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Application of Bayesian statistical tools to SKA telescopes polarization surveys Vacca et al.

Understanding cosmological magnetic fields requires a detailed knowledge of
magnetism in the different environments of the large-scale structure of the Uni-
verse. Magnetic fields are well known to inhabit galaxy clusters, and recently
their presence has been detected between galaxy clusters, along filaments extend-
ing up to 10-15 Mpc. Beyond that, there is limited information on the existence
of magnetic fields in sheets and voids of the cosmic web. We propose a Bayesian
statistical approach to study magnetic fields on large scales through observations
of the Faraday rotation effect in large samples of polarized point-like background
radio sources. We present the expectations to detect magnetization in environ-
ments of the large-scale structure with the SKA-Mid polarization survey planned
by the SKAO Magnetism Science Working Group and with SKA-Low with AA4
telescopes, and discuss the required level of accuracy on the redshifts of the host
galaxies for such a study. We find that about 50,000 mid-frequency Faraday
rotation measurements complemented by high-precision redshifts are needed to
constrain magnetization of dense environments as galaxy clusters. Investigation of
magnetization in weakly-magnetized low-density enviroments, as filaments, will
remain challenging, but low frequencies radio observations and spectroscopic
redhifts for at least 17,000 will allow us to put first constraints.
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1 Introduction

Understanding the origin and evolution of large-scale magnetic fields in the Universe is a key
science goal in the use of present and future-generation radio telescopes. Despite magnetic fields
been observed up to galaxy cluster scales and in filaments between clusters through synchrotron
emission (e.g., Govoni et al. 2019, Vernstrom et al. 2023), firm constraints on magneto-genesis
scenarios have been not placed yet. Gamma-rays observations of blazars put a lower limit on
magnetic fields in cosmic voids of a few fG (see e.g. Tjemsland et al., 2024, for a recent work),
favoring a primordial magneto-genesis scenario as suggested also by radio observations (Carretti
et al., 2025). A powerful tool to detect and characterize extragalactic magnetic fields is Faraday
rotation of the plane of polarization of radio emission of background linearly polarized radio galaxies
(e.g., Govoni and Feretti, 2004). Generally speaking, the Faraday rotation effect can be described
through the Faraday depth (Burn, 1966; Kronberg et al., 2008),
©dl ne()Bi(2') .,
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where 7. is the thermal electron gas density, B; the magnetic field component along the line of
sight, z the redshift of the source and d1/dz’ is the comoving path increment per unit redshift. The
polarization angle is rotated by an angle ¢A? while the emission crosses the magneto-ionic media
between the emitting radio source and the observer. These media are our own Galaxy, galaxy
clusters, filaments, voids, sheets, other intervening galaxies and the emitting radio source itself
(e.g., Vaccaetal., 2015).

Polarimetric surveys provide measurements of the Faraday rotation effect for a collection of ex-
tragalactic radio sources, the so-called rotation measure (RM) grids, that carry information about
magnetization in this variety of enviroments, i.e. all the media traversed by the polarized signal
on its way from the source to the observer, and can therefore be used to study magnetization from
small-scale systems, as stars, to the largest scales, as galaxy clusters and the cosmic web. Because
the different line of sight to sources probes different combination of Faraday rotating environments,
identifying the signature of the weak magnetic fields in filaments and voids becomes thinkable,
while remaining extremely challenging. The signature of extragalactic magnetism is indeed often
buried in the observing noise and sophisticated statistical tools are required for their detection. The
first step in this direction is a reliable and accurate reconstruction of the Galactic Faraday rotation.
An image of the Galactic Faraday rotation using most of the data presently available has been
recently produced by Hutschenreuter et al. (2022), with a renewed and sophisticated Bayesian ap-
proach based on Information Field Theory (Enflin et al., 2009). In Vacca et al. (2026), we extended
this algorithm in order to simultaneously statistically disentangle the Galactic and the extragalactic
contributions, properly taking into account the observing noise, exploiting previous work published
in Vacca et al. (2015, 2016) built on Oppermann et al. (2015) results. A precise estimate of the
distance of each source in the RM catalogue together with information about the component of the
intervening large-scale structure will allow us to indentify the extragalactic Faraday contributions
of galaxy clusters, filaments, sheets and voids. To this end, the availability of complementary
spectroscopic redshifts is crucial.

The Magnetism SKAO Science Working Group identified as a top priority a polarimetric survey
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with SKA-Mid over 30,000 square degrees in band 2 (950-1760 MHz) at 2”” down to a sensitivity
of 4 ulJy corresponding to an observing time of about 15 min per pointing (Heald et al., 2020). In
this paper, we present predictions obtained by applying our algorithm to synthetic data from an
SKA-Mid survey with AA4 telescopes, with specifications similar to the real ones. Observations
at mid-frequencies will allow us to investigate magnetic fields in dense and highly-magnetized
systems, as galaxy clusters, and characterize their properties, e.g., their dependence on physical
parameters like the redshift of the emitting radio source. Moreover, recently, LOw Frequency
ARray (LOFAR) observations revealed that low frequency observations are particularly suitable
to detect and characterize magnetic fields in low-density weakly magnetized environments, such
as filaments of the cosmic web (Carretti et al., 2022). These frequencies indeed enable high-
precision Faraday rotation measurements, crucial to detect the faint signature of magnetization in
filaments. At these frequencies, the signal is depolarized as it passes through environments with
strong magnetic fields and high thermal gas densities. Consequently, the polarized signal that
can be detected at meter-wavelengths has been mainly rotated by low-density weakly magnetized
structures. The LOFAR Two-metre Sky Survey (LoT'SS) delivered Faraday rotation measurements
for a catalogue of 2461 extragalactic radio sources over about 6000 deg? of the sky, translating in
a number density of polarized sources of about 0.43 deg=2 (O’Sullivan et al., 2023). Findings by
Carretti et al. (2023) and Carretti et al. (2025) based on these data suggest that they are dominated
by the Faraday rotation imprinted on the polarized signal while crossing filaments of the cosmic
web and obtained indication favouring primordial magneto-genesis scenarios.

In order to shed light on the origin and evolution of cosmic magnetism, a survey spanning the
frequency range from low- to mid-frequencies would be extremely precious. The availability of a
dense grid of measurements at mid-frequencies, would be important for an accurate removal of the
Galactic foreground, crucial not only to shed light on magnetic field history through mid-frequencies
but also to constrain the magneto-genesis with the aid of low frequency data. For these reasons, in
this work, we also show predictions by applying our algorithm to synthetic data from an SKA-Low
survey with AA4 telescopes.

In the following, we briefly describe our algorithm in § 2, we present and discuss the expectations
for SKA-Mid and SKA-Low AA4 telescopes in § 3, and we draw our conclusions in § 4.

2 Description of the algorithm

We expanded the Bayesian algorithm of Hutschenreuter et al. (2022) in order to apply it to modern
Faraday rotation catalogues to detect and characterize extragalactic magnetic fields. The data of
interest are Faraday rotation measurements in the direction of N polarized point-like background
radio sources, denoted d = {dl-}?i] =dy,dy,..., dN.

Hutschenreuter et al. (2022) model the overall Faraday rotation as
di = Gga,i + i, (2)
where the extragalactic contribution, if present, is absorbed in the increased noise term 7j:

i = Peg i + Nj. 3)
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The noise covariance matrix N consists of the measurement uncertainties o, increased by a correc-
tion factor, 7,

N = diag(noy). @

The n-factors are computed for each data point individually through inference from the data and
include the extragalactic contribution and possible corrections for unreliable estimates of the observ-
ing noise. For the fraction of sources with spectroscopic redshift and auxiliary radio information
(radio luminosity), we model the Faraday rotation as a sum of a Galactic, an extragalactic term and
the observing noise,

d; = bgali + Peg,i + Ni- )

Expanding on Hutschenreuter et al. (2022), the algorithm described here is capable to distinguish
between the Galactic, the extragalactic term and the noise contribution, by exploiting the angular
correlation of the Galactic component, and the fact that the extragalactic and noise contributions
can be assumed to be uncorrelated on the sky. This extended algorithm operates as follows: a
generative revised stochastic model for the data is set up. This includes as model components
physical quantities of interest, like the amount of expected Faraday rotation dispersion per length
associated with the overall extragalactic large-scale structure between the source and the observer
or, alternatively, a certain cosmic environment (galaxy cluster, filament, ...). Then the parameters of
the generative model are inferred conditional to the observed data. The result is a Bayesian posterior
distribution of all model parameters. As field like quantities have to be inferred simultaneously,
the Galactic Faraday sky, the inference problem is very high dimensional. To deal with this in
finite computational time, approximative variational inference methods are used (i.e. geometrical
Variational Inference, Frank et al., 2021). These technical advancements represent a significant
improvement with respect to the work of Vacca et al. (2016).

The functioning of the algorithm relies on two catalogues. A catalogue contains data points used to
infer the Galactic contribution only. For these data, the noise distribution is assumed to be a zero-
mean Gaussian with variance given by Eq. 4. The remaining data points, for which complementary
information is available (as, e.g., spectroscopic redshifts), are assumed to follow a Gaussian noise
distribution with zero-mean and standard deviation given by the observing uncertainty. For these
data points, the distribution of extragalactic Faraday rotation values is modelled as a zero-mean
Gaussian, in agreement with previous work by Oppermann et al. (2015); Schnitzeler (2010);
Clarke (2004). The distribution of extragalactic Faraday rotation likely is non-Gaussian, as radio
observations suggest: Faraday rotation measures up to thousands of rad/m> have been observed in
cool core galaxy clusters that are not explainable with a Gaussian distribution characterized by a
standard deviation of a few rad/m? (e.g., Oppermann et al., 2015). In the following, a Gaussian
prior for the extra-galactic contribution is assumed per RM data point, but we note that this is not
in conflict with the overall distribution of extragalactic RM-values being non-Gaussian, as these
distributions live on entirely different domains.

We parameterize the variance of this Gaussian as a sum of contributions intrinsic to the emitting

source 0'2

i and associated with the large-scale structure environment between the source and the



Application of Bayesian statistical tools to SKA telescopes polarization surveys Vacca et al.

observer o-fnv - Overall, we model it as
2 _ 2 2 _
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where L; and z; are, respectively, the radio luminosity and the redshift of the emitting radio
source, Ly and Dg are two normalization constants, H(z) is the Hubble parameter, ¢ is the speed
of light (see Vacca et al., 2016, for details about the derivation). The parameters yum and Xred
describe the luminosity and redshift dependence, while eXin.0 and eXe-0 are the pure (with no
further dependencies on luminosity and/or redshift) Faraday rotation variances, respectively of the
emitting radio source and of the remaining extragalactic environments along the line of sight. In
total, the extragalactic model has four parameters: ® = { xint,0> Yenv.0» Xlum» Yred}. We note that
this model does not take into account all possible correlations: for example, we do not include in
the environmental Faraday rotation variance any dependence on luminosity. In this work, we use a
simple modeling since our aim is to show the potential of our algorithm for the study of extragalactic
magnetization, when catalogues as those expected from SKA-Mid and SKA-Low observations are
used.

A more in depth description of the algorithm is presented by Vacca et al. (2026).

3 Expectations with the SKA AA4 telescopes

3.1 Polarization source counts

At low frequencies, O’Sullivan et al. (2026), in this book, predict that the cumulative number N of
polarized sources per square degree scales as a function of the polarized flux density P as

P -0.75
N(>P)~5 deg™?, 7
(> P) (100/1])7) eg (M
by extrapolating information between ~0.1 and 10 mJy based on T-RECS total intensity counts
at 150 MHz (Lin et al., 2024) and deep field polarimetric LOFAR counts by Piras et al. (2024).
O’Sullivan et al. compute that, for a survey over 10,000deg? of the sky with 8h pointings, a
conservative 80 uJy/beam sensitivity can be assumed, corresponding to about 60,000 polarized
sources. At these frequencies, the Faraday rotation uncertainty is about 0.06 rad/m? and is dominated
by the ionosphere, as also shown for LOFAR data (O’Sullivan et al., 2023).

At mid-frequencies, the density of polarized sources can be derived from the work of Stil et al.
(2014), see Table 1 in that paper, and from the polarization number counts per square degree derived
by Rudnick and Owen (2014),

p \06
P) ~ 4 -2,
N(> P) 5 (30;{])}) deg ®)

By exploiting these findings, Heald et al. (2020) derive a density of polarized sources of 60-90 deg 2
at the sensitivity of the all-sky survey defined by the SKAO Magnetism Science Working Group
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(~4 uJy/beam per Stokes parameter over the full bandwidth and for a spatial resolution of 2”).
Considering the most conservative estimates, these number counts translate into an overall number
of polarized sources of about 1 million for the full southern sky.

3.2 Generation of synthetic catalogues

In order to assess the performances of data from SKA AA4 telescopes, we produced synthetic
catalogues based on the rotation measure catalogue of Van Eck et al. (2023), version number 1.2.0,
that includes most of the Faraday measurements available to June 2024. We generated synthetic
values for the Faraday rotation, its uncertainty, the redshift and the luminosity in Stokes I. The
uncertainty in redshift, luminosity and coordinates has been assumed to be negligible. The spatial
distribution of the synthetic sources reflects the coverage of the surveys considered.

gat [rad m=2]

e o A 9
. u*u’*‘b. .

-250 250

Figure 1: Synthetic Galactic Faraday sky.

Concerning the Galactic term, we produced synthetic rotation measure values by multiplying the
dispersion measure image by Hutschenreuter et al. (2024) by a Gaussian random magnetic field
with zero-mean and standard deviation equal to one. This magnetic field has been generated by
using the following power spectrum |B|? as a function of wave number ¢,

Py
— ©)

¢

1o+ (£)

where Py is the normalization of the power spectrum, ¢ is the characteristic wave number, and vy is

|Be|? =

the slope of the power spectrum. The slope of the magnetic field power spectrum has been assumed
to be y = —4. The resulting image has been properly normalized in order to have units of rad/m?
and is characterized by simultaneous fluctuations on small and large spatial scales. An example is
shown in Fig. 1. We opted for this value of the slope of the magnetic field power spectrum because
of the resemblance with the Galactic Faraday map obtained by Hutschenreuter and Enf3lin (2020)
including data from free-free emission.

For a fraction of sources, we add an extragalactic term, randomly drawn for each line of sight from
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Figure 2: Top panel: histogram of the uncertainties in the Faraday rotation measurements from the LoTSS
DR2 RM catalogue (O’Sullivan et al., 2023) in red colors and from the MeerKAT data (Loi et al., 2025)
in blue colors. Bottom panel: histogram of the uncertainties in the Faraday rotation measurements from
the MeerKAT data (Loi et al., 2025) at 0-9-1.4 GHz in blue colors with no ionospheric corrections and in
black colors including an ionospheric correction residual of 1rad/m?. The dashed vertical lines in both
panels indicate the median of each distribution. The median of the uncertainties in the LOTSS DR2 RM
catalogue is ~0.06 rad/m?, in the MeerKAT catalogue with no correction for the ionospheric Faraday rotation
is ~1.5rad/m? and including ionospheric correction residuals is ~1.8 rad/m?.
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a zero-mean Gaussian with variance as given by Eq. 6. The values of the ® parameters have been
fixed in order to produce overall extragalactic Faraday rotations in agreement with observations:

+ ~10rad/m? at mid-frequencies;
* ~1.5rad/m? at low frequencies.

The different magnitude of the extragalactic Faraday rotation effect simulated at mid- and low-
frequencies, is due to the fact that the Faraday rotation effect at low frequencies is dominated
by low-density weakly magnetized environments and has been shown to be characterized by a
standard deviation approximately of 1.5 rad/m? (Carretti et al., 2022). Mid-frequency observations
carry information from denser and more magnetized environments, as galaxy clusters, with typical
dispersion in Faraday rotation of about 10 rad/m? (e.g., Clarke, 2004).

Due to computational limitations, we do not consider all the lines of sight that will be available
at low- and mid- frequencies according to § 3.1. At mid-frequencies, we consider in total about
220,000 sources over the full sky (the most being located in the southern sky): around 160,000 of
them have been used in order to constrain the Galactic contribution only, while about 50,000 to
infer also the extragalactic Faraday rotation (about a few percent of the polarized sources expected
to be available). Since the sensitivity in polarization expected for the survey assumed in this work
is consistent with MeerKAT observations used by Loi et al. (2025)', all the sources have been
assumed to be characterized by a Faraday rotation uncertainty consistent with values given in that
work, see top panel of Fig. 2.

At low frequencies we use a similar setup. We consider a total of 210,000 sources over the full
sky, about 193,000 of which have been used to constrain the Galactic contribution only and have a
Faraday rotation uncertainty comparable with the data of Loi et al. (2025). The remaining 17,000
(about 30 percent of the number we expect will be available) have been exploited to infer also the
extragalactic Faraday rotation and have been assumed to be characterized by a Faraday rotation
uncertainty consistent with LOFAR RM data by O’Sullivan et al. (2023), see top panel Fig. 2.

The sources used to assess the extragalactic Faraday rotation contribution are required to have
auxiliary information (spectroscopic redshift and luminosity). Synthetic spectroscopic redshift
and luminosity have been drawn from the observed distributions, see Van Eck et al. (2023) and
O’Sullivan et al. (2023). In order to minimize the Galactic contamination, we assume that the
Galactic latitude of these sources is higher than 45° in absolute value.

3.3 Results and discussion

In Fig.3, we show the results of applying our algorithm to a RM catalogue corresponding to
observations at mid-frequencies, assuming an overall extragalactic Faraday rotation of ~10 rad/m?.
In the top panels, we show the mean and standard deviation of the Galactic Faraday sky posterior
distribution, and in the bottom panels the posterior distribution of the extragalactic parameters.
When compared with Fig. 1, the reconstruction of the Galactic Faraday sky (top left panel in Fig. 3)
shows a high level of fidelity, with larger uncertainties in the northern sky where the sampling

ILoi et al. (2025) observed a field of 6.35 deg2 in the 0-9-1.4 GHz range and detected 508 polarized sources, which
corresponds to a source density of 80 polarized sources per square degree.
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is poorer. The reconstructed Galactic Faraday sky looks smoother than the ground truth, likely
because of a degeneracy between the Galactic contribution and the extragalactic and noise term
at small-spatial scales. Concerning the extragalactic term, the algorithm is capable of recovering
the correct extragalactic parameters (Xint,0, XYenv.0» Xlum» and xreq) in the synthetic data within
one-sigma. We note a strong correlation between the parameters yin.0 and yjum and between the
parameters Yenv,0 and xred. Considering Eq. 6, a degeneracy of these parameters can be expected:
a given oy can be obtained for different combination of yint,0 and yium values. Similarly, for oeqy,

Xenv,0 and Xred-

The uncertainties in Faraday rotation adopted here reflect those derived by Loi et al. (2025) that do
not include corrections for the ionospheric Faraday rotation. Resorting to long-term observations
at the MeerKAT site, Hugo and Perley (2024) find that residuals from ionospheric corrections
can reach values up to ~1rad/m?. In the bottom panel of Fig.2 we show a comparison between
Faraday rotation uncertainties derived by Loi et al. (2025) before and after including residuals
from ionospheric rotation measure corrections as derived by Hugo and Perley (2024). Above
1 rad/m?, the two distributions do not significantly differ and their medians are comparable, being
respectively ~1.5rad/m? and ~1.8rad/m?, suggesting that uncertainties up to this level can be
considered acceptable to our aims. Results by Taylor and Legodi (2024) show that the ionospheric
stability is better by a factor up to ten during night-time with respect to day-time observations,
indicating that night-time observations must be preferred, especially when larger areas are observed
with short pointings spread out over long times.

In Fig.4, we show the extragalactic posterior by applying our algorithm to a rotation measure
catalogue including both mid- and low frequencies data, and assuming an overall extragalactic
Faraday rotation standard deviation of ~1.5 rad/m?. The algorithm recovers yin,0 and yjum within
one-sigma, and Yeny,0 and xreq Within four-sigma. While the extragalactic Faraday rotation is
constrained only using low frequency data, to infer the Galactic sky both mid- and low frequency
measurements are used. Differences, for a given source, in the Faraday rotation measured at mid-
and low frequencies are expected to be primarily driven by the observational noise and/or due
to depolarization effects that might render a polarized source unobservable at low frequencies or
affect its Faraday depth spectrum (see, for example, the recent work by Stil, 2025, on RM Jitter).
However, these differences should not have a significant impact on the inference of the Galactic
Faraday rotation. Indeed, the Galactic term is constrained simultaneously using all the available
rotation measure values, meaning that the Galactic Faraday rotation at a given position in the sky
depends not only on the rotation measure observed in that direction, but also at close-by locations.
We experimented different observing setups, e.g. catalogues including SKA-Mid and SKA-Low
measurements only, as well as including NRAO VLA Sky Survey (NVSS Taylor et al., 2009) data
points (not shown here). We find that catalogues from SKA-Mid and SKA-Low observations allow
us to put better constraints on the Galactic Faraday rotation with respect to catalogues including
also NVSS measurements, due to the larger (and sometimes unreliable) observational noise that
affects NVSS rotation measures. Using only SKA-Low rotation measures, would be even better, due
to the extremely small uncertainties on Faraday rotation, but the low density of polarized sources
would not allow us a detailed view of the Galactic Faraday rotation, as that SKA-Mid catalogues
are expected to deliver.

10
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Overall, to summarize, our algorithm shows better performances at mid-frequencies than at low
frequencies, likely because of the larger magnitude of the extragalactic Faraday contribution we
simulated, as described above. Larger samples will allow us to further reduce the uncertainty
in the determination of extragalactic parameters, especially when sources at high absolute values
of Galactic latitude are considered. At low frequencies, a larger sample would require including
sources closer to the Galactic plane. Increasing the number of sources for constraining extra-
galactic magnetization via the inclusion of lower latitude sources needs to be balanced against the
contamination from Galactic small-scale structures at low latitudes.

3.3.1 Spectroscopic versus photometric redshifts

One of the major restrictions while studying Faraday rotation from extragalactic environments
through rotation measure grids is the limited availability of spectroscopic redshifts. To date,
spectroscopic redshifts have been identified for about 50 percent of the polarized sources detected
at low frequencies (see O’Sullivan et al., 2023) and for about 10 percent of those currently available
at mid-frequencies (see Hammond et al., 2012). We note that the incoming facilities are expected
to provide spectroscopic redshifts for about 108 galaxies over 0 < z < 3 (e.g., Mainieri et al., 2024).
However, despite the fact that their very small uncertainty allows us to locate sources along the
line of sight with high accuracy, determining spectroscopic redshifts is extremely time-consuming,
therefore the efforts of future optical surveys are mainly focused on delivering photometric redshifts
(e.g., Newman and Gruen, 2022). Here, we want to shed light on the possibility to use photometric
redshifts in order to constrain extragalactic Faraday rotation.

Labeling o, the uncertainty in redshift and o, the uncertainty in flux density S, at frequency v, the
impact of these uncertainties on the detection of the extragalactic Faraday rotation variance given
our model is

2 2
Ao do?
0'22 =~ _eg O'Zz+ °e O'S2 =
Oeg 0z as, v
) 2
L Xlum eXint,0 c (1 + Z)4+Xred
om0 (L] £
L; (1+2) H(z) Dy

47TD% Li (um—1) eXint,0 )
+ — —| o5,
Lo \Lo (T+2)*| >
(10)
where oﬁg is given in Eq.6. The overall uncertainty depends on the redshift and on the flux

density themself and on their uncertainties. The luminosity L is related to the flux density by
L=4n(1+ z)3+"D12AS v» Where D 4 is the angular-diameter distance, « is the spectral index?, and
the k-correction has been taken into account.

For demonstration purposes, we consider the LoI'SS DR2 RM catalogue by O’Sullivan et al.
(2023), where redshifts are available for about 2,000 sources, half of which are photometric and

2Following O’Sullivan et al. (2023) we assume « = 0.7 for all the sources, where the flux density S, at the frequency

v is defined as Sy, o« v~ ¢,

11
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half spectroscopic. As described in Newman and Gruen (2022), for photometric redshifts, we
assume that o, = 0.05(1 + z) represents a good lower limit for the redshift uncertainty with current
surveys when different galaxy populations are considered. Concerning spectroscopic redshifts, we
assume an uncertainty o, = 0.001(1 + z), in agreement with what expected for the Euclid survey
(see Mauri et al., 2020, and references therein).

In Fig.5, we show the distributions of redshifts (spectroscopic and photometric) and of radio
luminosities of the sources, considering the redshift and Stokes I’ measurements provided by
O’Sullivan et al. (2023). In Fig. 6, we plot 0 52, Versus redshift and luminosity, both considering a
set of © values corresponding to ~ 1.5 rad/m? (top) and to ~ 10 rad/m? (bottom). In the first case,
the expected median uncertainty is 0.005 rad/m? in case of spectroscopic redshifts and 0.09 rad/m?
for photometric redshifts, while in the second case 0.12rad/m> for spectroscopic redshifts and
7.0 rad/m? for photometric redshifts. In all cases, the redshift uncertainty dominates over that one
due to the flux density by at least an order of magnitude. To understand if photometric redshifts
can be exploited, we should compare these numbers with the uncertainties in Faraday rotation
measurements. Considering that the uncertainty in Faraday rotation estimates from low frequency
observations is dominated by the ionospheric RM correction error and this amounts to ~ 0.06 rad/m?,
spectroscopic redshifts are required when these catalogs are exploited, i.e. for the study of the
Faraday rotation effect associated with the cosmic web. When considering observations at mid-
frequencies, instead, a median uncertainty in Faraday rotation between ~ 11 rad/m? (as in the case
of shallow surveys as NVSS, see Taylor et al., 2009) and 1.5-1.8 rad/m? (for deep observations see,
e.g., Loietal., 2025, as discussed in § 3.3, and for the polarization survey planned with SKA-Mid)
can be obtained. At mid-frequencies, in case of shallow surveys, photometric redshifts can be used
without significantly affecting the characterization of the extragalactic Faraday rotation, whereas for
deep observations and for the polarization survey planned with SKA-Mid, photometric uncertainty
can not be considered negligible or comparable with respect to other involved uncertainties. In this
case, spectroscopic redshifts should be used or, alternatively, the photometric redshift uncertainty
should be properly taken into account.

4 Conclusions

Shedding light on cosmic magnetism and it genesis requires a proper and detailed characterization
of extragalactic magnetic fields. To make this possible, a reliable and accurate reconstruction of the
Galactic Faraday sky is essential. We presented expectations for synthetic catalogues of Faraday
rotation values for background point-like polarized extragalactic radio sources corresponding to
SKA AA4 telescopes observations. To this end, we applied a Bayesian algorithm designed to
simultaneously disentangle the Faraday rotation effect due to Galactic and extragalactic environ-
ments, properly taking into account the observing noise. We show that precise redshift information
is critical in order to locate sources along the line of sight and track the path of their signal through
extragalactic environments to the observer with negligible uncertainties. Spectroscopic redshifts
are essential when dealing with the characterization of magnetization of the cosmic web, through

3We assume that the polarized sources considered here are point-like. Therefore, Stokes I values have been assumed
to correspond to flux densities.
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low frequency observations, and of galaxy clusters with surveys planned with the SKA-Low and
Mid telescopes. However, intracluster magnetic fields can be studied also by means of photometric
redshifts when data from shallow NVSS-like radio surveys are exploited.
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Figure 3: Results obtained assuming an extragalactic Faraday rotation standard deviation of ~10rad/m? and
using a rotation measure catalogue based on observations at mid-frequencies. Top panels: Reconstructed
mean and uncertainty of the Galactic Faraday sky. Botfom panels 2-dimensional marginalization (in colours)
and 1-dimensional marginalization (grey histograms) of the posterior distribution of the extragalactic param-
eters. The black line represents the ground truth value of the parameter used in the synthetic data. Brown
contours represent the 1-, 2-, and 3-o of the 2-dimensional marginalizations of the posterior distribution.
Dashed green, orange and red lines, the 1-, 2-, and 3-0 of the 1-dimensional posterior distribution. The blue
line shows the prior distribution. Black dots are random samples from the posterior distribution. Mirror
images of the samples around the mean have also been included.
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Figure 4: As in Fig. 3, but for an extragalactic Faraday rotation standard deviation of 1.5 rad/m? and using a
catalogue including both mid- and low frequency observations.
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Figure 5: Left panel: distribution of observed photometric (blue) and spectroscopic (red) redshifts. The
purple colour shows the overlapping region. Right panel: distribution of the luminosity of radio sources.
Data have been taken from the LoTSS DR2 RM catalogue by O’Sullivan et al. (2023), see text for more
details.

18



Application of Bayesian statistical tools to SKA telescopes polarization surveys

1.6
1.4

1.2

(rad/m?2)

2
eg

Og,

0.4

0.2

0.0

140

120

1001

052, (rad/m?)
[*)] (o]
o o

Oeg = 1.5 rad/m?

Vacca et al.

1.0

0.8

0.6 1

photometric
spectroscopic

00 05 1.0 15 20 25 30 35 10-5 1073 1071 10!
L (1027 W/Hz)
Oeg = 10 rad/m?
photometric
spectroscopic
..I- 'o'
00 05 1.0 15 20 25 30 35 10-5 10-3 107! 10!

L (1027 W/Hz)

Figure 6: Uncertainty in Faraday rotation standard deviation as a function of redshift (/eft) and luminosity
(right) of radio sources for spectroscopic (red) and photometric (blue) redshifts. On fop panels, the uncertainty
in Faraday rotation has been estimated considering an overall extragalactic Faraday rotation standard deviation
of about 1.5 rad/m? while on bottom panels of about 10 rad/m?. Redhsifts and luminosity values are the same
shown in Fig. 5.
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