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ABSTRACT

Context. The properties of magnetic fields in large-scale structure filaments, far beyond galaxy clusters, are still poorly known. Super-
clusters of galaxies are laboratories for investigating low-density environments, which are not easily identified given the low signals
and large scales involved. The observed Faraday rotation measure (RM) of polarised sources along the line of sight of superclusters
allows us to constrain the magnetic field properties in these extended environments.

Aims. The aim of this work is to constrain the magnetic field intensity in low-density environments within the extent of superclusters
of galaxies using the Faraday RM of polarised background sources detected at different frequencies.

Methods. We selected three rich and nearby (z < 0.1) superclusters of galaxies for which polarisation observations were available at
both 1.4 GHz and 144 MHz: Corona Borealis, Hercules, and Leo. We compiled a catalogue of 4497 polarised background sources that
have RM values either from the literature or derived from unpublished observations at 144 MHz. For each supercluster we created a
3D density cube in order to associate a density estimate with each RM measurement. We computed the median absolute deviation
(MAD) variance of the RM values grouped in three density bins that correspond to the supercluster outskirts (0.01 < p/p, < 1),
filaments (1 < p/p, < 30), and nodes (30 < p/p. < 1000) regimes to investigate how variations in the RM distribution are linked to
the mean density crossed by the polarised emission.

Results. We find an excess Aa'im)" =2.5+0.5rad’> m™ between the lowest-density regions (outside supercluster boundaries) and the
low-density region inside the supercluster. This excess is attributed to the intervening medium of the filaments in the supercluster. We
modelled the variance of the RM distribution as being due to a single-scale, randomly oriented magnetic field distribution and there-
fore as being dependant upon the magnetic field intensity along the line of sight, the magnetic field reversal scale, and the line-of-sight
path length. Our observations do not constrain the latter two parameters, but if we marginalise over their respective prior range, we
constrain the magnetic field to B = 19*3 nG.

Conclusions. Our findings are consistent with several other works that studied filaments of the large-scale structure. The results sug-
gest that the purely adiabatic compression of a primordial magnetic field, which would imply observed magnetic fields of the order of

B; ~ 2nG, is not the only mechanism playing a role in amplifying the primordial seeds in superclusters of galaxies.
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large-scale structure of Universe

1. Introduction

The matter distribution of the Universe on megaparsec scales
is not uniform or random: it is distributed according to a pat-
tern called the cosmic web (Bond et al. 1996). Galaxies and
galaxy clusters are found at the high-density ‘nodes’ of the
cosmic web (n, < 1073 cm™) and are connected by lower-
density environments such as filaments (n, ~ 10°°=10~*cm™).
Filaments are thought to be permeated by the warm-hot inter-
galactic medium (Gheller et al. 2015) and have temperatures
of 10°-107 K and magnetic fields. While the magnetic field
properties of galaxies and galaxy clusters and groups are well
studied (Laing et al. 2008; van Weeren et al. 2019), the mag-
netic fields in the unprocessed gas in filaments and voids far
beyond galaxy clusters are still poorly known. In recent years,
several studies attempted to constrain the strength of magnetic
fields in filaments using different approaches. Optical-IR galaxy
distribution and radio cross-correlation (Vernstrom et al. 2017;

* Corresponding author: giada.pignataro2@unibo.it

Brown et al. 2017) and image-stacking studies (Tanimura et al.
2020; Vernstrom et al. 2021) have found estimates and lim-
its ranging from 30 and 60nG. With LOw-Frequency ARray
(LOFAR) High Band Antenna observations, the non-detection of
diffuse emission in filaments between galaxy clusters were used
to determine upper limits ranging from <0.2 uG (Locatelli et al.
2021) to <0.75uG (Hoang et al. 2023). Direct detection of the
non-thermal synchrotron and X-ray emission associated with fil-
aments of the cosmic web is possible (Vazza et al. 2019); this
was confirmed by the discovery of two radio bridges of dif-
fuse synchrotron emission between clusters (Govoni et al. 2019;
Botteon et al. 2020) that had an estimated magnetic field of
~0.3 uG in the inter-cluster region (Pignataro et al. 2024). How-
ever, these detections represent a ‘short’ population of filaments
(~1-5Mpc) with overdensity p/p. ~ 200" (e.g. Wittor et al.
2019), compressed by the dynamical activity between two

' pe = 3H}/8nG is the mean critical density of the Universe.
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merging clusters. Meanwhile, fainter filaments (o/p. ~ 10) on
scales of several tens of megaparsecs remain undetected.

An alternative approach to measuring magnetic fields is to
use the Faraday rotation of linearly polarised sources along the
line of sight of a magnetised plasma. The Faraday rotation mea-
sure (RM) quantifies the rotation of the linear polarisation vec-
tor as a function of wavelength and depends on the line-of-sight
magnetic field strength, B), permeating a medium of ionised gas
with electron density 7. along a path length L between the source
at redshift z and the observer:

ne By 2
RM =0.812 dL [rad/m~“].
(1+

2)?
Vernstrom et al. (2023) recently reported a high polarisation
fraction for short-range filaments (<10 Mpc) in between mas-
sive halos, which implies a significantly ordered magnetic field
component in these environments, consistent with the detec-
tion of an RM signal from them. Carretti et al. (2025) estimated
magnetic fields of 10—-145nG with extragalactic RMs at low
frequencies and overdensity p/p. ~ 10. At higher frequen-
cies, RM studies report limits between 40 nG (Vernstrom et al.
2019) for extragalactic magnetic fields and 0.3 uG in super-
clusters of galaxies (Xuetal. 2006; Sankhyayan & Dabhade
2024). All these estimates and studies are of key importance
in understanding the magneto-genesis scenarios in our Uni-
verse (Durrer & Neronov 2013; Subramanian 2016) because
the filament environments preserve the memory of the primor-
dial conditions while still being more easily detectable than
voids (Vazza et al. 2017; Mtchedlidze et al. 2022). The investi-
gation of magnetic fields in low-density environments (i.e. n, ~
1073 cm™3) can help us distinguish between two main models:
primordial scenarios, where the seed is produced during the early
phases of inflation or before recombination (Paoletti & Finelli
2019), and astrophysical scenarios, where the feedback from
active galactic nuclei (AGNs) is responsible for the late mag-
netisation of the Universe (Bertone et al. 2006; Donnert et al.
2009). One way to identify the location of filaments is to search
for superclusters of galaxies: they are nested within the cos-
mic web and create a coherent structure of galaxy clusters
embedded in a network of filaments spanning up to hundreds of
megaparsecs (Lietzen et al. 2016; Bagchi et al. 2017). The pos-
sibility of finding filamentary structure increases within super-
clusters (Tanaka et al. 2007) because they have higher mean
densities.

There are several different ways to identify superclusters in
the sky, which makes them particularly useful when research-
ing the large-scale structure of filaments. One frequently used
approach is to exploit the galaxy overdensity distribution to
trace filamentary structures connecting clusters and groups. This
is facilitated by the vast availability of sky surveys such as
the Sloan Digital Sky Survey (SDSS; Almeida et al. 2023), the
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006),
the Two Degree Field Redshift Survey (2dFRS; Huchra et al.
2012), and the Center for Astrophysics galaxy redshift survey
(CfA2; Huchra et al. 1999). Superclusters of galaxies are fre-
quently identified using the friends-of-friends algorithm (e.g.
Zeldovich et al. 1982; Einasto et al. 1984; Chow-Martinez et al.
2014; Bagchi et al. 2017; Sankhyayan & Dabhade 2024), which
is used to find and group points (in this case, galaxies) with
unknown distributions in a simulation. Other methods are
also used, such as applying a threshold cut to the luminos-
ity density field of the galaxy distribution (Einasto et al. 2007,
Lietzen et al. 2016) or to the number density field constructed
via Voronoi tessellation (Neyrinck 2008; Nadathur & Crittenden

ey
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2016). Santiago-Bautista et al. (2020) developed an identifica-
tion method based on geometrical information of the galaxy dis-
tribution. This process of identification resulted in several dif-
ferent catalogues of known superclusters of galaxies that can
be used in combination with Faraday RM catalogues of sources
behind superclusters to probe the magnetic field of the plasma
crossed by the polarised emission of the distant radio sources
(Xu et al. 2006; Sankhyayan & Dabhade 2024).

In this work we constrain the magnetic field intensity in fil-
aments by using RM measurements of sources behind galaxy
clusters. In Sect. 2 we present the available RM grid data and
the construction of the polarised source catalogue behind the
lines of sight of the selected superclusters. In Sect. 3 we show
how we constructed the supercluster density maps and how we
combined RM values from different surveys. In Sects. 4 and 4.1
we present the results of the analysis of the trend of resid-
ual rotation measure (RRM) variance and the gas density, and
discuss different scenarios to constrain the magnetic fields in
low-density environments. Finally, in Sect. 5 we summarise our
findings.

2. Observations and dataset

In this section we describe the different datasets that were used
in this work.

2.1. Selection of superclusters of galaxies

This work is based on the selection of polarised sources for
which we have an RM value, in the line of sight of super-
clusters of galaxies. We based this study on the LOFAR Two-
Metre Sky Survey (LoTSS) RM grid (O’Sullivan et al. 2023),
which is sensitive to small RMs. Therefore, we selected nearby
(z < 0.1) superclusters in the northern sky that are covered,
at least partially, by LoTSS observations. We chose to analyse
three rich superclusters: Corona Borealis, Leo, and Hercules.
These three superclusters are part of the all-sky Main Super-
Cluster Catalogue (MSCC; Chow-Martinez et al. 2014), which
is a catalogue of 601 superclusters created with the combina-
tion of a compilation of the rich Abell clusters (Andernach et al.
2005) and spectroscopic redshifts for galaxies in the SDSS-DR7
(Abazajian et al. 2009). With a tunable Friends-of-Friends algo-
rithm, Chow-Martinez et al. (2014) are able to provide a full list
of the cluster members with their redshift, coordinates and super-
cluster membership out to a redshift of z = 0.15. This catalogue
was further expanded by the analysis of Santiago-Bautista et al.
(2020), where they select 46 MSCC clusters to map the elon-
gated structures of low relative density inside each supercluster
and they employ optical galaxies with spectroscopic redshifts
from the SDSS-DR13 (Albareti et al. 2017). The SDSS galax-
ies are selected inside a volume of a box with ‘walls’ set to a
distance of 20 h;(} Mpc from the centre of the farthest clusters
in each direction, for each supercluster (Santiago-Bautista et al.
2020). Therefore, with this catalogue we were able to map the
galaxy density over the supercluster volume as well as recover
the redshift, virial radius, and location of each supercluster
member (clusters and groups of galaxies). The properties of
the selected superclusters, as reported in Santiago-Bautista et al.
(2020), are summarised in Table 1, and the nominal loca-
tion of each supercluster member on the sky is shown in
Fig. 1.
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Table 1. MSCC supercluster properties.

Name MSCC-ID RA, Dec () Nmpem Na Vbox Viit/ Viox
[deg, deg] [10° h;g Mpc3] [%]
Corona Borealis 463 232.18,30.42 0.073 226 14 959.2 1.1
Leo 278 169.37,28.34 0.033 115 6 459.3 1.6
Hercules 474 241.56,16.22 0.036 90 5 343.8 0.9

Notes. MSCC superclusters properties. We list the superclusters selected for this study (1) names, (2) their MSCC-ID (Chow-Martinez et al. 2014),
(3) their coordinates (J2000), (4) the mean redshift, (5) the total number of members, (6) the number of Abell/ACO clusters, (7) the volume of the
box containing the SDSS galaxies, and (8) the filling factor of filaments as found in Santiago-Bautista et al. (2020).

0oy ¢ MSCC 278
= 6h00 ° MSCC 463
2 4 MSCC 474

® Galactic Plane

[

78/700

oy
00}

Fig. 1. Sky distribution of the members of each supercluster in the equa-
torial reference system. The location of the Galactic plane is shown in
light blue.

2.2. RM grids

Faraday RM grids are a valuable tool for studying the origin
and evolution of cosmic magnetism, in particular by measuring
the properties of extragalactic magnetic fields (Vernstrom et al.
2019; O’Sullivan et al. 2019). In this particular framework, we
observe linearly polarised radio sources across a particular area
of the sky, covered by the extension of a nearby superclus-
ter, to investigate the Faraday rotation properties of the low-
density, large-scale environments. To do this, we are mainly
interested in the RM variance generated by the variations of the
Faraday rotating medium along different lines of sight, due to
either the intergalactic or local media. To isolate this compo-
nent, it is necessary to remove the Galactic contribution from
the Milky Way, and the errors introduced by the measurements.
The RM variance has been investigated extensively with the
37543 RM values from the NRAO VLA Sky Survey (NVSS)
data (Condon et al. 1998; Taylor et al. 2009) at 1.4 GHz, both to
characterise the Milky Way properties (e.g. Purcell et al. 2015;
Hutschenreuter & Enf3lin 2020) and isolate the RM variance
contribution local to the source itself (Rudnick & Blundell 2003;
O’Sullivan et al. 2013; Anderson et al. 2018; Banfield et al.
2019; Knuettel et al. 2019).

RM studies at metre wavelengths offer a significant advan-
tage over centimetre wavelength observations due to a better
RM accuracy and sensitivity to low RM values. The accuracy
of Faraday RMs is directly related to the wavelength-squared
coverage, and thus RM studies at metre wavelengths provide
substantially higher accuracy for individual RM measurements
(Neld et al. 2018; O’Sullivan et al. 2018; Van Eck et al. 2018).
Despite this, identifying linearly polarised sources at long wave-
lengths presents its own challenges; in particular, high angu-
lar resolution and high sensitivity are needed to counteract
the significant effects of Faraday de-polarisation, which results
in a smaller fraction of radio sources exhibiting detectable
polarisation levels (e.g. Farnsworth et al. 2011; Bernardi et al.
2013; Lenc et al. 2017). LOFAR is addressing these challenges
effectively with its capability to produce high-fidelity images
at high angular resolution (Morabito et al. 2016; Jackson et al.
2016; Harris et al. 2019; Sweijen et al. 2022). Additionally, the
LOFAR wide field of view and large instantaneous bandwidth
facilitate the efficient surveying of large sky areas, aiding the
detection of numerous linearly polarised sources and their RM
values. The LoTSS-DR2 RM grid (O’Sullivan et al. 2013) has
produced a catalogue of 2461 extragalactic high-precision RM
values. The integration of RM grid catalogues from both metre
and centimetre wavelengths is crucial for a more comprehen-
sive understanding of the various contributors to Faraday rota-
tion along the line of sight. We are interested in this combined
approach, and we used both the NVSS and LoTSS RM grids
to identify sources in the line of sight of our selected super-
clusters. The three superclusters have different extensions on
the sky. We selected all sources inside a circle of radius 19°
centred on each supercluster position. We checked for dupli-
cates between NVSS and LoTSS RM sources and took the slight
overlap between Corona Borealis and Hercules on the plane of
the sky into account, which could introduce a number of addi-
tional duplicates. The duplicated RM were removed from the
NVSS catalogue and kept in LoTSS catalogue, leaving us with
3679 RM values from the NVSS and 579 RM values from the
LoTSS DR2 grid. For the 3679 NVSS RMs, we recomputed their
overestimated oXV>S errors reported in Taylor et al. (2009), fol-

RM
lowing the equation from Vernstrom et al. (2019):

\/EO'p
P

o = 150 radm™2, )

where P is the polarised intensity> of the source and op the asso-
ciated error.

2 The polarised intensity is defined as P = /Q? + U2, where Q and U
are the Stokes parameters.
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2.3. Source selection from non-DR2 fields

The selected superclusters are very extended across the sky,
in particular Hercules (ID 474) and Leo (ID 278) can reach a
declination as low as +3° (see Fig. 1). The LoTSS-DR2 sky
area imaged in polarisation covers 5720deg? and it is split
between two fields centred at O" and 13", respectively, down
to a declination of approximately +15° (Shimwell et al. 2019;
O’Sullivan et al. 2023). Therefore, part of these superclusters
are not covered by the DR2. To improve the statistics and to
find additional linearly polarised sources to probe the superclus-
ter environments, we analysed an additional 177 LoTSS point-
ings not included the publicly available DR2 sky area. These
RMs will form part of the LoTSS DR3 RM grid data release.
The analysis of the additional pointings follow the same pro-
cedure used to create the LoTSS-DR2 RM grid, as reported in
O’Sullivan et al. (2023). Here, we report the main steps:

— We used Stokes Q and U image cubes at 20" resolution
and the Stokes I 20” resolution images and source cat-
alogues (Williams et al. 2019; Shimwell et al. 2022) from
the LoTSS initial data products (Shimwell et al. 2019;
Tasse et al. 2021);

— The RM synthesis technique (Burn 1966; Brentjens &
de Bruyn 2005) was applied on the Q and U images using
RMsynt1D from RM-Tools> (Purcell et al. 2020) with uni-
form weighting, for pixels in the Stokes / 20" image where
the total intensity was greater than 1 mJy beam™'. Initially, it
is necessary to define a ‘leakage’ exclusion range between
+3radm™ to remove the contamination of the instrumen-
tal polarisation in the Faraday depth spectrum or Faraday
dispersion function (FDF). The leakage peak occurs intrin-
sically at Oradm~2 with a degree of polarisation of <1%
of the Stokes I intensity (Shimwell et al. 2022), but it is
shifted by the typical LOFAR ionospheric RM correction up
to 3rad m2 (Sotomayor-Beltran et al. 2013; Snidari¢ et al.
2023). To help reduce the effect of sidelobe structure, we ran
the code RMcleanlD (Purcell et al. 2020), which performs
deconvolution of the FDF. With a variation of the Hogbom
CLEAN (Hogbom 1974) algorithm, the RM-clean iteratively
subtracts scaled versions of the RM spread function from the
FDF until a noise threshold is reached (Heald et al. 2009, for
a full description). We used a threshold of four times the
noise in the FDF during the RM-clean process. From the
clean spectrum and outside the leakage range, we identified
the peak polarised intensity for each pixel in the output cube
of the FDF.

— We estimated the noise ooy and initially consider the Fara-
day depth (i.e. the RM) value corresponding the polarised
intensity peaks in the FDF larger than 5.50 gy from the rms
of the wings of the real and imaginary parts of the FDF
(¢ < —100radm=2 and ¢ > 100rad m~2). Finally, an RM
image, a polarised intensity image and a degree of polarisa-
tion map were created. From the polarised intensity image,
all pixels within a box of 20x20 pixels and above the selected
noise threshold, were grouped together. The highest signal to
noise pixel in this group is the catalogued RM value and sky
position of this source component.

An initial review of the catalogued sources revealed that many
bright sources detected at small Faraday depths with very low
degree of polarisation were likely instrumental peaks extending
beyond the previously excluded leakage range. Consequently, to
eliminate many of these sources we extended the leakage range

3 https://github.com/CIRADA-Tools/RM-Tools
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to —Sradm™2 < ¢ < +5radm~2? and excluded those sources
with fractional polarisation smaller p < 2%, or very high val-
ues p > 30%. To be conservative, an 80 gy threshold was then
applied following what is expected from false detection rates,
which is as low as 107* at 8¢y, against a possible 4% at 50y
(George et al. 2012). After these additional cuts, we inspected
the Faraday spectra of the remaining sources. From the visual
inspection of the FDF and the signal-to-noise ratio (S/N) it is
possible to find some unreliable RM values that fell out the cuts.
In particular, we inspected the FDF of sources very close to the
acceptance threshold of 80y and checked the degree of polar-
isation. An example of accepted and rejected source after the
visual inspection of the Faraday spectrum is shown in Fig. A.1.
In this case, the rejected source satisfies the 8c gy criterium but
the FDF shows the presence of several other peaks at a similar
S/N level, making the detection unreliable.

The preliminary catalogue was then revised, and we noticed
that some fields contained a high number of sources with
very similar RM values and low polarisation fraction. This
is likely attributable to a ‘transfer’ of polarised flux from a
bright (>10 mJy beam™") polarised source in the field, as it was
noticed in the original compilation of the LoTSS-DR2 RM grid
(O’Sullivan et al. 2023). We therefore checked each field for this
effect, and removed a total of 876 unreliable candidates from all
fields.

After this step, we inspected also the maps produced after
running the RM synthesis, and for each source we produced
cutouts to compare the RM map, the polarised intensity image,
the degree of polarisation map together with the Faraday spec-
trum and the NVSS 45”-resolution Stokes / and polarised inten-
sity contours (see Fig. A.2). In this last step of inspection, we
excluded sources with very complex Faraday spectrum where
the peak is not clearly identified and/or is located at a pixel
clearly outside the source, as well as sources with highly incon-
sistent LoTSS-NVSS degree of polarisation. This procedure
excluded a few more sources. Finally, we removed duplicate
sources from the NVSS, as done for the LoTSS-DR2 fields,
keeping the RM value with higher S/N for LoTSS-LoTSS dupli-
cates and LoTSS RM value for LoTSS-NVSS duplicates. The
final non-DR2 catalogue contains 239 polarised source compo-
nents, which we included in the analysis. Averaging together
the three superclusters fields, we have a final catalogue* with
3679 RM values from NVSS and 818 from LoTSS, for a total of
4497 polarised background sources.

3. Methods
3.1. Density maps

We used the final catalogue of polarised sources to study the
supercluster medium by measuring the RM variance.

The RM variance is dependent on the free electron density,
the line-of-sight magnetic field strength, and the magnetic field
reversals that happen along the length of the path crossed by the
radiation. Therefore, it is useful to relate the measured RM val-
ues to the density of the medium in the supercluster, and inves-
tigate which combinations of parameters will yield the observed
variance. To limit the supercluster extent and estimate the den-
sity in each region, we used the gas density profile of each super-
cluster member. For this work, we chose to use the Universal gas
density profile for galaxy clusters presented in Pratt et al. (2022).
Using XMM-Newton observations, they derive an average

4 The catalogue will be made available through Vizier.
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intracluster medium density profile for a sample of 93 Sunyaev-
Zeldovich effect -selected systems and determine its scaling with
mass and redshift. The median radial profile is a function of
a scaled radius x = R/Rsp, and is expressed as the product
between a normalisation that can vary with the redshift z and the
mass Msg (i.e. the total mass within the radius Rsg, i.e. when
the mean matter density is 500 times the critical density of the
Universe):

Pm(x, 2, Mspo) = N(z, M500) f(x), (©)

where f(x) has the shape of a generalised Navarro-Frenk-White
model (Nagai et al. 2007):

Jo
a y ¥
X X Y
(=) [+ ()]
Here x; is the scaling radius, and the parameters «, 3, and y are

the slopes at x < xg, at x > x;, and at x ~ x, respectively. The
normalisation is given by the product of f; and

fx) =

“

N(z, Msyo) = E(2)* [5 ©)

500
x 104 Mg |
where E(z) is the evolution of the Hubble parameter with red-
shift in a flat cosmology. A complete description of the fitting
procedure to the 93 Sunyaev—Zeldovich-selected system can be
found in Pratt et al. (2022), while here we only report the best-fit
model parameters:

fo=120+0.15,
X, = 0.28 £0.01,
@ = 0.42 +0.06,
B =0.78 £0.03, (6)
y =1.52+0.16,
a, =2.09 + 0.02, and
ay =0.22 +0.01.

The deprojected density profile with the best-fit parameters is
applied to each supercluster member and computed radially for
each element in a 3D cube of axis (RA, Dec and 7). We zero-
padded the density profile at distances >10 Rsoy from each clus-
ter centre. With this approximation, we are treating all members
as galaxy clusters, including small groups of galaxies down to
five members; in this way, while the contribution of the smallest
systems will have a low impact on the density at large distances
from their centres, it helps trace the large-scale structure of the
supercluster. We did not implement an additional density com-
ponent for the filaments between clusters (see Sect. 4).

The construction of the density cubes for each superclus-
ter allows us to describe the boundaries of the supercluster and
investigate whether the radiation from the selected polarised
background sources is crossing regions of high or low mean
density, inside or outside the supercluster. Therefore, we com-
puted a mean density (p) along the direction of each radio source,
averaged over the redshift interval of each cube, which allowed
us to bin the sources in different density regimes. A 2D rep-
resentation of the density maps for each supercluster is shown
in Figs. 2, 3, and 4. It is noticeable how the sources found
at 144 MHz have a smaller areal number density (0.43 deg™2;
O’Sullivan et al. 2023) with respect to the ones found at 1.4 GHz
(>1deg™2; Taylor et al. 2009). At both frequencies, sources are
rarer in the highest-density regions, with ~10% and ~13% of the

CORONA BOREALIS - Density map
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Fig. 2. 2D density map of the Corona Borealis supercluster, assuming
that each member is on the same redshift plane. The location of the RM
sources is shown in red for LoTSS-DR2, green for LoTSS non-DR2,
and magenta for NVSS.

total number of sources found at mean densities 21072 gcm™3,
at 144 MHz and 1.4 GHz respectively (see Sect. 4.1). This is to
be expected, due to the strong effect of Faraday depolarisation
in galaxy clusters that is more important at lower frequencies
(O’Sullivan et al. 2019; Carretti et al. 2022).

With this selection, we are also probing the regions outside
supercluster boundaries; the sources in the line of sight of very
low-density environments serve as a control sample that allows
us to quantify how the supercluster structure is contributing to
the RM variance of the higher-density regions sources.
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Fig. 3. Same as Fig. 2, but for the Hercules supercluster.

3.2. Statistics of the RM population

The accuracy with which we can isolate the effects of the super-
cluster structure on the RMs of the background sources depends
on the size of our sample and the dispersion of the RM distribu-
tion. The measured RM is the combination of the Galactic RM
(GRM) component, the extragalactic component (RMgy), and a
noise term. We are mainly interested in the extragalactic com-
ponent, which can be attributed either to the local medium of
the source (Laing et al. 2008) or to the foreground intergalactic
medium. Therefore, we subtracted off the GRM component to

be left with an RRM:
RRM = RM - GRM, @)

where the GRM is estimated as the median of a disc of
radius of 0.5° centred at the source position from the GRM
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Fig. 4. Same as Fig. 2, but for the Leo supercluster.

map by Hutschenreuter et al. (2022) from several extragalactic
source RM catalogues, including LoTSS and NVSS. Following
Carretti et al. (2022), the choice of the radius is approximately
the average spacing between sources in the catalogue suite used
by Hutschenreuter et al. (2022). The median over a region can
mitigate the possible effects of using sources that are part of the
catalogue suite used to infer the GRM map, which results in the
GRM at the exact source position being slightly biased towards
the source RM (Carretti et al. 2022). While some residual contri-
butions from GRM variations on smaller angular scales are pos-
sible, these are already mitigated by the large number of sources
in our dataset, which cover different and extended regions of the
sky, well away from the Galactic Plane (Fig. 1). Therefore, we
are confident that by averaging over these sources, the potential
scatter introduced by correlations does not necessarily introduce
a systematic bias on the results.



Pignataro, G. V,, et al.: A&A, 696, A203 (2025)

We can estimate the RRM spread of the population, for
example, with a median absolute deviation (MAD) statistic,
which is less sensitive to outliers in a distribution. The MAD
can be used analogously as the standard deviation (see e.g.
Stuardi et al. 2021) to measure the dispersion of the distribution,
by introducing a constant scale factor:

omap = k-MAD =~ 1.48 - MAD, ®)

where the value of k is taken assuming normally distributed
data. Therefore, the intrinsic RRM MAD variance is obtained by
subtracting the squared total noise term, consisting of the mea-
surement term (O'ZRM’CH) and the GRM error (O'ZGRM’EH), from the
observed RRM variance:

2RRM.0bs 2 2

2RRM
MAD — 9RM.err — 9 GRM.err

=0

OMAD =

€))

As an indication, the typical measurement error for the RM
in the selected LoTSS sources is ~0.06 rad m™2, as opposed to
~10rad m~2 for the NVSS sources, while the average GRM error
is ~0.7radm=2. The combination of the LoTSS RM grid and
NVSS RM catalogue can achieve a better sensitivity for the pur-
pose of investigating the magnetic field strength and structure
in superclusters. However, the different variances of the popu-
lations, for example, due to different survey sensitivities, fre-
quency, foreground screens and background source properties
must be properly weighted for them to be combined in the most
effective manner (Rudnick 2019). In particular, we aim to give
more weight to the sources that are better probes of the fore-
ground medium in the supercluster, while minimising the local
RM variations. One useful proxy of small RM scatter is the frac-
tional polarisation of a radio source, which is dependent on both
the intrinsic degree of order of the magnetic field and the Fara-
day depth structure across the emission region. Additionally,
the presence of fluctuations on small scales can cause Faraday
de-polarisation from the mixing of different polarisation vector
orientations within the beam, which will reduce the fractional
polarisation. The RM variance is directly linked to the Fara-
day de-polarisation, as expressed in Burn (1966) for an external
screen:

P = p(d = 0)e 24 %ku, (10)

This will result in a correlation between fractional polarisation
and de-polarisation (e.g. Stuardi et al. 2020). Higher fractional
polarisation implies smaller RM variations due to the medium
local to the source, and also smaller scatter in the RM distri-
bution (Lamee et al. 2016). LoTSS detections are already pref-
erentially selecting low de-polarisation sources with minimum
Faraday complexity (O’Sullivan et al. 2023), which are excel-
lent probes for our aim. However, the NVSS RM sources show
more complexity and different polarisation structure due to the
nature of the host galaxy (O’Sullivan et al. 2017). To reduce
the effect of low fractional polarisation sources on the extra-
galactic RM variance, we can separate the NVSS sources into
two populations, based on the median degree of polarisation
of the sources in the NVSS RM catalogue (~5%). Therefore,
we weighed the three populations differently: LoTSS sources
(population a), NVSS sources with high degree of polarisation
(population b, p > 5%) and NVSS sources with low degree of
polarisation (population ¢, p < 5%). Following Rudnick (2019),
each population can be described with its own intrinsic RRM
variance o-i2 and a corresponding uncertainty, ¢;, calculated as

11

where N; is the number of sources of each population. We
obtained the variance of the whole sample as the inverse-
variance-weighted average of the variance of the three popula-
tions,

. (‘T%Agn.u + O—rzv([%nb + 0—]2\/:5/;]3.0)
O-MAD,lot(RRM) = | l ] s (12)
(2+%+2)
and the total uncertainty,
1
Otor = (13)

1 1 1
V@*&*ﬁ)

With this choice, the LoTSS sample will be weighted more than
the NVSS sample.

4. Results and discussion
4.1. RRM variance versus density

We investigated the trend between the variations in the RRM dis-
tribution of the populations of sources through the line of sight of
superclusters of galaxies and the density of the medium crossed
by the polarised emission. As explained in Sects. 3.1 and 3.2,
with the construction of the 3D density we are able to associate
a mean value of density with each source in the field of the each
supercluster, and we combined the different populations through
a weighted average, where we specifically down-weighted the
sources we expect to have a large RM variance in their local
environments. As such, we can maximise the resulting accuracy
of any possible RM signature from the superclusters by binning
all the sources from the three superclusters in three main density
regimes, thereby improving the MAD statistics.

The task of identifying and describing the cosmic web com-
ponents has been undertaken through numerical simulations
and observations with several different methods, both investi-
gating the global pattern in a statistical way (see e.g. Peacock
1999; Hoyle et al. 2002; Colberg 2007) and segmenting the
structure into its morphological components: voids, filaments,
and clusters (e.g. Stoica et al. 2007, 2010; Genovese et al. 2010;
Gonzalez & Padilla 2010; Cautun et al. 2013). We can base our
investigation of supercluster density regimes on the density dis-
tribution across cosmic environments presented in Cautun et al.
(2014), where they show that various structures are characterised
by different density values. The node regions, where clusters
reside, typically have the highest densities (o/p, > 100) and fil-
aments also represent over-dense regions spanning a wide range
of density values (o/p. ~ 1-10), while voids are very under-
dense (p/p. < 1/10). Although it is difficult to precisely define a
density range to describe exactly the supercluster environments,
we used these density regimes to define the bin ranges for our
sources: specifically, the RRMs that have lines of sight inside
the virial radii of the galaxy clusters (nodes) and those with
lines of sight through the low-density gas inside the superclus-
ter boundaries but outside the virial radii of clusters (filaments).
We compared with the sources that fall outside the supercluster
boundaries, assuming their RRMs can be attributed to typical
extragalactic background. We used their RRMs to identify the
contribution of the supercluster and investigate the magnetic
fields in these regions.

We defined three starting bins based on the previous con-
siderations: 107! < pgs < 1072 gem™ (0.01 < p/p. < 1)

A203, page 7 of 12



Pignataro, G. V,, et al.: A&A, 696, A203 (2025)

gas
== P200

Voids
Filaments
Nodes

o o oy ™
o 0 <} &

o7igp Irad? m=4]

wu
e

5.0 1

4.5 4

102 107

Pgas [g cm™3]

1070 102

1 @ Noshift
* Weighted avg

o

# [rad? m~4]

e
OmaD
v
-—

. 2

Y

10'—23 10'—27

Pgas [g cm™3]

10'—30 10'—29

Fig. 5. Total weighted RRM MAD variance (Uﬁ*A”D“) trend with gas den-
sity in superclusters of galaxies. The plot shows the resulting variance
from binning the sources in different gas density regimes. The back-
ground is divided into the ranges of densities that are typically related to
voids (yellow), filaments (blue), and nodes (green; Cautun et al. 2014).
The dashed red line represents where the gas pyoo limit would approx-
imately be, to highlight the density trend outside galaxy clusters. We
measure an excess in the RRM variance between the first and sec-
ond density bins, which can be attributed to the contribution of the
low-density magnetised gas in the supercluster structure. Bottom panel:
Same as the top panel, but varying the bins edges with steps of 0.03
(—0.03) with respect the original chosen value. The different resulting
MAD variances and their uncertainties are show in different colours.
The weighted average of these results in each bin is shown in blue and
is consistent with the original value, shown in black.

for sources that can be considered outside supercluster bound-
aries, 107 < pge < 107779 gem™ (1 < p/p. < 30) for
sources that are falling inside supercluster boundaries but out-
side galaxy clusters, and finally 107273 < pgs < 10726 gem™
(30 < p/p. < 1000) for sources that are inside galaxy clus-
ters virial radii. For each bin, we computed the weighted MAD
variance of RRMs from LoTSS, NVSS high-degree of polarisa-
tion, and NVSS low-degree of polarisation source populations
(see Sect. 3.2). We show the resulting total weighted MAD vari-
ance (o-i,‘}/‘i“]“)) as a function of the gas density in Fig. 5 (top
panel). If we consider the RRMs variations of sources falling
outside supercluster boundaries (first bin) to be mostly caused
by the medium local to the source, then we can subtract the
local contribution to the variance in the second bin to isolate
the effect of the supercluster low-density regions. Between the
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first and second bin, we measure an excess RRM variance of
Ao = 2.5 +0.5rad> m™.

To investigate the effect of the choice of bin boundaries in
this detection, we varied the bin edges to shift the boundaries of
different quantities and see the effect on the resulting variance.
We chose to introduce a shift between 0.0 and 0.3 (—0.3) in ten
equal logarithmic step. The results of this test are shown in Fig. 5
(bottom panel), where the results of each shift are marked in a
different colour. The bin that is most affected by the choice of
bin edges is the highest-density one, which exhibit very different
results. It can be noted that moving the bin edge towards higher
density values (i.e. towards galaxy cluster centres), the variance
gets lower. This is consistent with the presence of only a few
sources near cluster centres with low variance that survive de-
polarisation effects. In general, this bin shows higher uncertainty
due to the smaller number of sources (only 564 RMs, while
1195 and 2738 RMs in the first two bins) found at higher den-
sities for de-polarisation effects (see e.g. Bonafede et al. 2011;
Bohringer et al. 2016; Osinga et al. 2022), and therefore we did
not include these regions in our analysis. If we compute the
weighted average of the resulting ovap and their uncertainties,
we find that the first two bin results are in agreement with the
starting value.

4.2. Constraints on supercluster magnetic fields

With the detection of an excess in RRM variance that can be
attributed to the supercluster structure, we attempted to estimate
the required field strength permeating the low-density environ-
ments crossed by the polarised emission. The variance of the
RRM distribution (o-tzh) for a single-scale model of a randomly
oriented field structure can be described by a simple model
(Murgia et al. 2004):

2
o — 08122 (e f e B\ dl
th ' pc cm=3 uG/ pc’

where A, is the magnetic field reversal scale, n. is the gas
electron number density, and By is the magnetic field over any
line of sight through the supercluster over a path length L. The
model 0'3:‘“'“ can be computed as Eq. (14) for different values
of the parameters (A., By, L) and compared with the measured
o-ﬁ,l Ap(RRM) at the densities in the first two bins as derived in
Sect. 4.1.

We adopted a Bayesian Monte Carlo sampling (e.g. Monte
Carlo Markov chain) approach to explore the likelihood surface
and reconstruct the posterior distribution of the free parameters
(A¢, By, and L). In the modelling framework, we call the data d
and the model parameters m and write the Bayes theorem (up to
a constant) as

(14)

P(m | d) o< L(d | m)II. (15)
This relates the posterior probability function of the parameters
P(m | d) to the likelihood function £(d | m), which we would
like to maximise, and the prior I, which encodes existing knowl-
edge of parameter values. In our case, we can write the likeli-
hood function of detecting the observed O'i,ﬁ"l‘)(ne) for a medium
of density n. as

2 2 2
L (0_2RRM I m) o exp _l O-Nl?l:\]d)(neﬂi) B O-llfRM (ne,i’ m)
MAD 22 5(re) ’

(16)
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Fig. 6. Posterior probability distribution, marginalised into one and two
dimensions, for the parameters By, L, and A.. Dark and light blue shaded
areas indicate the 68 and 95% confidence regions. The 1D projection
for each parameters is shown at the top. The dashed blue lines represent
(from left to right) the 2.5th, 50th, and 97.5th percentiles.

where § is the uncertainty on the i-th measured values of ogan

and m = (A, By, L). For the parameters, we assumed flat priors
inranges 0 < By < 2uG,5 < A, < 500kpc, and 5 < L <
70 Mpc. While the choice of the parameters ranges is arbitrary
given the limited information on supercluster environments, it is
dictated by some reasonable considerations: the magnetic field
strength is investigated up to values found in galaxy clusters (a
few microgauss; e.g. Bonafede et al. 2010; Govoni et al. 2017);
the magnetic field will fluctuate on a range of scales, and there-
fore we investigated out to a large outer scale of A, = 500kpc
(EnBlin & Vogt 2003; Murgia et al. 2004; Vacca et al. 2010);
finally, the maximum path length through the supercluster is
computed following as the average of the three superclusters box
size (~70Mpc) defined in Santiago-Bautista et al. (2020) that
enclose each supercluster structure (see Table 1).

The distribution is then sampled with Monte Carlo Markov
chains using emcee (Foreman-Mackey et al. 2013). Figure 6
shows the posterior probability distributions, marginalised into
one and two dimensions, for the model parameters. The distri-
butions for each parameter are plotted along the diagonal and
covariances between them under the diagonal. The shape of
the covariance indicate the correlation between the parameters,
namely a circular or diffuse covariance means no correlation,
while elongated shapes can show correlation. As expected from
Eq. (14), the path length L and the reversal scale A, are essen-
tially unconstrained within the prior range. The posterior distri-
bution of the magnetic field shows correlation with the two other
parameters but, once marginalised over them, shows a Gaussian-
like behaviour, though skewed towards high values. As shown in
Fig. 7, we can constrain B = 19*3° nG, different from zero with
a confidence level larger than 95%.

This result for the magnetic field in low-density regions
of superclusters is in agreement with what is found with dif-
ferent methods investigating the filaments of the cosmic web
(Carretti et al. 2022, 2023; Vernstrom et al. 2023) and prelimi-
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Fig. 7. Magnetic field marginalised posterior distribution, zoomed-in
from Fig. 6. The distribution is skewed towards small values. The 95%
confidence levels of the distribution are shown in dashed blue. The most
likely value is shown in dashed red. The resulting adiabatic compression
level is shown in purple.

nary studies on superclusters with Faraday RMs (Xu et al. 2006;
Sankhyayan & Dabhade 2024). Moreover,some early works on
simulations have investigated the contribution of large-scale
structure filaments to the RM of background sources. These sim-
ulations suggest that the magnetic field intensity in filaments
could range from 10 nG to 100nG (Ryu et al. 2008; Cho & Ryu
2009; Akahori & Ryu 2010; Vazza et al. 2015), which still is in
agreement with our findings.

In our analysis we considered the density contribution from
supercluster members only and, therefore, neglected the possi-
ble filament contribution and, in turn, overestimated the mag-
netic field intensity. While a better approach may be to compare
directly with simulations of the RM variations from superclus-
ter structures, we can estimate the effect of including an addi-
tional density component by increasing the density of the second
bin (see Fig. 5) with a 20% excess from filaments, as recently
measured with profiles of the Sunyaev—Zeldovich signal from
stacked galaxy pairs (de Graaff et al. 2019). The resulting mag-
netic field is consistent with the initial finding, and therefore still
comparable with works of large-scale structure filaments.

Constraints on the magnetic field strength in cosmic struc-
tures are of key importance to investigate magneto-genesis sce-
narios. For this purpose, ad hoc cosmological simulation of
superclusters are needed but not available yet. However, we
can compute a preliminary estimate of the predicted adiabatic
compression-only effect on a primordial seed and compare
with our results. For adiabatic compression, the magnetic field
strength scales with density as B = By(n/ng)*/?. With an ini-
tial seed of cosmological origin, as derived from the analysis
of cosmic microwave background anisotropies (i.e. By ~ 2nG;
Planck Collaboration XIII 2016) compression seems enough to
explain the magnetic field strength derived in this analysis.
However, recent LOFAR RRM measurements in intergalac-
tic medium filaments suggest magnetic field seeds more than
an order of magnitude below the limit derived with cosmic
microwave background (Neronov et al. 2024). Assuming an ini-
tial seed of By ~ 0.11 nG (Carretti et al. 2023) at mean critical
baryonic density of ny ~ 4 x 1073! gecm™3, the adiabatic com-
pression to the density n ~ 5 x 1072’ gem™ as in our case,
would yield B ~ 3.5nG, and B = B/V3 ~ 2nG. Compar-
ing the adiabatic compression effect to the resulting By from our
analysis (see Fig. 7), it suggests that in superclusters of galaxies
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Fig. 8. Covariance between the magnetic field strength (B)) and reversal
scale (A.), with the path length fixed to L = 70 Mpc. The distribution 1
and 20 contour levels are shown in black. The dashed red line represent
the magnetic field resulting from adiabatic compression only.

may be at play different mechanism such as dynamo amplifi-
cation or AGN feedback, to further amplify the magnetic fields
from ~2nG to the measured ~20nG. Another possible ampli-
fication mechanism is the presence of accretion strong shocks
surrounding the filaments of the cosmic web, as observed in
Vernstrom et al. (2023).

Since our result is dependent on the chosen A, parameter
range, we can try to set an additional constrain on the rever-
sal scale length by fixing the path length to L = 70, the largest
value considered for the parameter range. In this way, to repro-
duce the same RRM variance, we would minimise the magnetic
field. The contour plot in Fig. 8 shows the 2D posterior dis-
tribution between Bj and A, once L is fixed to 70 Mpc. In the
case of the maximum path length through the superclusters, the
magnetic field is still larger than what is predicted by adiabatic-
compression only for all values of A,. A strong constrain on A,
would result in the minimum line-of-sight magnetic field com-
ponent in the supercluster environment.

5. Conclusions

The Faraday RM signal from distant polarised sources is a sen-
sitive probe of the foreground, extragalactic low-density gas that
permeates the large-scale structure, which is difficult to detect
otherwise. In this work, we made use of the NVSS and LoTSS
RM catalogues, combining the large number of sources found at
centimetre wavelengths with the highest precision of the sources
detected at metre wavelengths to investigate the rarefied envi-
ronments of three major superclusters of galaxies in the northern
sky: Corona Borealis, Hercules, and Leo. Our findings can be
summarised as follows:

— For each supercluster we built a density 3D map (RA, Dec,
z), computing the universal gas density profile (Pratt et al.
2022) for each member.

— We created a catalogue of the 4497 polarised sources found
in the background of the three superclusters. Among these,
3697 RM values are from the NVSS (Taylor et al. 2009) and
818 are from LoTSS (O’Sullivan et al. 2023). At the location
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of each source, we computed the mean gas density crossed
by the polarised emission passing through the supercluster.
We subtracted the Galactic contribution to investigate the
extragalactic component. We then had for each source a pair
of RRM and associated density values.

— We computed the MAD variance of the RRM distribution in
three different density regimes: voids, filaments, and nodes.
While the highest-density bin (inside the galaxy cluster virial
radii) is difficult to interpret due to several de-polarisation
effects at play and low-number statistics, we detect an excess

RRM variance of Ao-i/'[‘/'_‘\“’]‘) = 2.5 + 0.5rad* m™* between

the lowest-density region (outside the supercluster bound-
aries) and the low-density region inside the supercluster. We
attribute this excess to the intervening medium of the fila-
ments in the supercluster.

— We estimated the required magnetic field strength permeat-
ing the low-density environments crossed by the polarised
emission through a Bayesian approach. We infer a line-of-
sight magnetic field strength of By = 19*3° nG, while other
quantities such as the path length and the magnetic field
reversal scale remain unconstrained. Our result is in line
with other work conducted on the filaments of the large-scale
structure (e.g. Vernstrom et al. 2021; Carretti et al. 2022,
2023). Assuming only the effect of adiabatic compression
from a primordial seed field consistent with current upper
limits from LOFAR RRM measurements in intergalactic
medium filaments (Neronov et al. 2024) would give B ~
2nG. Our result suggests that in superclusters of galaxies,
different mechanisms of magnetic field amplification may be
at play, such as dynamo amplification or AGN or galaxy
feedback, or that an additional primordial seed should be
considered.
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Appendix A: Inspection of FDF for source selection
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Fig. A.1. Absolute value of the Faraday spectrum (FDF; solid blue line)
and the real (Q; solid green line) and imaginary (U; solid yellow line)
components of the FDF, for two example polarised source components.
The Q,U plots have a restricted range on the y-axis to better visualise
the noise. The ‘real’ peak, i.e. the highest signal-to-noise polarised com-
ponent outside the leakage range, is marked with a red cross. The leak-
age peak is noticeable in both cases at ¢ ~ Oradm™2. The rms noise
(o gu) level is shown as a dashed line. After inspection, the top source
at S/N ~ 8 is excluded, while the bottom source, at S/N ~ 40 is accepted.
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Fig. A.2. Inspection maps to evaluate the catalogued polarised source
component. Top row: LoTSS 20" resolution RM map, degree of polari-
sation map, and polarised intensity map for the catalogued source inside
the Stokes I contours (black). Bottom row: FDF with the catalogued
RM value and S/N for the peak, and the NVSS 45" resolution Stokes
I (black) and polarised intensity (green) contours for comparison. For
the bottom source, the zoomed-in panel show the complexity of the
spectrum around the selected peak. After inspection, the top source is
accepted, while the bottom source is excluded.
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