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Abstract. Two of the most rapidly growing observables in cosmology and astrophysics are
gravitational waves (GW) and the neutral hydrogen (HI) distribution. In this work, we inves-
tigate the cross-correlation between resolved gravitational wave detections and HI signal from
intensity mapping (IM) experiments. By using a tomographic approach with angular power
spectra, including all projection effects, we explore possible applications of the combination
of the Einstein Telescope and the SKAO intensity mapping surveys. We focus on three main
topics: (i) statistical inference of the observed redshift distribution of GWs; (ii) constraints
on dynamical dark energy models as an example of cosmological studies; (iii) determination
of the nature of the progenitors of merging binary black holes, distinguishing between pri-
mordial and astrophysical origin. Our results show that: (i) the GW redshift distribution can
be calibrated with good accuracy at low redshifts, without any assumptions on cosmology
or astrophysics, potentially providing a way to probe astrophysical and cosmological models;
(ii) the constrains on the dynamical dark energy parameters are competitive with IM-only
experiments, in a complementary way and potentially with less systematics; (iii) it will be
possible to detect a relatively small abundance of primordial black holes within the gravi-
tational waves from resolved mergers. Our results extend towards GW × IM the promising
field of multi-tracing cosmology and astrophysics, which has the major advantage of allowing
scientific investigations in ways that would not be possible by looking at single observables
separately.
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1 Introduction

Since the first detection of gravitational waves (GWs), originated from the merger of a Binary
Black Hole (BBH) of a total mass Mtot ∼ 60M� [1, 2] the interest towards the use of GWs
in astrophysics and cosmology has surged, due to the possibility of studying the Universe
through a new observational channel. Several detections have been made since then [3, 4],
opening the scientific path of gravitational waves astronomy.

Another observable that has recently emerged as extremely promising is the measure-
ment of the integrated emission from spectral lines coming from unresolved galaxies and the
diffuse intergalactic medium, the so-called Intensity Mapping (IM - see e.g., [5] for a compre-
hensive review). The IM technique allows probing large areas of the sky in a relatively small
amount of time, since it does not aim at resolving single galaxies: it measures the intensity
of a specific emission line in order to map the underlying matter distribution, treating it as
a diffuse background. Since we exactly know the emission frequency of the line under study,
the observed wavelength provides information on the radial position of the source, whereas its
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brightness temperature fluctuations describe how the underlying Large Scale Structure (LSS)
is distributed. The redshifted 21 cm line of neutral hydrogen is one of the most promising
targets for IM and several detections of the signal in cross-correlation with galaxy surveys
have already been achieved (see e.g., [6–9]). This tool potentially allows us to trace the LSS
over a vast range of redshifts, and for the focus of this work, from the end of the reionization
epoch (z ∼ 6) to the present day [10]. IM surveys have been proposed for the forthcoming
Square Kilometre Array Observatory (SKAO) [11] and are ongoing on its precursor MeerKAT
[12, 13], potentially bringing exquisite constraints for Cosmology [14–16]. Other purpose-built
experiments are taking data or will be build in the near future e.g. CHIME [17], FAST [18],
BINGO [19], Tianlai [20] and HIRAX [21].

Given the rapidly growing interest in both GW and IM, it is natural to investigate the
synergies and the scientific output that can be obtained through their combination. In fact,
cross-correlations of different tracers have been used already as a probe for cosmology. For
example, the cross-correlation between e.g., the LSS and the Cosmic Microwave Background
(see e.g., [22–31]), neutrinos (see e.g., [32]), various LSS tracers (see e.g., [33–36]) and even
GWs (see e.g., [37–50]). Finally, also the IM technique has been the subject of cross-correlation
studies, such as e.g., [51–63].

The advantage of considering maps of emission line intensity as observables is not limited
to the fact that they provide another LSS tracer. Intensity mapping measurements allow
performing a very refined tomography: knowing the expected emission wavelength of the line
under study allows for a precise and fine redshift distribution determination. In addition,
IM is able to cover large cosmological volumes with respect to resolved galaxy surveys, in a
relatively fast and inexpensive way.

In this work we aim at characterizing the cross-correlation signal between IM and GWs,
focusing on the IM of the neutral hydrogen (HI) from the proposed 21cm IM survey with
the SKAO and on resolved GW events from the merger of BBHs as detected by the Einstein
Telescope (ET) [64]. A cross-correlation signal is expected because both HI and GWs trace
the cosmic density field. Crucially, as we will see, they do so in different ways depending on
some underlying assumptions on both astrophysics and cosmology.

We then present a few possible applications by studying astrophysical and cosmologi-
cal tests that can be performed through the GW × IM cross-correlation and forecast their
potential when considering expected data from the SKAO and the ET.

Firstly, we investigate the possibility of calibrating the statistical redshift distribution
of GW events thanks to the cross-correlation with IM. This idea relies on the fact that, while
GWs are affected by a large redshift uncertainty (in case an electromagnetic counterpart is
not available, such as for BBHs), the IM provides uniquely refined tomographic information
on the observed signal. Since the HI is a good tracer of the LSS, by assuming that the BBH
have astrophysical origin, we would expect them to highly cross-correlate with the LSS and,
consequently, with the HI IM signal. This is a generally valid technique applicable when
considering two tracers, one of which is characterized by much smaller redshift errors than
the other; this was already addressed is several works in the literature (see e.g., references
[61, 63, 65–76]). Here we investigate, to our knowledge for the first time, its potential as a
method to obtain statistical redshift distributions for GW catalogs, which will provide a great
improvement in dark sirens and cross-correlation studies.

Secondly, we study how this observable could help constraining cosmological models.
As an example application, we focus on limits that will be possible to obtain for parameters
describing the time evolution of the dark energy equation of state.
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Thirdly, we tackle the issue of understanding the nature of the progenitors of the merg-
ing BBHs: evidences of the presence of Primordial Black Holes (PBHs) among the detected
mergers can be found by looking at how GWs trace the underlying matter distribution (and,
consequently, the HI IM signal) since different formation scenarios provide different predic-
tions [38, 39].

This manuscript is structured as follows: in section 2 we present the methodology used,
introducing the mathematical formalism for the cross-correlation angular power spectra and
then the Fisher matrix we use for our analyses; in section 3 we characterize our GW and HI
tracers; in section 4 we describe the GW statistical redshift distribution calibration applica-
tion; in section 5 we address the dynamical DE topic; in section 6 we tackle the determination
of the BBHs progenitors and in section 7 we draw our conclusions.

2 Methodology

In this section we introduce the mathematical formalism used in this work: in section 2.1 we
characterize the angular power spectra C`s and then in section 2.2 we describe the method-
ology adopted for obtaining our results, namely the Fisher matrix formalism.

2.1 Angular power spectra

The most natural way to compute cross-correlations is by looking at the 3D angular power
spectrum, C`, therefore calculating the correlation of distributions on concentric spheres.
This formalism has a long history in cosmology and was initially developed in [77, 78], and
subsequently applied to cosmological datasets in [79–82]; more recently it has been used
mostly for cross-correlations (e.g., [22]). The advantage of this formalism resides in the fact
that it naturally includes effects coming from large angular separations, the curvature of the
sky, and that it makes use of directly observable quantities such as angles and redshifts. The
drawback of having to calculate a large number or auto- and cross- bin correlations in the
case of many narrow redshift bins does not apply here as we do not have very good radial
information for the GWmaps. Moreover, recent theoretical developments allow us to compute
a large number of correlations in very short times (see [83, 84]).

In the following we describe the general formalism for this calculation for resolved events,
such as in the cases of e.g., galaxies or GW events, where C`s indicate number counts angular
power spectra. In section 3.2 we describe how this formalism can easily be extended to
non-resolved tracers such as HI from intensity mapping.

Defining the number count fluctuations of a tracer X at redshift z and direction n̂ as
δX(z, n̂), we can expand it in spherical harmonics Y`m(n̂) using the harmonic coefficients
aX`m(z), as

δX(z, n̂) =
∑
`m

aX`m(z)Y`m(n̂). (2.1)

The relation between the harmonic coefficients and the observed angular power spectrum
C̃XY` (zi, zj) (describing the cross-correlation of tracer X in redshift bin zi with tracer Y in
bin zj) is the covariance of the coefficients of the spherical harmonics expansion, given by:

〈aX`m(zi)a
Y ∗
`′m′(zj)〉 = δ``′δmm′C̃

XY
` (zi, zj), (2.2)

where δ stands for the Kronecker delta. Note that this expression is strictly valid only in the
case of isotropic and homogeneous fields (see [85]). For the case of this paper, however, we

– 3 –



will continue using the standard formalism derived from equation (2.2) because of the poor
angular and radial resolution of GW maps.

The aX`m(zi) coefficients are built from the partial wave coefficients of the signal and of
the noise

aX`m(zi) = sX`m(zi) + nX`m(zi). (2.3)

The observed angular power spectrum is then written as

C̃XY` (zi, zj) = CXY` (zi, zj) +NXY
` (zi, zj). (2.4)

The cross-correlation angular power spectrum of the signal and noise are computed from the
signal wave coefficients as (see e.g. [77, 79–82, 86, 87])

〈sX`m(zi)s
Y ∗
`′m′(zj)〉 = δ``′δmm′C

XY
` (zi, zj) (2.5)

〈nX`m(zi)n
Y ∗
`′m′(zj)〉 = NXY

`m (zi, zj). (2.6)

For the GW detecion we set up a SNR of 8 to guarantee detections and include a shot noise
term, while we use a combination of instrumental and foreground noises for IM (see section 3
for details on their explicit expressions). We also assume that signal and noise are statistically
independent, 〈sX`m(zi)n

Y ∗
`′m′(zj)〉 = 0. The 3D angular power spectrum of tracers {X,Y } at

redshifts {zi, zj} can be written as

CXY` (zi, zj) =
2

π

∫
dk

k
P(k)∆X,zi

` (k)∆
Y,zj
` (k), (2.7)

where P(k) = k3P (k) is the primordial power spectrum and

∆X,zi
` (k) =

∫ ∞
0

dz
dNX

dz
W (z, zi,∆zi)∆

X
` (k, z). (2.8)

Here W (z, zi,∆zi) are observational window functions related to the specific experiment cen-

tered at zi with half-width ∆zi and
dNX

dz
stands for the source number density per redshift

interval. Note that the integral ofW (z, zi,∆zi)
dNX

dz
is normalized to unity. Finally, ∆X

` (k, z)

is the angular number count fluctuation of the X tracer, which is the sum of density (den),
velocity (vel), lensing (len) and gravity (gr) effects [86, 87]:

∆X
` (k, z) = ∆den

` (k, z) + ∆vel
` (k, z) + ∆len

` (k, z) + ∆gr
` (k, z). (2.9)

The reader interested in the full expression of the terms in equation (2.9) can find them in
appendix A. In this work we computed angular power spectra using Multi_CLASS1, the mod-
ified version of CLASS [88, 89] presented in [90, 91] which allows to compute cross-correlations
between different tracers.

In the following, we list and briefly describe the relevant physical quantities for the
computation. More details about the specifics for the tracers considered in this work (redshift
distributions, biases, redshift binning, etc.) are provided in sections 3.1 and 3.2.

1Publicly available at https://github.com/nbellomo/Multi_CLASS.
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• Redshift distribution
dNX

dz
: observed source number density per redshift interval of

tracer X. It appears in equation (2.8) for the C`s computation, in which its shape is
the only significant feature, whereas its overall amplitude has no relevance due to the
normalization. The total number of objects as a function of redshift is instead used when
computing the shot noise of resolved sources. We have checked that using a top-hat or
a gaussian window function does not significantly affect our findings.

• Bias bX : it describes the relation between a given observable X and the underlying
distribution of matter that it traces (see e.g., [92–99]). Considering the linear bias
formulation and indicating the local contrasts of matter and tracer X at position x
respectively by δ(x) and δX(x), the bias is defined as δX(x) ≡ nX(x)−n̄X

n̄X
= bXδ(x),

where nX is the comoving density of tracer X and n̄X is its mean value. This physical
quantity is a linear factor in the density term of equation (2.9). In this work we will
also make use of the quantity b̄X , which provides an average value of the bias of tracer
X in a considered redshift range [zmin, zmax], weighted for the tracer redshift evolution:

b̄X =

∫ zmax

zmin

dz bX(z)
d2NX

dzdΩ∫ zmax

zmin

dz
d2NX

dzdΩ

(2.10)

with X = {GW, IM}. In this way, estimating a mean value for this parameter, we take
into account which redshift interval (i.e. bias values) weights the most.

• Magnification bias sX(z): it quantifies how the observed surface density of sources of
tracer X is influenced by gravitational lensing effects [100]. The observable result is given
by the contribution of two opposite effects: whereas the number of observed sources can
grow thanks to a magnification effect of the incoming flux, an increase of the area lowers
the observed number density of objects. The magnification bias is a dominant term in
the lensing contribution of equation (2.9), but affects also the velocity and gravity terms.

• Evolution bias f evo
X : this term is present due to the fact that the absolute number of

objects of a tracer X may not be conserved over time due to the possible formation of

new objects. It reads as [101–103]: f evo
X (z) =

d ln

(
a3 d2NX

dzdΩ

)
d ln a , where a is the scale factor

and d2NX
dzdΩ is the absolute distribution of objects of tracer X, which in principle is not

the same as the observed one introduced above. The evolution bias appears only in
sub-leading contributions to equation (2.9).

We have already mentioned that the bias parameters introduced above come into play in
quantifying the angular number count fluctuations of equation (2.9) (see appendix A for full
expressions). In the following we explicitly summarize the dependence of each of the number
counts contributions on the bias parameters (bX , sX , f evo

X ):
∆den
` = ∆den

` (bX)

∆vel
` = ∆vel

` (sX , f
evo
X )

∆len
` = ∆len

` (sX)

∆gr
` = ∆gr

` (sX , f
evo
X )

(2.11)

where dependencies on k and z are implied.
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2.2 Fisher analysis

In this work we make use of the Fisher analysis methodology, which we briefly sketch here
to introduce the general formalism we adopt. Assuming GWs and IM signals as the two
tracers, we divide the total redshift interval surveyed by considered GW experiments in NGW

bins

bins, with amplitude ∆zGW, and the signal from intensity mapping distributed among N IM
bins

redshift bins with amplitude ∆zIM.
Considering the observed power spectra C̃`s and a generic set of parameters {θn} for the

Fisher analysis, we can organize our data in the (symmetric) matrix C` as

C` =



C̃`
IM IM

(zIM
1 , zIM

1 ) ... C̃`
IM IM

(zIM
1 , zIM

N ) C̃`
IM GW

(zIM
1 , zGW

1 ) ... C̃`
IM GW

(zIM
1 , zGW

N )

... C̃`
IM IM

(zIM
2 , zIM

N ) C̃`
IM GW

(zIM
2 , zGW

1 ) ... C̃`
IM GW

(zIM
2 , zGW

N )

...
...

... ...
...

C̃`
IM IM

(zIM
N , zIM

N ) C̃`
IM GW

(zIM
N , zGW

1 ) ... C̃`
IM GW

(zIM
N , zGW

N )

C̃`
GW GW

(zGW
1 , zGW

1 ) ... C̃`
GW GW

(zGW
1 , zGW

N )

...
...

C̃`
GW GW

(zGW
N , zGW

N )


,

(2.12)
The C` matrix has dimensions of (N IM

bins + NGW
bins ) × (N IM

bins + NGW
bins ). We remind the reader

that the tilde symbol stands for observed C`s.
The C` matrix is then used to compute the Fisher matrix elements as

Fαβ = fsky

∑
`

2`+ 1

2
Tr
[
C−1
` (∂αC`)C−1

` (∂βC`)
]
, (2.13)

where ∂α indicates the partial derivative with respect to the parameter θα and fsky is the
fraction of the sky covered by the intersection of IM and GW surveys. The sum over multipoles
` is performed up to a maximum value `max, which corresponds to the achievable angular
resolution for the considered sources and instruments. For GW events an accurate estimate of
`max would depend on (not limited to) redshift, SNR of the events and other source properties
such as mass and spin. Since a rigorous analysis for the estimation of this parameter goes
beyond the scope of this work, we use the constant threshold of `max = 100, which provides
a general plausible value for ET (as also performed in other studies, see e.g., [38–40]). All
scales smaller than it are conservatively cut from the analysis.

Finally, the Fisher-estimated marginal error on the parameter θα is given by
√

(F−1)αα.
According to statistics and estimation theory, the so called Cramér-Rao bound provides the
smallest error that one should expect to achieve in reality: errors on parameters deriving from
“real-life” experiments are expected to be equal or higher than the Fisher estimated errors
(Cramér-Rao inequality), where the equality stands only in the case of gaussian likelihood.
Even though this is often an approximation and the Fisher approach may not always give
precise results, it still remains an easy and quick method to provide forecasts for planned
experiments.

3 Observables

In this section we characterize the considered tracers: resolved GWs from BBH mergers and
the HI signal from intensity mapping experiments. In table 1 we summarize the redshift
distributions for our tracers, as mentioned in sections 3.1 and 3.2.
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Tracer GW (ET) IM (SKAO)
z range [0.5-3.5]
Nbins 3 30
∆z 1.0 0.1

Table 1. Chosen redshift specifics and experiments for the two tracers considered in this work.
Note that the redshift ranges do not necessarily correspond to the best achievable from the indicated
surveys.

3.1 Gravitational Waves

As first tracer we consider GWs from resolved mergers of BBHs, as detected by the Einstein
Telescope (ET) experiment, as currently planned in [64]. We study this tracer for NGW

bins = 3
redshift bins with width ∆zGW = 1.0 in the redshift range [0.5 − 3.5]. Even though the ET
instrument would be able to detect BBH mergers outside this redshift range, we limit our
analysis to it because it is the most optimal redshift range for the SKAO-Mid band IM survey
(SKAO-MID) [14] (i.e., the survey we consider for our HI tracer). Considering GWs events
beyond this limit would not help our analysis because we would not have any HI signal to
cross-correlate them with.

It is worth noting that the ET is not the only planned third-generation GW detector.
Another promising experiment is given by the Cosmic Explorer (CE) [104]. We anticipate
here that, within our framework, results for ET and CE are quite similar, although slightly
optimistic for the latter. We thus concentrate on the more conservative ET for the rest of the
paper.

Note that we consider such large bins in order to take into account any possible lu-
minosity distance uncertainty on the observed GWs events, also maintaining an approach
as independent as possible on cosmological parameters. Indeed, the bin width ∆GW

z = 1.0
is larger than any redshift uncertainty estimated for LIGO/Virgo sources (see e.g., Table 6
of reference [4]), which will be even smaller for third-generation observatories. As a matter
of fact, measurements of BBH mergers are associated to an uncertainty on the luminosity
distance, which can be connected to a redshift uncertainty only by assuming a specific cos-
mology. An error on the assumed cosmology leads to a wrong assumption on the redshift of
the event (and on its error). Since we are making use of a statistical tomographic approach,
the main important element here is that the containing redshift bin for each observed event
is the appropriate one. Assuming large bins for GWs makes this assumption safer, i.e., even
when making errors on the assumed cosmology, the event-bin mapping would not be biased
for most of the events. On the other hand, assuming smaller bins for GWs might provide more
information and more optimistic forecasts, but it could lead to biased results if the wrong
cosmology is assumed when actually performing these applications with real future data We
have tested the impact on our results on the bin width choice. As way of example, we found
that by reducing ∆GW

z from 1.0 to 0.5 (doubling the number of GW bins) the forecasts on
the bias parameter b̄GW are 40% more optimistic, since a more refined tomographic informa-
tion is being exploited. Nonetheless, this shows that results could be even more promising
than those reported in this paper, but we preferred to choose a more conservative approach
by adopting larger GW redshift bins, safely getting rid of any possible bias due to redshift
or cosmology related errors. This makes the forecasts presented in this manuscript almost
“cosmology-agnostic” and independent on reasonable errors on the single sources redshifts.

We characterize this tracer following prescriptions from references [40, 105], that we
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summarize as:

• Redshift distribution: the redshift distribution of GWs events from BBHs mergers de-
tected by the ET in the considered redshift range is taken from reference [105] and can
be analytically interpolated in our redshift range as:

dNGW

dz
= Azb exp(−cz) (3.1)

with A = 0.825 · 105, b = 2.40, c = 1.71, assuming an observation time of TGW
obs = 1 yr

and fsky = 1. Integrating this function with these specifics in our considered redshift
range 0.5 < z < 3.5 provides a total of ∼ 3.5 · 104 BBH mergers detections. Changes
in TGW

obs and fsky act simply as a re-scaling of the overall amplitude. The expression in
equation (3.1) is obtained interpolating the results of the semi-analytical treatment of
[105], in which galactic star formation rate functions, dependence of compact remnant
masses on metallicity, time delays and stellar and binary evolution prescriptions are
taken into account. Among astrophysical uncertainties, their findings are in agreement
with other studies based on combining population synthesis simulations (e.g., [106–
112]) with recipes on the cosmic Star Formation Rate (SFR) density and metallicity
distributions inferred from observations (e.g., [113–118]). Finally, note that the BBH
merger rate is normalized to a local value of 30 Gpc−3yr−1 at z = 0, in agreement
with observed data from the first half of the LIGO/Virgo collaboration O3 run [119].
The normalized redshift distribution for GW events from astrophysical BBH mergers is
provided in the left panel of figure 1.

• Bias: we make use of the findings of reference [40], in which the bias of GWs from
BBH mergers is determined through an abundance matching technique (see e.g., [120]),
associating the luminosity/SFR of the host galaxy to the mass of the hosting dark matter
halo and then matching to a galaxy with given SFR the bias of the associated halo.
Finally, characterizing BBH mergers with the same bias of their host galaxies, the final
bias expression is obtained by taking into account which galaxy types proportionately
contribute most to the detected merger rate. This quantity is provided in the central
panel of figure 1 and can be interpolated up to z ∼ 3.5 as:

bGW(z) = a exp(bzd) + zc (3.2)

with a = 0.948, b = −0.553, c = 0.996, d = 1.034. The authors of reference [46]
find a general agreement to the behaviour of these prescriptions, up to the redshift
range considered in this work. Note that this determination of the bias, as well as the
dN/dz, may also depend on other important astrophysical parameters, such as IMF and
metallicity, and on the considered merging channel, such as isolated binaries, dynamical
merger in stellar and nuclear stars clusters, mergers of PopIII stars, etc. References [40,
105], on which our assumptions are based, do not take into account merging efficiency
dependencies on metallicity or IMF variations, and consider an isolated binaries merging
channel. A more technical treatment of these quantities is beyond the scope of this work.

• Magnification bias: this quantity is defined as the logarithmic slope of the redshift
distribution of detected events computed at detectability limit ρ = ρ̄:

sGW(z) = −
d log10

(
d2NGW(z,>ρ)

dz dΩ

)
dρ

∣∣∣∣∣∣
ρ=ρ̄

, (3.3)
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Figure 1. Specifics for the astrophysical GW and HI tracers considered in this work. Left: nor-
malized redshfit dependence (dN/dz for GWs; Tb(z) and ρHI(z) for HI). Center: bias b(z). Right:
magnification bias s(z).

where ρ is the Signal-to-Noise ratio for each GWs event. Usually, detection of a GWs
signal is considered solid for ρ > ρ̄ = 8. The magnification bias obtained from [40], and
used in this work, is plotted in the right panel of figure 1.

• Evolution bias: by definition, the evolution bias for GWs events is straightforwardly
given by

f evo
GW(z) =

d ln
(
a3 d

2NGW(z)
dzdΩ

)
d ln a

. (3.4)

In figure 1 we provide redshift distribution and biases values for our GW tracer of astrophysical
origin, together with the same quantities characterizing the HI from IM.

Noise sources

We characterize the considered GWs events with a shot-noise component as the only noise
source to the angular power spectra:

CN,GW
` (zi, zj) = Cshot

` (zi, zj) =
δij
n̄(zi)

(3.5)

where δij is the Kronecker delta and n̄(zi) is the mean number density of sources in the ith

redshift bin. It affects the C`(zi, zi)GW,GW entries (i.e. only cross-correlations between the
same GW tracer among the same redshift bin).

3.2 HI Intensity Mapping

In this section we characterize our second tracer: the forecasted measure of the HI distribution
by a SKAO Mid-band (SKAO-MID) intensity mapping survey [14, 15, 121]. In the following
sections we describe how the resolved sources formalism for the angular power spectra can be
easily translated to be applied to the unresolved HI IM case, and we characterize the specifics
for this observable.

– 9 –



Throughout this work we consider the HI tracer in the redshift range [0.5−3.5], divided
in bins of width ∆zIM = 0.1, for a total of N IM

bins = 30 redshift bins. This is expected to be
around the optimal redshift range for the SKAO-MID survey [14].

3.2.1 From resolved sources to IM

As provided in section 2.1, the cross-correlation formalism for resolved sources of different
tracers is well defined and comprehensive of relativistic effects. When working with the IM
signal of any line (the HI in our case), we do not deal with number counts, since we are
looking at the ensemble of unresolved sources. However, the unresolved tracer case can be
treated adapting the same formalism (e.g., [52, 122]). The following points are specifically
referred to the HI, but are valid for any other line. In particular:

• Redshift distribution: while we characterize resolved sources with a redshift distribution
of their number counts dNX/dz, for the HI intensity mapping case we shall consider
the HI comoving density distribution defined in [123] as ρHI(z) = ΩHI(z)ρcrit,0 and the
mean brightness temperature Tb(z). Their explicit expressions are (see e.g., [123, 124]):

ρHI(z) = 4(1 + z)0.610−4 · ρcrit,0 (3.6)

Tb(z) = 44µK

(
ΩHI(z)h

2.45× 10−4

)
(1 + z)2

E(z)
, (3.7)

where ρcrit,0 is the critical density today and E(z) = H(z)/H0. Since the density
ρHI provides the redshift dependence of the absolute redshift distribution of HI atoms,
whereas the mean brightness temperature Tb is a directly observed physical quantity
through IM, we make use of Tb in place of the observed redshift distribution of equation
(2.8) and of ρHI to compute the evolution bias term fevo(z). Both ρHI(z) and Tb redshift
dependencies are plotted in the left panel of figure 1.

• Bias: we can treat the bias analogously as it is done for the resolved sources case. In
this work we use the following analytic expression obtained fitting results from reference
[125]:

bHI(z) = a(1 + z)b + c, (3.8)

with a = 0.22, b = 1.47 and c = 0.63. This quantity is plotted in the central panel
of figure 1. This prescription originates from the outputs of a semi-analytical model
for galaxy formation that include an explicit treatment of neutral hydrogen and are in
agreement with the findings of [126] based on Illustris TNG hydro-dynamical simula-
tions. The bias is expected to be around unity at low z (e.g. ∼ 0.85 at z ∼ 0.06 [127]),
where the HI is strongly present in young galaxies with high Star Formation Rates [8].
In order to make sure that uncertainties on the HI bias at higher z do not affect the
conclusions of our work, we have checked that performing the same analysis with the
extreme hypothesis of a constant unitary value of bHI(z) leads to a change on the Fisher
estimated errors for cosmological parameters below 15%.

• Magnification bias: when treating any IM experiment, the magnification bias assumes
the value

sHI(z) = 0.4, (3.9)

which corresponds to the absence of lensing effects. This is due to the fact that the
observed physical quantity is a surface brightness (instead of number counts) which is
not altered by this type of phenomena (see e.g., [122] and references therein).
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• Evolution bias: as mentioned above, this quantity is obtained analogously to the resolved
sources case, substituting the redshift distribution for resolved sources with the density
distribution:

f evo
HI (z) =

d ln ρHI(z)

d ln a
(3.10)

with a being the scale factor.

3.2.2 Noise sources

When considering C`s including the IM component (both IM× IM and GW × IM cases) we
express the relation between theoretical CXY` (computed with Multi_CLASS) and the observed
C̃XY` as:

C̃IM,IM
` (zi, zj) = B(zi)B(zj)C

IM,IM
` (zi, zj) + CN,IM

` (3.11)

and
C̃IM,GW
` (zi, zj) = B(zi)C

IM,GW
` (zi, zj) (3.12)

where the BX(zi) encodes the signal suppression at scales smaller of the FWHM of the beam
θB. In single-dish configuration θB ∼ 1.22λ/Dd, thus implying a more severe suppression of
the signal at lower frequencies:

B(zi) = exp[−`(`+ 1)(θB(zi)/
√

16 ln 2)2]. (3.13)

In equation (3.11), the term CN,IM
` indicates noise sources (see also equation (2.4)). For the

HI case we consider the intrinsic noise of the instrument C instr
` and the residual error due to

the procedure of cleaning the cosmic IM signal from the bright foreground emission C fg
` :

CN,IM
` = C instr

` + C fg
` , (3.14)

whereas the shot-noise is instead a very subdominant component (see e.g., [126, 128]). In the
following paragraphs we describe how these noise sources are treated.

Instrumental noise

The experiment setup considered in this work is IM performed in single dish [12, 14] mode
and with a collection of Nd dishes. The noise angular power spectrum for this case is given
by (see e.g., [12, 16, 129]):

C instr
` = σ2

T θ
2
B. (3.15)

The single-dish rms noise temperature σT writes as

σT ≈
Tsys√

npolBtobs

λ2

θ2
BAe

√
Sarea/θ2

B

√
1

Nd
. (3.16)

Since the beam FWHM of a single dish is θB ∼ 1.22λ/Dd, one gets λ2/Ae ∼ λ2/D2
d ∼ θ2

B,
where Dd is the diameter of a single dish, Ae is the effective collecting area of the dish and
λ = λ(z) is the observed wavelenght of the redshifted 21cm signal emitted at z: λ(z) =
λ21cm(1 + z). From this, one can write:

C instr
` (zi) ≈

(
Tsys

Tb(zi)
√
npolBtobsNd

√
Sarea

θ2
B

1

Tb(zi)

)2

θ2
B. (3.17)
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Following SKAO-MID prescriptions, we have the following parameters values: Tsys = 28K for
the system temperature, B = 20 · 106Hz for the bandwidth, t0 = 5000h = 1.8 · 107s for the
observation time, Nd = 254 for the total number of dishes, Sarea = 20000deg2 for the total
surveyed area, Ae = 140m2 and Dd = 15m. Notice the normalization to the mean brightness
temperature at the center of the redshift bin Tb(zi), needed to retrieve a dimensionless power
spectrum to be added to the theoretical dimensionless one in order to estimate the observed
C`s, according to equation (2.4) . Numerical values are taken from table 2 of reference [16].
Even though Sarea = 20000 deg2 ∼ fsky = 0.5 is the official expected value of sky coverage,
for the purpose of this work we consider also different values of fsky.

Finally, we remark that the C instr
` (zi) noise component is expressed as function of one

single redshift because we assume that it is de-correlated among different bins, affecting only
auto-correlations.

Foregrounds

The presence of strong foregrounds is one of the central challenges of IM, currently preventing
a detection in auto-correlation of the signal (see e.g., references [130, 131]). Such detection
should instead be possible for an IM survey with SKAO telescope due to improvements in the
signal-to-noise, to a larger scanned sky patch and to the larger frequency band. Nevertheless,
the cleaning procedure will not be perfect and the recovery of the pristine HI signal will
still be partially complicated by the foreground emission. This effect has been studied with
simulations with various degrees of complexity [132–136]. For the purposes of this work,
we quantify the residual error that could be expected after a foregrounds removal procedure
adding a noise term C fg

` to the theoretical C`s, for the IM× IM components and for any
redshift bins combination. Note that, since we focus on the angular power spectrum, we do
not model the well known foreground cleaning effect of removing too much power at large
scales along the line-of-sight. Our noise term is only a residual systematic accounting for the
difficulties in cleaning large spatial scales. We model the C fg

` term as

C fg
` = K fg · F (`), (3.18)

where K fg is a normalization constant determining the overall amplitude of the residual
foregrounds related errors and F (`) encodes the scale-dependency. We write this term as

F (`) =
1

fsky
Aeb`

c
, (3.19)

accounting for a larger effect of the cleaning of the signal at larger scales and simply fitting
this expression to results of [132] (middle-left panel of their figure 3), obtaining A ∼ 0.129, b ∼
−0.081, c ∼ 0.581. This procedure introduces an error of around 12% at ` ∼ 2 and 4% at
` ∼ 100 (for fsky = 1.0). It is also possible to define the variance of this systematic error (see
e.g., [137]):

σ2
sys =

∫
d ln `

2π
`(`+ 1)

∣∣∣C fg
`

∣∣∣ . (3.20)

Setting the value of the overall normalization factor K fg to an average value of all the
CIM,IM
` (zi, zj) components:

K fg =
〈
CIM,IM
` (zi, zj)

〉
, (3.21)
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Figure 2. Comparison between HI angular power spectra C`s. In black: theoretical power spectra
Cth

` from Multi_CLASS for the IM× IM case, auto-correlating the 20th redshift bin (2.4 < z < 2.5)
with itself (dashed line) and cross-correlating the 15th redshift bin (1.9 < z < 2.0) with the 20th

(dotted line), as exemplificative case. In blue: instrumental noise power spectrum for SKAO-MID
survey at redshift zmean = 2.5. In different shades of red: foreground cleaning noise power spectra,
with amplitudes equal to Kfg (Cfg, fid

` ), 0.1 ·Kfg (Cfg, low
` ) and 10 ·Kfg (Cfg, high

` ). Left(right) panel
corresponds to fsky = 0.5(1.0).

and considering our redshift binning, we obtain a fiducial value of

K fg ' 6 · 10−7. (3.22)

This leads to a variance of σ2
sys ' 3 · 10−7, in agreement with what assumed in [137].

In figure 2 we compare the resulting C fg
` for different amplitudes K fg to the contribution

from instrumental noise (at z = 2.5 by way of example). The contamination term from
foreground removal is always dominant and stronger at low multipoles. We report in the
figure also an example of the auto angular power spectrum of the HI signal and a cross power
spectrum between two different bins.

We have repeated our analysis using different forms for (3.19) and with different ampli-
tudes, and found a change in the Fisher estimated errors always below ∼ 10−15%. Therefore,
this would not alter the conclusions reached. Note that our residual foreground contribution
is neither frequency dependent nor considers possible coupling between the different scales.
These should be secondary effects, especially assuming a full sky survey and a blind cleaning
approach to cleaning [132, 138].

4 Gravitational waves statistical redshift distribution

The first application of the GW × IM cross-correlation we present in this work is the possibility
to obtain a statistical determination of the redshift distribution of GWs detected by laser
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interferometers. Those detections in fact provide information only on the chrip mass of the
system and the (GW) luminosity distance, therefore redshift information is only a derived
quantity, based on astrophysical and cosmological assumptions [139, 140]. We rely on the
idea that a given tracer whose redshift distribution is well defined can help in calibrating
that of a second tracer through studying the cross-correlation of the two. This was already
done in several works with techniques such as correlations or the so-called Clustering Based
Redshift estimation (see e.g., [48, 53, 61, 63, 65–76, 141]). We mainly follow the methodology
of reference [61], in which the authors perform a redshift calibration of a photometric sample
of galaxies through cross-correlation with a spectroscopic sample.

Our case is equivalent, but we make use of the IM of the HI to calibrate GWs events. In
fact, GW detected events are characterized by a big uncertainty on their localization due to
poor angular resolution, whereas IM provides a refined sliced redshift information about the
line under study. Assuming the progenitors of the merging BBHs have astrophysical origin,
they are expected to trace very well the underlying distribution of the LSS, which is also well
traced by the HI distribution. Combining these two tracers together is expected to improve the
redshift localization of the poorly known one (GW) thanks to the refined information coming
from other, much better localized (IM). We stress the fact that performing this analysis with
resolved photometric galaxy samples instead of IM would not be feasible, due to their lower
redshift resolution.

Let us stress again that this methodology aims at calibrating the statistical distribution
of a tracer which is poorly localized: this is why we only consider BHBH mergers without
taking into account also Neutron Stars (NS) binaries or BHNS systems. Indeed, these latter
types of systems can likely be matched to an electromagnetic counterpart, allowing for a well
precise localization of the binaries, much more competitively than what the method explored
in this section can accomplish.

Given our fiducial redshift distribution for GWs (as described in section 3.1), we re-model
it as a piecewise (PW) function. Each piece has width equal to the IM bin width ∆zIM, so
that the total number of pieces is equal to N IM

bins = 30 and each of them perfectly overlaps
with a specific IM redshift bin. The overall amplitude of the PW function in the ith bin is
indicated as Ai.

Following the formalism described in section 2.2, we perform a Fisher matrix analysis
considering the following set of Fisher parameters: the 30 amplitudes {Ai} of the GWs PW
redshift distribution and {ln 1010As, ns, b̄GW, b̄HI,K

fg} (for a total of 35 parameters)2. The
spectral index and amplitude ns and As are introduced in the pipeline in order to account for
a possible cosmology dependence of our results. A fully cosmology based pipeline (including
also the dark energy parameters {w0, wa}) will be explored in section 5. We set Planck priors
on {ln 1010As, ns} [142].

Note that there is a disadvantage in performing GW × IM instead of LSS× IM (such
as in reference [61]) and constraining the GWs redshift distribution is more difficult than
that of photometric galaxy samples. Firstly, the sum over multipoles of equation 2.13 stops
at `max = 100 (for ET), while galaxy surveys provide a much higher angular resolution
(e.g., `max ∼ 2000 in [61]). Also, less objects are detected when considering GWs signals from

2The fiducial parameters values we use in this pipeline are: {ln 1010As, ns, b̄GW, b̄HI,K
fg} =

{3.098, 0.9619, 2.166, 1.851, 6 · 10−7}. The cosmology parameters values are taken from Planck [142], the
biases values are obtained applying equation (2.10) in the considered redshift range [0.5, 3.5] and the Kfg

value derives from equation (3.22). Finally, the fiducial values for the amplitudes {Ai} are given by the
amplitudes of the full GWs redshift distribution at the corresponding redshifts.
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BHBH mergers, inducing a more relevant shot noise contribution, which is translated into
higher error bars.

From the Fisher estimated error σAi on the amplitudes Ai one can directly compute a
relative error given by the fraction between the error and the fiducial value Ai:

erel
Ai

= σAi/Ai. (4.1)

In figure 3 we show the error bars on the 30 GW redshift distribution amplitudes Ai with
absolute errors (left panels) and relative errors (right panels) for various combinations of TGW

obs

and fsky. We recall that the fsky = 0.5 value is the fiducial scenario for SKAO-MID, whereas
cases for lower values of fsky can be considered conservative, and higher values can be thought
as a limiting case for future experiments. It is possible to see that for enough high values of
TGW

obs and fsky the error-bars are relatively small and the relative error is below unity. This
takes place mainly at lower redshifts, whereas increasing z the error size becomes large and
the relative error is raised above unity. Overall, it is possible to see that redshift calibration
of GWs events is quite effective in the low-medium redshift range, whereas at higher redshift
very high values of TGW

obs and fsky would be required, when possible.
We conclude noting one fundamental peculiarity of our approach, which is basically

“cosmology-agnostic”, in the sense that it solely relies on the cross-correlations between GWs
(in large z bins, to account for redshift localization uncertainties) and IM (in appropriately
small bins). It is independent from the underlying “true” cosmology, since we have only
assumed fiducial cosmological parameters to perform our Fisher forecasts, but no assumptions
in this regards will be needed when working with actual data (thanks to the large width of the
considered GWs redshift bins). In addition, note also that in our Fisher analysis we allow for
variation of the 30 amplitudes on the GWs redshift distribution: this essentially corresponds
to not imposing any prior on the shape of this distribution, taking out any astrophysical
assumption that would have imprints on the distribution shape. Forecasts obtained in this way
are more pessimistic than other works in current literature (see e.g., [143]) and this is due to
the fact that a very general approach is being taken here, without any cosmology/astrophysics
priors. Finally, let us stress again that the aim of this application is to calibrate the statistical
distribution of GWs sources, i.e., improving the knowledge on the disposition along redshift
of the whole ensemble. We do not aim at better localizing each single event. For this reason,
we do not need to take into account the redshift error of each source, as long as the GW
redshift binning is large enough the compensate any possible uncertainty in this regard.

5 Cosmological constraints: dynamical dark energy

The GW × LSS cross-correlation, as a tracer of the matter density field, can provide informa-
tion on a variety of cosmological parameters. Regarding the GW × IM observable, given the
specific redshift range and peculiarities of the expected signal, there might be some particular
model or parameter that will be optimally tested by it.

In this section we present an example of one of such measurements, which is the pos-
sibility of constraining dark energy parameters; in particular, we will focus on parameters
describing the redshift evolution of its equation of state.

Starting from the Einstein field equations, which describe how gravity behaves due to
the presence of mass-energy (and how this moves given the space-time curvature), one can
write

Gµν = Tµν , (5.1)
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ters Ai. Right: Fisher estimated relative errors erel

Ai
on the amplitude parameters Ai. Different values

of TGW
obs (from 1 yr to 15 yr) and fsky (fsky = 0.3, 0.5, 1.0) are provided.

– 16 –



with the appropriate choice of conventions. Here Gµν and Tµν are the so called Einstein
tensor and stress-energy tensor respectively. In order to account for the observed accelerated
expansion of the Universe, in a General Relativistic framework, equations (5.1) have to be
modified substituting Tµν with T ′µν = Tµν + TDE

µν , where TDE
µν = −Λgµν (with gµν the metric

tensor) and DE stays for dark energy. This can be in the form of a cosmological constant
or an additional field. Among the many possible proposed models and deviations from the
cosmological constant (originally inspired by vacuum energy), a possibility is to investigate
deviations from its equation of state (eos) being constant with redshift. The eos is defined as
w =

p

ρ
(where p and ρ are respectively the pressure and energy densities of the fluid). If the

DE behaviour is described by a cosmological constant, then w = −1, whereas the relation

w(a) = w0 + wa(1− a) (5.2)

generally describes the case of time evolution. Current measurements from CMB and galaxy
clustering are consistent with a cosmological constant [144, 145], but many models predict
small departures from the cc case (see e.g., [146, 147]), therefore this remains an important
part in the efforts toward a better understanding of the cosmological model.

Here we investigate how well the DE parameters {w0, wa} can be constrained through
GW × IM cross-correlations. We include in our Fisher analysis pipeline summarized in section
2.2 the following parameters: {w0, wa, ωcdm, ωb, 100θs, ln 1010As, ns, b̄GW, b̄HI,K

fg} (for a total
of 10 parameters)3. The differences with respect to the analysis of section 4 consist in the usage
of the full GWs redshift distribution (in place of its piece-wise approximation) and the addition
of other cosmology related Fisher parameters: w0, wa, the cold dark matter physical density
ωcdm = Ωcdmh

2, the baryon physical density ωb = Ωbh
2 and the angular scale of the sound

horizon at decoupling 100θs. We set a Planck prior on the {ωcdm, ωb, 100θs, ln 1010As, ns}
parameters, unless where stated otherwise.

In figure 4 we provide forecasts for the constraining power on the dark energy parameters
{w0, wa} for the experiments considered in this work, including or not Planck priors and for
different values of fsky. On the right panel we can see the improvement that would come
by increasing the fraction of the sky surveyed. Overall, we can notice that the predicted
constraints are qualitatively in agreement with other studies, such as e.g., reference [148] in
which a study of the cross-correlation between GWs and radio galaxy surveys is performed
or reference [129] in which forecasts are obtained for HI intensity mapping experiments.

We can also see that constraints are approximately comparable to the BOSS+Planck
results available in the literature (see e.g., [145]) for what concerns the errors on the {w0, wa}
parameters, with w0 constraints slightly weaker. Comparing our results with those from
the Euclid collaboration, we can see that (see e.g., [149]) our constraints are approximately
comparable or slightly less competitive when considering combinations of all probes tested by
Euclid (weak lensing and spectroscopic/photometric galaxy clustering), but more stringent
with respect to Euclid forecasts obtained through one single probe. A similar comparison can
be done when looking at forecasts for the Vera Rubin Observatory (LSST, see e.g., [150]):
our forecasts are more optimistic than those from the LSST (up to 50%) when considering
just the single isolated probes testable by the survey, but become less competitive when their

3The fiducial parameters values we use in this pipeline are: {w0, wa, ωcdm, ωb, 100θs, ln 1010As, ns, b̄GW, b̄HI,
Kfg} = {−1.0, 0.0, 0.12038, 0.022032, 1.042143, 3.098, 0.9619, 2.166, 1.851, 6 ·10−7}. As in the previous section,
the cosmology parameters values are taken from Planck [142], the biases values are obtained applying equation
(2.10) in the considered redshift range [0.5, 3.5] and the Kfg value derives from equation (3.22).
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Figure 4. Contour plots for the DE parameters {w0, wa} at 1σ and 2σ confidence levels, for fixed
TGW

obs = 10yr. Left: forecasts for fixed fsky = 0.5. With and without applying a Planck prior on other
cosmology parameters. Right: forecasts for different values of fsky (as legend). A Planck prior on all
other cosmology parameters is applied.

combination in the LSST is exploited. All in all, although the forecasts we obtain with this
methodology are not competitive with the maximum potential that other surveys (such as
those mentioned above) can achieve, they can still provide an alternative way to test these
scenarios. Cross-correlations are well know for helping in reducing systematics (see e.g., [151]).
For this reason, these measurements will provide a very useful cross-check to available results,
as they will come from cross-correlating two very different datasets and will be affected by
much less and different systematics.

6 Astrophysical vs. primordial origin of merging black hole binaries

In this section we tackle the issue of using GW × IM for determining the origin of the pro-
genitors of merging BBHs, distinguishing between the possibility that they originate from the
end-point of stellar evolution, or that they are Primordial Black Holes (PBHs) generated in
the early universe.

PBHs were first theorized a few decades ago [152, 153] when it was proposed that
some over-dense regions in the primordial universe could reach the threshold for gravitational
collapse and, in some regions, form black holes. Several formation mechanism have been
proposed in literature, such as the collapse of cosmic string loops or domain walls [154–
158], the collapse of large fluctuations at inflation [159–161], bubble collisions [162, 163], but
the mainstream hypothesis is that they originate from large perturbations in the primordial
curvature power spectrum (that went outside of the horizon during inflation) right after
horizon re-entry; there has been an intense activity in the community in the last few years
on the relation between the primordial power spectrum and PBHs (see e.g., [164–176]).

The interest towards this type of compact objects revived after the first detection of GWs
from the merger of two massive black holes [1, 2], when it was proposed that their progenitors
might have primordial origin and even constitute a non negligible fraction of the dark matter,
reviving the “PBHs as dark matter” hypothesis (e.g., [177, 178]). There is still no conclusive
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agreement on the possibility that stellar-mass PBHs exist in sufficient abundance to make up
for a considerable part of the dark matter (see e.g., [179–186] for some studies and constraints
in this mass range), but confirmation (or exclusion) of their sheer existence would represent a
big step in our understanding of the Universe. In fact, detecting even one PBH would provide
invaluable information on the physics of the early Universe on scales otherwise inaccessible to
standard cosmological measurements; moreover, it was recently shown that PBHs and WIMP
DM are incompatible [187], so that the observation of one PBH would rule out the main DM
candidate model.

Therefore, it will be extremely important to add another probe for the possible detec-
tion of the presence of PBHs and to understand their formation channels and merger rates.
Measurements of GW × IM will then add further information on this issue, on redshift ranges
and with data sets complementary to what is and will be available otherwise. We refer the
reader to PBH reviews such as e.g., [188–192] for more details.

The idea on top of which we build for our study follows the same logic of references
[38, 39]: approaching the problem in a statistical way, we know that GWs from merging
BBHs trace the underlying matter distribution in ways that depend on their origin (see later
for more details) and consequently would correlate with the LSS - and the HI distribution,
which is a tracer of the LSS - in different ways.

The relation between observables and the underlying matter distribution is encapsulated
in the bias parameter introduced in section 2.1. Crucially, it has been shown [177, 184] that
PBH mergers trace halos and the stellar distributions in ways that are different from endpoint
of stellar evolution BHs, and in different ways depending on the PBH binary formation
mechanism. This will then assign a different preferred bias b̄GW for the GWs, which will
be the discriminant we can use for our study. The main features of the scenarios we aim to
distinguish through GW × IM are sketched in the following section.

6.1 Progenitors

In this section we briefly characterize the scenarios (astrophysical and different primordial
ones) that we compare. To do so, we introduce the Γpbh parameter, which indicates the
fraction of detected merging BBHs with primordial origin (over the total number of observed
BBH mergers). Assuming the detection of Ntot mergers, of which Nastro have astrophysical
origin and Npbh have primordial origin (Ntot = Nastro +Npbh), the Γpbh parameter is defined
as:

Γpbh = Npbh/Ntot (6.1)

and spans from Γpbh = 0 (i.e., only astrophysical BBH mergers are detected) to Γpbh = 1
(i.e., only primordial BBHs mergers are detected).

6.1.1 Astrophysical scenario

In this case, the progenitors of merging BBHs are formed at the end-point of stellar evolution.
All the features of the detected GW events originated from their mergers are already discussed
in section 3.1. GWs from mergers of astrophysical BHs will then highly correlate with large,
luminous halos that contain the majority of stars, and, consequently, they would highly
correlate with the HI IM signal. The average bias in the redshift range considered here
(calculated combining equations (3.2) and (2.10)) is

b̄ASTRO
GW ∼ 2.17. (6.2)

Finally, by definition this scenario is characterized by a value of Γpbh = 0.
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Figure 5. Specifics for the GW tracer in the “early” and “late” primordial scenarios. Left: normalized
redshfit distribution. Center: bias b(z). Right: magnification bias s(z). Magnification bias assumed
to be zero for both scenarios (see appendix B for further discussions).

6.1.2 Primordial scenario: “early” binaries

We start our analysis of the GW × IM that will be measured if Γpbh 6= 0 with the scenario
in which the vast majority of primordial black holes binary formation took place in the early
universe (see e.g., [184, 193]), while late time formed PBH binaries are assumed to give a
negligible contribution.

In analogy to the correlation of GW with galaxies, the HI distribution is expected to
correlate with PBHs mergers from early binaries with a different bias. This is due to the
fact that these binaries would form in correspondence of the DM distribution, tracing very
well the underlying matter distribution, instead of just tracing locations with massive and
luminous halos. Assuming Γpbh = 1.0, GWs should have an associated bias of

b̄PBH
GW ∼ 1.0 (6.3)

since they would trace very effectively the underlying matter distribution. We provide in
Figure 5 the specifics characterizing GWs events produced in this scenario. See appendix B
for further explanations.

6.1.3 Primordial scenario: “late” binaries

Under this scenario we again assume that the progenitors of the merging BBHs have pri-
mordial origin, but the formation of the binary system itself takes place in the late Universe
through a gravitational bremsstrahlung process [177].

We assume binary formation happens when two PBHs have a close encounter and their
relative velocities are low enough that capture can take place and allows the binary formation.
Given that the velocity dispersion is on average lower within small mass halos, which can not
form large quantities of stars and are characterized by low values of the bias parameter,
GWs in this case would be anti-correlated with luminous galaxies and (if Γpbh = 1.0) GWs
would be expected to poorly trace luminous, highly star-forming massive halos and would be
characterized by a bias value of

b̄PBH
GW ∼ 0.5, (6.4)

which is typical of the dark, low-mass halos in which this PBHs late binary formation effect
would take place [177].
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In Figure 5 we show the specifics characterizing GWs events under this scenario. See
appendix B for further explanations.

6.1.4 Primordial scenario: “mixed” binaries

Finally, we consider a case in which we assume that the progenitors of the merging BBHs have
primordial origin, with PBH binary formation taking place through both channels described
by the “early” and “late” scenarios.

The bias parameter value of this model is given by the weighted average of the two
values of equations (6.3) and (6.4). In particular, as an example case, we assume that around
70% of the PBHs mergers come from early binaries, whereas around the 30% is given by
mergers of late binaries. This rough estimate comes from taking the lower and upper bounds
of the LIGO/Virgo local merger rate estimates and associating them to the “late” and “early”
scenarios respectively. In fact, even though according to part of the current literature the
“early” scenario might be the dominant one, the issue is not settled yet. In this case we aim
at taking into account both PBHs binary formation channels, considering a non-negligible
contribution to the total PBHs merger rate from either mechanism. Assuming Γpbh = 1.0,
this scenario is then characterized by:

b̄PBH
GW ∼ 0.85. (6.5)

6.2 Forecasts

We calculate the Signal-to-Noise ratio S/N to quantify how well a fiducial model (astrophys-
ical or primordial) can be distinguished from an alternative one, by looking at the b̄GW value
predicted by the two models:(

S

N

)2

=

(
b̄Alternative
GW − b̄Fiducial

GW

)2
σ2
b̄Fiducial
GW

, (6.6)

where σb̄Fiducial
GW

is the Fisher estimated error on b̄GW in the fiducial scenario. The biases
values b̄Alternative

GW and b̄Fiducial
GW are those characterizing the models presented in section 6.1,

depending on which of them is assumed as alternative or fiducial. We obtain σb̄Fiducial
GW

by
making use of the same Fisher pipeline (parameters and fiducial values) of the analysis of
section 5: {K fg, ln1010As, ns, ωcdm, ωb, 100θs, w0, wa, b̄GW, b̄HI} for a total of 10 parameters.
We set Planck priors on {ln1010As, ns, ωcdm, ωb, 100θs} [142].

We provide forecasts assuming the astrophysical model as fiducial, characterized by
ΓFID

pbh = 0.0. Regarding the alternative models to compare with, we consider a series of mixed
astrophysical-primordial scenarios with ΓALT

pbh ∈ [0.0, 1.0], with a bias given by

b̄ALT
GW = b̄ASTRO

GW (1− ΓALT
pbh ) + b̄PBH

GW ΓALT
pbh . (6.7)

It is worth noting that this kind of approach may lead to possible degeneracies for some
mixed scenarios, i.e., different scenarios combinations might yield the same b̄GW. In this
eventuality, comparing the bias in specific redshift sub-samples would be enough to break the
degeneracy, given that its predicted redshift dependence is different among distinct cases.

We provide in figure 6 SNR estimates from equation (6.6) for a series of values of fsky

and TGW
obs assuming the astrophysical scenario as fiducial and comparing it with the three

different primordial scenarios (“early”, “late” and “mixed”) described in section 6.1. On the
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left panel we show the SNR as a function of ΓALT
pbh , where the color code indicates the fraction

of the sky observed. On the right panels we present the SNR obtainable (color coded) as a
function of both the observation time and the fraction of primordial BBHs in the alternative
model. In both columns, from top to bottom results for the three scenarios presented above
are provided.

It can be seen that for large enough fractions of the sky and observation times, results are
very promising, providing a S/N well above unity. In fact, it would be possible to distinguish,
at a few sigma, a purely astrophysical model from an alternative model made up of similar
relative abundances between astrophysical and primordial BBHs (ΓALT

pbh ∼ 0.5) with a few
years of observations and fsky ∼ 0.5. In addition, an alternative model with low values of
ΓALT

pbh (i.e., mostly made of astrophysical BHs) such as ΓALT
pbh ∼ 0.2, could be detected within

10 years of observation for fsky = 0.5, that we stress once again being the fiducial value for the
considered SKAO-MID survey. We have also tested mixed scenarios with different relative
abundances of early/late-type PBHs to astrophysical BHs, finding as expected no extremely
different qualitative behaviours when changing these quantities.

Finally, analogous conclusions can be reached when the assumed fiducial model is a
primordial scenario: for completeness, we provide forecasts for the example case of “early”
primordial scenario assumed as fiducial in appendix B.

7 Conclusions

In this work, we investigated the cross-correlation signal between gravitational wave catalogs
and HI intensity maps that could be potentially measured with future experiments such as
the Einstein Telescope and the SKA Observatory. We extended the range of applications
of the publicly available code Multi_CLASS, by including signal from the IM unresolved HI
sources and compute their angular power spectra C`s, including all projection effects over a
variety of redshift ranges.

We presented three cosmological and astrophysical applications we believe will be par-
ticularly exciting for the future.

First, we investigated how well the GW × IM cross-correlation can provide model inde-
pendent and agnostic information on the redshift distribution of resolved binary black hole
mergers. Our results show that we will be able to obtain good precision in the inferred statis-
tical redshift distribution of BBH merger number counts. With the experiments considered,
we will be able to obtain a precision of order a few tens of % for redshifts up to z ≈ 1.5, po-
tentially providing ways to discriminate between different astrophysical models of the binary
formation, evolution and mergers.

We stress that our methodology does not make use of any astrophysical model, including
BH population, mass function, etc, and is free from assumptions on the values of the cosmo-
logical parameters. It will be of particular interest to compare results from our methodology
with other approaches that either assume the knowledge of a cosmological model, set priors on
the BH population distributions or exploit machine learning techniques (see e.g., [48, 50, 143]).
The combinations of these methods could lead to an improvement of constraints or, if some
inconsistencies will emerge, could provide hints of inaccuracies in standard assumptions.

Measurements of power spectra of tracers of the matter distribution over cosmic epochs
will naturally provide also cosmological information; as an example showcasing the potential
of the GW × IM observable, we forecast constraints on dynamical dark energy parameters.
Our results show that the GW × IM cross-correlations will provide a fundamental validation
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Figure 6. SNR for different values of TGW
obs (from 1 yr to 15 yr), fsky (from 0.1 to 1.0) and ΓALT

pbh

(from 0.0 to 1.0), assuming the astrophysical model as fiducial. The alternative model assumed is
the “Early”, “Late” and “Mixed” primordial scenario in the top, center and bottom panel, respectively.
The colorbar of the right-side plots is normalized to white at S/N = 1.
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of IM-only results, as this latter could be a measurement affected by unknown systematic
errors.

As a final application for GW × IM, we studied how we can use this correlation to detect
a primordial component in the BBHs detected through GW from their mergers. We follow
the approach of [38, 39] and extend it to HI IM maps, at the same time updating merger
rate estimates and binary formation channels with the latest results available in literature.
Compared to the case of the correlation with star forming galaxies, using IM allows us to
reach higher redshifts and have a very fine tomographic binning. Our results show that with
GW × IM from the ET and SKAO we will be able to detect the presence of a PBH component
down to about 30% of detected mergers at high Signal-to-Noise ratios.

To conclude, we presented the first study of the cross-correlation between gravitational
waves from resolved binary black hole mergers and the HI intensity mapping signal, and
investigated some possible interesting applications with predictions from the future Einstein
Telescope and SKAO experiments. We believe that this first investigation can open up a
plethora of new measurements and possibilities for the scientific community. Moreover, it
will be of particular interest to combine our suggested approach with other ones such as
additional GWxLSS correlations. This paper can be seen as part of the ongoing effort to
develop multi-tracer approaches, which has an enormous potential in both cosmology and
astrophysics, as it allows to test models in ways that would not be possible by looking at
single tracers separately.
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A Relativistic number counts

In this appendix we provide the complete expressions for the relativistic number counts effects
introduced in equation (2.9):

∆den
` (k, z) = bXδ(k, τz)j`,

∆vel
` (k, z) =

k

Hj
′′
` V (k, τz) +

[
(f evo
X − 3)

H
k
j` +

(H′
H2

+
2− 5sX
r(z)H + 5sX − f evo

X

)
j′`

]
V (k, τz),

∆len
` (k, z) = `(`+ 1)

2− 5sX
2

∫ r(z)

0
dr
r(z)− r
r(z)r

[Φ(k, τz) + Ψ(k, τz)] j`(kr),

∆gr
` (k, z) =

[(H′
H2

+
2− 5sX
r(z)H + 5sX − f evo

X + 1

)
Ψ(k, τz) + (−2 + 5sX) Φ(k, τz) +H−1Φ′(k, τz)

]
j`+

+

∫ r(z)

0
dr

2− 5sX
r(z)

[Φ(k, τ) + Ψ(k, τ)] j`(kr)

+

∫ r(z)

0
dr

(H′
H2

+
2− 5sX
r(z)H + 5sX − f evo

X

)
r(z)

[
Φ′(k, τ) + Ψ′(k, τ)

]
j`(kr).

(A.1)
The quantities introduced above have the following physical meaning: bX is the bias param-
eter, sX is the magnification bias parameter, f evo

X is the evolution bias parameter, r is the
conformal distance on the light cone, τ = τ0 − r is the conformal time, τz = τ0 − r(z), j`,
j′` = dj`

dy , j
′′
` = d2j`

dy2 are the Bessel functions and their derivatives (evaluated at y = kr(z)

when not explicitly stated), H is the conformal Hubble parameter, the prime symbol ′ indi-
cates derivatives with respect to conformal time, δ is the density contrast in the comoving
gauge, V is the peculiar velocity, Φ and Ψ are Bardeen potentials (see e.g., reference [89] and
references therein).

B Astrophysical vs. primordial BBHs: “early” primordial scenario as fidu-
cial

For completeness, in this appendix we show that the optimistic results of section 6, regarding
the possibility of determining the progenitors of merging BBHs, are obtainable also when con-
sidering a primordial scenario as fiducial model, aiming at distinguishing it from an alternative
astrophysical case.

We consider here the “early” primordial scenario and assume the redshift evolution of the
merger rate described in reference [193], which is an extension to the model of reference [184].
As done for the astrophysical merger rate, we re-normalize it to the value of 30 Gpc−3yr−1,
in agreement with local LIGO/Virgo observations. In fact, suppression effects to the merger
rate could in principle shift it to agree with experimental values [193]. We stress that due to
the big uncertainties of both the PBHs merger rate and suppression effects, the state of the
art in this field is still in full development.

Given the big uncertainties in the PBH modeling, we assume here a magnification bias
with a value of sPBH

GW = 0.0, since almost all sources in the O(10M�) mass range would be
detected by the ET in our redshift interval (see e.g., figure 3 of [39]) and a slightly more precise
determination of this quantity would be possible only by fixing quantities accompanied by
huge uncertainties (mass distribution, suppression model, etc.). We provide in figure 5 the
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Figure 7. S/N ratios for distinguishing the Fiducial scenario from the Alternative, for different values
of TGW

obs (from 1 yr to 15 yr), fsky (from 0.1 to 1.0) and ΓALT
pbh (from 0.0 to 1.0). “Early” primordial

model assumed as Fiducial. Models with different ΓALT
pbh assumed as Alternative. The colorbar of the

right-side plots is normalized to white at S/N = 1.

specifics assumed for this scenario, comparing them for completeness with those of the “late”
primordial case (redshift distribution following prescriptions of reference [177]).

As figure 7 shows, high values of the SNR would be reached even for relatively low values
of fsky and TGW

obs , in analogy with results from figure 6, in which the astrophysical scenario is
instead assumed as fiducial.
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