kamioka Grav-
tational Wave Detector (KAGRA) (B. P. Abbott et al. 2016a ),
hereas for ET we assume an L-shape detector with 10 km arms 1 

A. Abac et al. 2025 ). An int erest ed r eader can find a full e xpla-
ation of the survival function S(ρth ;M , z) in L. S. Finn ( 1996 ),
. Oguri ( 2018 ), and S. Zazzera et al. ( 2024 ). 
Following S. Zazzera et al. ( 2024 ), the magnification and evo-

ution biases for each G W e xperiment ar e defined as 

 

GW ≡ −1 
5 
∂ log n GW 

∂ log ρth 

∣∣∣∣
a 
, (17) 

 

GW 

e ≡ ∂ log n GW 

∂ log a 

∣∣∣∣
ρth 

, (18) 

here ρth is the SNR threshold of detection, which we set to ρth =
 . This is used instead of the flux, commonly used in the galaxy
ounterpart. 

Finally, the redshift dependence of the clustering bias is mod-
lled as in S. Zazzera et al. ( 2025 ) as: 

 

GW = B (1 + z) α , (19) 

here B and α are now key parameters of interest to be con-
trained with our cr oss-corr elation observables. One should note
hat such a simple linear model was found to suffice in describing
he bias of GW events using simulations (S. Libanore et al. 2021 ).
quation ( 19 ) is then cast into equation ( 2 ) to link the observed
umber density contrast to the underlying dark matter fluctua-

ions. 

 F I S H E R  FORMALISM  

he construction of the Fisher matrices employed in this paper
ollows section 4 of S. Zazzera et al. ( 2025 ). It holds for a GW
urv eys as w ell as any galaxy surv ey in the optical or in the ra-
io. Ther efor e, we only report the most significant equations and
hanges when including H i IM into the tracer’s pool. 

In a multitracer approach, using a GW survey and an H i sur-
 ey, w e can r epr esent schematically the data covariance matrix
s: 

	 (z i , z j ) = 

[ 

�H i , H i 
	,i j �H i , GW 

	,i j 
�GW , H i 

	,i j �G W , G W 

	,i j 

] 

, (20) 

he data covariance is defined as 
i j 
	 = C 

i j 
	 + N 

i j , (21) 

here C 

i j 
	 is the angular power spectrum of bins i, j (equation 3 ),

nd N 

i j is the related noise power spectrum, generally indepen-
ent of the multipole 	 . The noise angular power spectrum for a
iscreet tracer is dominated by the shot noise 

 

A 
i = 

1 
N 

A 
i 

, (22) 

here N 

A is the number of objects (galaxies or GWs) per steradian
n the i th bin 

 

A 
i = 

∫ 
d z n 

A ( z ) W ( z , z i ; �z i , σ z 
i ) . (23) 

https://apps.et-gw.eu/tds/?content=3\&r=18213
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Table 1. Summary of specifications of the surveys considered. We dis- 
play the redshift range, size of z bins used, i.e. �z, the redshift scatter σz 
and the area of the sky sampled. 

Survey z-range �z σz A survey 

O5 -like [0 −1 . 4] 0.4 0.2 4 π
ET -like [0 −3 . 0] 0.7 0.1 4 π
SKA1-MID [0 . 35 −3 . 0] 0.1 0.005 20 000 deg 2 

SKAO H i gal [0 −0 . 5] 0.1 0 . 001(1 + z) 5000 deg 2 

SKAO2 H i gal [0 . 1 −2 . 0] 0.1 0 . 02(1 + z) 20 000 deg 2 

Radio continuum [0 −3 . 0] 3.0 0 . 02(1 + z) 20 000 deg 2 
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Figur e 1. Measur ement of the amplitude of the clustering bias of GW 

sources ( B ) by cross-correlating different pairs of GWs det ect ors and radio 
surveys. Faint lines show r esults fr om only 1 yr of observation, whilst bold 
lines include the (predicted) full length of the experiment. In the case of 
an ET-like det ect or w e only adopt 5 yr of observation to show the potential 
with simply half their predicted run time. On t op, abov e the dash line, w e 
add the result from S. Zazzera et al. ( 2025 ) using an ET ×LSST-like as a 
mean of comparison for the results when one combines GW with radio 
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ere, n 

A is the comoving number density of objects as function
f redshift, W the window function centred at z i , bin size �z i , and
edshift scatter σ z 

i = σ0 (1 + z) . 
Whilst the above is applied for H i galaxies and continuum, for
 i IM the shot noise is negligible. The relevant noise term is the

nstrumental variance in a voxel . The noise contribution to the
ngular power spectrum is 

 

instr = T 

2 
sys 

�surv 

2 N dish τ�ν

, (24) 

here T sys is the system temperature, �surv the sky coverage, N dish 
he number of dishes employ ed, τ the int egration time, and �ν

he bandwidth of each frequency channel. 
The window function W to define the binning is then given by

 combination of error functions following (Z. Ma, W. Hu & D.
uterer 2006 ; J.-A. Viljoen, J. Fonseca & R. Maartens 2021 ): 

 ( z , z i ; �z i , σ z 
i ) = 

1 
2 

[ 

erf 

( 

z i + δz i − z √ 

2 σ z 
i 

) 

− erf 

( 

z i − δz i − z √ 

2 σ z 
i 

) ] 

(25

or galaxies and GWs σ z 
i is large enough to produce a Gaussian-

ike window; how ev er, in the case of H i IM, redshift uncer-
ainty is much lower, thus yielding a smoothed top-hat window 

unction. 
A list of the values of σz is found in Table 1 for each survey. In

he case of cr oss-corr elating differ ent tracers we set, for simplic-
ty, the corresponding shot noise to zero, i.e. N 

i j = N 

i δi j . Shot-
oise comes from the correlation function at the same object. 
e do expect that some objects may overlap between a GW and

 alaxy catalog . One can model the cross-shot noise as propor-
ional to the number density from the overlap in halo mass range
f the two tracers weighted by the number densities of each tracer
n consideration. Ther efor e, we e xpect the ov erlap t o be small, i.e.
ow cross-shot noise. For more details we refer to appendix A of J.-
. Viljoen, J . F onseca & R. Maartens ( 2020 ). We understand that

he results obtained will therefore be slightly optimistic, although 

n the context of a Fisher analysis we consider this acceptable. 
We then multiply the H i intensity mapping angular power 

pectrum with a beam to account for the angular resolution of 
he experiment 

 (θfwhm 

) = exp 

[
− θ2 

fwhm 

16 log 2 

]
, (26) 

ith θfwhm 

= 1 . 22 
λ

D 

and D being the antenna aperture, which for
he SKAO is D = 15 m. 

Finally, to account for sky localization uncertainty we apply to 
he angular power spectra of GWs a beam, i.e. B 	 C 

GW 

	 . We assume
hat to first-order we can model this as Gaussian: 
 	 = exp 

(
−	 (	 + 1) 

16 ln 2 
θ2 

res 

)
, (27) 

here we set the GWs resolution θres to 20 ◦ for an O5-like sur-
ey (E. J. Howell et al. 2017 ), and 5 ◦ for ET (S. Libanore et al.
022 ), consistent with distribution of localization of 3G data (M.
untur o et al. 2010 ; B . Sathy apr akash et al. 2012 ). This effectively
educes the signal at smaller scales due to the limiting resolution
f the det ect or. 

The Fisher matrix is then constructed following L. R. Abramo 
t al. ( 2022 ): 

 

μν

	̄ 
= 

f sky 

2 
∑ 

	 ∈ ̄	 
(2 	 + 1) Tr 

{
∂ �

ıj 
	 

∂ ϑ 

μ

[
�

jı ′ 
	 

]−1 ∂ �
ı ′ j ′ 
	 

∂ ϑ 

ν

[
�

j ′ ı 
	 

]−1 
}

, (28) 
MNRAS 547, 1–12 (2026) 
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here θ is a parameter vector and f sky is the fraction of sky
bserved. For the purposes of this study, for GW detectors we
ppr o ximate f sky = 1 . In reality, the source location relative to the
W det ect or netw ork will impact its localization. The sky area for

alaxy surveys is found in Table 1 . 
Finally, in our Fisher matrix analyses we will always consider,

nd marginalize over, the standard cosmological parameters as a
ore set: 

 = { H , � , � , A , n } , (29) 
NRAS 547, 1–12 (2026) 

c 0 b cdm s s 
et to the fiducial values given by Planck 2018 results (Planck
ollaboration VI 2020 ). 

 C LU ST E R I N G  B I A S  

ur first analysis is t o t est the synergies between G W e xperiments
nd different radio surveys in constraining the amplitude of the
lustering bias of GWs from equation ( 19 ). We use a modified
ersion of the code camb presented in J. Fonseca et al. ( 2023 )
n order to compute the angular power spectrum of GWs in LDS.
n this first analysis, we include the magnification and evolution
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iases to compute the C 	 , however we keep them as fixed param-
t ers t o focus our attention solely on the clustering bias. Forecasts
n s GW and b GW 

e will follow in Section 6.2 . 
Using equations ( 22 )–( 28 ) we construct Fisher matrices for

ach combination of surveys using the set of parameters 

 = { B, α, ϑ c } , (30) 

here B and α are defined in equation ( 19 ) and ϑ c represents the
osmological parameters and is e xpr essed in equation ( 29 ). Thus
e are assuming that all parameters related to H i galaxies or
 i IM (such as clustering, magnification, and evolution bias, or
 i brightness temperature) are known and fixed, effectively not 
arginalizing over them. This is similar to the forecasts described 

n S. Zazzera et al. ( 2025 ). 
In Fig. 1 , we show the forecasts on the amplitude of the cluster-

ng bias of GWs, i.e. B from equation ( 19 ), using cross-correlations
etween either LVK Observing run 5 or ET, and different H i
urv eys. In particular, w e show the 1 σ uncertainty on B using
hin, fainter lines indicating only 1 yr of observations, and bolder
nes for results assuming a full-length survey. We find that an H i
alaxy survey from SKAO does not yield significant results when 

orrelated with the next LVK Observing run or with ET. This is
ikely to be because of the low redshifts probed by these galax-
es ( z < 0 . 5) , thus not having many bins which would overlap
ith the ones probed by GWs. Therefore, few bins would actu- 

lly shave a signal for the density–density correlation, which is 
he one carrying the information on the clustering bias, between 

he two tracers (i.e. only those for which z < 0 . 5 ). Interestingly,
ignificant synergy is found when using H i IM, both with O5 and
ith ET. In particular, cr oss-corr elating O5 with an H i IM survey
uch as the Wide Band 1 Survey would result in ∼ 10 per cent
rror on B , whilst using data from ET would shrink the forecasted
rror to below 2 per cent assuming 5 yr of observations from ET
nd 10 k h for SKA1-MID. 

This is by far the best result between the differ ent cr oss-
orrelations, as the two surveys cover the same redshift range 
nd SKA1-MID can achieve low shot noise as opposed to the
ther radio galaxy surveys considered. Interestingly, the results 
btained with an ET ×H i IM-like correlation are ev en bett er than
hose produced in S. Zazzera et al. ( 2025 ) using an ET ×LSST-like
ne. For illustration purposes we add these at the top of Fig. 1 in
lack. 

Considering an ET ×H i IM-like cr oss-corr elation, we then look
t the clustering bias as a function of redshift. We do this by
ampling the distribution of both B and α and evaluating the cor-
esponding value of the clustering bias b following equation ( 19 ).
urther, w e comput e the mean and standard deviation at every
edshift value for each sample. The resulting 1 and 2 σ errors as
unctions of r edshift ar e then plotted on the left-hand side of Fig .
 . Furthermore, we plot the values of the 1 and 2 σ error on the
easur ement of b ag ainst z on the right-hand panel, both for

ust 1 yr of observation and for 5 yr of ET data and 10 k h of 
KA1-MID. We also add, in faint grey lines, the 1 and 2 σ for an
T ×LSS T-like cr oss-corr elation for comparison. 
Strikingly, cr oss-corr elating ET-like data with an H i IM-like

urv ey produces bett er constraints on the clustering bias of GWs
cross all redshifts as opposed to cross-correlating with a galaxy 
urvey such as LSST, despite the latter covering the same z-range
s SKA1-MID. Lower noise for the H i survey increases the sig-
al in particular at 1 < z < 2 , where the forecasted uncertainty
eaches a minimum. This strongly reflects our modelling of the 
umber density of GWs sources as w e adopt ed a simple Madau–
ickinson rate (see Section 3 ), which in fact peaks within this

ange. We forecast that cross-correlating ET-like data with an H i
M surv ey w ould yield competitiv e, if not bett er, results on the

easurement of the clustering bias of GWs even with just 1 yr
f observations, as the 1 σ error is less than 5 per cent across the
hole redshift range probed. 

 R E L AT I V I ST I C  EFFECTS  

.1 Measurement of GR effects 

e further e xplor e the synergies between GWs and radio sources
nd turn our attention to forecasting different relativistic effects. 
e compute this by coupling the terms in equation ( 2 ) to a

ummy amplitude ε which we set to 1, implying 

= �δ + εLSD �LSD + εL �L + εD �D + εP �P . (31) 

her efor e, similarly to what has been done in S. Zazzera et al.
 2025 ), we for ecast measur ements of LSD, Lensing, Doppler, and
urther GR corrections (mostly potentials, hence the subscript P ) 
y measuring if we can constrain the respective amplitudes ε. 
ote that εP is coupled to the last term in equation ( 2 ). Consider-

ng the results of the previous section, we only forecast these mea-
urements for an ET ×H i IM-like cr oss-corr elation. We pr esent
he contour ellipses in Fig. 3 . The parameters selected for this
nalysis are then 

= { B, α, ε , ε , ε , ε , ϑ } , (32) 
MNRAS 547, 1–12 (2026) 
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llowing to check for degeneracies between clustering bias pa-

ameters and relativistic effects. 
In fact, one can immediately see that B and α, which build

he clustering bias of G Ws, ar e degenerate with both the lensing
easurement εL and strongly with the measurement of the lumi-

osity distance space distortions, εLSD . 
The confidence on the measurement of the relativistic effects

s gr eatly incr eased with 5 yr of G W data; for instance the err or
n εL shrinks of a factor of 10 to roughly 10 per cent. Notably,
he signal on the LSD contribution, i.e. the radial velocity effect,
s particularly str ong, r eaching an err or of ∼ 7 per cent with 5 yr-
NRAS 547, 1–12 (2026) 
orth of data. Doppler and further relativistic corrections remain
nobservable instead. 
It is interesting to compare these results with those presented

ith a cr oss-corr elation of G Ws fr om a third-generation de-
 ect or with phot ometric g alaxies fr om an LSS T-like survey (S.
azzera et al. 2025 ). Whilst the lensing appears more easily de-

ectable thr ough corr elations with g alaxies (r eaching and err or
f ∼ 3 per cent ), the error on εLSD is improved by a few per cent
ith cr oss-corr elations with IM, going below the 10 per cent error

rom the previous study. In the case of IM, lensing is suppressed
s hinted in Section 3 . Ther efor e, the C 	 in equation ( 20 ) will
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experiment. 
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nclude lensing–lensing correlations only in the lower right quad- 
ant, i.e. the autocorrelation of GWs. In fact, as �H i 

L = 0 , both
utocorrelation of H i lensing and cross-correlation H i lensing 

GW lensing will yield zero. Therefore, the signal on the lensing
orr ection, εL is gr eatly r educed. How ev er, this implies then that
he contribution to the number count fluctuation in equation ( 2 )
iven by the LSD term is much more significant, yielding in fact
 stronger signal than the cross-correlation with galaxies. 

.2 Magnification and evolution bias 

e also produce forecasts on the magnification and evolution 

iases of GWs, in a similar fashion to S. Zazzera et al. ( 2025 ), that
s, constr aining the v alues of s GW and b GW 

e at differ ent r edshift
ins. Thus, we construct a Fisher matrix with parameters 

 = { B, α, s GW (z k ) , b GW 

e (z k ) , ϑ c } , (33) 

here z k runs over the z-bins. However, whilst ET’s redshift range 
tarts close to the observer, H i IM covers the range z ∈ [0 . 35 , 3 . 0] .
hus, we show only the constraints on the biases at redshifts
overed by both surveys. Similarly to the previous section, we 
nly show results with the combination of surveys that provided 

he best results in Section 5 , i.e. ET ×H i IM-like. We display the
esults in Fig. 4 , where on the top panel we show the forecasted

easure of an ET-like s GW and on the bottom panel the corre-
ponding b GW 

e . 
The r esults ar e competitive with the ones displayed in our pre-

ious study using an ET ×LSST-like cross-correlation, especially 
n the redshift range 1 . 5 < z < 2 . 5 , wher e shot noise of G Ws
s greatly reduced due to the higher number of sources in the

adau–Dickinson rate used. 
We then check for a possible degeneracy between s GW and b GW 

e 
nd the other parameters b, α, εL , εLSD , εD , εP . As an example, we
how the forecasts on these parameters [looking at s GW (z = 2 . 0)
nd b GW 

e (z = 2 . 0) ] in Fig. 5 , showing no strong degeneracy be-
ween the biases and the other parameters. 

 EXTENSION  W I T H  GAL A X I E S  

aving e xplor ed synergies between futur e G W e xperiments and
adio surv eys, w e now ext end this w ork t o include all possible
racers by adding optical galaxy surveys. In particular, we can 

onstruct a cr oss-corr elation of ET-like data, H i IM data from an
KA1-MID-like surv ey, and phot ometric g alaxies fr om an LSS T-
ike survey. Details of the latter can be found in S. Zazzera et al.
 2025 ). Effectively, this constructs all possible cr oss-corr elations
etween the three tracers: H i ×H i , H i ×GWs, H i ×Gal, GW×Gal
tc... and produces a data covariance matrix of the form: 

	 (z i , z j ) = 

⎡ 

⎢ ⎢ ⎣ 

�H i , H i 
	,i j �H i , Gal 

	,i j �H i , GW 

	,i j 

�Gal , H i 
	,i j �Gal , Gal 

	,i j �Gal , GW 

	,i j 

�GW , H i 
	,i j �GW , Gal 

	,i j �G W , G W 

	,i j 

⎤ 

⎥ ⎥ ⎦ 

. (34) 

e can then produce forecasts over the full list of parameters
irectly 

 = { B, α, s GW (z k ) , b GW 

e (z k ) , εL , εLSD , εD , εP , ϑ c } . (35) 

irst, we show the results for the paramet ers of the clust ering bias
n Fig. 6 . These yield sub-per cent precision on the amplitude B
s opposed to the ∼ 2 per cent error predicted in Section 5 using
nly GWs and IM. 
MNRAS 547, 1–12 (2026) 
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The increase in precision is also found in the constraints on
oth the magnification and evolution biases, s GW and b GW 

e , which
e show in Fig. 7 . 
Finally, we also show the constraints on the measurement of 

iffer ent r elativistic effects (Lensing, LSD, Doppler, and the sub-
ominant GR effects – see Section 6 ) in Fig. 8 . We show the
onstraints given by this triple correlation of tracers using both 1
nd 5 yr of data. To ascertain whether a particular tracer – or com-
ination of – is dominating the information on these parameters,
e also include the autocorrelation of galaxies (in green) and the
NRAS 547, 1–12 (2026) 
r oss-corr elation of g alaxies and intensity mapping (in purple),
oth assuming 5 yr of data. As both galaxies and neutral hydrogen
r e r edshift tracers, we do not include constraints on the radial
 elocity dist ortions in LDS – i.e. the LSD – as they instead carry
nformation on the redshift space distortions (RSDs). 

Interestingly, whilst the autocorrelation of galaxies alone can
ield around a 5 per cent uncertainty on the measurement of the
ensing correction, including GWs brings the error down to lower
han 2 per cent. Adding GWs can also significantly increase the
recision on other relativistic effects. In particular, the signal on
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he Doppler term goes from being poorly constrained to being 
easured with a rough uncertainty of ∼ 15 per cent . 

 DISCUSSION  AND  CONCLUSIONS  

n this paper, we analysed synergies between future GW experi- 
ents and upcoming radio surveys. In particular, we presented 

orecasts on the clustering, magnification, and evolution bias of 
r avitational w aves from binary black hole mergers, and on the
etectability of different relativistic effects. 
We established that cr oss-corr elating G W data fr om a thir d-

eneration ground-based det ect or and an IM survey such as
KA1-MID would produce high-quality constraints on the clus- 
ering bias of GWs, achieving an error on the amplitude of b GW 

ower than 2 per cent. Interestingly, IM showed the best synergy
ith G W e xperiments, r esulting in good pr ecision on the ampli-

ude of b GW when cr oss-corr elating with data from an O5-like ex-
eriment as well, achieving precision of about 5 per cent using the
redicted full length of the O5 run. This can be explained by the

arge redshift range covered by an IM survey such as SKA1-MID. 
n fact, this would cover a range 0 < z < 3 , perfectly overlapping
ith the range covered by ET, and covering the entirety of that

f O5. The more bins overlap and the larger the signal on the
ensity term in equation ( 2 ) will be, which is the dominant term

n the number counts fluctuation (at least until high redshifts). 
dditionally, the shot noise for an SKAO IM survey is predicted to
e advantageous compared to other tracers such as radio galaxies, 
hus improving the error on the parameters considered. 

Further, we also compare our forecasted results with a previous 
nalysis cr oss-corr elating G Ws with photometric g alaxies fr om
n LSST-like survey (S. Zazzera et al. 2025 ). We show that cross-
orr elating G Ws and IM can yield better results on the clustering
ias of gravitational waves, especially when considering the error 
n b GW as a function of redshift. In Fig. 2 , we show that simply
r oss-corr elating 1 yr of GW data with an IM survey such as
KA1-MID can produce constraints similar to those obtained by 
r oss-corr elating 5 yr of GW and photometric galaxy data. Ad-
itionally, we forecast that with 5 yr of observ ation, an E T ×H i
orrelation would yield a 2 σ precision of less than 2 per cent up
ntil z = 2 . 5 . 
We also produce constraints on the magnification and evo- 

ution biases of G Ws. Initially, cr oss-corr elating G Ws with IM
r oduced r esults comparable to the ones obtained by cr oss-
orrelating with photometric galaxies (S. Zazzera et al. 2025 ). 
ow ev er, significantly bett er results are obtained with a triple

orr elation of tracers, i.e. G Ws, IM and photometric g alaxies.
sing all three tracers, the uncertainty on the values of s GW and
 

GW 

e is reduced by a factor of 10. As these parameters are depen-
ent on both the intrinsic merger rate of BBH mergers and on
heir chirp mass distribution, constraining them would provide a 
irect handle on constraining these intrinsic properties of BBHs. 
. Zazzera et al. ( 2024 ) showed that two slightly different primary
ass distribution, Power Law + Peak (used in this paper) and 

r ok en Power Law , result in almost identical expressions of the
iases, thus having a much less significant impact. Ther efor e,
onstraining the values of s GW and b GW 

e would yield a consistency
heck with the measured merger rate of BBHs. 

Using a cr oss-corr elation of these thr ee differ ent tracers,
e also forecast constraints on different relativistic effects, 
amely the lensing correction, LDS distortions, Doppler, and sub- 
ominant GR effects. Significant constraints can be achieved for 
he lensing correction also with only the galaxy autocorrelation 
r the cr oss-corr elation of photometric g alaxies and IM. How-
ver, adding gr avitational w aves increases the precision on the
easurement of these effects by a large amount. We forecast an

ncertainty on the measurement of the lensing term of less than 2
er cent, and the possibility of measuring the Doppler term with
round 15 per cent error, thus at a 6 . 7 σ lev el. Furthermore, w e
how for the first time that the gravitational potential terms can
e det ect ed in LSS (at 3 σ ), which are below the cosmic variance

imit for two tracers. This is an important result, as it opens up
he possibility of testing gravity in large-scale structure studies 
ith GWs. Different modified gravity theories would result in an 

lt ernativ e e xpr ession for the number counts (as inv estigat ed in
.g. A. Balaudo et al. 2024 ), especially affecting terms such as
he lensing term. Measuring the latt er w ould then help constrain
ifferent modifications of gravity. 
To conclude, we highlight a synergy between IM and fu- 

ur e G W e xperiments, particularly as cr oss-corr elations of the
w o tracers w ould yield pr ecise measur ements of the clustering
ias of gravitational wav es. Furthermore, w e show ed that cross-
orr elating G W, IM, and photometric g alaxies alt ogether w ould
roduce tight measurements of the lensing effect on the number 
ounts ( < 2 per cent ) and other relativistic effects such as the LDS
istortions and Doppler term. 
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P P E N D I X  A:  A M P L I T U D E S  

n this section, we show the number counts fluctuation for both
edshift tracers and luminosity distance tracers. First, we write
ut the general e xpr ession ag ain for clarity: 

( n , X ) = bδn + A 

X 
GRV ∂ r ( v · n ) + 

∫ r̄ 

0 
d r 

A 

X 
L 

r̄ 
��(� + �) 

+ A 

X 
D ( v · n ) + g X (�, �, r) . (A1) 

hen, we list the amplitudes for a redshift space tracer like galax-
es or H i IM, i.e. X = z: 

 GRV = A RSD = − 1 
H 

, (A2) 

 D = 

5 s − 2 
r̄ H 

− 5 s + b e − H 

′ 

H 

2 , (A3) 

 L = 

1 
2 

(5 s − 2) 
r̄ − r 

r 
. (A4) 

e note that ̄r is the source’s position and r the integral’s comov-
ng distance, and s and b e the magnification and evolution biases.

For a tracer living in LDS such as GWs, the amplitudes of the
orrections to the number counts instead read: 

 GRV = A LSD = − 2 γ
H 

, (A5) 
 D = 1 − −2(γ + β ) , (A6) 

 L = 

1 
2 

[(
r̄ − r 

r 

)
(β − 2) + 

1 
1 + ̄r H 

]
. (A7) 

ere, we define γ ≡ r̄ H / ( 1 + ̄r H) , and 

≡ 1 − 5 s GW + γ

[
2 

r̄ H 

+ γ

( H 

′ 

H 

2 −
1 

r̄ H 

)
− 1 − b GW 

e 

]
, (A8) 

here s GW and b GW 

e are the magnification and evolution biases,
espectively. 
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