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ABSTRACT: Measurements of weak gravitational lensing using the cosmic microwave back-
ground and the shapes of galaxies have refined our understanding of the late-time history of
the Universe. While optical surveys have been the primary source for cosmic shear measure-
ments, radio continuum surveys offer a promising avenue. Relevant radio sources, principally
star-forming galaxies, have populations with higher mean redshifts and are less affected by
dust extinction compared to optical sources. We focus on the future mid frequency SKA
radio telescope and explore the cross-correlation between radio cosmic shear and CMB lensing
convergence (Vg X kcmp). We investigate its potential in constraining the redshift distribution
of radio galaxy samples and improving cosmological parameter constraints, including the
neutrino sector. Using simulations of the first phase of the SKA and the Simons Obser-
vatory as a CMB experiment, we show how this ygr X komB cross-correlation can provide
~ 1 —10% calibration of the overall radio source redshift distribution, which in turn can
significantly tighten otherwise degenerate measurements of radio galaxy bias. For the case of
the next-generation full SKA, we find that the full combination of auto- and cross-spectra
between yr and Koy becomes more powerful than the equivalent case using vo from a
Euclid-like survey, with constraints 30% tighter on ACDM parameters and narrower bounds
on sum of neutrino masses at the level of ~ 24%. These constraints are also driven by higher
redshifts and larger scales than other galaxy-CMB cross-correlations, potentially shedding
light on different physical models. Our findings demonstrate the potential of radio weak
lensing in improving constraints, and establish the groundwork for future joint analyses of
CMB experiments and radio continuum surveys.
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1 Introduction

In the past decades, weak gravitational lensing by the large-scale structure (LSS) of the
Universe has been established as a robust probe of late-time cosmology [1, 2]. Lensing leaves
an imprint in both the CMB and the images of galaxies. In the former, the distribution of
matter on large scales alters the path of CMB photons as they travel from the last scattering
surface to our detectors and thereby distorts the CMB anisotropies [see e.g., 1, for a review].
In the latter, the distribution of matter alters the path of photons from the galaxies leading to
changes in the size, shapes and observed positions of the galaxies [see e.g, 3, 4, for a review].

In the CMB, lensing induces a distinctive non-Gaussian signal upon the otherwise highly
Gaussian primary temperature and polarization anisotropies. Isolating these anisotropies
allows us to reconstruct the integrated line-of-sight mass at its origin, referred to as lensing
convergence (denoted with x). Various CMB experiments have measured the power spectrum
of k [5-13] and used it to constrain the dark energy equation of state and the sum of the
neutrino masses (see e.g. refs. [7, 14]).

For galaxies, lensing leads to coherent distortions in the shapes of galaxies, typically called
cosmic shear and represented as -, that can be measured statistically. Measurements of galaxy
shape correlations between different redshifts have led to competitive bounds on the expansion
history of the Universe and the growth of cosmic structures (for example, see refs. [15-17]).

Up to now, observations of cosmic shear have relied to great extent on optical surveys
due to the large number density of background galaxies observed. A promising new approach
for cosmic shear measurements is represented by extragalactic radio sources [18, 19], which
are dominated by two main galaxy populations [20]: active galactic nuclei (AGN) and star-
forming galaxies (SFGs). At radio frequencies, galactic extinction is less effective, allowing a
larger sky coverage than optical surveys; source redshift distributions are expected to have
a higher redshift tail contribution; cross-correlations may be expected to mitigate additive
and multiplicative systematics in the case of radio and optical weak lensing [21, 22]; and



polarisation information may be available to lessen the impact of shape noise and intrinsic
alignments [23, 24]. The cosmological applications of radio data have been limited by the
relatively low number density of radio sources reached in large scale radio surveys. Nonetheless,
there exist a number of radio continuum surveys which approach the necessary samples,
including the LOw Frequency ARray (LOFAR, [25]), the Meer Karoo Array Telescope
(MeerKAT, [26]), the Australian Square Kilometre Array Pathfinder (ASKAP, [27]), the
Giant Metrewave Radio Telescope (GMRT, [28]), and surveys, such as the NRAO VLA
Sky Survey (NVSS, [29]), the Faint Images of Radio Sky at Twenty centimetres (FIRST)
survey [30] and the TIFR GMRT Sky Survey (TGSS-ADR, [31]). Moreover, cosmic shear
has been detected with a 3.60 statistical significance using the FIRST survey [32] and in
galaxy-galaxy and cluster lensing cross-correlations between FIRST and SDSS [33, 34]. There
are also ongoing efforts with the combination of JVLA and e-MERLIN telescopes to detect
the lensing signal as part of the SuperCLASS survey [35, 36].

The first phase of the SKA, in particular the mid-frequency telescope being built in
South Africa, will be capable of resolving an adequate number density of high redshift radio
sources to perform a cosmologically informative weak lensing survey, offering a complementary
approach to optical surveys [21, 22, 37]. The SKA is expected to be built in two phases:
SKA phase 1 (SKA-1), under construction and scheduled to be complete in 2030, and the
full SKA (SKA-2), which will be active in the following decade.

In this work, we focus on both SKA-1 and SKA-2’s mid frequency instrument as an
example of a radio continuum telescope. SKA will access a larger radio source population
than previous telescopes, with the dominant component expected to be formed by SFGs.
Such galaxies are expected to be characterized by a long-tailed source redshift distributions,
which extends the typical redshifts probed by optical surveys, as shown in detail in ref. [18].
Forecasts presented in ref. [21] for weak lensing experiments involving SKA show that the
inclusion of such high-z sources provides competitive constraints both from the radio waveband
alone, and in cross-correlation with optical surveys.

One avenue that has not been explored yet is the cross-correlation of the cosmic shear
from radio sources with the CMB lensing signal,! hereafter yg X kcvB. Indeed, as with
optical, CMB and radio surveys depend on different systematics, meaning additive systematics
are removed and multiplicative systematics can be self-calibrated out.

Moreover, cross-correlations with optical surveys are limited by the fact that sources
are typically located at z ~ 1, while CMB lensing is most sensitive to structures at high
redshifts (z ~ 1 — 5). However, SKA will probe the galaxy population at higher redshifts
than optical surveys, making vg X komp correlations potentially more informative than
the optical counterpart.

In this work, we forecast the impact of including the yg X komp cross-correlation, alongside
YR X YR and KoMB X KCMB Spectra, on two possible cosmological applications. We consider
SKA for the radio experiment, Simons Observatory (SO) for the CMB lensing experiment,

!The cross-correlation between radio sources and CMB lensing convergence has been used to address several
aspects of both surveys, e.g. radio galaxy bias in ref. [38] and de-lensing in ref. [39]. However, there is no work
that explores the cosmic shear and lensing convergence cross-correlations for these calibrations ([40] forecasts
the detection of the power spectrum only).



and show relative results with respect to the equivalent case of spectra which instead combine
koM With yo from a Fuclid-like optical weak lensing experiment.

First, we investigate its potential in constraining the redshift distribution of radio star-
forming galaxies usable for weak lensing. A complication of radio weak lensing is the absence
of reliable information about the redshifts of the sources. A common approach to this issue
is by matching radio with the optical data [41-43]. Here, we exploit the extended overlap
between the long-tail distribution of radio emission with CMB lensing to improve constraints
on uncertainty parameters of the galaxy redshift distribution. This effectively uses the
known redshift of the CMB lensing map to calibrate the unknown redshift distribution of
the cosmic shear sources [44].

Secondly, we examine the extent to which combinations using vg and kcmp can improve
constraints on cosmological parameters compared to combinations between CMB lensing
and an optical galaxy lensing survey. We perform a Fisher matrix analysis for the current
concordance ACDM model and explore the neutrino sector, in particular the sum of neutrino
masses, >, m,. For ACDM parameters we find cross-correlation between CMB lensing with
radio cosmic shear from the full SKA can improve constraints by ~ O(30%) compared to
the optical cosmic shear cross-correlation case, where the exact number depends on the
parameters considered.

Massive neutrinos impact the total energy density of the Universe, {),,, and affect the
formation and evolution of large-scale structure. Based on current observations, massive
neutrinos are considered relativistic in the early Universe, whereas today their velocities
have redshifted sufficiently that they contribute to 2, as non-relativistic matter [45, 46].
Depending on their masses, the presence of massive neutrinos is reflected in the position and
the amplitude of the peaks in the CMB power spectra, due to changes in the angular distance
of the sound horizon at recombination, and through the late integrated Sachs-Wolfe (ISW)
effect. At the same time, due to their small masses, neutrinos suppress matter clustering at
large and small scales. Because of this, their presence also affects the gravitational lensing
of the CMB, allowing CMB observations to constrain > m,. The most recent constraint
on the sum of neutrino masses comes from the Atacama Cosmology Telescope (ACT), with
>m, < 0.12 eV (95% confidence level) [47]. Here, we show that yg X komp can potentially
tighten the limit on > m, by O(20%) with respect to the cross-correlation between SO
and the Fuclid-like survey.

In our analysis we do not include uncertainties related to, e.g., galaxy intrinsic alignments
and modelling of the non-linear matter clustering. We therefore expect that our absolute
bounds are optimistic and instead focus on the relative constraining power between the
different experiments and scenarios.

The rest of the paper is structured as follows: in section 2, we introduce the theoretical
framework and describe the experiments considered. In section 3 we provide new parameterised
fits for redshift distributions of simulated radio populations using our forecast machinery.
In section 4 we show our main results: on calibrating radio redshift distributions using the
first phase of the SKA, and on both this information and ACDM and neutrino cosmological
parameters for the full SKA. In section 5 we draw conclusions and give an insight on future
perspectives.



Parameter Value

Hy 67.32kms™! Mpc~!
Qph? 0.02238
S my, 0.06 eV
o 0
Qedmh? 0.12010
T 0.0543
ng 0.9660
A 2.1005 x 107

Table 1. Best-fit cosmological parameters from the Planck experiment (specifically, table 1 of ref. [48]
with TT, TE, EE+lowE+lensing+BAO) used in our numerical computations. These are the fiducial
cosmology parameters we assume and calculate our predicted constraining power around.

Notation and conventions. In our numerical computations, we consider a flat ACDM
cosmology, with cosmological parameters in accordance with the latest Planck results [48],
summarized in table 1.

2 Methodology

CMB lensing and cosmic shear trace the same underlying matter distribution at different
redshifts, therefore their cross-correlation represents a robust observable to test the evolution of
structure formation and investigate the nature of the dark components of the Universe. Given
two observables (A, B), the (non-tomographic) cross-correlated power spectrum is given by

d {+1/2
C4B (1) = 8r? / %X Wa(x, X« )Wa(X, X+) Py (k: = X/;To,x> : (2.1)

where we used the Limber approximation [49]. The power spectra are sensitive to the values
of cosmological parameters via Py. For example in the linear regime

2 2\ 2 2 2
2L (3 QmHO> P, = (3 Qm HE T(k)D+(t)> P (2.2)

k2 2 k2a 2 k2a D (t;)

where Ps is the matter power spectrum F; is the curvature perturbation produced in the
early Universe, D is the linear growth factor and T'(k) is the matter transfer function.

We include non-linear corrections to the matter power spectrum, modelled with
halofit [50, 51]. In this context, the lens efficiency can either be the CMB lensing kernel
given by

Wens(x) = X2B =X, (2.3)
XCMBX
or the cosmic shear kernel
X * .« —
Weal(x) = / dy'n(x) =X, (2.4)
X XxX



Here, . is the comoving distance of the source, with xcump corresponding to the distance
from the last scattering surface, and the redshift distribution of galaxies, given by g—g. Here
we consider two different possible parameterisations of the 3—’; (which we will also fit to two
different simulation models of the radio source populations, as described in section 2.1). We
look at how we are able to constrain their parameters with our cross-correlation observable, and
in turn how marginalising over them as nuisance parameters affects constraints on cosmological
parameters. The first 3—: we consider is the popular mixed power law-exponential model

(often referred to as the ‘Smail distribution’):

d
dZ _ Zﬁe*(Z/ZOﬂ 20 = Zm/Q, (2.5)
normalized such that:2
1dn 1 Zx dn
= —— ith — = dz —. 2.
e =zg Vg /0 e (26)

The free parameters {3, 7, zm, o} depend on the specific characteristics of the experiment,
with 2, the median redshift of sources. We report in table 2 the values of these parameters for
SKA and a Fuclid-like survey as were used in previous SKA cosmic shear forecasts [21, 22, 37].
In particular, the values shown for SKA are parameters which reasonably match the redshift
distributions for a weak lensing sample extracted from the SKADS S3-SEX [52] simulations
of radio source populations (with modifications to match newer data as described in [37]).
In the following section 3, we perform updated explicit fits for values of (3, v) for SKADS
and for a more recent suite of simulations, T-RECS [53].

We also consider the zi,; model for ‘3—;‘, which parameterises solely the redshift tail of
the distribution and has previously been used in the cross-correlation between CMB lensing
maps and galaxy clustering [54], where it was found to be significantly degenerate with the
linear galaxy bias b, an important nuisance parameter for studies involving galaxy clustering
two-point functions. The zi,; model has the form:

dn (2/20)° 1

- = —, 20 = Zm/C, 2.7
dz 14 (z/z0)2 1+ (2/2tai1) 1" 0 / 2.7)

In common with previous approaches (and to give an example where only one additional
parameter is added to characterise the redshift distribution) we only consider varying the
Ztail Parameter in this case, with the parameters {«, Vtai} kept fixed.

2.1 Experiments considered

The results presented here are based on simulations of the radio sky from SKADS and T-
RECS, which are specifically designed to include the relevant source populations for wide field
continuum SKA cosmology surveys. For each simulation, we fit parameterised models of the
forms in egs. (2.5) and (2.7) and include their parameters in our Fisher matrix calculations
to see how well they may be constrained.

SKADS uses a ‘semi-empirical’ approach to simulate radio sources, where they are
generated by sampling observed radio continuum luminosity functions for extragalactic

*We use the fact that n(x)dx = n(z)dz.



Experiment fay Nga (arcmin™?) zn, o By
SKA-1 0.12 2.7 1.1 V2 2 125
SKA-2 0.7 10 1.3 V2 2 1.25

Euclid-like  0.36 30 09 Vv2 2 15

Table 2. Fiducial parameters in the galaxy redshift distribution function eq. (2.5) used for the
representative experiments considered in this work, as taken from table 1. of [21]. We further refine
the values of these parameters by fitting them with our cross-correlation observables directly to the
galaxy number densities in the T-RECS [53] and SKADS [52] simulations.
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025
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2O — T-RECS {04
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0.00¢
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Figure 1. The plot shows the redshift galaxy distributions from T-RECS, SKADS and FEuclid-like
experiments we consider, and the CMB lensing efficiency in eq. (2.3). The latter has been normalized
such that the area under the curve is equal to one.

populations. The simulations feature a sky area equivalent to® 20 x 20deg?, and reach a
maximum redshift of zy.x = 20. The flux density limit is 10 nJy over the 151 MHz — 18 GHz
frequency range. The redshift distribution of sources is then tailored to match the luminosity
function of different types of radio sources, which consists of ‘radio-loud” (RL) AGNs, and
‘radio-quiet’ (RQ) AGNs and SFGs. The clustering properties of radio sources are also
included in the simulations by assuming a model for their bias. We use the updates to
the SKADS populations proposed by ref. [37] to match more recent data. Specifically, we
re-calibrate the overall number of SFGs and the angular size distribution of the sources.
The more recent T-RECS suite of simulations spans a frequency range of 150 MHz—20 GHz
and reproduces data in terms of number counts, luminosity functions and redshift distributions.
It is organized in three tiers based on field of view and flux limit: “deep” (1deg?, 1nJy),
“medium” (25 deg?, 10nJy), and “wide” (400deg?, 100nJy). The radio sources consist of

3This is approximately the largest instantaneous field of view of SKA.
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Figure 2. Power spectra and noise curves for SO, Fuclid and SKA-2 (T-RECS, SKADS). Solid lines
refer to the cosmological power spectra; faded lines are the noise curves; the dashed, dashed, dotted
and dotted lines are the corresponding total power spectra.

two main populations, i.e. AGNs and SFGs. T-RECS does not model explicitly RQ-AGNs,
but their contribution to the overall flux can be approximated by considering them as part
of the SFG population. The radio sources are assigned to the dark matter halos in the
light-cone out to a redshift of zmax = 8, while ensuring they match the luminosity functions
and clustering properties of AGNs and SFGs. A newer version of T-RECS, focussed mainly
on HI spectral line information, has also been released [55]. However, changes to the SFG
continuum populations relevant for this work are minor, and we have checked that the
redshift distributions are consistent. For SKA-1 populations the distributions are essentially
unchanged. For SKA-2 populations there is some change in the redshift distribution, with
an enhancement of sources above z ~ 1.5. This relative enhancement remains less than that
which exists in SKADS, so we continue to use the n(z) from the original T-RECS model [53] on
the understanding that it and SKADS represent reasonable upper and lower limits on this tail.

SKADS predicts a higher fraction of SFGs at low redshifts and a more extended redshift
tail than T-RECS, see e. g. figure 1. Given our interest in the cross-correlation with
CMB lensing, we consider the n(z) distributions up to z = 7 for both sets of simulations.

However, it is known that there exist uncertainties associated with the astrophysical sources
beyond z =~ 3 [38].

For the vg X komB cross-correlation, we consider SO as the CMB experiment. For SO we
use a simulated lensing noise curve for the baseline sensitivity and no foreground deprojection,
as discussed in [56]. Specifically we use the recommended noise curve in the public SO noise
models repository? Additionally, in order to get a sense of the relative constraining power
of the vr, kompB combinations, we also compare to the combinations of CMB lensing with
cosmic shear from an optical survey 7o, following the specifications of a Fuclid-like survey
in table 2, referred to as yo X KowMmB-

“nlkk_v3_1_0_deprojO_SENS1_fskyOp4_it_1T30-3000_1P30-5000.dat from https://github.com /simonso
bs/so__noise__models/.


https://github.com/simonsobs/so_noise_models/
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2.2 Parameter estimation

In this work, we use two methods to infer parameters from our simulated data: a Markov
Chain Monte Carlo (MCMC) and a Fisher matrix. The analysis consists of two main steps:

e First, we use an MCMC analysis with fixed true cosmological parameters to directly
infer the parametrised n(z) from the suites of simulations described in subsection 2.1,
to update the best-fitting values of {Spr, Yr} parameters in eq. (2.5).

o Secondly, we use these values {fpr, ysr} in the parametrization of n(z) to compute
the “true” power spectra, CfB. We then perform a Fisher matrix forecast on {Qcqm,
Qp, h, ng, As} and the redshift distribution parameters. We compare the constraints
across the different simulations and with the illustrative example for the optical survey
Yo X kcMmB- We apply the same analysis to an extended parameter space including the
neutrino mass > m,.

Assuming a Gaussian likelihood, £ for the power spectra, the likelihood is given by

grnax
—2mL= Y (Cu®)—d)T;" (Cud) —dy), (2.8)
gz[min
where 9 is the parameter-vector containing the parameters that we aim to constrain. The
vectors Cy and dy are respectively the fiducial power spectra and the data vector, which
includes the ‘observed’ auto- and cross-correlated spectra, CA';‘B . Specifically:

o ik
Ce=|c|, d=|¢cm|. (2.9)
ey ey

A key element of the Gaussian likelihood is the covariance matrix, given by

X z(é;n, tot)z 2é;m,tot A;’y,tot Q(CZ%tOt)2
FZ — (2€ " 1) < 2é;n,totégfy,tot (é?%tot)g + égm, totcéy%tot 2égv,t0téz'y, tot ’ (210)
sky 2( Aévy, tot)Q 2@;% tot CA,Z'y, tot 2(02/7, tot)g

where we included the noise spectra as
CAB ot — GAB L NP, (2.11)

Specifically, we use the publicly available SO noise curves for N/, whereas the uncertainty
on the shear spectrum depends on ng,, the number density of detected galaxies on the sky,

and agal, the variance of the distribution of galaxy ellipticities (or ‘shape noise’) [57]
N7 =55 g4 =0.3. (2.12)
Ngal

Because the noise curves associated to SO and to SKA/Fuclid are uncorrelated, N, = 0.
In figure 2 we show the respective noise curves alongside the fiducial cosmological signal,



demonstrating their relative amplitude and angular scale dependence in both probes. We
further assume a fraction of the sky fSSIS_SKA_l ~ 0.12, fskg_SKA_Q ~ 0.48 and fSSk?_E“d ~
0.25, corresponding to the overlap between the SO-LAT (Large Aperture Telescope) and,
respectively, the SKA-1, SKA-2 and Fuclid sky coverage. In addtion to sampling the
Likelihood using the emcee library [58] in section 3, we also use the Fisher matrix (e.g. [59]),

given by:

L
max 8CZ('I9)
By = Z 99,
Zzémin ¢

C(9)
99,

1“;18 (2.13)

for forming our forecast errors on cosmological parameters in section 4.

3 Monte Carlo fitting of galaxy redshift distribution models

As an intermediate step in our analysis we generate explicit fits for the redshift {j3, v}
parameters by Monte Carlo sampling from their posterior using the log-likelihood defined
in eq. (2.8). We generate initial values for walkers in a ball around the {f, v} listed in
table 2, and assume broad flat priors. Other cosmological and redshift parameters are kept
fixed at the fiducial values shown in tables 1 and 2. This fitting step ensures we are using
appropriate n(z) in the subsequent analyses. Fitting the 5 and ~ via the Cy likelihood in
this way (as opposed to directly to the n(z) histograms) both accounts for the expected
information content we have on the parameters, and checks that their posteriors are Gaussian
and hence appropriate for approximating with Fisher matrices in the subsequent sections.
Note that we perform this for the radio redshift distributions but not the optical ones. For
the optical Fuclid-like experiment we assume that the redshift distribution uncertainties
benefit from combinations of photometric information and spectroscopic calibrations and
so are significantly smaller than the uncertainties for radio sources.

The resulting posterior distributions for T-RECS and SKADS are reported in figure 4,
and the corresponding best-fit value can be found in table 3 and figure 3 shows the good
agreement of these best-fitting curves with the overall forms of the n(z) from simulations. As
well as confirming the Gaussianity of the posteriors, this exercise provides us with best-fitting
values for the 8 and v redshift distribution parameters, which we take forward as the central
values and steps sizes when expanding around the maximum Likelihood point in the Fisher
Matrix analysis in the following sections. Figure 4 also shows the greater constraining power
on 3,7 in the case of SKADS, expected due to the increase in overlap between the CMB
lensing kernel and the lensing kernel for the case with greater numbers of galaxies in the
high redshift tail of the n(z). Because we treat it as only a single parameter model in
the subsequent section 4, for the zy,; parameterisation eq. (2.7) we directly minimise the
log-likelihood to find initial values of the fits to the two distributions, finding the resulting
values for {“ail, ztair} of {3.5,0.65} for T-RECS and {2.5,0.74} for SKADS.

4 Cosmological applications

Next, we use the results of section 3 on the galaxy distribution to test the constraining
power of the full vyg X kKcoump cross-correlation. We use the Fisher formalism described in



Figure 3. The plot shows the comparison between the galaxy distribution from the T-RECS and
SKADS simulations (dashed histograms) and the fit obtained using the best-fit parameters shown in
table 3 from the Monte Carlo fitting procedure described in section 3 (solid lines).

T-RECS 1.0 SKADS

1.52

0.91
1.44 -

0.7 0.8 0.60 0.75
Y Y

Figure 4. Marginalized 68% and 95% parameter constraint contours obtained in section 3 for the
T-RECS (left panel) and SKADS (right panel) simulations. Note that both axis scales are the same to

allow for comparison. This demonstrates how well the parameters governing the radio source redshift
distribution (8 and +) will be constrained with CMB cross correlations.

,10,



Simulation B v
T-RECS  0.76770057  1.472+0.028
SKADS  0.71240.031  0.9279:012

Table 3. Best-fit parameters for the galaxy number density distributions eq. (2.5) (with error bars
from the Monte Carlo fitting) when using the T-RECS and SKADS simulations. We use these as the
fiducial values for the number density model in our Fisher analysis in section 4.

subsection 2.2, where we include auto- and cross-power spectra. In particular, we forecast
the 1o errors on the redshift parameters and the fiducial ACDM model set of parameters

{chma wh, h, ng, As}>

where wy = Qch%. We fix S m, = 0.06, with one massive and two massless neutrinos.
We compare the results to the cross-correlation of CMB lensing with optical-based shear
measurements with Fuclid specifications.

4.1 Inference on redshift distributions with SKA-1 and SKA-2

We first consider the case where we may only be interested in redshift parameters for the
radio surveys, particularly relevant for the SKA-1 era when the cosmological constraining
power is relatively less than other experiments and where knowledge of the radio source
redshift parameters may still be highly uncertain. In table 4 and figure 5 we show the results
on 3,7 and za; for SKA-1 in the different cases of both SKADS and T-RECS redshift
distributions. We consider both cases where cosmological parameters are kept fixed (also
representative of a strong prior relative to this data from e.g. Planck+BAQO) and where
they are also varied and marginalised over (without any explicit external prior from another
experiment). When including cosmological marginalisation uncertainties are typically in the
tens of per-cent, and for the case of fixed cosmology in the one-to-ten per-cent range. These
numbers compare favourably with the approach of inferring this information from galaxy
clustering cross-correlations in current data, with [54] obtaining uncertainties of ~ 25% on
Ztail at a fixed cosmology, driven in part by having to jointly infer the redshift parameter
with the galaxy linear bias, which is not necessary for the lensing combination used here.

4.2 Inference on cosmological parameters with SKA-2

Next we look at the relative cosmological constraining power of the SKA-2 and Fuclid-like
experiments considered (we do not show cosmological results for SKA-1 as the constraining
power is low). Here, we are specifically interested in the relative cosmological constraining
power, a choice we make due to our simplified choices in modelling assumptions, which
would not lead to realistic absolute constraints. We are seeking to investigate how well SKA
might do in comparison to an optical survey, not making detailed predictions for the overall
constraining power. In both optical and radio cases we do not consider nuisance parameters
(such as shear calibration, non-linear power spectra or Intrinsic Alignments) and are not
considering the tomographic analyses that are normally used in cosmic shear surveys to
maximise their absolute constraining power. As noted above, we also do not consider redshift
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Figure 5. Fisher prediction of 68% and 95% contours on the fiducial ACDM parameters from the
full (auto- and cross-correlation) v X kcmp analysis with radio and optical surveys. The left figure
corresponds to the Smail redshift distribution and the right to the zt,; model. Here we show the
relative agreement across the two simulations and degeneracies between the cosmological and redshift
parameters. We refer to figure 6 for comparisons of the relative constraining power to a Fuclid-like
KCMB, Yo combination experiment.

- 12 —



Experiment ot} Oy O zenit

SKA-1 (T-RECS)  14% 5.6% 14%
inc. cosmology marg. 39% 15%  32%
SKA-1 (SKADS) 11% 3.3% 1.5%

inc. cosmology marg. 33% 6.7% 42%
SKA-2 (T-RECS)  4.5% 1.9% 0.31%
inc. cosmology marg. 10% 4.1% 8.4%
SKA-2 (SKADS) 3.9% 1.2% 0.35%
inc. cosmology marg. 9.0% 2.2% 11.5%

Table 4. The table reports the predicted fractional 1o errors on redshift parameters when cosmological
parameters are either fixed or marginalised, using the different radio experiments considered and for
the different simulations of galaxy number densities.

distribution uncertainties for the Fuclid-like survey as we expect them to be well-calibrated
(relative to the SKA distributions) from a combination of photometric and spectroscopic
information. For discussions of the absolute constraining power expected for the optical
experiment under more realistic assumptions we refer to the Fuclid analysis of [60] (their figure
4 and table 5) who find the values {ow_,,., 0w, oh, on, } = {0.0012,0.00058, 0.0024, 0.0050}
for a full combined analysis of CMB lensing, galaxy clustering and galaxy cosmic shear
lensing, which may be compared (with appropriate caution) to our values in table 5. Here
we assume that improvements of more realistic modelling and inclusion of other auto- and
cross-spectra may be considered to be similar across the radio and optical experiments (for
further discussions of how much this may be the case see [18, 21]). The Fisher contours for
T-RECS, SKADS and Fuclid are shown in figure 6. We find that the ygr, kcymp combinations
tighten the constraints on all parameters with respect to vo, kcmp combination involving the
Fuclid-like survey. The specific 1o errors and the relative improvement with respect to the
equivalent optical combination are reported in table 5 and figure 6. The overall improvement
can be attributed to the long-tail galaxy distribution, which allows to explore higher redshifts
compared to optical surveys, and the relatively large sky overlap between SKA-2 and SO.
The combination of these two factors reduces the 1o errors up to @(30%) with respect to the
equivalent Fuclid combinations. In the constraints shown in table 5 we consider first fixing
the redshift parameters as in the case where they are strongly calibrated externally such
as through clustering redshifts [61-63] or another method (rows one and four), and second
marginalising over the redshift distribution model parameters where indicated.

Fixing all other cosmological parameters, we now focus on constraining the parameter
space {wm, »_m,}. Neutrinos contribute to the total matter energy density through

L2y

Q, ~ . 4.1
93.14 €V h? (41)

In figure 7, we show the Fisher contours and report the 1o error values in table 6. We
also show the constraint resulting from C)”, the auto-correlation, to show that the effect of
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Experiment Cuweaqm (L) Oy, (1.1.) op (r.d.) On, (r.d.) 01094, (r.i.)
SKA-2 (SKADS)  0.014 (48.4%) 0.0066 (48.3%) 0.047 (49.4%)  0.022 (27.7%) 1.8 (41.4%)
inc. 8,~ marg. 0.015 (42.3%) 0.0071 (44.3%)  0.088 (4.9%)  0.030 (3.9%) 1.9 (36.0%)
inc. zian marg.  0.014 (46.0%) 0.0068 (46.5%) 0.075 (18.4%)  0.030 (4.4%) 1.8 (40.1%)
SKA-2 (T-RECS) 0.013 (49.8%) 0.0064 (49.4%) 0.045 (51.3%)  0.025 (19.5%) 1.8 (39.7%)
inc. B,y marg.  0.015 (43.7%) 0.0072 (43.0%) 0.079 (14.4%) 0.036 (—14.5%) 2.0 (34.0%)
inc. zan marg.  0.014 (47.6%) 0.0069 (45.7%) 0.070 (23.4%) 0.035 (—12.3%) 1.9 (37.2%)

Table 5. The table reports the predicted 1o errors on the fiducial ACDM parameters. The first and
fourth rows are for fixed redshift parameters and the other rows for the indicated marginalisations. We
also show the relative improvement (r.i.) with respect to the case of replacing the radio cosmic-shear
data with the equivalent from a Euclid-like optical experiment with fixed redshift parameters. Rows
two and five are further represented in figure 6.

SKA-2 (SKADS)xSO
SKA-2 (T-RECS)xSO
EuclidxSO & 40%
<
- @/ = 30% -
R L 3
i le) 20%'
N : pt
A
F i : & = 10% A
V@- | { £
%@ %[ L o
S| ! H L
S ; T 3 L% EEE SKA-2 (SKADS)
| : ! 10% -
& x\% X/ J 7% mm SKA-2 (T-RECS)
© AR Qeah? Q2 ) ' A
S SN > © ) cdm b v N s
SV h v . o 4, [1e-9] Parameter

Qeamh® Q,h?

Figure 6. Left: Fisher matrix forecasts for cosmological constraining power from the experiments
considered. Right: relative improvement on cosmological parameters from the SKA cases including
marginalisation over (3, redshift nuisance variables, with respect to the Fuclid case with no redshift

nuisance parameters.

Experiment o(wp) (r.i.) o> my) (r.i.)
SKA-2xSO (T-RECS) 0.0013 (18.50%) 0.034 (22.56%)
SKA-2xSO (SKADS) 0.0015 (6.67%)  0.038 (15.58%)

Table 6. The table reports 1o errors on the subset of neutrino parameters wy, and > m, for SKA-2
cross-correlations, assuming the different models for galaxy number density. Between brackets we
show the relative improvement (%) with respect to a Fuclid-like experiment.

combining auto- and cross-correlated spectra is quite significant for this parameter space.
In addition, the different redshift distributions of the SKA-2 experiment both result in
improvements compared to the equivalent combinations with the Fuclid-like experiment, at
the level of 23% and 16% for T-RECS and SKADS models respectively.
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Figure 7. Fisher prediction of 68% and 95% contours on wy, and Y m, from the full v X kcup
cross-correlations with radio and optical surveys (right panel). In the left panel we show the constraints
from the auto-correlation cases only.

5 Conclusion

In this study, we have explored the cross-correlation between radio cosmic shear and CMB
lensing convergence (yg X KcmB) as a tool to refine constraints on radio source redshift
distribution parameters, cosmological parameters of the ACDM model and one of its extensions,
namely the sum of neutrino masses. We focused on the SKA’s mid-frequency telescope as an
example of a future radio continuum telescope and investigated its relative power against
the same o, komp spectra from a Fuclid-like optical survey.

Using two detailed simulations of the continuum radio sky and the Simons Observatory
(SO) as a CMB experiment, we found that the full yg, komp combination, which include auto-
and cross-power spectra, can provide valuable information about the redshift distribution
of galaxies, thereby addressing a key challenge in radio weak lensing. By combining these
cosmic shear and CMB lensing observables with galaxy clustering of the radio sources we
expect to also be able to measure their linear galaxy bias, another highly valuable piece of
information which otherwise dilutes cosmological constraining power.

We further show that constraints on cosmological parameter improve with respect to
the combination of auto- and cross-correlation between SO and Fuclid. More specifically, we
observed that the cross-correlation can tighten constraints by up to 30% and narrow down
the sum of neutrino masses by approximately 24%. These results highlight the potential
of radio weak lensing in complementing optical surveys and refining our understanding of
cosmological parameters, particularly in the neutrino sector. These results can be attributed
mainly to the distribution of sources characterized which extend to higher redshift than the
optical counterpart. The large field of view of radio surveys, which allows a large overlap
with CMB observations, also affects the results.
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This work can be extended in many directions. Firstly, it is important to notice that the
constraints obtained in our study are optimistic, as we did not include uncertainties related to
various factors such as galaxy intrinsic alignments and non-linear matter clustering modeling.
Secondly, we did not perform a tomographic analysis, which could, in turn, improve the
constraints found here. Furthermore, while data from SO and CMB Stage-4 (CMB-S4) [64]
will provide a precise 2D map of the total matter distribution, precise measurements require
an excellent control of observational systematics that hinder the signal. In analogy with
optical surveys, the combination of radio and CMB data could eliminate some systematic
effects and suppress biases. Finally, the cross-correlation could be extended to higher-order
correlation functions, exploring the bispectrum of combinations of yg and xkcvmp. Apart from
adding more information, the bispectrum could break parameter degeneracies.

In conclusion, the cross-correlation between radio cosmic shear and CMB lensing con-
vergence opens up new avenues for exploring cosmological parameters and offers exciting
prospects for future cosmological studies.
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