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ABSTRACT

Context. Faraday rotation measure (RM) grids provide a sensitive means to trace magnetized plasma across a wide range of cosmic
environments.

Aims. We study the RM signal from the Shapley Supercluster core (SSC) in order to constrain the magnetic field properties of its gas.
The SSC region consists of two galaxy clusters, A3558 and A3562, and two galaxy groups between them, at z ~ 0.048.

Methods. We combined RM Grid data with thermal Sunyaev-Zeldovich effect data, obtained from the POlarisation Sky Survey of
the Universe’s Magnetism (POSSUM) pilot survey, and Planck, respectively. To robustly determine the gas density, its magnetic field
properties, and their correlation |B| « !, we studied the RM scatter in the SSC region (Gry) and its behavior as a function of distance
to the nearest cluster and/or group (d,). We compared observational results with semi-analytic Gaussian random field models and
more realistic cosmological magnetohydrodynamical (MHD) simulations.

Results. With a sky-density of 36 RMs/deg?, we detect an excess RM scatter of 30.5+4.6 rad/m? in the SSC region. When we compare
with models, we find an average magnetic field strength of ~1-3 uG (in the groups and clusters). The Srm(dnest) profile, derived from
data ranging from ~0.3—1.8 rs5oy for all objects, is systematically flatter than expected compared to the models, with < 0.5 being
favored. Despite this discrepancy, we find that cosmological MHD simulations matched to the SSC structure most closely align with
scenarios where the magnetic field is amplified by the turbulent velocity (vyb) in the intercluster regions By o n;/ 2vmrb on scales
dnrsl < 0.8.

Conclusions. The dense RM grid and precision provided by POSSUM allows us to probe magnetized gas in the SSC clusters and
groups on scales within and beyond their rsy. Flatter-than-expected RM scatter profiles reveal a significant challenge in reconciling
observations with even the most realistic predictions from cosmological MHD simulations in the outskirts of interacting clusters.

Key words. magnetic fields — polarization — galaxies: clusters: general — galaxies: clusters: intracluster medium —
galaxies: groups: general

1. Introduction

Magnetic fields are known to be ubiquitous in the Universe. They
span a wide range of scales and strengths: from stars and mag-
netars (up to ~10'> G; Shu et al. 2025) all the way to ~10™° G
in cosmic web filaments (Carretti et al. 2025). In the overdensi-

* Corresponding author: dalons®7@ucm. es

ties of the cosmic web (i.e., superclusters and galaxy clusters)
large-scale magnetic fields have also been found. The turbulent
intracluster medium (ICM) is permeated by ~uG magnetic fields
at ~1-100kpc scales (see Govoni & Feretti 2004; Donnert et al.
2018 for reviews of cluster magnetic fields). These magnetic
fields play important roles in the dynamics and understanding
of the baryonic content of the structures they permeate.

Al143, page 1 of 22

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202556287
https://www.aanda.org
http://orcid.org/0000-0001-9006-0725
http://orcid.org/0000-0002-3968-3051
http://orcid.org/0000-0002-5068-4581
http://orcid.org/0000-0003-4690-2774
http://orcid.org/0000-0003-1619-3479
http://orcid.org/0000-0002-5815-8965
http://orcid.org/0000-0002-6243-7879
http://orcid.org/0000-0002-3973-8403
http://orcid.org/0000-0001-7722-8458
http://orcid.org/0000-0001-9399-5331
http://orcid.org/0000-0003-1750-286X
http://orcid.org/0000-0002-1634-9886
http://orcid.org/0000-0003-0742-2006
http://orcid.org/0000-0003-4147-626X
http://orcid.org/0000-0003-2730-957X
http://orcid.org/0000-0001-5636-7213
http://orcid.org/0009-0000-3688-4379
mailto: dalons07@ucm.es
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Alonso-Lépez, D., et al.: A&A, 705, A143 (2026)

Table 1. Masses (Msy) and radii (rs0) of the four objects that make up
the Shapley Supercluster core (SSC).

Mass/Radius A3558 A3562 SC 1327 SC 1329
Msgo [10™ M) 9.8 4.4 2 0.5
rsoo [Mpc] 1.5 1.2 0.9 0.6

Notes. The masses were obtained from Venturi et al. (2022), while
we scaled the ry in Higuchi et al. (2020) using rs090 =~ 0.65 ra00
(Reiprich et al. 2013).

The baryonic content of the local Universe is well con-
strained, both by the predictions of Big Bang nucleosynthesis
through the analysis of the abundance of primordial light ele-
ments and observations of the Lyman-a forest at high redshift
(Nicastro et al. 2008) and by cosmic microwave background
(Planck Collaboration VI 2020). However, only ~70% of these
baryons have been found in observations of the local Universe
(Shull et al. 2012). Nonetheless, the remaining ~30%, the so-
called missing baryons, are now claimed to be accounted for,
although the uncertainties are yet to be lowered for a more
definitive conclusion (Driver 2021). They are expected to lie
in the warm hot intergalactic medium (WHIM; Nicastro et al.
2018; Macquart et al. 2020). The WHIM is made up of diffuse
ionized gas that fills the filaments of the cosmic web. These
missing baryons therefore lie in low-density regions, which
makes them hard to detect. Cosmic web filaments and inter-
cluster bridges are the type of low-density structures in the
Universe where these baryons are expected be. Recently, evi-
dence has been found for magnetic fields in these filaments
(Carretti et al. 2025) and it is therefore natural to think that
intercluster bridges, where diffuse radio emission and ther-
mal Sunyaev-Zeldovich (tSZ) effect signals have been detected
(Pignataro et al. 2024a,b; Tanimura et al. 2019; de Graaff et al.
2019; Radiconi et al. 2022), are magnetized as well. It is then
interesting to determine their level of magnetization and their
magnetic field strengths and properties.

The Shapley Supercluster core (SSC; z =~ 0.048) con-
tains one such intercluster bridge between the massive
galaxy clusters Abell 3558 and Abell 3562 (hereafter A3558
and A3562), detected by Planck through the tSZ effect
(Planck Collaboration XXII 2016). The tSZ emission of two
massive groups of galaxies was also detected in this bridge (SC
1327 and SC 1329). The masses, Msq, and radii, 5o, of these
four objects can be found in Table 1. The projected distance
between the centers of the Abell clusters is ~4.2 Mpc. Such a
system provides a unique laboratory for the study of diffuse mag-
netized gas in intercluster regions to derive the properties of their
magnetic field through Faraday rotation.

Linearly polarized light that travels through an ionized and
magnetized medium experiences Faraday rotation, i.e., a rotation
of the linear polarization vector y, which is proportional to the
square of its wavelength: Ay = RM - A%, where the constant
of proportionality is defined as the rotation measure (RM) (e.g.,
Ferriere et al. 2021). Since the RM is an integral along the line of
sight, the quantity we measure is the sum of all the contributions

' 'Where rsg is the radius of the sphere that contains a density equal
to 500p.(z), where p.(z) is the critical density of the Universe at the
redshift of the object in consideration, and M5 is the mass associated
with this overdensity.
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from every Faraday screen, S;

e3
RMu = D RM, = 50 3 fs D Bl

The integral goes from the source to the observing point. The
constants are e, the absolute value of the charge of the elec-
tron, m,, its mass, and c, the speed of light. The RM depends
on the product of the number density of thermal free electrons
(n.) and the magnetic field component along the line of sight
(B))*. Therefore, to properly quantify how much of the observed
rotation is actually due to the Shapley Supercluster, we need to
properly account for all other possible contributions, typically
local contributions to the source itself, intervening extragalactic
structures along the way, and most importantly the Galactic con-
tribution, denoted by GRM. When analysing RM data we con-
sider differences in the RM dispersion of different subsamples.
Thus, any contribution to the dispersion that can be set as com-
mon to both subsamples, such as the intrinsic contribution from
the sources, will cancel out. Given that the GRM contribution
can be different at different scales throughout the Shapley region
we aim to study, it is necessary to model it in detail.

Radio polarization data has been widely used to study mag-
netic fields in clusters through Faraday rotation (Murgia et al.
2004; Govoni et al. 2006; Guidetti et al. 2008; Bonafede et al.
2010; Govoni et al. 2010; Vacca et al. 2012; Govoni et al. 2017;
Stuardi et al. 2021). However, one of the main sources of uncer-
tainty in these RM grid studies is the limited number of polarized
sources whose lines of sight go through the given object of study
(Johnson et al. 2020). This limited sampling of the density and
magnetic field information is one of the main drivers for the Aus-
tralian Square Kilometer Array Pathfinder-Polarisation Sky Sur-
vey of the Universe’s Magnetism (ASKAP-POSSUM) collabo-
ration to build the densest RM grid of the southern sky to date,
with about 1 million expected extragalactic polarized sources,
aiming for ~30—50 RM/deg’ (Gaensler et al. 2025). The pre-
vious densest wide-area catalog has ~1 RM/deg? (Taylor et al.
2009). Recent studies with Square Kilometer Array (SKA)
pathfinder telescopes data have shown its capabilities to map
and detect ionized and magnetized gas in the outskirts of galaxy
clusters (Anderson et al. 2021; Loi et al. 2025) as well as the
RM signature of galaxy groups (Anderson et al. 2024). Other
recent studies of magnetic fields in galaxy clusters have shown
the potential of statistical stacking as an alternative to wide area
dense RM grids (Osinga et al. 2022, 2025).

In this work, we study the magnetic field properties of the
SSC with ASKAP-POSSUM? data from the POSSUM Pilot II
survey. We focus on the potential of these dense RM grids to
estimate the magnetic properties of the gas in the intercluster
bridge region between clusters A3558 and A3562. The underly-
ing assumed cosmology throughout this paper is a ACDM with
Qn =0.3,Qx = 0.7, and Hy = 70 km/s/Mpc. The linear scale at
the redshift of Shapley is thus 0.941 kpc/”. Section 2 is dedicated
to the data used in this work. Sections 3 and 4 show the results
derived from the data and the different modeling approaches we
followed, respectively. Section 5 contains the discussion of our
results. In Sect. 6 we conclude our findings. Appendices A and B
provide ancillary results and outline the methods used to extract

ey

2 Note that we neglect the effect of redshift dilution (Akahori & Ryu
2011). The on-off methodology in Sect. 3.4, Eq. (5) ensures that this
assumption is valid, given that we do not expect major differences
between the on- and off-target redshift distributions. Furthermore, at
the redshift of the SSC (z ~ 0.048), the factor (1 + z)~2 is of order 1.

3 https://possum-survey.org/
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information from the observations and the modeling, respec-
tively. Throughout this paper, the symbol o will be used as a
measure of the scatter in the RM data, and it always refers to the
median absolute deviation (MAD) standard deviation defined as
o = 1.4826 MAD, which is less sensitive to outliers than the
traditional standard deviation.

2. Data

2.1. Radio polarization and Faraday rotation data from
ASKAP-POSSUM

In this work we use observations from the ASKAP-POSSUM
pilot survey by combining data from Band 1 (800—1088 MHz)
and Band 2 (1296-1440MHz) with a spectral resolution of
1 MHz (Gaensler et al. 2025). The target of these observations
was the Shapley Supercluster in two different fields: “core” and
“south” (as shown in Fig. 1). The tile center coordinates for
“core” and “south” in Band 1 and Band 2 are listed in Table 2.
ASKAP’s field of view is 30 deg?, while for the typical integra-
tion time and rms noise consult Table 2.

2.1.1. Deriving the RM catalog

For each field, the Stokes I, Q, and U image cubes for the
fields were obtained from the CASDA repository*, which
were produced by the ASKAP Observatory pipeline using the
ASKAPsoft software package (Guzman et al. 2019). The on-
axis polarization calibration was done for each of the 36 beams
(closepack36 footprint with beam pitch of 0.9deg) using
the unpolarized bandpass-corrected primary calibrator
(PKSB1934-638). The off-axis leakage in the Stokes Q
and U cubes was corrected using beam models derived from
holography observations (which was estimated to result in
instrumental polarization levels of order 1% or less of Stokes
I for these particular observations by the POSSUM data val-
idation team Vanderwoude et al. 2024; Gaensler et al. 2025).
A Stokes I catalog for each field is also provided by the
ASKAP Observatory team using the Selavy software package
(Whiting & Humphreys 2012; Whiting et al. 2017). To quantify
the linear polarization and Faraday rotation properties of all
Stokes I sources, a development version of the POSSUM
Polarimetry Pipeline was used. Initially it was ensured that the
image cubes were convolved both spatially and spectrally to
a common angular resolution of 20” (using the beamcon_3D
routine from racs_tools’). The Q and U image cubes were
then corrected for the average ionospheric Faraday rotation
during the observation using the package FRion®. The 1D IQU
spectra were then extracted at the position of each Stokes [/
catalog entry. To account for any potential contamination of
the Stokes Q and U spectra by diffuse polarized emission from
the Milky Way, the median Stokes Q and U emission in a
109” annulus surrounding each source was subtracted (see e.g.
Vanderwoude et al. 2024 for details). The optimal annulus size
was determined through simulated source tests in an internal
POSSUM memo (Oberhelman et al. 2024). The 109” outer
radius is large enough such that the error on the subtracted
median value does not affect the noise in the subtracted spectra,
while also being small enough such that the procedure does
not subtract diffuse emission that is unrelated to that contam-
inating the target spectra. RM synthesis was then applied to

4 https://data.csiro.au/domain/casdaObservation
> https://github.com/AlecThomson/RACS-tools
% https://frion.readthedocs.io/en/latest/
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Fig. 1. POSSUM RMs used in this work and the definition of the dif-
ferent RM subsamples. The background shows the Planck tSZ effect y
map. The dash-dotted squares represent the (6 deg)> Band 1 ASKAP
fields, namely, the “core” and “south” fields, with their centers rep-
resented by red crosses. The black contour represents the Yuary =
4.24x 107 value used to define the on-target (orange triangles) and off-
target (purple dots) samples. These two are inside the 1.71 x 2.42 deg”
(5.8 x 8.2 Mpc?) y-map cutout used for the analysis (see Sect. 2.2). The
zoomed-in region at the top left corner of the plot shows the bridge
(cyan triangles) and cluster (blue triangles) subsamples, all of which
belong in the on-target region. The bridge box used to define the bridge
sources is also represented to ease the interpretation of the plot.

the individual spectra using the RM-Tools software package
rmsynth_1d’, which output an RM catalog in the standardised
form (Van Eck et al. 2023).

2.1.2. Band 1 and Band 2

While both Band 1 and Band 2 data were processed with the
development version of the POSSUM pipeline (Purcell et al.
2017), the Band 1 data were processed as single fields (individ-
ually for core and south fields), while the Band 2 data were first
combined (interleaved for core and in the overlap region with
the south) and then split into smaller tiles (~3.5 deg?). The IQU
spectra were extracted in the same manner from both the single
fields and the smaller tiles, as described above.

To create the most reliable RM catalog from the Band 1
and Band 2 data, we initially applied a cut in signal to noise
of S/N > 6 (in polarization) to Band 1 core data, and S/N > 8

7 https://github.com/CIRADA-Tools/RM-Tools/wiki/
RMsynthl1D
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Table 2. Summary of observations.

SBID Band Central freq. [MHz] Field RA [hms], Dec [dms] Obs. date Obs. time  rms [WJy/beam]
SB43137 1 943.5 Core  13:29:47, -30:17:24 03-Aug-2022 10h 46.98
SB34634 1 943.5 South  13:33:10, —34:55:12  22/23-Dec-2021 10h 47.40
SB43206 2 1151.5 Core  13:28:51, —29:52:48 06-Aug-2021 8h 57.18
SB43228 2 1151.5 Core 13:30:56, —30:19:48 07-Aug-2021 8h 58.83
SB43300 2 1151.5 South  13:33:52, —35:13:48 10-Aug-2021 8h 60.82

to Band 2 data®. In both Band 1 and Band 2 the angular resolu-
tion is 20", so for multiple sources whose separation is <20”, we
only kept the one with a higher S/N, thus avoiding statistical bias
from duplicated RM components. Band 1 was split into core and
south data, so we merged both catalogs dealing with the overlap
region between them by removing the south counterparts and
keeping the core ones, due to a more reliable instrumental polar-
ization correction in the latter. In Band 1 and Band 2 we only
kept sources with Ifitstat < 5 thus filtering out those that are too
faint in total intensity or those with problems raised during the
model fitting of Stokes I°. There were sources that are lying in
the overlap region between Band 1 south and Band 2 observa-
tions. To deal with these, for those in Band 1 we kept sources
with a distance to the nearest beam <0.3 deg, and distance to the
tile <1 deg. This allowed us to remove sources potentially dom-
inated by leakage and closer to the edges of the beams. For both
Band 1 south and Band 2 sources we applied a cut in the degree
of polarization >1.5% (Band 1 core sources were applied a >1%
cut, due to a better widefield leakage correction in that field).
Then, we only kept unique Band 2 sources, i.e., not detected in
Band 1, since Band 2 has a smaller bandwidth in A2 thus higher
uncertainty in the RMs.

2.1.3. Combined final catalog

In the end, 369 sources from Band 2 and 2106 out of Band 1 data
were kept'’. Nonetheless, a further selection process was made
to end up with a total 149 rotation measures. These where cho-
sen to be those in the relevant region of the SSC that allows us
to study its clusters and groups, comprising the combination of
the on and off-target regions (see Fig. 1). Out of the final total
149 sources, only 12 of them are from Band 2 and no “south”
sources made it to this final version. The catalog has metrics
to quantify the Faraday complexity of the sources, and we find
that only 4% of the on-target sources have hints of Faraday
complexity. Furthermore, the data used in this work is unsuit-
able for detailed complexity analyses (e.g. QU-fitting) due to
the suboptimal instrumental polarization correction. Figure A.1
shows the Stokes I image of ASKAP’s fields with the posi-
tions of the final RMs overlaid. The median error of the sources
in the final RM grid is SRM = 1.98rad/m? and the density

8 Nineteen sources from Band 1 core (out of 149 in the final catalog
of the relevant SSC region), actually survived with 6 < S/N < 8. Since
they did not fail any of our other quality metrics, they were kept. They
all belong to Band 1 core, the most reliable dataset, and their median
degree of polarization is ~5%, which is approximately five times higher
than the cut applied to this data. This indicates they are not dominated
by leakage.

® See https://github.com/CIRADA-Tools/RM-Tools for more
information.

10 These 2475 sources are used in Sect. 3.1 to estimate the foreground
contribution from the Milky Way to the RM values.
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of sources is 36 RM/deg?. The most relevant quantities for the
polarized sources in the final catalog can be found summarized
in Table A.3 for an example set of ten of them.

2.1.4. Embedded sources identification

We searched for sources embedded in Shapley, i.e., within
<16 Mpc of A3558 (at z = 0.048). 4 sources were found out
of the 46 sources in the detected subsample (see Sect. 3.4 for the
definition of it) to be embedded. Their component names are:
J132928-313924, J133048-314323 (in the bridge subsample),
J133503-313918, and J132803—-314527 (in the clusters subsam-

ple).

2.2. Thermal Sunyaev-Zeldovich map from Planck

When CMB photons propagate through a gas of hot ther-
mal electrons (like a galaxy cluster) they are likely to scat-
ter off them, and typically they gain energy from these col-
lisions (inverse Compton scattering). The way the strength of
this effect is parametrized is via the y-Compton parameter
(Mroczkowski et al. 2019) defined as

y=—1 f P(dl,
meyc

e

@)

where again, the integral is along the line of sight, P, = n.kgT,
is the pressure of the gas of electrons, and o7 is the Thomson
cross section.

We have used the MILCA (Modified Internal Linear Com-
bination Algorithm) full mission ComptonSZ map from the
2015 Planck results (Planck Collaboration XXII 2016). MILCA
is a component separation algorithm that was developed to reli-
ably map spatially localized emission as opposed to the dif-
fuse emission associated with the CMB (Hurier et al. 2013). We
downloaded a cutout of the Shapley Supercluster from Planck’s
Legacy Archive web page'! with pixel size of 1.71". The relevant
SSC region is 1.71 x 2.42 deg? (see Fig. 1).

There are other y maps available in the literature that use the
same initial Planck data and implement different algorithms for
tSZ signal reconstruction, along with deprojection of the cosmic
infrared background (CIB) dust contribution (McCarthy & Hill
2024). The root-mean-squared noise of this map in the same
SSC region is 4% lower than for the MILCA Planck map. The
median ratio of the map values from McCarthy & Hill (2024)
and those from the MILCA Planck map is 1.1, thus indicating
minimal impact on results derived from the y map.

1 Planck Legacy Archive
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Fig. 2. RRM and GRM maps made by interpolation to the nearest pixel of the estimated value at the particular position of a source from our catalog
with the annulus method. The black contour corresponds to yyary = 4.24 X 1076 (same as in Fig. 1; see Sect. 3.3). The centers of the clusters and
groups are represented by black crosses, while the dash-dotted circles represent their rso. Left: Residual rotation measure map. The random nature
of the patches in the map with similar sizes between them indicates that we have removed the larger coherent RM structure of the foreground
Galactic contribution, while retaining the information about the SSC. Right: GRM map. Contrary to the behavior of the patches in the RRM map,
this map exhibits a large continuous gradient in the RMs, which is expected for the large-scale Galactic contribution.

3. Observational results

In this section we use the POSSUM RMs to study the statistical
properties of the magnetized gas in the SSC, and how they vary
as a function of distance from the cluster and group centers.

3.1. Galactic foreground subtraction and residual RMs

To study the RM properties that are only related to the SSC, we
need to remove correlated RM structures on scales larger than
the SSC. The dominant contribution on such scales is expected to
come from the Milky Way insterstellar medium (ISM), which we
refer more generally to as the Galactic RM (GRM), including the
ISM, circum-galactic medium (CGM) and any magneto-ionized
media associated with the Milky Way. We define the residual
RM as

RRM = RMgps — GRM. 3)
To estimate the GRM we use the total 2475 POSSUM RMs
derived in Sect. 2.1.3. This grid has an areal density of prm =
41.5deg . As a consequence, we did not employ commonly
used methods such as the all-sky map of the Milky Way contribu-
tion (Hutschenreuter et al. 2022), which effectively loses infor-
mation on scales <1 degz. Instead, we have used the annulus
method (Anderson et al. 2024), in which we can adapt the inner
and outer annulus radii as relevant to the SSC system.

3.2. GRM from the annulus method

In this method, for each RM value, we estimate the GRM at the
source’s position by defining an annulus and averaging'? over
the RM values that lie inside it. The annulus is defined by two
parameters: the inner exclusion radius riyer and the number of
sources we want to average over. First we compute the distance
from the source to every other source in the catalog and we keep

12 We did the same analysis with the median instead, with a resulting
MAD standard deviation of the final RRM distribution that is consistent,
within the uncertainties, with the one obtained using the mean.

the 50 nearest ones whose distances are >riyner. Thus, the furthest
source defines the outer radius of the annulus.

The parameters rinner and the number of sources to aver-
age over, were chosen to avoid removing the actual SSC RM
structure, while accounting for the foreground Galactic contri-
bution. The chosen riper = 1.7 Mpc (0.5 deg) has a size com-
parable to the average ryg of the four objects in the Shapley
core (Fo00 = 1.58Mpc < Finner), thus we are not removing
information inside the rygg of the clusters and groups, while any
contributions on larger scales are expected to be sub-dominant,
as evidenced by cluster-derived magnetic field power spectra
(Dominguez-Ferndndez et al. 2019). By choosing 50 sources to
average inside the annulus, the average outer radius is Fourer =
2.8Mpc = 1.57. The RRM errors are computed as the
quadratic sum of the measurement errors (JRM) and the stan-
dard error of the mean of the 50 sources averaged over in the
annulus for that particular source i

)

SRRM; = \/ (ORM,)? + (') /N )

In Fig. 2 the RRM and GRM maps are shown. A smooth
gradient over the SSC is seen in the GRM, while the RRM
shows a more irregular pattern. We compared our GRM results
with the all-sky reconstruction of the Milky Way contribution
in Hutschenreuter et al. (2022). In contrast with the GRM gra-
dient in Fig. 2, we found an almost constant GRM throughout
the SSC compatible with the average value from the annulus
method. This is consistent with the fact that this map loses infor-
mation on scales lower than ~1 degree (due to the sparsity of the
underlying input RM data). The median §GRM in the Hutchen-
reuter et al. map is also approximately two times larger than for
the annulus method. We also checked for a potential correlation
between the GRM and the dust polarization map (Erceg et al.
2024) from Planck observations (Planck Collaboration XI 2020)
finding no significant relation. This is supported by the fact that
the thermal electrons, which are responsible for the GRM, do not
necessarily reside in the dust-dominated region of the Galaxy.

A comparison of the statistical properties of the RMps and
the RRM is shown in Table 3. The RRM distribution exhibits
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Fig. 3. Histograms of observed rotation measures (RMy) and residual
rotation measures (RRM) of the 149 sources used for our analysis.

Table 3. Mean, median, and MAD standard deviation (Sect. 1) of the
RM distributions before and after the removal of the Galactic fore-
ground contribution with the annulus method.

[rad/m?] Mean Median o
RM,ps -98+24 -13.1+3.0 219=+1.6
RRM 4124 09+29 16.1 +1.4

Notes. The mean and median of the RRM are closer to the expected
(RRM) = 0 and the standard deviation o goes down by ~6 rad/m?.

a mean and median closer to zero and a lower scatter than the
observed RM distribution. Figure 3 shows the histograms of the
RM,ps and RRM distributions. In Appendix A.2 we demonstrate
the robustness of this method.

3.3. Definition of subsamples

The 149 sources in the catalog we produced (see details in

Sect. 2.1) sample the SSC, which corresponds to p33¢ =

36 RMs/deg2 A3 RMs/Mpcz). We define the extent of the SSC
region for study based on the Planck y-map, with the boundary
between on-target and off-target regions defined as twice the y-
map’s rms noise level yoary = 2Yims = 4.24 X 1076 (see Fig. 1 for
context), where

- Off-target =y < Yodry,

— On-target =y > Ypdry-
The on-target region contains 46 sources. The off-target sub-
sample contains 103 sources, which is a sufficiently large con-
trol sample that also avoids regions too far from the center. This
avoids encountering contributions from other clusters and groups
in the wider Shapley Supercluster area. The on-target region con-
tains lines of sight through the Abell clusters and the SC groups.
To study these contributions separately the on-target sample is
further split into the “clusters” and “bridge” subsamples.

The bridge box (see Fig. 1) was defined to be parallel to the
axis joining the centers of the Abell clusters. Despite the over-
lapping of the groups and clusters, this definition aims to iso-
late those lines of sight that mainly go through the SC groups
(the bridge) inside their rso9, with 12 sources in this subsample.
The remaining 34 sources that belong to the on-target region, are
defined as the clusters subsample. These mainly represent lines
of sight that cross the Abell clusters inside their 7sqo.
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Fig. 4. tSZ Planck map of the A3558-A3562 clusters system as well as
the two massive groups of galaxies SC 1327 and SC1329. The triangles
represent the locations of the background ASKAP radiogalaxies and
they are colored according to their RRM]| values. We also show the rsq
of the four objects as reference for the size of the system at the plane
of the sky, along with their centers. The black contour represents the
threshold we used to define the boundary between the off-target and on-
target 1egions: Ypary = 2Yrms = 4.24 X 107°. The rectangular box defines
the bridge. The sources inside it sample the region between the Abell
clusters and outside their rsy, despite some overlapping effects. The
counterpart on-target sources that lie outside the box mainly sample the
inside the of rsqo of the clusters, thus its name: the clusters subsample.

X-ray data from eROSITA could be used to trace thermal
electrons and define the SSC boundaries. The main advantage
of eROSITA compared to the XMM-Newton pointed observa-
tions is the larger and contiguous area coverage (Bulbul et al.
2024). While eROSITA covers the whole of Shapley, given that
the deeper XMM-Newton observations cover the entirety of the
SSC, which is the region of interest for this work, no significant
improvement is expected from eROSITA data in this context.
Furthermore, the linear dependence of the tSZ effect with the
electron density makes it a more suitable and sensitive tracer to
define the SSC boundary, compared to the squared dependence
of the X-ray emission.

3.4. RM signature in the Shapley Supercluster core

Hereafter, we use “RM?” for the results derived from the RRMs
except where needed in case of a potential confusion. The higher
the scatter in a distribution of RMs, the more likely it is that there
is an excess contribution from magnetized gas. We calculate the
excess RM scatter (MAD standard deviation, Sect. 1) of the SSC
as

SsC _
ORrRM =

\/O—zRM,on—targel - O—ZRM,oﬂftarget = 30.52+4.55 rad/mz, (5)
with a statistical significance of 6.70~. We found no significant
variations in the exact value of the scatter after exploring minor
variations in the value of yuqry. The scatter in the on-target region
IS ORM,on—target = 32.91 4.18 rad/m?, while the off-target sam-
ple presents a scatter of oRrM,off-target = 12.32 + 1.54 rad/m?.
This value is higher than the expected ~6—8rad/m? for a ran-
dom extragalactic background (Schnitzeler 2010). It implies that
there is a contribution from magnetized gas outside the SSC, or
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Table 4. Detected excess in the RM scatter from the SCC, bridge, and
clusters subsamples, along with their significance and the total number
of sources inside each.

Sample  Sources a‘iﬁple [rad/m?]  Significance
SSC 46 30.52 +4.55 6. 70
Bridge 12 25.32 +8.48 3.00
Clusters 34 27.20 +4.97 5.50

Notes. The off-target subsample is common for all three cases with a
scatter of Toft_arger = 12.32 £ 1.54 rad/m?.

that there remains uncorrected GRM contributions in the back-
ground RRMs. However, o-lsgvlc is not affected by this, since both
subsamples are equally affected by these contributions. Remov-
ing the 19 sources with 6 < S/N < 8 leaves the statistics

unchanged within the errors.

3.5. RM signature within the clusters and bridge

We investigate the RM substructure of the SSC by separately
analysing the Abell clusters and the bridge region (where the SC
two groups are). Figure 4 shows the y-map of the SSC, along
with the |IRRM]| of the sources and the bridge box. It also high-
lights the rsop of the clusters and the groups. The excess RM
scatter detected from these regions follows Eq. (5), with the same
off-target sample and replacing o-rm,on-target With the RM scatter
of the bridge and clusters subsamples (Table 4).

The excess RM scatter within the bridge implies that o5y
is not completely dominated by the RM of the clusters. Further-

more, the fact that obridee o compatible within the uncertainties

RM
: Clusters 3 : : EI
with o g ", implies that we are probing a very similar range of

ORM & n.Bj VAL (Eq. (8)) in the clusters and bridge regions.
This is supported by the electron density range computed in
Appendix A.5. We have also computed the excess RM scatter
from each of the clusters, and found 0'%34558 =30.16 £ 6.51 and

0_?34562 =27.69 £ 8.73 at 4.60" and 3.20 respectively. These, fur-

ther suggest that the range of n,B; VAL values is similar in the
entire SSC region and its substructures, i.e., clusters combined,
bridge, and each cluster separately.

3.6. Observed RM scatter profile with distance to nearest
cluster and/or group

To further study how the scatter in the RM varies with distance
from the clusters and groups centers, we follow Anderson et al.
(2024) and Osinga et al. (2025), and define the observable for the
RM scatter profile with distance between independent sources as

N ORRM?
N-1

Crm(dnist) = \/0—2RM(dnrst) - - O—lz{M’Oﬁ,lal—get’ (6)
where we correct for the off-target contribution and for the RRM
measurement errors (see Eq. (4)). The distance dpst = Furst/ 7500
is the (projected) distance from a given source to the nearest clus-
ter/group normalized by its r509. This definition deals with the
fact that in the SSC, the complicated structure and geometry does
not have spherical symmetry, as in single cluster studies. For this
profile, we use the on-target region subsample (see Sect. 3.3,
Figs. 1 and 4). The range of distances of our clusters and groups
we are able to probe with these data is 0.3 < dp < 1.8.
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Fig. 5. Observed Grm(dys) profile (black line). The gray shaded region
is the 68% C.L. error region. The blue crosses represent the ampli-
tude of the RRMs of the on-target region, while the horizontal line is
O ofi-target- 1he arrow-shaped data point corresponds to an outlier value
of ~230rad/m?. The vertical line is set at 0.7 7549, which is the scale at
which overlapping effects start to take place. The horizontal segment at
the lower left corner represents the median window size of ~0.3 rsg.
The vertical purple error bar (lower right corner) indicates the median
on-target SRRM = 4.6 rad/m?.

To bin our data, we used a sliding window approach, with
fixed size of the window of N = 16 data points, which translates
to a median window size of ~0.3 r5yy. We obtained the 68% con-
fidence level (C.L.) error region through bootstraping with 10°
resamples. The resulting behavior (Fig. 5) is statistically consis-
tent with a moderate anti-correlation between the scatter in the
RM and d,, as a Spearman rank test yields a correlation coeffi-
cient of —0.54 with a p-value of 2 x 1073,

For d,.« > 0.7 rso9 we find sources that are inside the rsgy of
two different structures, i.e., a cluster and a group, thus we define
this as the boundary at which overlapping structures begins. We
quantified the trend with d, of sources unaffected by the over-
lapping of structures (dys¢ < 0.7 rs0p) with a Spearman rank test
with correlation coefficient of —0.65 and p-value of 0.03. Beyond
>0.7 rsoo the profile appears to flatten (Fig. 5, right of the vertical
pink line). A Spearman rank test yields a correlation coefficient
of 0.02, supporting this argument, but not with enough statistical
significance (p-value of 0.9). To assess the impact of the bridge
and galaxy groups on the profile in Fig. 5, we examined a sub-
sample of sources, focusing on 19 sources whose lines of sight
pass through the outer side of the cluster halos (counter to the
bridge direction). After dividing the sample into two bins based
on dpg, we find that the scatter still closely follows the original
profile for the entire sample. Therefore, the inner structures of
the bridge and groups do not significantly affect the profile.

3.7. Impact of small-scale magnetic fields on RM statistics

Magnetic fields coherent on scales smaller than our beam reso-
lution, i.e., ~20 kpc, may play an important role contributing, for
instance, to the total O'SR?VIC. They may also cause significant depo-
larization, such that within the SSC region we could be missing
a population of polarized sources due to our selection criteria
(Sect. 2.1.3). However, there is no clear evidence of a missing

population given that the RM number densities are similar in the
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on-target and off-target regions (pg;‘a‘ge‘

P! = 37 RMs/deg?).

To further assess the RM scatter due to small-scale
fields, which we denote by Xgy following the convention
in Osinga et al. (2025), we can use Burn’s law (Burn 1966;

Sokoloff et al. 1998)

= 35RMs/deg? and

-252 A
D = poe "TTRMT0,

@)
where 4y =~ 32cm corresponds to the weighted mean of the
observed wavelength-squared channels of Band 1 observations
(v = 932MHz). We set pof_arget = po = 5.3%, which is the
median degree of polarization of the RM sources in the off-
target sample. The median degree of polarization of the on-target
sample is lower at popn_rget = p = 4.0%, and therefore on
average these sources suffer additional depolarization due to a
YRM.on/off = 3.6 rad/m?.

This small-scale RM contribution could contribute to a
decrease in GSry at low values of dy. The median degree of
polarization of on-target sources inside and outside 0.7 rsgg is
Pon<0.7 = 3.7% and pon~07 = 4.4%, respectively. Taking the
ratio of these two, we find a depolarization of ~0.84 between
sources closer to the clusters’ centers with respect to those out-
side. Using Eq. (7), we find Zrponin/onr = 2.9 rad/m? (small
in comparison to the total signal from the SSC of ~30rad/m?).
These results indicate that beam depolarization appears to be a
minor effect, likely playing a subdominant role in the overall RM
statistics of our sample. Deeper observations and/or at higher
frequencies, where depolarization effects are less pronounced,
would be required to advance this analysis.

4. Modeling results

4.1. Magnetic field strength estimates with single-scale
models

To estimate the required magnetic field strength to explain the
RM observations in the SSC region, we can use a single-scale
model such as that in Gaensler et al. (2001). This model assumes
cells of fixed size A and constant electron density 7., where mag-
netic field strength is constant with random orientation with line
of sight. The observed orm and magnetic field strength are then
related by

e n.B

= — VLA,
2nrm2c* 23

®)

ORM

where L = 1.8 Mpc is the path length (for details on their esti-
mation we refer the reader to Appendix A.3). The coherence
scale A was fixed to 50 kpc (Guidetti et al. 2008; Bonafede et al.
2010; Vacca et al. 2012; Govoni et al. 2017). The electron den-
sity estimates range from ~10~* to 1073 cm™ (Appendix A.5,
Table A.2). From Eq. (8), we determined the magnetic field
strength

ORM [rad/mz]) (ﬁe[cm_3] )" (L[Mpc] Alkpe] )‘” 2

B=1uG
“( 30 4% 10 18 50

€))

in the bridge, clusters, and SSC regions, ranging from 0.2 uG
to 1.7 uG in the bridge and cluster regions for a wide range of
electron density assumptions (see Table A.2).
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Fig. 6. Visual comparison of the excess RM scatter in the bridge
and clusters regions between the observations (bottom line) and
the Gaussian random field models from MiRo0 (computed following
Appendix B.1.3). Horizontally, we represent the 68% C.L. error region
for each model. Vertically we outline the statistical error estimated for
the observations for visual comparison reasons. The values of B, are
in uG.

4.2. Gaussian random fields with MiRo

Here we investigate more realistic ICM models in order to obtain
more robust magnetic field estimates, determine the field corre-
lation with electron density (i.e., |B| « ), and assess whether an
additional gas component besides the clusters and groups in the
SSC is required. Therefore, we use semi-analytic models for the
ICM that go beyond constant density assumptions and single-
scale magnetic field fluctuations by incorporating electron den-
sity profiles for clusters and power spectra motivated by mag-
netohydrodynamic (MHD) simulations onto a Gaussian random
magnetic field model. In particular, we modeled the electron
density for the clusters and groups with universal density pro-
files (Pratt et al. 2022; see our Appendix B.1.1). To implement
multi-scale fluctuations in the magnetic field, we used the power
spectrum from Dominguez-Fernidndez et al. (2019) that peaks
at 230 kpc. The MiR0 code (Bonafede et al. 2013; Stuardi et al.
2021) is capable of incorporating the aforementioned elements,
thus we use MiR0 to model the SSC. Additional details on how
this is done, can be found in Appendix B.1.2.

4.2.1. RM signatures predicted by MiRo

We compute the excess RM scatter from the bridge and clusters
regions for the MiR0 models in the following parameter space:
Bims = 1uG-3.5uG, n = 0, 0.5, 1, where n parametrizes the
correlation between magnetic field strength and electron density
|B| o« n!. Following a Monte-Carlo and bootstrap method (see
Appendix B.1.3) we obtained o °, o'SlSe shown in Fig. 6 in
comparison to the observed values. The bottom line shows the
observed excess RM scatter in the bridge and clusters with its
error bars, and vertically we show the estimates from the MiRo
models.

With this statistic only, despite the fact that there is a signif-
icant amount of overlap between models due to the large asso-
ciated uncertainties, we can already rule out some models. The
criterion to decide was whether the predicted o"$I©™ is compat-
ible, within the uncertainties (at the 10~ level), with the observed
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Fig. 7. Rotation measure scatter profiles (Sgry). The color-shaded
regions represent the 68% C.L. error regions for the MiRo profiles
(made with a sliding window of fixed size 0.01 rso9). We show the five
MiR0 models with highest Bayesian evidence. The black line repre-
sents the observed scatter profile and the gray shaded region represents
its 68% C.L. error region. The vertical line is at 0.7 rs5q9, where overlap-
ping structures start to dominate.

one. Given that the power spectrum is derived from cluster simu-
lations and there is no evidence that indicates it should also hold
in the bridge region, MiR0 is expected to perform best at the
clusters. Table B.1 shows the predicted RM scatter only of these
models.

Regarding the bridge region, note that only the inclusion of
the two massive groups in the modeling is enough to explain the
observations within the uncertainties for most models. There-
fore, the contributions to the observed excess RM scatter from
the clusters and groups dominates over other magnetized gas in
the SSC. Hence, at the level of our data, there is no motivation
to add an additional RM component (e.g. from filamentary gas)
in the intercluster region.

4.2.2. Comparison between modeled and observed
6RM(dnrsl)

To better discriminate between models, we have computed scat-
ter profiles of the RM with distance to the nearest cluster/group
to compare the predictions from MiR0O with the results in
Sect. 3.6. To calculate the profiles from the mock RM maps,
we binned the region with a sliding window of fixed step size
Adys = 1072, and the 68% C.L. error region was computed
through bootstrap with 10* resamples. For more details see
Appendix B.1.4. In Fig. 7 we plot the resulting profiles as well
as the observed profile from Sect. 3.6.

To determine which model best reproduces the observed pro-
file we defined a Gaussian likelihood function £ for each MiR0
model k as follows:

GMiRok _ 0bs )2
RM,i RM,i

1 1 &
-Ek: exp _EZ 2

/ NTIN 2 — oc. .
(271') Hi:lo-lot,i,k i=1 tot, i,k

MiRd.k .
where op . = (ASy;")? + (AGRY)? is the total uncer-
tainty in Sgy from both the model and the data, as computed

through bootstrapping. We computed the Bayesian evidence for

, (10)

Table 5. Bayesian evidence, Bayes factors, and K&R scale result for
the MiR0 model selection analysis.

(Bms» ) (25,00 (3,0) (1,0.5) (2,0) (1.5,0.5)
In Ly -43.6 —-442 -459 -46.1 -483
InB 0.6 2.3 2.4 4.6
K&R Barely Positive Positive Strong

Notes. We compared the value of the S¥ik®(d,,) profiles at the position
of the on-target sources in the range <0.7 rs509. More details can be found

in Appendix B.1.4. The values of B, are in uG.

each model which we can simply identify with the likelihood'?.
Among the models tested, the one that provides the best descrip-
tion of the observational data is the one with the largest value of
In L. To compare the performance between different models we
compute Bayes factors B = L;/L; and use the Kass & Raftery
(1995) scale (K&R). For more details on the Bayesian model
selection analysis see Appendix B.1.4.

To do this comparison, we used the value of the RM maps
with a o™ compatible with the observed excess RM scatter
in the clusters (see Fig. 6) only at the location of the on-target
RMs and applied Eq. (6) with the same sliding window param-
eters applied to the observational profile. Even though MiRo
is modeling overlapping structures, it is not accounting for the
likely complex interactions between them. Therefore, we only
compared the models to the data in the bins satisfying dpx < 0.7,
where the overlapping structures are not dominating the behavior
of the profiles. For values >0.7 rsq all profiles exhibit a similar
flattening and most of them lie within the uncertainties of the
observed profile. Thus, in order not to bias our conclusions from
the Bayesian model selection with the performance of the pro-
files in that range of distances, we do not include them in this
analysis.

In Table 5 we show the results of the Bayesian model selec-
tion analysis. The model with the largest Bayesian evidence cor-
responds to the model with the best predictive performance:
Bims = 2.5uG, n = 0. We show the Bayes factors of all other
models with respect to it sorted by their performance up to the
first one with strong evidence against it. We find barely worth
mentioning evidence against the B, = 3 uG, n = 0 model, and
positive evidence against the best performing = 0.5 model.

Another approach is to use the scatter of the RM as a
function of electron density, Sgrm(n.). This quantity could, in
principle, provide a more direct mapping of the profile of the
RM scatter from the center of the cluster toward its outskirts.
However, the overlapping of structures in the SSC geometry,
gives Srm(darst) the advantage of clearly showing at what scale
these become important. Moreover, to estimate the electron den-
sity from the observations some assumptions need to be made,
such as constant density and temperature over the path length
(see Appendix A.5). Nonetheless, we show the profiles with
respect to electron density and the comparison between mod-
els and data with the same Bayesian model selection analysis
in Appendix B.4. From these profiles the data favors the model
with By,s = 2.5 1G, n = 0, which is in agreement with the above
results from the comparison with the profiles with d,. The five
models with highest Bayesian evidence are the same as those
from the profiles with d,. However in this case, the second

13 This holds due to the fact that we have a fixed parameter space (see
Appendix B.1.4).
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Fig. 8. Zoom-in simulation of the Shapley analog found in the SLOW simulation. From left to right: electron number density, y-Compton parameter,
RM map for the dynamo | amplification mechanism. We show the 5 of the two clusters and the two groups, namely: 1.7, 1.2, 0.91, and 0.88 Mpc

in decreasing order of mass.

best performing model is By, = 1uG, n = 0.5, with barely
worth mentioning evidence against it.

4.2.3. Estimated magnetic field strength from MiRo

The average magnetic field strength can be estimated in the
bridge and clusters regions from the magnetic field 3D cubes
generated by MiRo, but retains significant systematic uncer-
tainty due to the model selection ambiguity. Applying Eq. (B.6)
to the model with the best performance according to the results
from Sect. 4.2.2, i.e., Biys = 2.5uG, n = 0, we obtained
(IB|) = 1.7uG both in the bridge and clusters regions with a
statistical error of ~0.1 uG.

4.3. Comparison to cosmological MHD simulations: SLOW

MiR0 provides a significant improvement in the ICM and mag-
netic field modeling in clusters with respect to single-scale mod-
els. Nevertheless, it lacks a realistic description of the complex
interactions between the clusters and groups in the SSC (it only
assumes noninteracting spheres with a given density profile), or
variable magnetic field coherence lengths (the same power spec-
trum was assumed to hold at all scales and distances in the entire
SSC). However, cosmological MHD simluations provide a solu-
tion to these problems.

Therefore, we extend our analysis to compare the RM data
from Sect. 3 to modeling obtained from the SLOW (Simulating
the Local Web)'# simulation set (Dolag et al. 2023; Bdss et al.
2024). SLOW is a cosmological MHD simulation constrained
to match the local Universe large-scale structure. We refer the
reader to Appendix B.5 for the simulation setup details. From
the simulation, we identified analogs of the SSC groups and clus-
ters with the following properties (see discussion in Seidel et al.
2025):

— SLOW-A3562: Ms()() =53x% 1014 M@, r'soo = 1.2 MpC

— SLOW-A3558: Msgy = 1.46 x 10'5 My, rsoo = 1.7 Mpc

— SLOW-SC1329: Msgy = 2.25 x 10" My, r500 = 0.91 Mpc

— SLOW-SC1327: Msgy = 2.04 x 10'* My, 500 = 0.88 Mpc.
The radii were obtained from the M5y, following the usual self-
similarity relation Mg o r2 . The masses from the analog clus-

500°
ters and groups differ from the observed ones by a factor rang-

4 https://www.usm.lmu.de/~dolag/Simulations/#SLOW
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ing from 0.02 (SC 1327) to 3.5 (SC 1329) larger. The rsqg is
underpredicted by a factor 0.02 for SC 1327 and overpredicted
by a factor 0.1-0.5 for A3558 and SC 1329, respectively, while
SLOW-A3562 has a radius equal to the observed one.

Within the simulation adiabatic compression and dynamo
processes amplify a seed magnetic field. This simulated mag-
netic field (Bgm) produces realistic values in galaxy clusters
but the radial decline is too steep due to resolution effects
(see Steinwandel et al. 2022), hence filament magnetic fields are
under-estimated. To study the RM in filamentary regions between
the clusters, several magnetic field models are applied to rescale
the simulated magnetic field. Namely: a constant plasma-g ratio
between magnetic and thermal pressures (Bg); turbulent and mag-
netic pressure equilibrium (Bg); a magnetic flux conservation
during amplification by 3D compression mechanism (Bg); and
two turbulent dynamo scenarios, where one of them operates for
a range of densities n, 2 10~ cm™ (Bgyn,;) with an attached
declineatn, < 107 cm™ to match observations for filament mag-
netic fields (Carretti et al. 2023), and the other is a pure saturated
dynamo (Bgyn1); see Boss et al. (2024) for details.

To understand how these models predict different correla-
tions between magnetic field strength and electron density (in
analogy to the i parameter in the modeling with MiRo0), we have
fit these two quantities in the electron density range 4 x 107> <
ne [cm™] < 8 x 107, where the comparison between the SLOW
models and the data is performed (see Appendix B.5.2). We
found that all amplification scenarios are well fitted by a power
law with: ngm = 0.44, g = 0.53, n¢ = 0.50, ng = 0.67,
Ndyn,| = 0.51 and Ndyn,t = 0.50.

Using SLOW it is possible to obtain maps of different physi-
cal effects and observables, e.g., X-ray surface brightness, tSZ
effect, temperature, electron density. As an example, Fig. 8
shows the electron number density and y-Compton maps, along
with the RM map for one of the dynamo mechanisms of the
Shapley analog found in the SLOW simulation. While gener-
ally well reproducing the clusters and groups’ masses and sizes,
it is worth mentioning that there are two main differences with
respect to the observations: the projected distance between the
Abell clusters is a factor 0.8 lower, and the positions of the
groups do not exactly match the observations.

Using mass weighted magnetic field maps for the differ-
ent amplification mechanisms, we have computed the aver-
age magnetic field in the bridge and clusters regions following
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Fig. 9. Visual comparison of the excess RM scatter in the bridge and
clusters regions between the observations (bottom line) and all mag-
netic field amplification mechanisms implemented in SLOW. Horizon-
tally, we represent the 68% C.L. error region for each model. Vertically
we outline the statistical error estimated for the observations for visual
comparison reasons.

Eq. (B.6)". All models provide magnetic field strengths of the
order of ~1 to 3uG, both in the bridge and clusters regions,
except the By, model that yields ~0.1 uG. The statistical errors
are <1072 uG.

4.3.1. RM signatures predicted by SLOW

: Bridge Clusters
We determine O RM.SLOW and TRMSLOW from the SLOW

SSC analog in a similar manner to the observations (see
Appendix B.5.2). We have estimated the excess RM scatter in
these regions using the RM maps derived from all SLOW mag-
netic field amplification mechanisms.

Based on o-%‘,‘lf‘sefow we find that the By, model is inconsis-
tent with observations at 4.60-, and therefore can be ruled out
(see Fig. 9). This implies that we can rule out the possibility that
in the gas between the Abell clusters no further amplification of
the fields is taking place.

All other mechanisms are able to reproduce the observed
scatter in the clusters. The Bg model, while showing a larger RM
scatter in the bridge than in the clusters region, it also predicts
a 0'%\‘/‘[“"‘“ that is consistent with observations at the 1o level.
Moreover, similarly to what we found from the Gaussian ran-
dom field modeling with MiRo, with this statistic we find over-
lap between these models within the uncertainties, thus being
unable to discriminate between them. Table B.4 lists the values
of the excess RM scatter shown in Fig. 9.

4.3.2. Comparison between simulated and observed
6RM(dnrsl)

To better discriminate between models, using the RM maps
derived from the simulation, we explore how the RM scatter
behaves with distance to the center of the clusters for all amplifi-
cation mechanisms considered. Details of how these profiles were
constructed are provided in Appendix B.5.3. We cannot directly

15 However, working with a 2D map instead of a 3D cube implies we
only need to sum over the Ng pixels. Thus, N, = 1 and we do not
perform any sum over the line of sight.
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Fig. 10. Rotation measure scatter profiles (Sgy) with distance to the
nearest cluster only. The black line represents the observed scatter pro-
file, which was computed using a fixed sliding window of N = 16
points. The gray shaded region represents its 68% confidence inter-
vals obtained with bootstrapping resampling. The observational d
values have been rescaled by a factor of x0.8 to account for the dif-
ference in projected distance between the SLOW analog clusters and
the real A3558-A3562. The colored regions are the SLOW 68% C.L.
error regions (made with a sliding window of fixed size 0.01 rsp) for
the RM maps that correspond to all amplification mechanisms of the
magnetic field in the intercluster region.

compare with the observational results in Sect. 3.6, because of
the differences in projected distance between the clusters and the
location of the groups. Therefore, we defined d this time as the
distance to the nearest cluster only, without including the groups.
We computed a profile of the RM scatter from the observations
with this new definition of distance, using Eq. (6).

Figure 10 shows the new observational Gryi(dyyst) profile and
the equivalent SLOW profiles of all amplification mechanisms.
We have performed a Spearman rank test to the observed profile
to asses its flatness, obtaining a correlation coefficient of —0.36
with a p-value of 0.05. This indicates that no statistically signif-
icant anti-correlation is found, in contrast with the result from
Sect. 3.6 when we included the groups into the analysis.

To determine the performance of these models we imple-
mented a Bayesian analysis similar to that of Sect. 4.2.2. The
main difference from the previous analysis is that this time we
are not able to directly map the positions of the observed RMs
in the SLOW SSC analog maps. Therefore, we used the value of
the RM maps inside the entire analog on-target region'¢ to pro-
duce the profiles. However, we binned the SLOW profiles in the
same way as the observational profile to make the comparison
with the data by evaluating G%,?W at the same dy; bins (see
Appendix B.5.3).

In Table 6 we show the results from the Bayesian analysis.
The turbulent scenario for amplification of the magnetic field in
the intercluster region, i.e., B¢ is the one that provides the best
description of the data. We have very strong evidence against all
other mechanisms according to the K&R scale.

5. Discussion

The main objective of this work is to characterize the properties
of the detected magnetized gas in the SSC (Sects. 3.4 and 3.5).

164 % 107 < n, [em™] < 8 x 107#; see Appendix B.5.2.
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Table 6. Bayesian evidence, Bayes factors, and K&R scale result for
the SLOW magnetic field amplification mechanisms model selection
analysis.

Mechanism vi Bsim Bﬁ‘ Bﬁ Bd}’ﬂsl deﬂ.T
In Ly -116  -121 -176 -206 -266 -269
In8 53 60 90 151 153
K&R V.strong V.strong V.strong V.strong V. strong

Notes. V. strong stands for very strong evidence against the models with
respect to the one with the greatest Bayesian evidence.

To do this, we first modeled the SSC with Gaussian random
magnetic fields with the MiRo code (Sect. 4.2). These models
provide insights into the correlation of magnetic field strength
and electron density in the ICM through the 1 parameter defined
as |B| « n!. However, after estimating ogy in the bridge and
clusters regions predicted by MiRo (Sect. 4.2.1), we found a
model degeneracy, i.e., with this information alone, we are not
able to distinguish between models with different values of 7.
Moreover, we have also estimated how the uncertainties in ory
behave when increasing the RM grid density, and found that even
for SKA-expected grid densities ~100 RMs/deg?, this statis-
tic suffers from large uncertainties (see Appendix B.3). These
statistical difficulties are not model-dependent, i.e., the local-
constrained cosmological MHD simulation SLOW (Sect. 4.3),
despite providing a much more detailed prescription of ICM
physics, suffers from them as well (Fig. 9). Therefore, this moti-
vates the need to study the trend in the RM scatter as a function
of distance from the cluster and group centers (Sgrm(dnrst) pro-
files) to gain further insight into the physical properties of the
magnetized gas in the SSC.

5.1. Flatter than expected Gry profiles: The n < 0.5 puzzle

As mentioned in the previous subsection, while Gaussian ran-
dom field models (MiR0) with = 0.5, corresponding to a con-
stant thermal-to-magnetic energy scaling, are able to match the
observations in terms of o\ (Fig. 6), there are degenera-
cies with other models with < 0.5. The analysis of the RM
scatter as a function of distance to the nearest cluster/group,
GrM(dnrst) (Sect. 4.2.2), revealed that the model with highest
Bayesian evidence, hence, the one with best predictive perfor-
mance, i8S By = 2.5 UG, 7 = 0, which has an unphysical scaling
of n = 0 (Table 5). Furthermore, we found positive evidence
against the best-performing 7 > 0.5 model, i.e., Byps = 1uG,
n = 0.5. In an attempt to overcome the difficulties in the anal-
ysis introduced by the complicated geometry and overlapping
structures, we analyzed profiles with respect to electron den-
sity Srm(n.) and followed the same Bayesian analysis for all
MiR06 models Appendix B.4. While these further indicate that
Bims = 2.5uG, n = 0 is still the best-performing model, which
has the unphysical = 0 scaling, there is only barely worth
mentioning evidence against the B,y = 1uG, n = 0.5 model
(Table B.3).

The observed profile with respect to distance to the nearest
cluster and/or group (Fig. 5), while showing an anti-correlation
as suggested by a Spearman rank test, is still considerably flatter
than the profiles derived from MiRo0, which causes these 7 < 0.5
models to be consistent with the data. However, the observed
profile is consistent with a flat dependence when considering the
distance to the nearest cluster only (Sect. 4.3.2), as well as with
electron density (Fig. B.1).
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Considering that MiR0 was designed mainly for single-
cluster studies, it does not account for interactions between the
clusters and groups of the SSC or a spatially variable magnetic
field coherence length. However, the SLOW simulations over-
come these limitations, providing detailed ICM cluster physics
with a full interaction and merger history!”, amplification of a
seed magnetic field by adiabatic compression and dynamo pro-
cesses throughout the dynamical evolution of the system, and
prescriptions for further amplification mechanisms outside the
cluster cores. As a consequence, the analog SSC provided by
SLOW (Fig. 8) is the best possible description of the system to
date.

The Srm(dnrst) profile comparison between all SLOW ampli-
fication mechanisms and the observed profile (Fig. 10) indicates,
through the Bayesian model selection analysis, that the turbu-
lent velocity scenario (B#) has the best predictive performance
(Table 6). There is very strong evidence against all other ampli-
fication mechanisms. Nonetheless, there is a large discrepancy
at scales dyc = 0.8. It is possible that this could be solved by
more directly comparable positions of the analog SC groups with
respect to the observed ones (Fig. 8 vs. Fig. 4).

In the B# scenario, the magnetic field strength is rescaled
as a fraction F of the turbulent pressure, which was assumed to
be in equilibrium with magnetic pressure (¥ = 1). This model
defines turbulent velocity as the deviation from the gas bulk
velocity (similar to e.g., Simonte et al. 2022) and therefore pref-
erentially amplifies magnetic fields in regions of shocks. This
opens an avenue for future investigations with more elaborate
sub-grid models for turbulence (e.g., lapichino et al. 2017) of
magnetic field amplification at shocks via the Bell instability.
Recent results by Zhou et al. (2024) show magnetic field gener-
ation and amplification in low-density accretion shock regimes
which could provide stronger magnetic fields than can be cap-
tured in the SLOW simulation. It will also be worth investigat-
ing the impact of astrophysical seeds for magnetic fields such
as supernovae and active galactic nuclei (AGN), and how feed-
back effects contribute to distributing, mixing and amplifying
magnetic fields (see e.g., Donnert et al. 2018, for a review). This
could have a further impact on the < 0.5 puzzle and will need
to be investigated with the next generation of SLOW simula-
tions.

Other recent works like Osinga et al. (2025), Khadir et al.
(2025), have found similar results, where the data suggest mod-
els with n < 0.5. Understanding what is driving the flattening
of the observed RM profile is key to solving this problem. As
pointed out by Osinga et al. (2025), there seems to be an inher-
ent difference between studies that use resolved radio galaxies,
such as Murgia et al. (2004), Bonafede et al. (2010), Vacca et al.
(2012), Govoni et al. (2017), and Stuardi et al. (2021), which
find 7 > 0.5, and those using unresolved radio sources. The
latter have found this flatter-than-expected Ggy profile as a
function of distance from the cluster center (Bohringer et al.
2016; Stasyszyn & de los Rios 2019; Osinga et al. 2022, 2025;
Khadir et al. 2025), which favor the < 0.5 models. The size of
the samples is considerably larger in studies where the n < 0.5
models are favored, e.g., Osinga et al. (2025) stacks a sample of
order ~100 clusters with ~600 RMs, and Khadir et al. (2025)
uses 111 RM. While studies with resolved radio galaxies derive

17 Figure 2 shows a potential enhancement of the RRMs to the north
of A3562. This could be a tracer of the merger history of the system
(e.g., a trail of gas left by SC-1327 if it merged from that direction, as
commented on in Venturi et al. 2022). A merging event similar to this
one is suggested by the SLOW simulated SSC history at z ~ 0.07.
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their conclusions from a limited number of sources, typically
<10, their focus on individual clusters allows a more precise
control of some of the possible confounding factors in stack-
ing studies and interacting systems (e.g., Bonafede et al. 2010;
Pagliotta et al. 2025).

Note that the RM scatter profile derived from observations
in this work (Fig. 5), matches the behavior of the profile derived
by Osinga et al. (2025) for sources behind the clusters (see their
Fig. 6), i.e., they have the same amplitude of the profile at similar
scales and a similar flattening at 0.7 r5p. This implies that the
behavior found for the SSC profile is not a special case, but rather
likely representative of the general population.

5.2. The possibility of a missing RM population due to
depolarization

One major difference between our observations and the SLOW
simulations is that the observations suffer from depolarization
effects. One expects that sources that probe lower projected dis-
tances from the clusters’ centers have a large scatter in the RM,
and it is at these scales precisely where we could be miss-
ing sources due to depolarization. Given our beam’s linear size
of ~20kpc, we cannot resolve spatial fluctuations below this
scale. This means that there could be sources with an intrinsic
scatter in their RMs that we are not accounting for. We stud-
ied this in Sect. 3.7, to find missing additional scatter of only
Srm < 4rad/m?, on average, due to this effect. This is clearly
not enough to boost the scatter in the first bins of the profiles in
Figs. 7 and 10.

In fact, we can estimate what is the Xgy scatter we would
need to reconcile the observed Srm(dys) value in the first bin
(much flatter than expected; see Fig. 10) with the value predicted
by the B magnetic field amplification scenario (the best per-
forming model according to the Bayesian analysis). We would
need 16 sources (the size of the sliding window used to com-

pute the profile) with Xgy =~ 50rad m=2 to yield a 6%3;[“((11) ~

ng/l(dl), where d; corresponds to the first bin in d. This

implies we would be losing a scatter as high as Zry = 1.65 05y -
Moreover, we do not find any significant difference in the den-
sity of the RM grid in regions closer to the clusters centers than at
larger distances. Note though that in this work, we set a threshold
of p > 1% to produce the catalog, while future ASKAP obser-
vations of the Shapley Supercluster may allow us to use a lower
threshold of 0.1% (Gaensler et al. 2025). This could reveal more
sources potentially enabling an analysis close to the cluster and

group centers.

6. Conclusions

In this work we study the properties of the magnetized gas in
the Shapley Supercluster core (SSC), with a special empha-
sis on the ~4.2 Mpc (projected) intercluster region (or bridge)
between the massive Abell clusters (A3558-A3562). We use
radio polarization data from the ASKAP-POSSUM Pilot II sur-
vey in combination with thermal Sunyaev-Zeldovich effect data
(from Planck).

Upon the detection of this magnetized gas, we followed
different modeling approaches to characterize it, namely:
semi-analytic galaxy cluster modeling with universal den-
sity profiles and Gaussian random fields following a power
spectrum (MiR0), and constrained local-Universe cosmo-
logical MHD simulations (SLOW). Both of these mod-
els generate mock RM maps that we used to compare

. A&A, 705, A143 (2026)

with the RMs we derived from ASKAP-POSSUM observa-
tions. The main conclusions derived from this work are the

following:
1. We detected a highly significant (6.707) excess RM scat-
ter from the magnetized gas present in the SSC, opas =

30.52 + 4.55rad/m?. Furthermore, we determined that this
excess is not dominated by the Abell clusters’ contribution
alone, given that the bridge region where the massive groups
SC 1327 and SC 1329 are has a comparable excess RM scat-

ter to the clusters o-ﬁi’fge = 25.32 + 8.48 rad/m>.

2. We also studied the trend of the RM scatter as a function
of distance (normalized by rsq) to the nearest cluster and/or
group Srm(dnrst), in the range sampled by our data, 0.3 <
dirst S 1.8. A Spearman rank test revealed a moderate anti-
correlation (correlation coefficient —0.54) with a p-value of
2 x 1073, Overlapping structures in the SSC appear in our
data for dp > 0.7 rs0p.

3. We estimated the average magnetic field strength in the
bridge and clusters regions (Fig. 1). Single-scale model
estimates, for a variety of assumptions, yield 0.2—1.7 uG
(Table A.2); MiRo estimates are ~1.7 uG for the best per-
forming model (Sect. 4.2.3), while SLOW predicts 1-3 uG
for all amplification mechanisms, except for Bg,, which
yields ~0.1 puG.

4. When comparing MiR0 with observations, models with n <
0.5 are preferred by the data, as revealed by a compari-
son of RM scatter profiles both with distance (Sgrm(dnrst)s
Sect. 4.2.2) and electron density (Srm(n.), Appendix B.4)
through the Bayesian model selection analysis.

5. The SLOW simulations provide the most detailed and com-
plete description of the ICM physics and, despite minor dif-
ferences in projected distance between the clusters and the
position of the groups, an analog SSC system was identi-
fied (Fig. 8). Out of the six different amplification mecha-
nisms for the magnetic field, the RM scatter profile analysis
(Sect. 4.3.2) indicates that the best performing model is the
one with amplification by turbulent velocity B¢ o n;/ varb
in the intercluster region, with equilibrium between turbulent
and magnetic energies.

6. The observational RM profiles are flatter than expected com-
pared to all models considered in this work. We refer to this
as the n < 0.5 puzzle, which cannot be easily solved by
accounting for depolarization effects (considering the instru-
mental polarization of the ASKAP pilot survey observations
of <1%). We find no evidence of a large, missing population
of sources close to the cluster centers that would contribute
to the RM scatter sufficiently (see Sect. 5.2).

Given that the RM profile of the SSC is not a special case

and is likely representative of the RM behavior of the gen-

eral population (Sect. 5), it provides the perfect laboratory for
enhancing our understanding of cluster physics and magnetic
field amplification scenarios (e.g., does magnetic reconnection
play a significant role?). In the near future, the full POSSUM
survey data, with an order of magnitude better threshold in the
degree of polarization (Gaensler et al. 2025), will be able to
detect more RMs toward the core of the clusters and groups.

Deeper MeerKAT and eventually SKA-Mid observations can

further improve RM grid densities, while their higher angular

resolution (Braun et al. 2019) should allow for more detailed
analysis on scales closer to the cluster centers. Higher resolu-

tion tSZ maps from the Simons Observatory (Ade et al. 2019)

will also significantly improve the electron density mapping of

complex systems like the SSC.
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Appendix A: Observational methods and ancillary
results

A.1. Stokes I emission of the ASKAP-POSSUM radio
galaxies

Figure A.1 shows the Band 1 (800-1088 MHz) Stokes / image
from the ASKAP-POSSUM observations used to derive the RM
grid of this work.

A.2. Robustness of GRM estimation and structure function
analysis

We have performed a series of tests on mock RM data for the full
2475 sources used during the GRM estimation to determine the
robustness of the annulus method. The mock RMs were divided
into the on-target region, and the rest of the core and south POS-
SUM fields (which we denote by not-on). The mock RMs of
this not-on distribution, were drawn from a Gaussian distribu-
tion with constant standard deviation o-%‘f\td‘o“ = 12rad/m? over
the whole field The mock on-target distribution, was further split
into two bins based on their d, values. Those sources with
dyre < than the median distance, were drawn from a Gaussian
distribution with 025" = 40 rad/m? while those at dyy; > than

RM
the median from another Gaussian with a‘%‘(j‘b""e = 20rad/m?2.
The mean is common for all three input distributions (RM) =
20 rad/m?.

To test the performance of the annulus method, we analyzed
to what level the standard deviations of the input mock RMs are
recovered by the final RRMs. We parametrize this with a devia-
tion parameter that reflects the change in the standard deviation

before and after applying the annulus method:

ORM

e=1- (A.1)

ORRM

Thus, |¢| = 0 would indicate a good performance of the annu-
lus method. However, we need to take into account the statisti-
cal errors computed as the standard error of the standard devi-
ation (6ogrrm). The relative error Ac = dorrM/ORrRRM 1S then
completely determined by the number N of mock RMs of each
subsample Ao = (2(N — 1))"1/2. These errors go from 7% to
15% for N = 103 (off-target) and N = 23 (on-target split in
two halves), respectively. Therefore, to test, within the statistical
errors the performance of the annulus method on recovering the
input statistics we need to evaluate the quotient |e|/Ac.

We ran the simulation » = 1000 times, and obtained a
median deviation parameter of |e| = 0.05, thus indicating a great
performance of the annulus method. The median quotient |e|/ Ao
goes from 1.4-3.2 for the different subsamples, which implies
that the relative errors are typically a factor < 3 lower than the
deviation parameter. Therefore, the results of this robustness test
are not dominated by the statistical uncertainties.

Then, we tested by what percentage the annulus GRM
method can flatten the Sry(dyst) profile by checking the rela-
tive slope between the sources in the two ds bins before (input
mock RMs), and after applying the annulus (RRMs). After run-
ning the simulation n = 1000 times, we found the annulus GRM
method to flatten the RM scatter profile by ~ 0.3%. This result
illustrates the robustness of our GRM modeling as well as prov-
ing that it does not play any significant role in flattening the
observed RM profiles of Sect. 3.6.

We also carried out a structure function analysis'® (Thomson
2024) on the residual rotation measures. It revealed a flat behav-

8 https://github.com/AlecThomson/structurefunction
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ior with respect to the angular size on scales between 0.2-
2 degrees. This means that for pairs of sources whose pro-
jected separation is different, no significant variation is found
in the difference of their RMs. This is interpreted as a suc-
cessful foreground removal. A Galactic-type contribution in
the data, is associated with a non-flat structure function, since
large gradients of coherent patches expected from it would
make the structure function peak at angular scales across them
(Haverkorn et al. 2004).

A.3. Path length estimation

One of the key parameters in the single-scale model approach
is the path length L. This represents the extent of the Shapley
Supercluster that Faraday rotates the angle of polarization of the
light coming from our background sources. Thus, to properly
determine its value, one needs to assume certain aspects of Shap-
ley’s geometry. We have followed a simple approach, where we
have assumed that both A3558 and A3562 as well as the two
galaxy groups between them are at the same redshift, i.e., they
lie on the same plane. We have further assumed that the bridge is
axisymmetric, and the axis of symmetry is parallel to the plane
of the sky. Then, we can assume that the depth is equal to the
width of the projection of the bridge in the plane of the sky.

Under these assumptions, we have estimated L by studying
transverse profiles through the bridge in the y-map. In particular,
the axis of symmetry is parallel to the line joining the centers of
A3558 and A3562, so we have examined profiles in lines perpen-
dicular to that. Then, the value for yyqry, defines the width of the
bridge (Fig. A.2). The median of all the estimated path lengths
yields the value L = (1.8 + 0.1) Mpc used throughout this paper.

This approach gives a result for the path length of lines of
sight that go through the bridge. However, we have also used the
value derived in this way to estimate the magnetic field strength
using the single-scale model (Sect. 4.1) for the clusters subsam-
ple. Note that, using Eq. (A.3) we can see that the ratio between
electron densities estimated with different path lengths, say, L
and L, is n.(L)/n.(L) = L/L. Then, from Eq. (9) it follows that
the magnetic field strength ratio is

L_ i
\/; = Ry(L, L).

Then, once we estimate what is the path length through the
clusters L, we can determine the robustness of our assump-
tion by evaluating Eq. (A.2). Following the same method as
the one outlined before for the bridge, we have found that the
(median) path lengths for the clusters are: Lazsss = 2.6 Mpc
and Lazsgy = 2.3 Mpc, which gives ratios Rp(1.8,2.6) = 0.86
and Rp(1.8,2.3) = 0.88, respectively. It should be clear then,
that for a given polarized source in the clusters subsample, we
expect a factor * 0.9 ~ 1 difference in the rms magnetic field
strength estimate using a single-scale model, which is not a sig-
nificant effect and will not affect any conclusions derived from
our results.

We have explored yet another way of path length estimation
via the universal density profile cube we created (see B.1.3). In
this case, we have made use of the convenience of having a 3D
cube and we have directly extracted the density profile along the
lines of sight of our sources: n.(xy, yy, z), Where x;,y, are the
plane-of-the-sky coordinates of a given source in the detected
sample.

B _

30 (A.2)
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Fig. A.1. Stokes / image of the ASKAP fields with the location of the

149 final RMs in the catalog and the centers of the clusters and groups of

the Shapley Supercluster core relevant for this work. The circles represent their rsqo = 1.5,1.2,0.9,0.6 Mpc. The colorbar is in units of Jy/beam.
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Fig. A.2. Transverse y-map profiles for the bridge. 1pix=1.17". The
horizontal line represents yuqry. For each profile, the difference between
where the two values that cut this line represent the estimation for the
path length. The resulting value of L ~ 1.8 Mpc is the median of all
transverse profiles.

To estimate the path length from these, we proceeded in
the same way as before, by setting a threshold'®, and estimat-
ing the depth of each line of sight as the width of the pro-
file above the threshold. We found that the median bridge path
length is Lyrigee = (2.1 = 0.3) Mpc, while for the clusters Leyys =
(2.6 = 0.2) Mpc. These values are similar to what we found with

19 We used n, = 1.33x 10™* cm™3, which is the density value associated
with ypary assuming a constant temperature of 7 = 5 X 10’ K.
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Fig. A.3. Line of sight universal density profiles through our sources
in the on-target sample. The horizontal line represents 72, gesh = 1.33 X
10* cm™3. The mean path length for the clusters is Lqu = 2.6 Mpc,
while for the bridge Liigee = 2.1 Mpc, just like with the y-map trans-
verse profiles.

the y-map method. These results indicate that our path length
estimations are consistent with each other.

A.4. X-ray counts and temperature maps from XMM-Newton

We have used a temperature map and an X-ray counts map, both
derived from XMM-Newton observations (proposal IDs 060198
& 065159, PI Herve Bourdin). The counts map has a pixel size
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Table A.1. Range of thermal electron density values probed by each
subsample as well as their median value 7,.

Sub-sample | Sources Min-Max n, [em™] i, [cm™*]
On-target 46 1.73-9.45 x107*  3.38x107*
Bridge 12 1.77-5.24 x10™*  3.36x107*
Clusters 34 1.73-9.45 x10™*  3.78x107*

Notes. All densities are computed with the individual temperature val-
ues of the XMM map at the position of the on-target sources using
Eq. (A.3) (method (c)).

of 0.11’. The temperature map is the same as in Venturi et al.
(2022), made with a multi-scale spectral mapping algorithm
by means of a B2-spline wavelet analysis (Bourdin & Mazzotta
2008), but smoothed using the tophat function with radius of
20 pixels (132”) in DS9. The pixel size of this map is then 0.23".
The smoothing was done to fill the holes in the map that come
from removing emission from AGNSs that do not belong to Shap-
ley. The particular scale of 132" corresponds to ~ 135 kpc, that
ensures we minimize small-scale fluctuations in the map. This
temperature map was used in Appendix A.5 to estimate the elec-
tron density of the SSC.

A.5. Breaking the n, By degeneracy using tSZ and X-ray

From the RM information alone, we can only probe the prod-
uct of density of free thermal electrons with the magnetic field
strength parallel to the line of sight (Eq. (1)); thus, further infor-
mation is needed to estimate the density in Shapley before han-
dling the magnetic field strength. From Eq. (2), we see that we
can determine n, after assuming a dependence with line of sight
distance of density and temperature. The most simple approach
is to assume that density and temperature are constant through-
out a given path length L across Shapley. We estimated the path
length using transverse profiles of the y-map through the bridge
and obtained L = 1.8 Mpc (see Appendix A.3). Then, for a given
polarized source we can estimate its electron density simply as

I’)’leC2 Yy

.= : A3
& O'TkB TeL ( )

In particular, using Eq. (A.3) and the path length L, we have
employed four different approaches to estimate the density,
three of them based on the XMM temperature map (Sect. A.4),
and one of them using the universal density cube we created
(see B.1.1):

a. T = 107 K: we assume a constant temperature throughout the
path length L of 107 K. It corresponds to the average of the
temperature map. This is a lower limit of the average temper-
ature in the ICM, thus giving an upper limit for the electron
densities.

b. T =5 x 107 K: same method as above but with a temperature
five times higher, which is the average of the temperature
map at the location of the on-target sources.

c. XMM T-map: we use the exact value of the temperature map
at the location of each of the on-target sources.

d. Universal n, profiles: we evaluate the projected density map
generated from the universal density profiles for each object
(see Appendix B.1.1) at the position of the on-target sources.

All of these methods were used to estimate the magnetic field
strength from a single-scale model (see Sect. 4.1, Appendix A.6
and Table A.2). To define the on-target region in MiRo6 we
related ypary With an electron density value to define the .4,
regions using method (c) (see Appendix B.1.3). The resulting
n, range that we can probe in all three observed subsamples as
obtained with method (c) can be found in Table A.1.

A.6. Single-scale magnetic field model details

One of the most used models to estimate the magnetic field
strength in clusters assumes an idealized scenario where the ICM
is split into cells of equal size, with a constant electron density 7,
throughout the path length L. In each of these cells, of size A, the
magnetic field and the line of sight vector form a random angle
(cos @) drawn from a uniform distribution between —1 and 1 (see
e.g., Gaensler et al. (2001) and references therein). For a given
line of sight, provided that A < L, i.e., for sufficiently many
number of cells N, summing over the random angles yields a
expected value for the rotation measure of (RM) = 0. Therefore,
the RM grid will be Gaussian distributed as a consequence of the
Central Limit Theorem. The standard deviation of this distribu-
tion is found to be Eq. (8). The factor (2 V3)~! has two origins:
1/ V3 comes from the Gaussianity of the magnetic field distri-
bution, so that, on average, B; = |B|/ /3, while 1/2 is introduced
in Gaensler et al. (2001) as a result of considering the possibility
of lines of sight with randomly aligned cells.

We have fixed the coherence scale to A = 50kpc
(Guidetti et al. 2008; Bonafede et al. 2010; Vacca et al. 2012;
Govoni et al. 2017), that satisfies the A < L assumption. Finally,
we used the electron density estimates in Sect. A.5 to use Eq. (9)
to compute the magnetic field strength. In particular, using all
four methods in that section, we computed the thermal electron
density for each observed RM, and used the median value of
each subsample as our estimate of 7,.

In Table A.2 we present the magnetic field estimate results
from all of the mentioned methods and assumptions. The lower
and upper bounds are: 0.34 uG < Bssc < 1.71 uG, 0.23 uG <
Bgrigge < 1.60uG, 0.33uG < Belusters S 1.67 uG. Methods (a)
and (b) for the n, estimation provide the lower and upper bound
for the SSC and clusters subsamples, respectively. While in the
bridge, method (a) provides the lower bound and method (d) pro-
vides the upper bound.

The assumed path length L = 1.8 Mpc was estimated by
studying transverse profiles through the bridge in the y-map
(Appendix A.3). It is worth exploring how variations in the
path length can affect our estimates of the magnetic field. For
instance, we can think of a source in the clusters subsample
and the possibility that the path length through the clusters may
be larger than the one through the bridge. Then, the magnetic
field estimate would be affected by a factor B(L) ~ 0.9 B(L)
(Appendix A.3), which is order 1, where L is the bridge path
length and L ~ 2.45Mpc is the average path length of the clus-
ters. Thus, we have used the estimated path length for the bridge
in all cases.

A.7. Polarized source catalog

In Table A.3 we present a sample of three polarized sources of
our final RM catalog with some of the most relevant columns.
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Table A.2. Magnetic field strength estimates from the observations assuming a single scale model (Sect. 4.1 and A.6).

fie [em™] B [uG]
Method SSC | Bridge [ Clusters SSC | Bridge [ Clusters
T=10"K 1.27x 1073 [ 1.55x 1073 [ 1.16 x 1073 [ 0.34 +0.11 [ 0.23+0.09 | 0.33 £ 0.12
T=5x10"K | 254x107™* | 3.10x 107* | 231x10™* | 1.71 +0.53 | 1.16 £ 0.47 | 1.67 £0.58
XMM T-map | 3.38x 107 | 336 x 107 | 3.78 x 107* | 1.28+0.39 | 1.07 +0.43 | 1.02+0.35
Universal n, | 2.62x 107 | 226x 107 | 2.78 x 10™* | 1.65+0.51 | 1.60 +0.64 | 1.39 +0.48

Notes. The 71, values correspond to the median of all observed sightlines through a given subsample as estimated by the methods in Appendix A.S.
The coherence length is fixed to A = 50 kpc. The assumed path length for all subsamples is L = 1.8 Mpc (see Appendix A.3).

Table A.3. Example of the some of the most relevant data columns to be found in the catalog, for a sample of three sources.

RA [hms] | Dec [dms] | RM [rad/m?] | P [mJy/beam] | P/I[%] | Band RRM [rad/m?]
13:30:37.2 | -30:46:58 | -24.16+0.44 | 1.48+0.02 | 1425025 [ 1 -8.29+3.13
13:28:39.0 | -31:02:21 | -28.59+3.75 | 0.13+£0.02 | 2.74+0.43 1 -8.05+5.30
13:30:33.3 | -30:49:28 | -2447+1.19 | 044+0.02 | 9.09+044 | 1 -7.66+3.48

Notes. P =

Appendix B: Modeling methods and ancillary
results

B.1. Modeling Faraday Rotation from clusters with MiRo

In galaxy clusters, turbulence is mainly driven by gas flows
caused during mergers. Given that the ICM is ionized, the mag-
netic field gets twisted by the turbulent gas motions (small-scale
dynamo), hence, its orientation has an inherent random nature
(Donnert et al. 2018). It is natural then to model the magnetic
field as a random field. A single line of sight will encounter
then many reversals of the field’s orientation. For a sufficiently
large path length L through the cluster, with enough reversals
on scales much smaller < L, it is equally likely to encounter
magnetic fields pointing toward us and away from us, averag-
ing out to zero. Therefore, because of the Central Limit The-
orem, the distribution of RMs tends to a Gaussian with zero
mean, thus Gaussian random fields are the most common way
to model the magnetic field distribution in galaxy clusters e.g.,
(Murgia et al. 2004; Bonafede et al. 2010, 2013; Stuardi et al.
2021; Osinga et al. 2022, 2025; De Rubeis et al. 2024). A widely
used way to generate mock RM maps that can be compared with
observations is with the MiRo0 code (Bonafede et al. 2013). This
code implements these Gaussian magnetic fields on top of a three
dimensional density cube.

B.1.1. Universal density profiles

As previously mentioned, it is important to map the electron den-
sity distribution for a robust estimation of the magnetic field.
Therefore, we created a (9 Mpc)3 density cube, the size of which
was chosen to be comparable to that covered by the on and off-
target regions colectively, which we denote by A (see Fig. 1).
The pixel size is 10 kpc. We did a 1:1 match of the relative geom-
etry (at the plane of the sky?’) of A3558, A3562 and the two
massive groups SC 1329, SC 1327, and assigned each of these
objects a universal density profile following Pratt et al. (2022).
The main advantage of these profiles is their universality, which
accounts for departures from self-similarity by introducing a

20 We have assumed the four objects to be at the same redshift which
means their centers lay in the xy-plane.
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Q? + U? is the polarized intensity; P/I is the degree of polarization.

mass and redshift dependence. These profiles are scaled with the
rsoo of each cluster/group, and since we work at a fixed redshift
of z = 0.048, the only physical parameter related to the clusters
that remains free is their mass (see Sect. 1 to find their values).
Defining x = r/rsqo, then the universal density profile follows
the equation (Pratt et al. 2022)

Peas(X, 2, Ms500)  psoo(2)

MMy MMy

ne(x, 2, Msgo) = A(z, Msoo) f(x), (B.1)

where u, = 1.148 is the mean molecular weight per free electron,
m,, is the proton’s mass and psgo(z) = 500p.(z) < E @?=Q,(+
2)° + Q. The departure from self-similarity function A(z, Msq0)
encodes how the self-similarity of these profiles breaks down at

larger radii Pratt et al. (2022). The function f(x) follows a gen-
eralized Navarro-Frenk-White (GNFW) shape

Jo
(/x5 )0 (1 + (x/xy)7)CB-/y”
and the scaling parameters where fixed to the results obtained

in (Pratt et al. 2022). Note that the cube we generated implic-
itly assumes noninteracting clusters and groups, i.e., Ry =

4
Zi:l Ne .

fx) = (B.2)

B.1.2. RM maps with MiRo: magnetic fields

To model the magnetic field distribution we used Gaussian ran-
dom fields as implemented by the MiR0 code. A brief summary
of how the code works is:

— To model a Gaussian random magnetic field we work in
Fourier space, where the relation between Fourier modes (k,
in pixels) and spatial scales (A) is given by k = Ceype/A,
where {.ype 1S the full 1D size of the cube computed as the
product of the number of pixels times the resolution.

— To make sure that the final magnetic field is divergenceless,
we start from the vector potential A(k), whose modulus is
drawn from a Rayleigh distribution, while the phase is drawn
from a uniform distribution between 0 and 2m. Then, the
magnetic field is B(k) = ik X A(k). The code makes sure
that the output magnetic field follows a given (input) power-
spectrum.
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— Afterwards, everything is transformed back to real space.
The total number of pixels of our simulation is 900 and
the pixel size is 10kpc, chosen such that the Nyquist theorem
ensures that the minimum fluctuating scale will be 20 kpc, to
match the resolution of our ASKAP-POSSUM observations.
The  power  spectrum we used was from
Dominguez-Ferndndez et al. (2019), which is motivated by
MHD simulations of clusters. The analytical expression for the
magnetic energy spectrum is>!

E(k) = AK? [1 —erf (B In (%))] ,

where A is a normalization parameter, B sets the width of the
spectrum and C is a characteristic wavenumber that corresponds
to the inverse outer scale. We have fixed these parameters to
B = 1.054, C = 4.354Mpc~!, which correspond to the case
of a merging cluster at z = 0, whose power spectrum peaks at
~ 230kpc?? (see Dominguez-Ferndndez et al. 2019). There are
two free parameters in our modeling:

— Binms: this parameter sets the overall normalization of the
magnetic field cube (fixing the value of A in Eq. (B.3)). Since
the magnetic field is Gaussian, we can completely character-
ize it by its mean, and its standard deviation. For each spa-
tial component, the mean is set to zero (B;) = 0, that fol-
lows from the process outlined before by which the field was
produced, and the standard deviation is related to the root-
mean-square, which is fixed as an input in the code satisfy-
ing: 0%, = Y7 (B?) = 30’3 =B

(B.3)

ms*
— n: it is widely assumed in RM studies of clusters that the

magnetic field scales somehow with density, i.e., |B| « n.
Some typical values for this parameter are n = 0.5, corre-
sponding to a thermal-to-magnetic constant ratio scenario
(predicted by dynamo models); the conservation of mag-

netic flux (flux-freezing, see e.g., Klein & Fletcher 2015)

and adiabatic compression lead to n = 2/3 in the case of

3D compression, or = 1 in the case of 1D compression

(e.g., merger shocks), which leads to higher magnetic field

strengths in the central regions of the cluster with a steeper

radial decline. See Table 6 in Stuardi et al. (2021) for a sum-
mary of the n values found in the literature in RM studies of
clusters.

With these inputs and these two free parameters, we have
explored the following parameter space: By, = 1 uG — 3.5 uG
(in steps of 0.5uG), n = 0, 0.5, 1. This particular choice was
made to test the aforementioned scenarios of magnetic field cor-
relation with electron density and to find models that reproduce
the observed scatter in the clusters region (Sect. 3.5).

The code outputs three magnetic field cubes (B,, B, B;) for
each realization and a mock RM map computed by integrating
the density and magnetic field cubes along the z axis.

B.1.3. Measuring the excess RM scatter with MiRo

From the observations we can only sample the magnetic field
distribution from an RM grid, i.e., a statistical sample of back-
ground radio sources with individual RMs that probe a limited
number of lines of sight through the extended Faraday screen of
the Shapley supercluster.

2! This power spectrum is defined between kp.y o (20kpc)™" and ki, o
(1Mpc)~L.

22 To implement this in MiR®, one has to input the C parameter in pixels
as C[pix] = €eube /230 [kpc] = 9000 [kpc]/230 [kpc].

We want to compare the observed O’%M found in Sect. 3.5
with the predictions from MiRo. Here, Q c A refers to a 2D
region of the maps, either the bridge or clusters region. First, we
need to define these regions in the MiRo maps. This is carried
out by means of two different criteria: matching the n, range
constrained by observations (Sect. A.5, Tab. A.1), and defining
the same bridge box as in Fig. 4.

— To map the observed electron density range into the MiRo
analysis, we first projected the density cube by integrating

along the z-axis over the path length we determined observa-
tionally: L = 1.8 Mpc (Sect. A.3):

z=20+L/2

ne,proj(x,y)=z Z ne(X, Y, 2),

z=z0—L/2

(B.4)

where zg is the z-axis pixel where the clusters and groups
centers are set to in the cube. Then, the projected density
boundaries are defined in the following way:
— Neprigge = 1.33 X 107" < 1 proj [em™] < 5.24 x 107
— A Clusiers = 1.33 X 107 < ng proj [em™] < 9.24 x 1074,
— Next, we define the bridge box to distinguish between pix-
els that sample the bridge and the clusters regions, just like
in Fig. 4. Given that we matched the exact same relative
geometry between the clusters and groups of the system in
the density cube, we can easily define where the vertices of
the bridge box are in terms of pixels. We denote the region
delimited by the bridge box by 4.
— Combining these two we have:
— Bridge: pixels that satisfy 7 proj € 42 Brigge and inside the
bridge box (QBridge = f/Ve,Bridge n %)
— Clusters: pixels that satisfy 71 proj € A2 Clusters and outside
the box (QCIuslers = c/%,Clusters \ @)

Then, to compute the excess RM scatter in these regions we
perform a Monte-Carlo and bootstrapping method:

— First, we draw randomly generated pixels from the mock RM
map. The number of these pixels is set to match the observed
areal density of the observed RMs in the on and off-target
regions (A), i.e., ~ 36 RM deg 2.

— These pixel locations represent lines of sight through the full
system. Thus, to extract o-f%M in the desired Q region we
select only the random pixels that satisfy the corresponding
definitions: (x, y) € Q, and evaluate the rotation measure map
at them RM(x, y) and compute its MAD standard deviation
(orRMD)-

— This process is done 10° times, which yields a distribution
for a'gM. We quote the median of this distribution as the
estimate of the scatter and the 68% confidence level interval
sets the lower/upper error bars from the 16%/84% quantiles,
respectively.

This bootstrapping was made to fully sample the SSC region
we have modeled, restricted to the same areal density of RMs
from our observations. The ASKAP-POSSUM RMs used in
this work only represent a sample through this Shapley regions,
while with our mock maps we can learn more about them
through its statistical properties. The results are in Sect. 4.2.1.

B.1.4. GrMm(das) profiles and Bayesian model selection

To constrain magnetic field models obtained from MiRo we
computed Grm(dns) profiles to directly compare with the
observed profile from Sect. 3.6. In contrast with Eq. (6), no mea-
surement error or off-target contribution corrections are needed
in this case. Thus, computing these profiles reduces to computing
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the MAD standard deviation of the mock RM maps as a function
of dyc. We remind the reader that we created a density cube with
the exact same relative distances between the clusters and groups
at the plane of the sky. As a consequence, we can directly com-
pare the dys: values from the mock maps with those computed
from the observations.

For the observational profile we used the data of the on-target
subsample. This motivates the decision to use the pixels inside
the A, clusters Tegion of the maps, which was defined to explic-
itly reproduce the region inside ypary, to compute Srm (dyrst). We
used a sliding window with a fixed step size of Ady = 1072
that corresponds to a physical size of ~ 10kpc for an average
500 of = 1 Mpc. The 68% C.L. error region was obtained from a
bootstrap resampling with 10* resamples. The resulting profiles
can be found in Sect. 4.2.2.

To statistically quantify which model best matches the data
from the Ggy profiles we have defined a Gaussian likelihood
function (L) for each model & (see Eq. (10)). N = 11 is the num-
ber of bins used for the model selection based on these profiles.
For this comparison, we evaluated the mock RM maps at the
exact locations of the polarized sources, and derived Sgry(drst)
profiles with the same sliding window used for the observed pro-
file (Sect. 3.6). Then, we only used bins in distance that satisfy
dnse < 0.7 to compare only in the region where the profile is
not dominated by the overlapping structures. Given the fact that
the error bars are asymmetric, we took into account the upper
(lower) error bars whenever Gg’[ﬁ}f;’ > S0 (Gglﬁ,‘ﬁf’ <SR-

To assess the performance of the models in this Bayesian
framework, we computed the Bayesian evidence for each model
k, given the data d which we can determine as

p(dik) = f Li(0)p(0, k) db = f Li(0)6(0 — 6;) db = Li(6,),
(B.5)

where we have assumed a fixed parameter space 6; (as it is the
case for us). Therefore, the Bayesian evidence is just the likeli-
hood for a given model (defined by Eq. (10)). Then, the model
with the largest In £ is the model with the highest probability
of being true given the data. To quantify the performance of the
model with highest evidence (labeled by j) over the rest of the
models (k), we compute the Bayes factor B = L;/.L; with
respect to it. Following the Kass & Raftery (1995) scale we say
that if In B < 1 there is “barely worth mentioning” evidence in
favor of model j with respect to model k; if InBj; < 3 there is
“positive” evidence; if In B3 < 5 there is “strong” evidence and
if In B > 5 there is “very strong” evidence.

B.1.5. Average magnetic field strength

We estimated the average magnetic field strength over 2D
regions of interest Q from the 3D cubes generated by MiRo by

(1B =

|Bi(xj, 4, 2l (B.6)
N:No = =1

z

where we have made use of the Gaussianity of the distribution:
B + B} + B2 = 3B?, where this relation holds for any i = x,y,z.
Here, N, = 900 is the number of pixels of the cube along the line
of sight, and N, is the number of pixels in the Q region.
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B.2. MiRo ory estimates in the clusters and bridge regions

Using the Monte-Carlo and bootstrap method in Appendix B.1.3,
we estimated the RM signature in the bridge and clusters regions
as predicted by MiRo. Table B.1 shows these values for the mod-
els whose gClusters g compatible, within the uncertainties at the
1o level, with the observed value (see Fig. 6).

B.3. RM grid density effect on uncertainties. Prospects with
the SKA

The error bars derived with the Monte-Carlo and bootstrap sam-
pling method (Appendix B.1.3) to compute ory in the bridge
and clusters regions are large. As an example of this situation,
Fig. 6 illustrates how there is a degeneracy in the predicted
RM scatter in the clusters region between models with very
different physical meaning, e.g., By = 1.5uG, n = 0.5 and
Bims = 3.5uG, n=0.

Therefore, we have studied how the relative error on o-ohd€®

RM
and a'%\‘}fters would be affected by increasing the density of RMs

on the sky (Table B.2), given that this is one of the main sources
of uncertainty in magnetic field estimates we can derive from
Faraday Rotation studies (Johnson et al. 2020).

We found that with the current density derived from the
ASKAP-POSSUM data in this study (orm =~ 36 RMs/deg?), the
error bars are of the order of ~ 25-37%, for the clusters and
bridge regions, respectively. Even for a density of 100 RM/deg?,
about ~ 3 times higher, which is close to the expected density
for the SKA (Heald et al. 2020), we would still obtain a relative
error of ~ 15-21%. To get errors lower than 10%, we would have
to increase the density of sources to an unrealistic 500 RM/deg?.
Note that, given the large angular size and the redshift of the
SSC, these estimates serve as a lower limit in the uncertain-
ties for the expectations of similar studies of objects of smaller
angular size and at higher redshifts. This result indicates that
the uncertainties we can expect for single object studies with
RM grids, will remain of the order of 10% or greater in the next
decades as far their density is concerned.

These limitations serve as motivation to do further analysis
with the RM scatter profiles with distance and using other statis-
tics to distinguish between models, such as the Bayesian model
selection analysis performed in Sects. 4.2.2 and 4.3.2.

B.4. Srm(n.) profiles from MiRo

We computed RM scatter profiles as a function of electron den-
sity. For the observational profile, the electron density was esti-
mated using Eq. (A.3), with L = 1.8 Mpc (Appendix A.3), tem-
perature T, = 5 x 107 K (Appendix A.5), and the values of the y-
map at the location of the on-target sources. The sliding window
and the bootstrapping used was the same as in Sect. 3.6. For the
profiles derived from the mock RM MiRo0 maps, we used their
values evaluated at the pixels inside the A, cpusers region. The
electron density values were obtained from this same region of
the projected density map 7., (Eq. (B.4)). We used a sliding
window of fixed size An, = 107 cm™ and bootstrap with 10*
resamples for the errors.

We also carried out a Bayesian model selection analysis to
determine the predictive performance of the models, and com-
pare between them following the same procedure as in B.1.4.
Analogously, we used Eq. (10) but the profiles are now binned
in electron density values instead. We compared the data with the
models only using the values of the mock RM and #, p;,j maps
at the position of the on-target sources and the same sliding win-
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Table B.1. RM signatures predicted by MiRo0 in the bridge and clusters samples computed following Appendix B.1.3 for the models that reproduce

the observed 0'%\‘,‘1““5 (see Fig. 6).

(BmopGl) | (1,05  (1,1) (15,05 (1.5, 1) (2,0) (2,0.5) ()] (2.5,0) (3,0 (3.5, 0)
O [rad/m?] [ 16,1476 15767790 241171007 23571131 15397388 32 1371363 30 g6r1dds 19 157744 93351905 97 49+1983
oSusen [rad/m?] | 1825749 17.28%93 27.29%120 2567572 18.1848 3767703 352311207 2203012 2581+014 31.18+72

Table B.2. Impact on the inherent uncertainties that a statistical analysis
from an RM grid has when increasing the density of the grid.

PrM = RMs/deg? \ 36 100 200 500
(Ac/opn® [ 37% 21% 15% 9%
(Ao/o)Ques | 25%  15% 10% 6%

Notes. The first column (with 36/deg®) corresponds to the current
ASKAP-POSSUM observations used in this work. The second column
(with 100/deg?) would correspond to the expectations from the SKA
(Heald et al. 2020). The relative errors are the mean of all MiRo models
used in our analysis.

Table B.3. Bayesian evidence, Bayes factors and K&R scale result for
the MiR0 model selection analysis.

(Brms> M) [(2.5,0) (1,0.5) (1.5,0.5) (3,00  (2,0)
InL; | -55.3 -55.6 -57.0 -57.5 -57.6
In8 0.3 1.8 23 24
K&R Barely Positive Positive Positive

Notes. We compared the value of the Glg’lliff’(ne) profiles at the position
of the on-target sources in the range n, > 2.5 X 10~ cm~3. More details

can be found in Appendix B.1.4. By is in uG.

dow and bootstrap parameters used for the observational pro-
file. We restricted the electron density bins to those that satisfy
n, > 2.5x10"*cm to avoid overlapping structures dominating
the comparison.

Table B.3 shows the Bayesian model selection analysis
results. The model with highest Bayesian evidence which is an
indicator for best agreement between the model and the data
has parameters B,s = 2.5uG, n = 0, which is the same one
found from the analysis carried out in Sect. 4.2.2. The model
with Bys = 1uG, n = 0.5 is the one with the second best per-
formance, and there is only barely worth mentioning evidence
against it.

B.5. SLOW simulations

SLOW (Dolag et al. 2023) uses initial conditions constructed
from the CosmicFlows-2 dataset (Tully et al. 2013), to closely
resemble the observed local Universe at z = 0, using the
realization number 8 of CLONES (see Sorce 2018, and ref-
erences therein for details on the construction process). The
SLOW simulation produces a close match to observed local
galaxy clusters (Herndndez-Martinez et al. 2024) as well as local
super clusters, like the Shapley Supercluster (see discussion
in Seidel et al. 2025). For this work we performed a high-
resolution zoom-in re-simulation of the Shapley Supercluster
region based on initial conditions constructed from the col-
lapse volumes of these structures (Seidel et al., in prep). We
used the same physical setup as the COMA zoom simulation
presented in Boss et al. (2024), performed with the cosmolog-

80

I | Brms =2.5uG, n=0
Bume = 14G, n=0.5

70 Brms =1.5uG, n=0.5
Bums = 3uG, =0

[ Brms =2uG, n=0 |

60{ == Observations

2 3 4 6
Ne X 1074 [cm™3]

Fig. B.1. Gry(n,) profiles. The color-shaded regions represent the
68% C.L. error regions for the five MiRo profiles with the best per-
formance according to the Bayesian analysis. The black line repre-
sents the observed scatter profile and the gray shaded region repre-
sents its 68% C.L. error region. The vertical dash-dotted line marks
n, = 2.5 x 107 cm3, which is the region where overlapping structures
do not dominate.

ical TREE-SPH code OPENGADGET3 code (Groth et al. 2023).
This simulation is a non-radiative MHD simulation, using the
MHD solver described in Dolag & Stasyszyn (2009), the non-
ideal MHD extension by Bonafede et al. (2011), constrained
hyperbolic divergence cleaning (Tricco et al. 2016, Steinwan-
del & Price; in prep) as well as higher order smoothing kernels
and improvements to the hydro solver summarized in Beck et al.
(2016).

B.5.1. Magnetic field amplification mechanisms

In this simulation, a seed magnetic field of strength B = 107* G
at redshift z = 120 was set up. This field evolves and is ampli-
fied by adiabatic compression and dynamo processes. On the one
hand, these mechanisms are enough to provide magnetic field
strengths of ~ uG in the cluster centers, on the other hand, the
magnetic field strengths in filaments are negligible, at the current
resolution. To further amplify the magnetic field in the filaments,
several mechanisms are implemented: two of them scaling with
pressure, and three with density:

— Plasma-B: magnetic field pressure and thermal pressure are

related by a constant factor Bg = +/87Py,/8, with 8 = 20.
— Turbulent velocity: the magnetic field strength is a fraction ¥

of the turbulent pressure By = 47rpv[2urb 23 The fraction

23 Note that p « n, in this simulation.
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Fig. B.2. Rotation Measure maps of all SLOW magnetic field amplification mechanisms used in this work.

was set to ¥ = 1 assuming pressure equilibrium between
turbulent and magnetic pressures>*.

— Flux-freezing: from the conservation of the magnetic flux,
amplification by 3D compression implies Bg o« ng/ 3,

— Turbulent dynamo |: this model assumes that turbulent
dynamo amplifies the field down to densities of n, ~
10~ cm™3. For lower densities than that, a fitting was made
to match Carretti et al. (2023) observations of ~ 30 nG fields
in filaments down to densities of 7, ~ 107 cm™3. The scaling
behavior is By, o né/z.

— Turbulent dynamo T: pure saturated dynamo with the same

Bgyn,p o< ni/? scaling.

For more details see Boss et al. (2024). Please note that the mod-
els Bg, Bayn,y and Bgy,, are up-scaled by a factor of two in
respect to the previous work for a better match with observa-
tions. To model the RM signal we rescale the parallel compo-
nent of the simulated magnetic field according to the different
magnetic field models.

To compare the results from the SLOW analog with the
observations, we applied very similar techniques to those used to
compare with the outputs from MiRo (Appendix B.1). The RM
maps for the six different magnetic field amplification mecha-
nisms implemented by SLOW can be see in Fig. B.2.

B.5.2. Excess RM scatter in the Shapley analog

To estimate the excess RM scatter in 2D regions (a'gM), we based
the analysis on B.1.3. This is, we defined the region € in terms
of an appropriate electron density range and in terms of a bridge
box. Regarding density, the boundaries are
— Nepridge =4 %107 < n [em™] <45x 107
— NecClusters =4 X 107 <, [em™] < 8 x 1074,

This choices were made trying to probe a similar range of densi-
ties as in the observations, avoiding lines of sight that go directly
through the clusters and groups centers. The region Q is also
defined in terms of a bridge box, whose orientation is parallel to
the line that joins the centers of the massive clusters. However,
the geometry of the system is not directly comparable to that in
the real Shapley, since the positions of the analog SC groups are
not exactly the same. In fact, the projected distance between the
clusters is a factor 0.8 lower. Despite this fact, the definition of
the bridge box ensures that the groups lie inside it, so that the
scatter of the RM in the bridge region accounts for their contri-
bution.

In summary, the bridge and clusters regions defined in the
SLOW maps are: Bridge: pixels that satisfy n, € Q/Ve,Bridge

24 Turbulent velocities are obtained by performing a Helmholtz-
decomposition using the code VORTEX-P (Vallés-Pérez et al. 2024).
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Table B.4. oy (in rad/m?) for all SLOW magnetic field amplification
mechanisms.

Mechanism | Bim Bg By B Bayn,| Bayns
Bridge 3.96 8.85 6.98 8.20 11.70 11.91
Ry 10.26%3{_4]97 21.33%gz 15.15%_% 18.32‘:2% 27.01%16;0 28.531960728

usters +1. +4.. +4. +5. +11. +6.
ORM 8.047 5 18.8575¢ 20487550 21.0875s 27.017% 5% 311975 ¢

and inside the bridge box; Clusters: pixels that satisfy n, €
ecusters and outside the box. Once these regions are defined,
to obtain O'SM the same Monte-Carlo and bootstrap methods in
Appendix B.1.3 were used.

B.5.3. Grm(dyst) profiles with SLOW

We also computed profiles of the RM scatter with respect to
distance. Given that the SLOW SSC analog does not have the
groups in the same locations as in the real Shapley, the distance
dnrst Was defined as the distance to the nearest cluster only, with-
out considering the distances to the groups. Therefore, we also
made a profile from the observations considering the distance to
the clusters only. To compare the SLOW profiles with the obser-
vational one, we have re-scaled the latter by a factor x0.8 that
corresponds to the ratio between the projected distances between
the A3558 and A3562 clusters of the SLOW analog of Shapley,
and the real one (~ 3.5 Mpc/4.2 Mpc)

To produce these profiles, we have proceeded in a similar
way to Appendix B.1.4. Therefore, we have employed a sliding
window approach with a fixed step size of Ady = 0.01 and
bootstrap resampling with 10* resamples. We derived profiles for
the RMs derived from all amplification mechanisms in the region
e.crsters- Nevertheless, to define the likelihood function for the
Bayesian model selection analysis, we have binned these profiles
according to the binning of the observational profile. This was

done by finding the values of G0V at the binned values of dy

from SQf5. Then, the likelihood function and the model selection
analysis is completely analogous to Appendix B.1.4. The results

can be found in Sect. 4.3.2.

B.6. SLOW oy estimates in the clusters and bridge regions

Table B.4 shows the excess RM scatters in the bridge and clusters
regions for all SLOW amplification mechanisms for the mag-
netic field computed using the method in Appendix B.5.2.
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