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ABSTRACT

It has been well established that galaxy clusters have magnetic fields. The exact properties and origin of these magnetic fields are
still uncertain even though these fields play a key role in many astrophysical processes. Various attempts have been made to derive
the magnetic field strength and structure of nearby galaxy clusters using Faraday rotation of extended cluster radio sources. This
approach needs to make various assumptions that could be circumvented when using background radio sources. However, because
the number of polarised radio sources behind clusters is low, at the moment such a study can only be done statistically. In this paper, we
investigate the depolarisation of radio sources inside and behind clusters in a sample of 124 massive clusters at z < 0.35 observed with
the Karl G. Jansky Very Large Array. We detect a clear depolarisation trend with the cluster impact parameter, with sources at smaller
projected distances to the cluster centre showing more depolarisation. By combining the radio observations with ancillary X-ray data
from Chandra, we compare the observed depolarisation with expectations from cluster magnetic field models using individual cluster
density profiles. The best-fitting models have a central magnetic field strength of 5—10 uG with power-law indices between n = 1 and
n = 4. We find no strong difference in the depolarisation trend between sources embedded in clusters and background sources located
at similar projected radii, although the central region of clusters is still poorly probed by background sources. We also examine the
depolarisation trend as a function of cluster properties such as the dynamical state, mass, and redshift. We see a hint that dynamically
disturbed clusters show more depolarisation than relaxed clusters in the r > 0.2Rsy region. In the core region, we did not observe
enough sources to detect a significant difference between cool-core and non-cool-core clusters. Our findings show that the statistical
depolarisation of radio sources is a good probe of cluster magnetic field parameters. Cluster members can be used for this purpose as
well as background sources because the local interaction between the radio galaxies and the intracluster medium does not strongly
affect the observed depolarisation trend.

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

radiation mechanisms: non-thermal — methods: observational

1. Introduction

Through observations of diffuse synchrotron emission such as
radio halos (e.g., van Weeren et al. 2019, for a recent review)
and Faraday rotation measures (RMs) of polarised radio sources
(e.g., Akahori et al. 2018, for a recent review), it has been proven
that galaxy clusters have magnetic fields. These fields play a key
role in many astrophysical processes such as heat conduction,
gas mixing, and cosmic ray propagation, but the exact proper-
ties and origin of these magnetic fields are still uncertain (see
Carilli & Taylor 2002; Donnert et al. 2018, for reviews on mag-
netic fields in galaxy clusters). Estimates of the magnetic field

* Full Tables C.1, D.1 and E.1 are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/665/A71

strength from observations of diffuse synchrotron emission (i.e.
radio halos) place the magnetic field strengths of galaxy clus-
ters around the uG level (Ferrari et al. 2008). Recently, obser-
vations of high-redshift radio halos have revealed that clusters
at z > 0.6 might have similar magnetic field strengths to local
galaxy clusters (Di Gennaro et al. 2021a), implying that mag-
netic field amplification should happen fast during cluster for-
mation. However, estimates of the magnetic field strength from
diffuse synchrotron emission require various assumptions as to
the energy spectrum and distribution of relativistic particles (e.g.,
equipartition or minimum energy; Beck & Krause 2005).

The most promising method to derive magnetic field prop-
erties in clusters is through Faraday rotation of polarised
radio emission (see Govoni & Feretti 2004, for a review). Var-
ious studies have constrained the magnetic field strength and
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structure of nearby galaxy clusters using the RM of extended
radio sources (e.g., Murgia et al. 2004; Govoni et al. 2006, 2017,
Guidetti et al. 2008, 2010; Laing et al. 2008; Bonafede et al.
2010; Vacca et al. 2012). These studies have found central mag-
netic field strengths of the order of 1-10 uG, and a magnetic field
power spectrum index between n = 2 and n = 4.

The depolarising effect of Faraday rotation can also be used
to constrain magnetic field properties (e.g., Taylor et al. 2006;
Bonafede et al. 2011; O’Sullivan et al. 2019; Stuardi et al.
2020; Sebokolodietal. 2020; Di Gennaroetal. 2021b;
de Gasperin et al. 2022; Rajpurohit et al. 2022). Since we
observe radio sources with a finite spatial resolution, the differ-
ential Faraday rotation between different lines of sight within a
single beam reduces the observed degree of polarisation. This
beam depolarisation effect depends on the correlation scales
of the magnetic field and the magnetic field strength. In this
way, the average properties of magnetic fields in clusters can
be investigated, and differences can be studied between various
cluster properties, such as the presence or absence of a cool
core (Bonafede et al. 2011). The advantage of using fractional
polarisation over the RM of radio sources is that unpolarised
sources can also be taken into account, as upper limits on the
polarisation fraction can be estimated.

A drawback in most studies of Faraday rotation and the
resulting depolarisation is that the polarised radio sources are
often cluster members. This introduces a small uncertainty
because the location of the radio sources inside the cluster cannot
be determined accurately, but a larger uncertainty is introduced
by the gas in the intracluster medium (ICM), whose properties
are usually not known in detail. Often, it is assumed that the
interaction between the ICM gas around the radio source and
the radio plasma is negligible. However, it is debated to what
extent this assumption is true, with some studies showing evi-
dence for local Faraday rotation being induced in radio lobes
(e.g., Rudnick & Blundell 2003) and other studies finding no
evidence for this (e.g., Ensslin et al. 2003). The ICM could be
locally compressed around cluster radio sources, causing higher
densities and thus also higher depolarisation, potentially biasing
results. Additionally, bent-tailed radio galaxies which are often
seen in clusters might not have the same intrinsic polarisation as
classic double-lobed radio galaxies (Feretti et al. 1998).

In this paper, we aim to alleviate these problems through a
study of the polarisation properties of sources inside and behind
clusters. Because the number of polarised radio sources (behind
clusters) is typically low (e.g., Rudnick & Owen 2014), such a
study will be most often statistical. Although polarisation prop-
erties of sources behind clusters have been investigated for some
single clusters (e.g., Bonafede et al. 2010), this has not yet been
studied thoroughly in a sample of clusters. This paper focuses
on the beam depolarisation effect and considers only the impli-
cations of the fractional polarisation measurements of the radio
sources. In a follow-up paper, we extensively study the Faraday
RM of the polarised sources.

Samples of galaxy clusters can be selected relatively unbi-
ased through the thermal Sunyaev-Zel’dovich effect, which
imprints a redshift-independent distortion on the spectrum
of the cosmic microwave background (Sunyaev & Zeldovich
1970, 1972). The sample we use as a starting point for
this work is the Planck Early Sunyaev Zel’dovich sample
(Planck Collaboration VIII 2011). This provides mass-selected
samples of galaxy clusters up to high redshifts. We obtained
observations with the Karl G. Jansky Very Large Array (VLA),
which are detailed in Sect. 2, to study the linear polarisation
properties of radio sources located inside and behind ESZ clus-
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ters. The source finding, determination of the polarisation prop-
erties, host galaxy identification and redshift estimation pro-
cess is explained in Sect. 3. Theoretical depolarisation expec-
tations are derived through modelling of the magnetic fields as
Gaussian random fields in Sect. 4 and results are shown in
Sects. 5 and 6. Finally, we conclude with a discussion and
summary in Sects. 7 and 8. Possible biases are discussed in
Appendix A. Throughout this paper, we assume a flat ACDM
model with Hy = 70kms™ Mpc‘l, Q,, = 03 and Q, = 0.7.
We refer to the intensity of linearly polarised light simply as the
polarised intensity.

2. Data
2.1. Chandra-Planck ESZ sample

The Planck Early Sunyaev-Zel’dovich (ESZ) results presented
189 cluster candidates all-sky (Planck Collaboration VIII 2011),
of which 163 clusters are at a redshift of z < 0.35. The
Chandra-Planck Legacy Program for Massive Clusters of Galax-
ies! observed all 163 clusters with sufficient exposure time to
collect at least 10000 source counts per cluster. This makes it
(one of) the largest relatively unbiased samples of galaxy clus-
ters with high-quality X-ray data available. The Chandra obser-
vations of 147 clusters from the ESZ sample are presented in
Andrade-Santos et al. (2017, 2021), where the sample has been
reduced by 16 because six clusters are too close to point sources,
nine clusters are classed as multiple objects and one system
was too large to allow for a reliable background estimate in the
Chandra field of view. High-quality X-ray data is particularly
important for polarisation studies to be able to break the degen-
eracy between electron density and magnetic field. In this paper,
we used the thermal electron density profiles which were calcu-
lated from the fitting procedure detailed in Andrade-Santos et al.
(2017).

2.2. Observations and data reduction

We have obtained VLA L-band (1-2 GHz) observations of 126
Planck clusters at z < 0.35 and Dec > —40° (VLA project code
15A-270). The redshift cut is made because the angular size of
higher redshift clusters on the sky becomes too small to find a
significant number of polarised background sources. Out of these
126 clusters, 102 are from the ESZ catalogue and 24 clusters are
new detections in the PSZ1 (Planck Collaboration XXXII 2015)
and PSZ2 (Planck Collaboration XXVII 2016) catalogues that
have been added to the sample. The observations were taken
in the B(nA) array configuration, with the BnA configuration
employed for targets located at Dec < —15° or Dec>+75° to
match the resolution of targets observed in favourable declina-
tion ranges. Targets are observed for ~40min each. The full
L-band comprises 16 spectral windows, each consisting of 64
channels before frequency averaging.

The calibration of the radio data was done using the Com-
mon Astronomy Software Application (CASA; McMullin et al.
2007) and proceeded in the following fashion. For each observ-
ing run, the initial data calibration was done per spectral window,
such that bad spectral windows could be identified and flagged.
We Hanning smoothed the spectral axis to reduce the effect of
Gibbs ringing due to strong radio frequency interference (RFI)
in the L-band. Shadowed antennas were flagged and the initial

' http://hea-www.cfa.harvard.edu/CHANDRA_PLANCK_
CLUSTERS/
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flagging of RFI was done with the CASA TFCrop algorithm. The
effect of the elevation on the antenna gain and efficiency was cal-
culated and antenna position corrections were applied. The flux
scale was set to the Perley & Butler (2017) scale. We calculated
initial-bandpass calibration solutions using a large solution inter-
val and initially calibrated the complex gains with the central
channels of the spectral window. The antenna delay terms were
then calculated and applied, after which the final-bandpass solu-
tions could be calculated. A polarised calibrator (either 3C138
or 3C286) was used to solve for a global cross-hand delay and
an unpolarised calibrator (3C147) was used to calibrate on-axis
polarisation leakage. Subsequently, the polarised calibrator was
then used to calibrate the polarisation angle. Off-axis polarisa-
tion leakage due to a time, frequency, and polarisation-dependent
primary beam becomes important as the distance from the point-
ing centre increases but is known to be less important in Stokes
Q and U than in Stokes V (Uson & Cotton 2008). Typically for
VLA L-band observations, the leakage from Stokes [ into Q and
U is around 1% at the primary beam full-width half maximum
(Jagannathan et al. 2017). While this effect can mimic depolar-
isation due to the frequency dependence of the primary beam,
we do not consider it to be a major issue for this study because
all clusters are observed near the pointing centre. We discuss
off-axis leakage in more detail in Sect. 7.4. Finally, the antenna-
based complex gain solutions were calculated using the cali-
brator sources, and another round of automatic flagging was
performed using the CASA TFcrop and Rflag algorithms. All
spectral windows were then combined and the resulting data
were averaged to 8 MHz channels and 6-second timesteps. Left-
over RFI was then flagged with the AOflagger (Offringa et al.
2012) and a custom strategy to flag RFI in the cross-hand corre-
lation (rL,Ir) plane was employed. Spectral window 8 was fully
lost to RFI in every observing run, resulting in a total of 90 fre-
quency channels after initial calibration.

To remove residual amplitude and phase errors in the direc-
tion of the target fields and increase the quality of the final
images, we further performed six rounds of self-calibration,
automatically calculating the solution interval based on the mean
flux density in each field. This was done to ensure enough
signal-to-noise during the calibration steps, with larger solu-
tion intervals used for fields with fainter sources. The imag-
ing and cleaning were done using WSclean version 2.7.3 with
the options -join-polarizations and -squared-channel-joining for
Stokes Q and U imaging (Offringa et al. 2014). The six rounds
of self-calibration involve three phase-only calibration rounds
and three amplitude and phase rounds, decreasing the solution
interval each round. For the majority of targets, this automatic
self-calibration pipeline proved sufficient to obtain high-quality
images of the target fields. A small number of target fields
needed manual tweaking of parameters or flagging of RFI. For
those clusters, one or two additional rounds of self-calibration
were performed after the pipeline.

Each 8 MHz channel was corrected for the VLA primary
beam attenuation, and all channels were smoothed to a cir-
cular Gaussian restoring beam at the resolution of the lowest
frequency channel, to ensure that all channels have the same
angular resolution. This resulted typically in a synthesised beam
size of 67 arcsec. The distribution of central root-mean-square
(RMS) noise in the full-band Stokes / images is given in Fig. 1.
Most targets have an RMS noise of around 20-30 uJy beam™!
in the centre of the field. Two clusters, G033.46—48.43 and
G226.17-21.91, have been removed from the sample. Calibra-
tion artefacts from a bright radio source were completely dom-
inating the G033.46—-48.43 field and during observations of

Number

20 40 60 80 100 120
Central rms noise [u)y/beam]

Fig. 1. Central RMS noise in Stokes / in the 124 observed target fields.

G226.17-21.91 most of the data was lost to interference by a
thunderstorm.

We found significant flux density variations between
the spectral windows in all observations, also noted by
Di Gennaro et al. (2021b), probably related to bandpass calibra-
tion or deconvolution uncertainties. To mitigate this problem as
much as possible, we aligned the flux scale per observing run by
fitting a simple power-law model to all bright Stokes / sources
with at least a signal-to-noise ratio of 100,

IV = I()Va,

ey

where a represents the spectral index and 7, is the Stokes / inten-
sity. Correction factors for each spectral window were deter-
mined per observing run by averaging the correction factors of
individual sources. These correction factors were usually of the
order of 5-10%. The corrections were applied to the Stokes I, O
and U fluxes.

The final 124 calibrated radio images are shown as a
mosaic in Fig. 2. The five fields with RMS noise higher than
60 uJy beam™! in Fig. 1 are caused by calibration artefacts from
bright sources at the edge of the fields, and in one case in the
centre of the field. Direction-dependent calibration (e.g., Tasse
2014) could improve the quality of the images affected by bright
off-axis sources, but these few fields should not significantly
affect the results presented here. We decided to keep all 124
fields for our analysis because even in the five fields with bright
artefacts 27 polarised radio sources were still relatively unaf-
fected by those artefacts and could be used in the analysis.

3. Methods

This section details the source finding of both polarised and
unpolarised radio sources and the determination of their polar-
isation properties. Finally, we explain the optical counterpart
identification and estimation of the redshift of the sources, such
that we can classify the host galaxies as background sources,
cluster members or foreground sources.

3.1. Polarised source finding

Linear polarisation can be expressed as a complex quantity by a
combination of Stokes Q and Stokes U or written as a complex

vector
P(2*) = Q +iU = pol exp(2iy), 2)

AT71, page 3 of 31
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Fig. 2. VLA 1-2 GHz primary beam corrected total intensity images of the 124 Planck clusters. The images are smoothed to the resolution of the
lowest frequency channel (typically 6”) and the size is equal to the field-of-view at 2 GHz (0.35 x 0.35 deg?). The colour scale is logarithmic with
the scale range determined individually per cluster for visualisation purposes. The order of clusters follows the order in the Table E.1, in row-major

order.

where A indicates the observed wavelength, pg the polarisation
fraction, I refers to the Stokes / intensity and

5oL 14
x(H = 5 arctan(Q) 3)

is the polarisation angle. Faraday rotation introduces a
wavelength-dependent rotation of the polarisation angle y. In
the general case, the Faraday depth of a source is defined as

A71, page 4 of 31

(Burn 1966; Brentjens & de Bruyn 2005)
#(r) = 0.81 f neB-dr [radm™, )

where 7. is the electron density in parts per cm™, B is the
magnetic field in pGauss and dr the infinitesimal path length
increment along the line of sight in parsecs. We adhere to the
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definition that ¢(r) > O implies that the magnetic field is point-
ing towards the observer.

In the simplest case, where only one source is present along
the line of sight without internal Faraday rotation, the Faraday
depth ¢ is equal to the RM of a source, and the observed rotation
can be expressed as

X(A%) = xo + 2% ®)

Faraday rotation may cause polarised sources to be unde-
tected in the wide-band Stokes Q and U images or in the lin-

early polarised intensity (4/Q% + U?) images. This is because
the Stokes Q and U intensities can be both positive and nega-
tive, resulting in averaging out the frequency integrated signal
if the RM is significant. To solve this problem, we used the
Faraday RM-synthesis (Brentjens & de Bruyn 2005) technique.
RM-synthesis aims to approximate the Faraday dispersion func-
tion F(¢) by Fourier inversion of the following equation

P(%) = f - F($)e*** dg, ©)

00

where P(1?) is the complex polarised surface brightness (Eq. (2))
as a function of the observing wavelength (squared) and ¢
is the Faraday depth of the source (Eq. (4)). Calculating the
Faraday dispersion function F(¢) essentially corresponds to
de-rotating polarisation vectors to their position at an arbi-
trary wavelength /1(2). However, we note that RM-synthesis only
approximates the Faraday dispersion function because we can-
not sample all wavelengths. The limitations of our frequency
setup can be expressed with the three following quantities
(Brentjens & de Bruyn 2005). The maximum Faraday depth to
which we have more than 50% sensitivity is given by the chan-
nel width: 64>

V3 2
Il maxll = e s 1200 [radm ] 7

The resolution in ¢ space is determined by our wavelength cov-
erage, with the full-width half-maximum given by

2V3 5
op =~ ¥l ~ 52 [radm ]
The maximum scale we can resolve in ¢ space (analogous to
resolving-out extended radio sources in synthesis imaging) is
given by the shortest observable wavelength

®

. n
maximum scale ~ - = 140

min

[rad m_z] . (&)

Because the resolution in ¢ space is smaller than the maxi-
mum scale we can resolve, we are technically able to detect
slightly extended sources in Faraday space (i.e. Faraday thick
sources). Typical values of RM found in clusters are usually of
the order of 102 rad m~2, going up to 103 rad m~2 in dense cool-
core clusters (e.g., Abell 780 and Cygnus A; Taylor et al. 1990;
Sebokolodi et al. 2020). Thus with the current frequency setup,
we are sensitive to the typical amount of Faraday rotation in
clusters.

We performed RM-synthesis using the pyrmsynth? module,
weighting by the inverse RMS noise of the channels and ignoring
bad channels. The result is an ‘RM-cube’ with two spatial axes
and a Faraday depth ¢ axis, that contains the polarised intensity

2 http://www.github.com/mrbell/pyrmsynth

at each pixel location as a function of the Faraday depth, sampled
from ¢ = —2000 to ¢ = 2000 rad m~2 in steps of 10rad m~2. The
peak polarised intensity map is then made by taking the maxi-
mum value along the ¢ axis. The peak polarised intensity map
for all clusters is shown as a mosaic in Fig. 3.

To find polarised source candidates automatically, we used
the source finder program PyBDSF (Mohan & Rafferty 2015) on
both the Stokes I images and the peak polarised intensity maps
after RM-synthesis. We set the parameters thresh_pix = 5.0
and thresh_isl = 3.0, meaning that a five-sigma threshold was
used for the source detection and a three-sigma threshold was
used during the fitting of the total intensity source properties.
The background noise was calculated over the image in a box
with a size of 3 arcmin in steps of 1arcmin to account for the
varying background noise to the primary beam.

We found that PyBDSF performed better when de-correcting
the peak polarised intensity maps for the primary beam, such that
an approximately flat-noise image was used for the source find-
ing. More involved methods for polarised source finding were
considered (e.g., moment analysis; Farnes et al. 2018), but our
simple method was found to be sufficient given the still rel-
atively small data size which allowed for visual inspection of
the polarised source candidates. All polarised source candidates
were cross-matched with sources found in the Stokes / images
and source candidates that lie inside the extent of the Stokes
I source were retained as real polarised sources. We defined
the extent of the sources in the Stokes I map as twice the full
width at half maximum (FWHM) of the fitted Gaussian, which
is empirically found to be a good estimate of source sizes (e.g.,
Hardcastle et al. 2019). This source finding process proved suc-
cessful in most of the observations, but all fields were also visu-
ally inspected and some manual intervention was needed for rare
cases, such as clear polarised source candidates that were posi-
tioned just outside of the extent of the source in the Stokes / map.
In total, PyBDSF found 6 807 source candidates in Stokes I and
819 source candidates in polarisation over the 124 target fields.

3.2. Fractional polarisation measurement

To determine the polarisation properties such as the intrinsic
polarisation fraction py and the Faraday depth ¢ of polarised
source candidates, we can model the polarised emission as
P(22) = pol exp [21'()(0 + (Mz)] . (10)
However, if a source emits at different Faraday depths along the
same line of sight it suffers from depolarisation due to the dif-
ferential Faraday rotation causing the emission from the far side
of the source to be rotated more than emission from the nearby

side of the source. This internal depolarisation can be modelled
as (see Sokoloff et al. 1998, for details)

1 —exp(-2%%,,4%)
253, A

P = pol expl2i(xo + pA)], (11)

where 2§M represents the amount of depolarisation. A similar
effect happens because we observe the sources with a finite spa-
tial resolution. If the magnetic field in an external Faraday screen
(e.g., the ICM) changes on scales smaller than the restoring beam
sources are partly depolarised by beam depolarisation. This is
an external depolarisation effect and can be modelled as (see
Sokoloff et al. 1998, for details)

P = pol exp(—20zyA*) exp[2i(xo + ¢A7)], (12)

AT71, page 5 of 31
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Fig. 3. Same as Fig. 2, but for peak polarisation intensity. The colour scale used here is arcsinh. We note that the calibration artefacts visible in
cluster position 107 (zero-based row-major index Beck & Krause 2005; Bonafede et al. 2011) were not used in the analysis, but the field was kept
as two polarised sources at the edge of the primary beam were relatively unaffected by the artefacts.

where a'zRM models the amount of depolarisation. Finally, if

the polarisation angle rotates significantly in a single frequency
channel, bandwidth depolarisation occurs. This limits the maxi-
mum observable RM, as is given in Eq. (7).

Distinguishing between internal and external depolarisation
effects can be done by measuring the spectral index of the

A71, page 6 of 31

polarised emission at lower frequencies with high resolution
because external depolarisation effects are stronger at low fre-
quencies (Arshakian & Beck 2011). In reality, there are probably
both internal and external Faraday effects at play and a combina-
tion of the models could be used to fit the data. However, for this
study distinguishing exactly between polarisation mechanisms is
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Fig. 4. Results of the MCMC fitting of the external depolarisation model on the Stokes I, Q and U channels to a polarised source with good
signal-to-noise ratio. Panel a shows the measured flux densities per channel in black and the best-fit model in blue. Panel b shows the posterior
distribution of the model parameters visualised as one and two-dimensional projections in a corner plot. Panel ¢ shows the inferred polarisation

fraction from the data and the best-fit model together with the residuals.

not important, as we are only interested in the polarisation frac-
tion trend. The internal depolarisation of radio sources should
not affect the general trend and can be found from the depolari-
sation ratio of sources at cluster outskirts (see Sect. 5). There-
fore we decided to fit only the external depolarisation model
given by Eq. (12). We fitted this model to the Stokes Q and U
channels simultaneously and the total intensity (Stokes /) spec-
trum was modelled as a simple power-law (Eq. (1)). Fitting the
Stokes I, Q and U channels directly has the advantage that we
can assume Gaussian likelihoods because these channels have
Gaussian noise properties, unlike the polarised intensity maps,
whose distribution is Ricean. We fitted the integrated Q and U
flux densities of each polarised source candidate, where the inte-
gration was performed over the extent of the polarised source as
defined in Sect. 3.1. This means that separate polarised compo-
nents of the same physical source (e.g., two polarised lobes of a
single radio galaxy) were treated as separate sources during fit-
ting. The uncertainty in the integrated flux density per channel
was calculated as

01 = @ X VNP + B X fi (13)

where N is the number of beams covered by the source and 0y
the background RMS noise in the corresponding channel. The
second term accounts for the flux density variations explained
in Sect. 2 by assuming a 8.,y = 5% error on the measured flux
densities per channel, denoted by f;.

The fitting was done using a Monte Carlo Markov chain
(MCMQO) fitting code developed by Di Gennaro et al. (2021b) to
sample the posterior probability. The following uniform priors
were assumed:

Ip ~ U0, )

a ~ U(—c0, )

po ~ U, 1)

Xxo ~ U0, )

¢ ~ U(-2000,2000)
O-IZQM ~ U(0, 00).

(14)

The initial values for the parameters were found through a least-
square fit, using the ¢ as obtained from the RM-synthesis method
as the initial guess for the Faraday depth. The posterior was sam-
pled with 200 walkers for 1000 steps and a burn-in period of

200 steps was removed from each chain. The one-sigma uncer-
tainties on the best-fit parameters are given by the 16th and 84th
percentile of the chain. An example of the results on a polarised
source with a good signal-to-noise ratio is shown in Fig. 4.

To judge whether the model m, given by Eq. (12), is a good
fit to the data points y; (i.e. the Stokes Q and U flux densities),
we inspected the normalised residuals,

g = Y= m.0)

g

(15)

where o7; is the uncertainty on the polarised flux. It is not pos-
sible to determine analytically the number of degrees of free-
dom £ in the external depolarisation model because it is a non-
linear model, which is why we are not able to determine the
reduced chi-squared value. In Fig. 5 we plot the distribution
of the sum of the squared residuals (i.e. the y? value) of the
best fitting external depolarisation model to each polarised com-
ponent. Most polarised sources have around 84-89 data points
(i.e. channels) after masking the bad channels. This would give
80-85 degrees of freedom if the model was linear with 4 param-
eters. For comparison, we show also the theoretical y? distribu-
tion with 80 degrees of freedom. The main peak of the sum of
the squared residuals shows good agreement with the theoretical
x? distribution, indicating that most sources have acceptable fits.
There is however a long tail of large y? values, mainly caused by
bright Stokes I sources, where residual calibration artefacts are
more noticeable. To automatically discard bad fits, we decided
to cut all fits with a y? value that is 50 away from the theo-
retical distribution, indicated by the dashed line in the Figure.
This cut removed 148 polarised components. A few of these
components are possibly Faraday complex sources, for which
the simple model with a single RM component is not sufficient.
We note that there are no apparent correlations between the y?
parameter and the derived best-fitting parameters pg, Y0, ¢, O'ZRM,
or the projected radius to the cluster centre, so we are not biasing
our analysis by removing these sources. Additionally, for sources
with low signal-to-noise polarised emission, a good fit (accord-
ing to the y* parameter) can be found by artificially large values
of orm. For these sources, the best-fit oy is basically uncon-
strained, with large error bars. Therefore we decided to also
cut sources where the fractional uncertainty on the best-fit orm
is larger than two. This cuts 45 additional sources, so in total
193 polarised components have bad fits. These components are
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Fig. 5. Distribution of the sum of the squared residuals (y?) of the model
fits to all polarised components. The plot is truncated at y*> = 400 for
visibility.

indicated in the polarised source Table C.1 by the column
‘Flagged’, where we have also flagged 11 components that are
part of a radio relic.

To calculate the upper limit on the fractional polarisation
of sources detected only in Stokes I, we followed a method
similar to Bonafede et al. (2011). We randomly sampled empty
regions with a size of 10”, a bit larger than the synthesised
beam. For these ‘noise sources’ we computed the polarised sur-
face brightness and compared the distribution of the polarised
surface brightness of the ‘noise sources’ to the distribution
of real sources, taking into account the varying background
noise level due to the primary beam of the VLA. We put the
noise-dependent threshold of the surface brightness where noise
sources constitute 10% of the real sources. The resulting thresh-
old (P;) as a function of the RMS noise is 0.04, 0.05, 0.06
and 0.08 mJy beam™! for sources with background RMS values
0-29, 29-36, 36-46 and 46+ uJy beam™! respectively, where the
background noise bins are chosen such that in each bin there are
an equal amount of simulated noise sources. For comparison, the
threshold P, calculated independently of the background noise
level gives a value of P, = 0.06 mJy beam™'. The one-sigma
upper limit on the fractional polarisation value is then calculated
as

F, <

p=

—., (16)

where [ is the surface brightness of the unpolarised source and
o is the background RMS noise. This method gives conserva-
tive upper limits for extended unpolarised sources because the
Stokes I surface brightness is computed over the entire extent of
the source (rather than e.g., per lobe).

3.3. Optical counterparts

To determine the redshift of the radio sources, each radio source
needs to be associated with an optical counterpart. PyBDSF is
known to occasionally split up components of a single phys-
ical radio source (e.g., Williams et al. 2019). This particularly
happens for large and extended sources, and often when the
source has multiple disconnected patches of emission. To group
PyBDSF Stokes I source candidates into single physical sources
and to identify the optical counterpart, radio-optical overlays
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were created and every source was visually inspected. We used
the g, r, z filters from the Legacy Survey (Dey et al. 2019) where
available and used the Pan-STARRS survey (Chambers et al.
2016) for the 32 fields outside of the Legacy survey sky cov-
erage.

As a first guess of the optical host galaxy, the nearest opti-
cal neighbour to the radio source was marked. This proved a
good guess in 5806 out of 6807 total intensity source candidates.
For the remaining 1001 sources, the best candidate optical coun-
terpart position was manually marked from visual inspection of
radio-optical overlays.

The source association was done in the same visual inspec-
tion step as the host galaxy identification. Out of the 6807 total
intensity source candidates, 411 candidates were components of
another source, leaving 6396 physical sources detected in total
intensity. This indicates that PyBDSF in most cases correctly
identified the total extent of the Stokes / source. We did not per-
form the source association step for the polarised components.
Because different parts of a radio source can have different RM
determinations and thus polarised intensities, we decided to treat
separate polarised components as separate polarised sources, as
for example was also done in Bohringer et al. (2016).

3.4. Redshift estimation

With the best-estimated location of the host galaxies determined,
we employed different methods to estimate the source redshift.
First, we checked whether a source has a spectroscopic redshift
measurement available by cross-matching the host galaxy posi-
tions to the NASA/IPAC Extragalactic Database (NED?) and the
Sloan Digital Sky Survey (SDSS DR16; Ahumada et al. 2020)
with a matching radius of 0.5 and 3 arcsec respectively. If a spec-
troscopic redshift was found, but no uncertainty was quoted the
redshift uncertainty is set to O in the catalogue.

If no spectroscopic redshift was found, a photometric red-
shift estimation was done from the Legacy Imaging Surveys
Data Release 8 (Dey etal. 2019), which is the most sensi-
tive optical survey covering the majority of our clusters. This
approach is detailed fully in Duncan (2022) and provides high
quality redshifts for galaxies at z < 1. For sources outside of
the Legacy Survey, we calculated the photometric redshift using
the Pan-STARRS grizy bands. We followed the method and
used the code provided by Tarrio & Zarattini (2020), which
estimates redshifts through local linear regression in a five-
dimensional colour and magnitude space. The five-dimensional
space consists of (r,g — r,r — i,i — z,z — y) where the let-
ters indicate the extinction corrected Kron magnitudes (Kron
1980) of galaxies in the PanSTARRS grizy bands. The correc-
tion for interstellar extinction used the maps from Schlegel et al.
(1998) and is described in detail in Sect. 2.3 of Tarrio & Zarattini
(2020). To compute the photometric redshifts from the Pan-
STARRS band, we found the 100 nearest neighbours in the five-
dimensional space for each source, from a training set composed
of 2313724 galaxies with spectroscopic redshifts, constructed
by Tarrio & Zarattini (2020). The redshift was computed for all
sources where at least four out of five colours were available.
We note that missing features most often occur in very faint
galaxies, which makes it likely that the sources are at a redshift
z > 0.35, and are thus background sources. The quality of the
Pan-STARRS photometric redshifts was checked by comparing
to spectroscopic redshifts for sources where spectroscopic red-
shifts were available. Using standard literature metrics for the

3 https://ned.ipac.caltech.edu/
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Table 1. Redshift estimates of all polarised (N,,) and unpolarised
sources (NVy).

Zvest Source @ Source Npol N

0 NED/Literature (spectroscopic) 248 1059
1 SDSS (spectroscopic) 21 208
2 Legacy (photometric) 260 2097
3 PANSTARRS (photometric) 101 1131
4 SDSS (photometric) 2 49

- No redshift available 187 2263
Total 819 6807

Notes. @The ‘zpes source’ key is used in the catalogue presented in
Table C.1 to indicate the origin of the redshift estimate.

robust scatter o-nmap and outlier fraction OLF (cf. Dahlen et al.
2013; Duncan 2022) we find that the photometric redshifts have
good quality, with oonvap = 0.025 and OLF = 0.075.

The combination of all methods resulted in a redshift esti-
mate for 77% (632/819) of the polarised sources and 67%
(4544/6807) of the unpolarised sources. The distribution of red-
shifts estimates is given in Table 1. The final catalogues of
polarised and unpolarised radio sources are provided with this
paper, shown in Tables C.1 and D.1 respectively. These tables
contain the polarised and unpolarised source properties, the best
estimate for the redshift of the sources and the method used to
get this estimate.

4. Magnetic field modelling

To compare observations with theoretical expectations, we
modelled the magnetic field as a three-dimensional Gaussian
random field, characterised by a single power-law spectrum.
We followed the approach proposed by Tribble (1991), used
in various works in the literature (e.g., Murgia et al. 2004;
Guidetti et al. 2008; Bonafede et al. 2011, 2013; Vacca et al.
2012; Govoni et al. 2017; Stuardi et al. 2021). This approach
starts with generating the vector potential of the magnetic field,
A, in Fourier space, denoted by A. The amplitude and phase of
the components of the vector potential were generated such that
the phases are randomly distributed between 0 and 27 and the
amplitudes follow a power-law given by
AR o K7, an
where k denotes the magnitude of the three-dimensional wave-
vector k. The wave numbers k are related to the spatial scales A
ask=0.5- %\—”, where A refers to the reversal scale of the mag-
netic field, following the definition used by Murgia et al. (2004)
Because the vector potential and magnetic field are real quanti-
ties, we made sure that the matrix A is Hermitian (i.e. equal to
its conjugate transpose). The components of the Fourier trans-
form of the magnetic field are then given by the following cross

product
B(k) = ik x A(k). (18)

This results in the magnetic field B, which is simply calculated
by (fast) Fourier transform, being divergence-free, isotropic and
component-wise Gaussian random, with a power-law spectrum

|Bil* oc k7, 19)

where n = & — 2. A power-law spectral index of n = 3 implies
that the magnetic field energy density is scale-invariant, forn < 3

the energy density is larger on smaller scales and for n > 3 the
energy density is mostly in the larger scales (Murgia et al. 2004).
The range of spatial scales A that can be explored is given by the
size of the computational grid. The simulated maximum scale on
which the magnetic field reverses is equal to Apx = 7/k while
the minimum scale A, that can be probed is determined by the
cell size.

The normalisation of the magnetic field was set after the
Fourier transform such that the magnetic field strength approxi-
mately follows an assumed magnetic field profile. Like previous
literature, we assumed that the magnetic field profile is propor-
tional to the gas density profile, which is expected to happen
during cluster formation from simulations (Dolag et al. 2008),

ne(r)\’
ne(o)) ’

B(r) = By ( (20)
where By is the average magnetic field strength at the clus-
ter centre, n. is the thermal electron gas density profile and n
denotes the proportionality between the magnetic field strength
and electron density. For n = 0.5, the magnetic field energy
density is linearly proportional to the thermal gas density. The
thermal electron density profile is available for every cluster in
the Chandra-Planck sample, from the X-ray observations pre-
sented in Andrade-Santos et al. (2017), where the fitted pro-
file was assumed to follow a modified double S model (see
Vikhlinin et al. 2006 for more details):

R VION 1
O+ r2/r2)3=ar2 (1 + 17 [rl)ely

2
"

—_—— .
(1 +72/r2)%

Nelp = 1

2

Given the modelled magnetic field and observed electron
density profile, we calculated the expected Faraday rotation in
the clusters by numerical integration of Eq. (4). Then, assum-
ing an intrinsic polarisation pg, and a single polarisation angle
Xo for a polarised background screen, we computed the polarisa-
tion angle of the radio emission at 1.5 GHz at the cluster redshift
(xobs) With Eq. (5). The predicted Stokes Q and U intensities

were then obtained by inversion of P = 4/Q? + U? and Eq. (3):

2
p() 2
= i\,—U = +./p2 - Q%
0 1 + tan2(2xops) Py~ @

Using the convention that Stokes Q is positive for —m/2 < yobs <
m/2 and Stokes U is positive for 0 < ybs < 7. Finally, the images
were convolved with a beam corresponding to a 6 FWHM at the
cluster redshift. From the convolved Stokes Q and U images, we
calculated the expected depolarisation fraction at 1.5 GHz in the
cluster rest-frame.

(22)

5. Results — observations

The intrinsic polarisation fraction of radio sources is often
assumed to be the same for sources irrespective of their projected
distance from the cluster centre. To test whether this is a good
assumption, we plot in Fig. 6 the intrinsic polarisation fraction
po (see Eq. (12)) as a function of projected radius to the cluster
centre. As the figure shows, there is a relatively large scatter in
the intrinsic polarisation fraction of radio sources. This indicates
that the assumption does not hold for this dataset and that the
intrinsic polarisation fraction should be taken into account when
estimating the amount of depolarisation.
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Fig. 6. Best-fit intrinsic polarisation fraction against the projected dis-
tance to the cluster centre, normalised by the cluster Rsyy. Polarised
sources are coloured based on their position along the line-of-sight with
respect to the nearest cluster, defined in Sect. 5.2.

To minimise the effect of the scatter introduced by source-
dependent intrinsic polarisation, we calculated for every source
the depolarisation ratio DP. We defined this as the ratio of the
polarisation fraction at 1.5 GHz in the cluster rest-frame p;sgu;
to the intrinsic polarisation fraction pg, using the best-fit model
(Eq. (12)). In this way, we do not assume the same intrinsic
polarisation fraction for all radio sources and take into account
the cosmological redshift.

We combined the information from the upper limits (unpo-
larised sources) with the depolarisation ratio of polarised sources
using the Kaplan-Meier (KM) estimator (Feigelson & Nelson
1985; see also Bonafede et al. 2011). The KM estimator is a
non-parametric statistic used to estimate the complement of the
cumulative distribution function, called the survival function.
With x; < x, < --+ < x, denoting distinct, ordered, observed
values, the survival function is given by:

Skm(x) = P(X > x)=1-F(x), (23)

where F(x) denotes the cumulative distribution function of the
random variable x, in our case the random variable is the depo-
larisation ratio measured in the centre of the band (i.e. DP). The
KM estimator of the survival function is given by

d:\%i
= H,-,xl.q(l - n—) for x > x;

=1 for x < xq,

Skm(x) = { 24

with x; the observed or censored depolarisation fraction of
source i, d; the number of sources with fractional polarisation
equal to x;, n; the number of sources with (upper limits on)
fractional polarisation >x; and 6; = (1,0) if x; is polarised or
unpolarised, respectively. The KM estimator is here expressed in
the case of a right-censored sample, and most algorithms indeed
only support right-censored data. Thus, we transformed our left-
censored data to right-censored data by subtracting the data from
a constant, following Feigelson & Nelson (1985).

For unpolarised sources, we calculated upper limits on
P1.5GH, as explained in Sect. 3.2, so an assumption on the intrin-
sic polarisation fraction must be made to translate this upper
limit on the fractional polarisation to an upper limit on the depo-
larisation ratio. Thus, for these sources we calculated the depo-
larisation ratio assuming py = 0.022, which is the median of the
Kaplan-Meier estimator of all polarised radio sources detected
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at r > 1.5Rsgo. All KM estimates were calculated using the
lifelines® package (Davidson-Pilon 2019).

5.1. Full sample

Figure 7 shows in the left panel the depolarisation fraction for
all sources in our sample, including upper limits that are below
DP = 1. The right panel shows the median depolarisation frac-
tion, calculated using the KM estimator by splitting the sample
into bins of projected radius to the cluster centre. Each bin was
chosen such that it contains an equal number of sources. The
error bars reflect the 68% confidence interval of the KM esti-
mator, added in quadrature with the uncertainty introduced by
the fitting procedure. The uncertainty introduced by the fitting
was estimated using a Monte Carlo method. For every source,
we draw 1000 samples from a Gaussian distribution with a stan-
dard deviation equal to the one-sigma uncertainty on the depo-
larisation ratio given by the MCMC chain. We note that the error
is dominated by the confidence interval of the KM estimator,
thus that the effect of the uncertainty in the best-fit polarisation
parameters is small. This means that we are limited by the num-
ber of polarised radio sources, and not by the quality of the data.

Figure 7 shows a clear trend of sources being more depo-
larised as they move towards the cluster centre, where the
magnetic field strength and the line-of-sight column densities
increase. The depolarisation ratio is around 0.92 beyond 2Rs5,
which is likely not an external, but an internal depolarisation
effect because at these distances the column density and mag-
netic field strength of the intracluster medium would be too low
to result in significant external depolarisation.

5.2. Background versus cluster members

To investigate whether there is a difference between depolarisa-
tion of cluster members and depolarisation of background radio
sources, we classified each radio source according to the follow-
ing definitions. We defined a source to be in front of a cluster if
it lies at least 10, away from a chosen boundary (Az) around the
cluster redshift

Zcluster — (Zsource + o-z) > AZ’ (25)
where Zguster 1S the cluster redshift, ziource the source redshift and
O zsource the one-sigma uncertainty on the source redshift. The
values of Zsource aNd O 50urce are given in Tables C.1 and D.1 in the
column ‘zpes” for every source. Similarly, a source was defined
to be behind a cluster if

(Zsource = 02) = Zeluster > Az. (26)

All other sources were defined as inside the cluster. We have
set Az = 0.04(1 + z), following the definition of cluster mem-
bership used by Wen & Han (2015). Sources without an opti-
cal counterpart are likely faint sources at redshifts higher than
z = 0.35, particularly because radio galaxies are often hosted
by massive elliptical galaxies which should be easily detectable
at z < 0.35 at the depth of Legacy and PanSTARRS. There-
fore, sources without an optical counterpart were also defined as
background sources. We verified, through a two-sample KS test,
that the measured polarisation fraction of the sample of sources
without an optical counterpart does not significantly differ from
the sample of sources with an optical counterpart (p-value 0.14),
implying that they pass similar Faraday screens.

4 https://github.com/CamDavidsonPilon/lifelines/
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We investigated the depolarisation effect as a function
of radius and electron column density to partially split the
degeneracy between magnetic field strength and electron col-
umn density, which are both a function of radius, and both
increase the amount of depolarisation (Eq. (4)). To determine the
electron column density for sources inside the clusters we inte-
grated the best-fit electron density profile along the line-of-
sight, from the centre of the cluster out to Rsq, thus effec-
tively integrating over half the sphere. For sources located
behind the cluster, this column density was multiplied by two
because we have assumed spherical symmetry in the electron
profiles.

In Fig. 8 we show the depolarisation ratio calculated in dif-
ferent bins of normalised projected distance or electron column
densities, for cluster members and background sources sepa-
rately. Firstly, the figure shows the difficulty of detecting back-
ground sources close to the cluster centre, which means larger
bins need to be used for background sources than for cluster
members. For completeness, the full sample of data-points is
plotted in Fig. B.1.

Secondly, we detect a significant difference between cluster
members and background sources in the highest column den-
sity bin (right panel). This could arise because at similar column
densities background sources are projected further away from
the cluster centre than cluster members and thus probe smaller
magnetic field strengths, causing less depolarisation. Addition-
ally, because cluster members are easier to detect near the cluster
centre, the largest column density bin also samples preferentially
higher column densities for cluster members.

Conversely, we expect that at similar radii, background
sources probe higher column densities and are thus more depo-
larised. However, we do not significantly detect this difference
given the uncertainties and the large bin size of background
sources near the centre of the cluster.

Thirdly, at radii where we have similar sampling (i.e. r >
0.5Rs500), we do not see a significant difference between cluster
members and background sources. To statistically confirm this,
we used the non-parametric log-rank test (Feigelson & Nelson
1985), used frequently with other astronomical works
dealing with survival analysis (e.g., Bonafedeetal. 2011;
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Fig. 9. Survival function (i.e. 1-CDF) inferred from the Kaplan-Meier
estimator for all sources located at r/Rsoy > 0.5, and r/Rspy < 0.5.
Background sources and cluster members are indicated by red and
green, respectively. The grey dashed line shows the location of the 50th
percentile, indicating the median for both populations.

Kang et al. 2020; van Terwisga etal. 2022). The resulting
survival curves of cluster members and background sources
are shown in Fig. 9, and according to the log-rank test with
p-value 0.89 we cannot reject the null hypothesis that there is no
difference between background sources and cluster members.

Lastly, at the inner radii (» < 0.5Rs09) where we do not have
a similar sampling of background sources and cluster members,
we see a hint of more depolarisation detected in the cluster mem-
ber population. However, the log-rank test returns p = 0.13,
indicating that with the current sampling, this result is not sta-
tistically significant.

5.3. Dynamical state

The magnetic field evolution of galaxy clusters remains poorly
constrained. During the lifetime of clusters, mergers with other
clusters or smaller substructures can alter the structure and
strength of the magnetic field significantly. This section focuses
on possible differences between merging and relaxed systems.

Generally, relaxed clusters show strongly peaked, symmetri-
cal X-ray emission that has a radiative cooling time much shorter
than the Hubble time (e.g., Fabian 1994). These clusters show
the shortest cooling times in their cores and are therefore often
referred to as cool-core clusters. Cluster mergers can destroy the
cool core and significantly disturb the observed X-ray morphol-
ogy (Burns et al. 2008). Thus, X-ray morphological parameters
such as the concentration or cuspiness of the gas density profile
can be used to determine whether a system has a cool core (e.g.,
Andrade-Santos et al. 2017).

We use the X-ray morphology parameters derived from
the Chandra observations of 93 clusters in our sample in
Andrade-Santos et al. (2017) to determine the presence or
absence of a cool core. We note that this split does not per-
fectly correspond to a split in the dynamical state, as there are
rare examples of merging clusters that still show a cool core
(e.g., Somboonpanyakul et al. 2021). However, this split is suffi-
cient to generally divide the sample into merging and relaxed
systems. Using the concentration parameter calculated in the
0.15-1.0R5pp range (Csg) by Andrade-Santos et al. (2017) to
classify clusters as cool-core or non-cool-core, we found that
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65% (60/93) of the clusters in our sample are non-cool-core
(NCC) and 35% (33/93) are cool-core (CC) clusters.

Figure 10 shows the depolarisation effect separately for CC
and NCC clusters in equal frequency bins, the full sample is plot-
ted in Fig. B.2. We see a hint in the first radius bin of detecting
more depolarisation in NCC clusters than in CC clusters.

To separate the effect of the central cooling core region in CC
clusters, we have manually defined bins of projected radius in
the right panel of Fig. 10. We have chosen an inner radius bin of
0.0—0.2Rs50p because the effect of the cooling core is significant
only in the inner ~0.2R5yy of CC clusters (e.g., Vogt & EnBlin
2006; Eckert et al. 2011). The right panel shows that the larger
depolarisation fraction in NCC is dominated by sources detected
at r > 0.2Rsq. In fact, sources detected at r < 0.2R5py show a
hint that there is more depolarisation in the central cooling core
region of CC clusters, although the uncertainties are large due to
the low number of sources detected near the centre of CC clus-
ters. At r < 0.2Ryg9, we have detected only 9 sources and 16
upper limits in CC clusters, and 36 sources and 14 upper lim-
its in NCC clusters. The significance of these results was deter-
mined by comparing the survival functions of sources detected
in the 0.0—0.2R5¢p and 0.2—1.0R5q( bins. The survival functions
are shown in Fig. 11 and the log-rank test yields p-values of
0.22 and 0.001 for the 0.0—0.2R5¢p and 0.2—1.0Rs¢ bins, respec-
tively. This implies that the hint is statistically significant, with
less depolarisation in CC clusters than in NCC clusters outside
the core region. Conversely, inside the core region we do not
have enough sources to significantly detect a difference between
the two samples.

To examine to what extent the results of the CC/NCC split
are affected by the position along the line-of-sight of the sources,
we repeat this analysis separately for background sources and
cluster members. Figure 12 shows that we do not detect a dif-
ference between NCC and CC clusters in either sub-sample.
This is likely because of the low number of sources left in each
sub-sample. We are mainly limited by the number of polarised
sources detected near the centre of CC clusters. Comparing the
survival curves of the NCC and CC sample for sources detected
below 0.5Rsq0, the log-rank test returns p-values of 0.07 and
0.24, for the sources inside clusters and behind clusters, respec-
tively. Thus, we cannot significantly detect differences between
NCC and CC clusters when splitting the sample into background
and cluster members due to the limited amount of data points.
We do see that most of the depolarisation found at small radii is
from cluster members, although the uncertainties become quite
large due to the small sample sizes.

5.4. Cluster mass and redshift

Although the sample of clusters is constrained to a relatively low
redshift range (z < 0.35), we can attempt to trace the evolution
of the magnetic field of clusters, by splitting the sample based
on cluster redshift. We note that the redshift of the host cluster
should correlate with the amount of beam depolarisation because
the same telescope resolution corresponds to larger physical
areas probed at higher redshifts. This means that we effectively
average over larger magnetic field scales, and thus expect more
beam depolarisation. Another effect that we have to take into
account is the selection function of the Planck cluster sample.
There is a strong correlation between cluster mass and redshift,
with the most massive clusters preferentially being detected at
high redshift (see Fig. 26 in Planck Collaboration XXVII 2016).
This means that a cut in redshift effectively also corresponds to
a mass-cut, as shown in Fig. 13. As the figure shows, it is not
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Fig. 11. Survival functions (i.e. 1-CDF) inferred from the Kaplan-Meier
estimator for all sources in the 0.0—0.2Rsoy and 0.2—1.0Rs( bins, sep-
arately for sources detected around CC and NCC clusters. The grey
dashed line shows the location of the 50th percentile, indicating the
median for both populations.

possible to separate the effects of cluster redshift and cluster
mass because there is almost no overlap in the same mass range.

Figure 14 shows the depolarisation trend for low- and
high-redshift clusters separately, and the full sample is shown
in Fig. B.3. The low-redshift sample contains clusters with
z < 0.175 and the high-redshift sample contains clusters with
0.175 < z < 0.35. The first thing to note is that we detect
significantly more sources at lower projected radii through the
low-redshift clusters. Each projected radius bin has 78 detected
sources through low-redshift clusters, while the high-redshift
clusters have only 43 detected sources per bin. This is expected
because the larger angular size of low-redshift clusters makes
it easier to detect polarised sources, especially in the centre of
the cluster. The low number of polarised sources detected at
low projected radii in the high-redshift sample makes it diffi-
cult to compare the two populations. Therefore, we performed
a bootstrap re-sampling to enforce that we have a similar sam-
pling of radius in both low- and high-redshift clusters. This
was repeated 1000 times, with one realisation of the re-sampled

values shown in Fig. 15. Out of 1000 log-rank tests comparing
the high-redshift sample to the sub-sampled low-redshift sam-
ple, 4% (43/1000) of the tests returned p < 0.05, indicating that
we cannot distinguish a difference in depolarisation in the low-
and high-redshift sample of clusters. However, this is likely due
to the low number of sources in the high-redshift sample.

5.5. Presence of a radio halo

There is an apparent dichotomy in clusters regarding the pres-
ence of a radio halo, where clusters that show a radio halo are
almost always found to be dynamically disturbed, while clus-
ters without a radio halo are more relaxed (Cuciti et al. 2021).
However, there are some cases of merging clusters without
radio halos or with much fainter radio halos than usual (e.g.,
Cuciti et al. 2018; Russell et al. 2011). While these might be spe-
cial cases, it is interesting to investigate whether there are differ-
ences between the magnetic fields in merging clusters that show
a radio halo and those that do not.

We searched the literature for every cluster in our sample
and found that out of the 60 clusters classified as merging, 26
have a radio halo detection, also incorporating the results of
the second Data Release of the LOFAR Two-meter Sky Survey
(Botteon et al. 2022). This thus splits the sample in about half,
allowing for the same bins to be used. The resulting depolarisa-
tion curves are very similar, as shown in Fig. 16, and the log-rank
test for similarity returned a p-value of 0.79. It is thus clear that
with the current sample size we see no evidence of a difference
in depolarisation between clusters with radio halos and clusters
without radio halos.

6. Results — modelling

This section details the results of the modelling, and the compar-
ison of theory with observations. We simulated magnetic fields
following the approach laid out in Sect. 4. We used the density
profiles presented in Andrade-Santos et al. (2017), which were
fitted to the modified double 8 model shown in Eq. (21). Profiles
were only available for the 102 clusters from the ESZ catalogue,
so we could not model the depolarisation in the 24 new clusters
from the PSZ1 (Planck Collaboration XXXII 2015) and PSZ2
(Planck Collaboration XXVII 2016) catalogues.
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Fig. 13. Distribution of cluster mass in the low- and high-redshift
samples.

6.1. Effect of density profiles

In previous works, when clusters were stacked often a mean
profile was assumed (e.g., Murgia et al. 2004; Bonafede et al.
2011). We first investigated the effect of the different electron
density profiles. We used a subset of six arbitrarily chosen clus-
ters around the same redshift z = 0.1, such that we probe about
the same physical scales. The modelled magnetic field parame-
ters for this experiment are By = 5.0uG, n = 11/3 and n = 0.5
with a box-size of 1024% pixels, where each pixel represents
2 kpc. The minimum magnetic field reversal scale Ap, is thus
4 kpc, and the maximum reversal length scale, Ap,x = 1024 kpc.
At the redshift of 0.1, the 6" beam corresponds to a physical
scale of 11 kpc. All models start from the same random initiali-
sation of the magnetic field vector potential A, meaning that the
only difference between the simulated clusters is the assumed
electron density profile. The properties of the clusters are given
in Table 2.

The resulting depolarisation ratio as a function of electron
column density is shown in Fig. 17. From this figure it is clear
that even at the same electron column densities, the amount of
depolarisation can be quite different in different clusters, depend-
ing on the electron density profile. This is because at the same
electron column densities, the local electron density profile along
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the line of sight can still differ quite a lot between clusters.
This also influences the magnetic field strength along the line
of sight because we assumed a relation between the magnetic
field strength and the electron density profile. This means that
it is important to take into account the different electron density
profiles of the clusters, rather than define a mean electron density
profile to stack the clusters.

6.2. Effect of the magnetic field strength and fluctuation
scales

We have chosen an arbitrary cluster, PLCKESZ G039.85-39.98,
located at z = 0.176, to investigate the qualitative effect on the
depolarisation profiles of changing the scales on which the mag-
netic field fluctuations and the central magnetic field strength
By. The effect of increasing the magnetic field is easily under-
stood to result in more depolarisation because the scatter in RM
increases (e.g., Murgia et al. 2004). To understand the effects of
changing the fluctuation scales, we must consider two different
competing effects. First, as more power is put into larger scale
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Fig. 16. Comparison of the median observed depolarisation ratio against
projected distance between the merging clusters with and without
detected radio halos.

fluctuations (i.e. increasing n), the scatter in RM over the entire
cluster increases because one is integrating coherently over
longer path lengths (cf. Eq. (4)). At the same time, because the
fluctuations on smaller scales are reduced, the scatter in RM over
the region probed by each individual observing beam decreases.
Thus, depending on the size of the observing beam, this will
either increase or decrease the amount of depolarisation as n
changes.

We plot the modelled depolarisation profiles in Fig. 18 as
a function of different parameters. As expected, the amount of
depolarisation increases with increasing magnetic field strength.
When the magnetic field energy density is mostly on large scales
(i.e. n = 4), the depolarisation profile becomes quite flat as a
function of projected radius because the magnetic field becomes
correlated on scales larger than the beam. As the magnetic field
becomes more correlated on smaller scales (i.e. from n = 4 to
n = 2, green lines), the amount of depolarisation increases. How-
ever, as we put even more power on smaller scales (i.e. from
n = 2 ton = 1) we reach the turn-over point where the effect
of decreasing the RM scatter over the entire cluster dominates

Table 2. Properties of the six clusters that were modelled in Fig. 17.

Cluster Redshift Dynamical state @ Mass [10'* My]  n. (r = 10kpc) @
[em—]
G049.66-49.50  0.098 cc 3.6310% 0.01
G056.81+36.31  0.095 cc 43801 0.02
G049.33+4438  0.097 NCC 3.67+026 0.004
G062.42-4641  0.090 NCC 3477028 0.02
G080.38-33.20 0.1 NCC 3774021 0.004
G098.95+24.86 0.092 NCC 2.58+0:16 0.01

-0.18

Notes. “The X-ray properties are taken from Andrade-Santos et al.
(2017).
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Fig. 17. Modelled depolarisation ratio as a function electron column
density for six different clusters around z = 0.1. The assumed parame-
ters for the magnetic field are By = 5.0uG, n = 11/3 and = 0.5, with
Amin = 4kpc and A = 1024 kpe.

increasing the RM scatter on regions probed by the beam, result-
ing in less depolarisation. The exact turn-over point in the slope
n depends on the size of the sampling region (i.e. the observing
beam size) that the simulated radio images are smoothed with
and can be different for different locations in the cluster, which
have different magnetic field strengths.

The degeneracy between a steep and strong magnetic field
(e.g., Bp = 10uG, n = 4) and a shallower and weaker magnetic
field (e.g., By = 5uG, n = 2) is also clear from this figure.
This implies that using depolarisation alone makes it difficult to
disentangle between a weaker magnetic field with a steep power-
law index, or a shallower magnetic field with a flatter power-
law index. The effect of setting a maximum fluctuation scale of
A = 16 kpc does not strongly influence the depolarisation ratio
except somewhat at the cluster outskirts. This can be explained
by the fact that the observing resolution (FWHM of 18 kpc at the
cluster redshift) is comparable to the maximum fluctuation scale.
However, the amount of depolarisation does decrease slightly
because the scatter in RM over the entire cluster will be smaller
due to the magnetic field being less correlated along the line of
sight.

6.3. Comparison with observations

To compare the models to the data, we modelled the depolarisa-
tion ratio as a function of projected radius for every cluster for
which a Chandra observation and thus electron density profile
was available. Given the computational intensity (which scales
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Fig. 18. Effect of the magnetic field parameters on the depolarisation
profile of the cluster G039.85-39.98, with Rsqy = 1.2 Mpc. The varied
parameters are the central magnetic field strength By in units of uG, the
magnetic field power-law index n and the maximum correlation scale
Amax in kpce. For all but one model, the maximum correlation scale was
set to the maximum allowed by the image.

Table 3. Model parameters used for comparison to observations.

Cluster redshift bin ~ Observed beam  Model resolution Model grid N@
FWHM [kpc) [kpc pixel™!] size [pixels]
0.05-0.09 6-10 1 20483 22
0.09-0.16 10-17 2 10243 23
0.16-0.35 17-30 3 10243 40

Notes. N denotes the amount of clusters with X-ray observations
available such that models could be generated.

as N* where N is the number of pixels) of generating many
magnetic field cubes out to typical values of Rsyy, we decided
to simulate different clusters with different resolution depending
on the cluster redshift. To simulate the depolarisation effect, the
model resolution should be at least a few times the physical res-
olution given by the synthesised beam of the radio observations.
The resolution of the synthesised beam is given in Table 3 with
the accompanying model resolution and model grid sizes used.
For clusters below z = 0.05 it was not feasible to generate simu-
lations, since the physical resolution (FWHM) of the 6" synthe-
sised beam corresponds to less than 6 kpc, and thus the resolution
of the models should be higher than 1kpc pixel~!, which made
the cube size unfeasibly big to generate. All modelled depolari-
sation profiles are shown in Fig. B.5 for completeness.

One final effect that we have to take into account when com-
paring the model to the data is internal depolarisation. Figure 8
showed that the depolarisation ratio is around 0.92 at the clus-
ter outskirts. The fact that this is not 1.0 is likely caused by
internal depolarisation effects. This internal depolarisation effect
should not affect the trend, and therefore we multiply the simu-
lated depolarisation ratio by the depolarisation ratio measured in
the cluster outskirts to incorporate this effect.

6.3.1. Background versus cluster members

We can model the expected difference between the depolarisa-
tion of cluster members and background sources assuming that
this difference can be fully attributed to the larger path length
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Fig. 19. Average depolarisation ratio profile over all simulated clus-
ters using a Faraday screen located behind (blue dashed line) or inside
(orange solid line) the cluster. The uncertainty interval indicates the
standard error on the mean of the simulated profiles.

of background sources through the cluster. We assume that the
radio emission from cluster members on average intersects about
half the ICM column density and that emission from background
sources travels through the full column. Theoretically, this is
expected to give on average a factor of two larger Faraday depth

for background sources (cf. Eq. (4)) and a factor V2 in ORM,
which theoretically should not result in more than a factor two
in depolarisation (cf. Eq. (12)) for the wavelength range that we
are probing. Indeed, when modelling the depolarisation profiles
occurring as a result of a Faraday screen halfway inside the clus-
ter versus a Faraday screen behind the cluster, Fig. 19 shows that
the location of the Faraday screen only has a marginal effect on
the resulting depolarisation. This is in agreement with the results
shown in Fig. 8, where no clear difference between background
sources and cluster members was found.

6.3.2. Average magnetic field properties

As shown in Sect. 5.2, we did not detect a significant difference
in the depolarisation of cluster members and sources located
behind the clusters. This is consistent with a picture where only
the difference in path length between background radio emission
and radio emission from the cluster medium affects the depo-
larisation of radio sources. To estimate the average properties
of magnetic fields in galaxy clusters we can therefore compare
our models with the depolarisation calculated over all sources
(background and cluster members) to maximise the signal-to-
noise ratio.

Although 7 is an important parameter that can influence the
magnetic field estimates and the dependence on the fluctuation
power-law slope n (Johnson et al. 2020), we fixed n = 0.5 to
reduce the number of free parameters. This value is chosen such
that the magnetic field energy density follows the thermal gas
density (as found in e.g., Coma and Abell 2382 Bonafede et al.
2010; Guidetti et al. 2008). We then varied By = [1,5, 10]uG
and n = [1,2,3,4]. The maximum and minimum correlation
scales are also fixed to the minimum and maximum size allowed
by the computational grid.

The observed depolarisation trend was re-calculated in five
equal-width bins between 0—1Rs( using only sources detected
in clusters that are part of the modelling, to make a fair compari-
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Fig. 20. Comparison of the median observed depolarisation ratio in
bins of projected radius, denoted by the horizontal lines, with the mod-
elled depolarisation ratio profile for models with different magnetic field
strengths (in uG) with 7 = 0.5. The model uncertainty interval indicates
the standard error on the mean of the simulated profiles.

son. The results of the comparison of the data with the modelled
profiles are shown in Fig. 20. Because of the degeneracy between
n and By (shown in Sect. 6.1) and the fact that we are averaging
over many individual clusters with different electron density pro-
files, there is a large overlap between the different models. Still,
it is clear that By = 1puG does not fit the data for all values
of n. For values of n between 1 and 4, the best fitting average
central magnetic field strength is between 5—10, uG, but due to
the degeneracy it is not possible to distinguish between these
models.

6.3.3. Dynamical state

Section 5.3 showed that NCC clusters appear to cause signifi-
cantly more depolarisation than CC clusters outside 0.2Rsno. To
investigate in more detail to what degree this is caused by a dif-
ference in the magnetic field properties, we average the CC and
NCC clusters separately. This allows us to quantify the effect of
the different electron density profiles of the two cluster samples.
If the thermal gas profiles are the only cause of the discrepancy
in depolarisation between NCC and CC, then the same magnetic
field parameters would fit both samples.

Figure 21 shows that we indeed expect more depolarisation
outside the core region from NCC clusters than from CC clus-
ters when they have the same magnetic field properties. This can
be understood from the assumption that was made in Eq. (20),
where the magnetic field energy density was assumed to follow
the thermal gas density, normalised by the central electron den-
sity of the cluster. Because CC clusters generally have denser
cores than NCC clusters, the magnetic field strength a few hun-
dred kiloparsec away from the central cooling core declines
faster than in NCC systems, where the denominator of Eq. (20)
is smaller. Indeed the models also show that the amount of depo-
larisation increases more steeply towards the centre of cooling
cores than in non-cool cores, which is in line with the observa-
tions shown in the right panel of Fig. 10.

6.3.4. Mass and redshift

Due to the low number of sources detected in the high-redshift
sample, it was not possible to detect differences as a function of
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Fig. 21. Comparison of the median observed depolarisation ratio with
the modelled depolarisation ratio profile separately for the cool-core
(CC) and non-cool-core (NCC) cluster sample. The modelled magnetic
field parameters are By = 5uG, n = 0.5 and n = 3 for both samples.
The model uncertainty interval indicates the standard error on the mean
of the simulated profiles.

mass or redshift. Similar to the previous section, we can investi-
gate to what extent we would expect a difference simply from the
fact that we are probing a larger physical region at high redshift.
However, in this case, the number of polarised sources detected
in high-redshift clusters was already low due to the smaller angu-
lar size of the clusters and is even lower for the sample of clusters
for which we also have density profiles available.

Within 1.0Rsq, we have detected only 26 polarised sources
in the high-redshift cluster sample, and 132 in the low-redshift
sample with density profiles available. This causes large uncer-
tainties for the high-redshift sample, particularly closest to the
cluster centre. Figure 22 shows that, for similar magnetic field
parameters, we would expect slightly more depolarisation from
the high-redshift sample than the low-redshift sample, although
again this effect is not strong enough to be observed in our data.
We thus do not find evidence for a difference between the mag-
netic field properties of the high-redshift, high-mass and low-
redshift, low-mass sample of clusters.

7. Discussion

We investigated the magnetic field properties in a sample of
galaxy clusters through the effect of beam depolarisation. We
confirm the hint of the depolarisation trend with cluster pro-
jected radius seen in previous studies (Bonafede et al. 2011;
Stuardi et al. 2020) with a highly statistically significant result,
as shown in Fig. 7. In this section, we discuss the implications
of the results and the possible limitations of this study.

7.1. Cluster members versus background sources

One of the main questions that this paper addressed is whether
there is a difference between using cluster radio galaxies and
background radio sources to probe the magnetic fields in galaxy
clusters. One could expect such a difference because cluster
radio galaxies might locally reshape the magnetic field and den-
sity structure, causing a bias in the RM and amount of depo-
larisation. Interactions with surrounding gas have been sug-
gested to affect observed RM distributions in various pow-
erful radio sources (e.g., 3C75, 3C465, 3C270 and 3C353;
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Fig. 22. Comparison of the median observed depolarisation ratio with
the modelled depolarisation ratio profile separately for the low- and
high-redshift cluster sample. The modelled magnetic field parameters
are By = 5uG, n = 0.5 and n = 3 for both samples. The model uncer-
tainty interval indicates the standard error on the mean of the simulated
profiles.

Rudnick & Blundell 2003; Guidetti et al. 2011, 2012). However,
this has not yet been shown in a statistical study.

Figure 8 and the log-rank comparison of the survival curves
shown in Fig. 9 demonstrated that, although near the clus-
ter centres (i.e. r < 0.5Rsq) it is difficult to have similar
sampling of cluster members and background sources, at radii
where we have similar sampling (i.e. ¥ > 0.5Rsqo) the depo-
larisation of cluster members and background radio sources is
similar.

In Sect. 6.3.1 we modelled the difference between the
amount of depolarisation expected for cluster members and
background sources based on the different locations of the Fara-
day screens. We showed that this difference is minimal, and
this difference is in line with the observed depolarisation trend
for background sources and cluster members. This implies that
there is no significant difference between using the depolarisa-
tion properties of cluster members or background sources as a
probe of the cluster magnetic field.

Our results are in line with the findings by Bonafede et al.
(2011) that used source angular size as a proxy of cluster mem-
bership and by Ensslin et al. (2003) that found that the biases
from cluster members are not statistically significant. We note
the caveat that the central region is still not well constrained with
background sources.

When splitting the sample into NCC and CC clusters, there
does seem to be a hint that there is a difference between back-
ground sources and cluster members near the cluster centres
(Fig. 12), although only a few sources were detected near
the central regions in these splits. A possible explanation for
this is that there might be a pronounced effect on the cluster
ICM from a select number of powerful cluster radio galaxies,
which is averaged out when using a larger sample of sources.
This means that when only a few cluster members are used
to probe the magnetic field strength, the results may still be
biased.

We thus did not find any strong differences between the
depolarisation of cluster members and background sources in
the full sample. However, larger samples might be able to pick
up more subtle effects.
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7.2. Magnetic field parameters

The average magnetic field properties of the cluster sample were
explored by combining the depolarisation of all detected sources,
irrespective of their redshift. The results in Fig. 20 showed that
for all power spectrum indices, a central magnetic field strength
higher than By = 1pG is needed to explain the observed depo-
larisation trend. For models with power-law indices between
n = 1 and n = 4, an average central magnetic field strength
between 5 and 10 uG proved to be the best fit, although it was
not possible to distinguish between these models. Our results
agree with previous radio observations that have shown that
clusters have central magnetic field strengths between 1 and
10 uG with power spectrum indices between n = 2 and n =
4 (Murgia et al. 2004; Govoni et al. 2006, 2017; Guidetti et al.
2008, 2010; Laing et al. 2008; Bonafede et al. 2010; Vacca et al.
2012, 2018) and values from magneto-hydrodynamic simula-
tions of clusters (Dominguez-Fernandez et al. 2019).

With larger cluster samples or deeper cluster surveys with
polarisation information, such as the MeerKAT Galaxy Cluster
Legacy Survey (MGCLS; Knowles et al. 2022), it might be pos-
sible to group clusters with similar density profiles together. This
would reduce the scatter in the modelled depolarisation trend
and allow for a more accurate determination of magnetic field
parameters.

7.3. Cluster properties

We investigated possible differences in observed depolarisation
as a function of various cluster properties, such as whether a
cluster is undergoing a merger. The magnetic field might be
altered by cluster mergers, during which a massive amount
of energy is released (up to 10%ergs on a few Gigayear
timescales; Sarazin 2002). It is expected that this energy is
injected on large spatial scales and released to smaller and
smaller scales through turbulent cascades (Vaccaetal. 2018;
Dominguez-Ferndndez et al. 2019). Observations find central
magnetic field strengths of around ~1 puG and fluctuation scales
up to a few hundreds of kpc in merging systems, while relaxed
systems show higher central field strengths of around ~10uG
and much smaller fluctuation scales (less than a few tens of kpc)
(Taylor et al. 2002; Clarke et al. 2001; Vacca et al. 2018). This
implies that, theoretically, we would expect a stronger depolari-
sation effect in CC clusters.

We investigated whether there are differences in the depolar-
isation found in CC and NCC clusters in Fig. 10. Surprisingly,
we found that NCC clusters show more depolarisation than CC
clusters outside the cooling-core region defined as r > 0.2R5q
(Fig. 11). When modelling (Fig. 21), it was found that the same
central magnetic field strength in CC clusters results in less
depolarisation outside the core than in NCC clusters because
the magnetic field was assumed to scale with the electron den-
sity normalised by the central electron density, which is gen-
erally higher in CC clusters than in NCC clusters. Hence, the
observed differences could be explained by the same magnetic
field parameters in the CC and NCC sample.

To investigate to what extent this result is dependent on the
cluster classification method, we also checked different mor-
phological parameters, splitting the sample using the cuspiness
and central gas density parameters from Andrade-Santos et al.
(2017). In these splits, NCC clusters still showed more depolar-
isation than CC clusters outside the core region. We note that
we could not use the entire sample of clusters in this analysis
because only 93 out of 124 clusters are observed with Chandra
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in Andrade-Santos et al. (2017). A literature search resulted in
the dynamical states for 9 more galaxy clusters, which also does
not change the observed depolarisation trends significantly.

Thus, we found no strong evidence that CC clusters have sig-
nificantly higher magnetic field strengths or smaller fluctuations
scales than NCC clusters in the central regions, although the
uncertainties were large as shown in Fig. 10. However, there is a
hint that CC clusters indeed show more depolarisation inside the
core region, as also found tentatively in Bonafede et al. (2011).
Unfortunately, the typical size of the cooling cores in galaxy
clusters is only 50-100 kpc, which is a region that is still poorly
constrained in this study. The potential difference between the
depolarisation in CC clusters and NCC clusters both inside and
outside the core region should be investigated further because the
sample size is still relatively small when splitting into multiple
bins.

We also checked whether there is a correlation between
magnetic field parameters and cluster mass or redshift. A pos-
itive correlation between magnetic field strength and cluster
mass might be expected, as the observed radio power of giant
radio halos is found to correlate with cluster mass, which can
be reproduced by turbulent re-acceleration models with a pos-
itive scaling of the magnetic field strength with the cluster
mass (Cassano et al. 2006a). However, the number of polarised
sources detected in the high-redshift and high-mass cluster sam-
ple was too low to investigate a trend or differences between
the low-mass and high-mass samples. A deeper survey such as
MGCLS might be able to overcome this problem, although the
sample of clusters should be large enough or carefully selected
to break the redshift-mass selection bias discussed in Sect. 5.4.

Finally, we checked whether the presence of a radio halo in
merging systems influences the observed depolarisation trend.
Models based on the turbulent re-acceleration scenario usually
define a radio halo as observable if the break frequency of the
radio halo spectrum is above the observing frequency. In these
models, the break frequency of the spectrum depends on the
magnetic field strength, the cluster mass and the merging state
(Cassano et al. 2006b). To investigate whether the magnetic field
properties of clusters with a radio halo are different, we split the
merging cluster sample based on the detection of a radio halo. No
significant differences were observed between the depolarisation
of clusters with radio halos and without radio halos, suggesting
that they have similar magnetic field parameters. We checked
that the cluster mass and redshift distributions are similar, (with
a KS-test resulting in p-values of 0.2 and 0.8, respectively,) so
the results are not biased by this. While these clusters are all clas-
sified as merging clusters according to the X-ray morphological
parameters, a more in-depth study of their merging state might
reveal that the clusters without radio halos are only minor merg-
ing systems where less turbulence is generated than in major
mergers, which would be in line with the findings by Cuciti et al.
(2021).

7.4. Possible caveats

In this section, we focus on the possible shortcomings of this
work. Firstly, a single component external depolarisation model
was used to fit the data. In reality, multiple interfering RM com-
ponents can produce behaviour that is not proportional to A2
and even cause re-polarisation with decreasing frequencies (e.g.,
Pasetto et al. 2016). Observations of bright polarised sources
observed at two different GHz frequencies have found that
more than 25% of sources can show re-polarisation behaviour
(Lamee et al. 2016). We have found in Sect. 3.2 that about 25%
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Fig. 23. Median depolarisation ratio in different bins of radius with-
out incorporating upper limits from unpolarised sources. Sources inside
clusters are shown in green and sources behind clusters are shown in
red. Compared to Fig. 8, there is significantly less depolarisation in the
lowest radius bin.

(193/819) polarised sources detected in this work are not well-
fitted by the single component external depolarisation model.
While fitting these sources with more complicated models (e.g.,
Brown et al. 2019) is beyond the scope of this work, we can
briefly investigate how many sources show evidence of re-
polarisation by allowing oy to take negative values. This test
resulted in 61 sources out of 819 that show a better fit with
negative values of ogry. However, most of these sources do not
show strong evidence for re-polarisation and could be fit almost
equally well with a value of oy that is around 0, and as such
do not change the resulting depolarisation curve significantly.
Additionally, the resulting median depolarisation as a function
of radius is similar when incorporating the sources with bad fits,
which reinforces the fact that we are not biasing the results by
omitting these sources. The difference between the number of
re-polarising sources found here and in the literature could be
caused by the fact we measure the polarisation over the entire
bandwidth, where almost always some depolarisation occurs,
rather than at only two points in frequency points where mul-
tiple components might interfere and show re-polarisation.
Secondly, to derive upper limits an assumption on the intrin-
sic polarisation pg had to be made. For these sources we assumed
po = 0.022, which was the median intrinsic polarisation frac-
tion of sources detected at r > 1.5Rsq. If this assumption was
too high, we are biasing the results through the inclusion of
the upper limits by calculating too much depolarisation. How-
ever, not including upper limits would cause a bias in the oppo-
site direction by omitting preferentially the most depolarised
sources. While it is impossible to determine the intrinsic polari-
sation value for unpolarised sources, we can show that the depo-
larisation curve is not dominated by upper limits. Because the
upper limits were computed conservatively over the entire extent
of the total intensity sources, only 196 out of the 6807 unpo-
larised sources have an upper limit on the 1.5 GHz polarisation
fraction that is below the assumed py = 0.022. Thus, in terms
of the number of sources, the upper limits are not dominating
the results. The depolarisation trend with radius when omitting
upper limits entirely is shown in Fig. 23. Cluster members now
show less depolarisation in the centre of the cluster because the
most constraining upper limits on the depolarisation fraction are
found near the cluster centres, where the brightest sources are
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Fig. 24. Comparison of the median observed depolarisation ratio with
the modelled depolarisation ratio profile using only clusters that have X-
ray observations (blue) and all clusters (green) by calculating electron
density profiles from a universal pressure profile (orange). The model
uncertainty interval indicates the standard error on the mean of the sim-
ulated profiles.

detected. However, it is clear that even without the inclusion
of the upper limits, the depolarisation trend with radius is still
clearly detected.

Thirdly, for the upper limits, we computed a polarised flux
threshold as described in Sect. 3.2, which was dependent on the
varying background noise level. This introduces a bias because
all clusters are observed approximately in the pointing centre,
so the upper limits are generally higher at larger projected radii.
This means we are underestimating the amount of depolarisa-
tion more strongly at the edges of the field. Section A.2 inves-
tigates trends with angular distance from the pointing centre
in detail and shows that this bias is very small compared to
the observed depolarisation trend. Because the clusters are all
observed near the pointing centre, other trends with projected
distance from the cluster centre could also (partially) be due to
instrumental or observational trends with angular distance from
the pointing centre. These biases are also investigated in detail
in Appendix A, where we present that there are indeed sources
of bias, but through a Monte Carlo experiment we show that the
effect of these biases is minimal compared to the observed depo-
larisation effect.

Fourthly, the effect of off-axis polarisation leakage can also
mimic depolarisation because of the frequency dependence of
the primary beam at a fixed angular distance from the pointing
centre. This effect is expected to be at the order of the 1% level
for VLA L-band observations (Jagannathan et al. 2017). To cor-
rect for this effect, full direction-dependent primary beam cor-
rections need to be made (a-term corrections), which is possible
for example with IDG (van der Tol et al. 2018), but is computa-
tionally expensive for large sample sizes and beyond the scope
of this paper. However, the leakage effect is in the opposite direc-
tion from the observed trend because polarisation leakage effects
are stronger near the periphery of the fields, while the observed
depolarisation effect is stronger near the centre of the field. Addi-
tionally, we can see in Figs. 6 and A.1c that there is no significant
increase in the measured intrinsic polarisation fraction of radio
sources as a function of angular separation to the pointing cen-
tre. This implies that off-axis leakage effects are negligible for
this study.
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Lastly, electron density profiles were not available for all
clusters studied in this work, with the 24 new clusters from the
PSZ1 and PSZ2 catalogues not having Chandra observations.
However, all clusters have been observed through the Sunyaev-
Zel’dovich effect, which probes the integrated pressure along the
line of sight. It has been shown that the pressure profile of galaxy
clusters follows a relatively universal shape, called the univer-
sal pressure profile (UPP; Nagai et al. 2007; Arnaud et al. 2010).
This profile scales in terms of the cluster properties Msqg, Rsoo
and Pspp, where Psqp is the characteristic pressure at an over-
density of 500. With an assumption on the cluster temperature,
we can thus calculate a general electron density profile from the
UPP to include these 24 clusters in our modelling. To derive
the electron density profiles, we use the best-fit parameters for
the UPP fit on Planck ESZ clusters from Planck Collaboration V
(2013) combined with the best-fit mass-temperature relation on
ESZ clusters from Lovisari et al. (2020). Including these 24
additional clusters in our modelling results in slightly more aver-
age depolarisation as a function of radius, but the final results do
not change significantly, as shown in Fig. 24. Thus, assuming a
universal pressure profile might be useful for future studies of
larger, or higher redshift samples of clusters where X-ray obser-
vations are not available.

8. Conclusion

In this work, we have utilised VLA L-band polarisation obser-
vations of a sample of 124 clusters from the Chandra-Planck
Legacy Program for Massive Clusters of Galaxies to measure
the depolarisation properties of radio sources inside and behind
clusters. The main aims of the paper were to use the depolarisa-
tion ratio to (i) determine the average magnetic field properties
in clusters, (ii) investigate whether there is a difference between
using cluster members and background sources as probes and
(iii) quantify the dependence of the magnetic field with cluster
properties such as mass and dynamical state. We compared the
data with modelled depolarisation trends by assuming the mag-
netic field is a Gaussian random field that follows the thermal
electron density profile of the cluster. For the first time in a sta-
tistical polarisation study, we took into account the individual
electron density profiles of different clusters when modelling the
depolarisation ratio. We showed that the depolarisation ratio is a
good probe of the magnetic fields in galaxy clusters. Our main
results can be summarised as follows:

1. We clearly detect a trend of radio sources becoming more
depolarised as they move (in projection) towards the cluster
centre. This trend can be explained by models with a central
magnetic field strength of 5—10uG with power-law indices
between n = 1 and n = 4 and cannot be easily attributed to
observational or other systematic biases in the analysis.

2. The individual thermal electron density profiles of the clus-
ters should be taken into account when modelling multiple
clusters, as the theoretical depolarisation in separate clusters
can be significantly different, even at similar electron column
densities. This scatter might be overcome with larger sam-
ples when clusters with similar density profiles are grouped
together.

3. The relation between the simulated beam depolarisation and
fluctuation scale spectral slope is not monotonic. We found
that simulated beam depolarisation can increase or decrease
with increasing fluctuation scale spectral slope n depending
on the size of the observing beam and the location in the
cluster.
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4. We found no statistically significant difference between the
depolarisation properties of background and cluster sources,
although background sources were rare to detect near the
cluster centre, where cluster members were most often
detected. The fact that we see no strong difference implies
that the interaction between the radio sources in clusters and
their local surrounding medium generally does not strongly
influence their polarisation properties. Thus, in statistical
studies, both in-cluster and background sources can be used
as a probe of the magnetic fields.

5. Disturbed (non-cool-core) clusters showed more depolarisa-
tion in the 0.2—1.0Rsgo region than cool-core clusters. After
modelling, this effect was not strong enough to warrant dif-
ferent magnetic field parameters for disturbed or relaxed
systems. While literature suggests that cool-core clusters
have stronger magnetic fields inside the core region and
should thus show more depolarisation, we did not signifi-
cantly detect different polarisation fractions inside 0.2Rsg
in cool-core and non-cool-core clusters. However, the uncer-
tainties were large due to the low number of sources, and the
most central (~100kpc) cooling core region is even more
unconstrained in this study and should be investigated fur-
ther.

6. The observed depolarisation in merging clusters that show
a radio halo and merging galaxy clusters that do not show
a radio halo is similar. This implies that the presence or
absence of a radio halo in merging clusters is likely not dom-
inated by the cluster magnetic field properties.

The biggest limitation of the study of magnetic fields in clus-

ters through depolarisation is currently the number of polarised

sources that are detected. With deeper cluster surveys and the

advent of the SKA, depolarisation of radio sources will be a

promising tool to study cluster magnetic fields.

Acknowledgements. The authors would like to thank the anonymous referee for
the comments and suggestions that improved the quality of the manuscript. EO
and RJIvW acknowledge support from the VIDI research programme with project
number 639.042.729, which is financed by the Netherlands Organisation for Sci-
entific Research (NWO). LR acknowledges partial support from U.S. National
Science Foundation grant AST17-14205 to the University of Minnesota.
AB acknowledges support from the ERC Starting Grant ‘DRANOEL’, number
714245 and from the from Italian MIUR grant FARE ‘SMS’. KID acknowl-
edges funding from the European Union’s Horizon 2020 research and innova-
tion programme under the Marie Sktodowska-Curie grant agreement No. 892117
(HIZRAD). Basic research in radio astronomy at the Naval Research Labo-
ratory is supported by 6.1 Base funding. This work was performed using the
compute resources from the Academic Leiden Interdisciplinary Cluster Envi-
ronment (ALICE) provided by Leiden University. This paper has made use of
observational material taken with an NRAO instrument. The National Radio
Astronomy Observatory is a facility of the National Science Foundation oper-
ated under cooperative agreement by Associated Universities, Inc. The Pan-
STARRS!1 Surveys (PS1) and the PS1 public science archive have been made
possible through contributions by the Institute for Astronomy, the University of
Hawaii, the Pan-STARRS Project Office, the Max-Planck Society and its partic-
ipating institutes, the Max Planck Institute for Astronomy, Heidelberg and the
Max Planck Institute for Extraterrestrial Physics, Garching, The Johns Hopkins
University, Durham University, the University of Edinburgh, the Queen’s Uni-
versity Belfast, the Harvard-Smithsonian Center for Astrophysics, the Las Cum-
bres Observatory Global Telescope Network Incorporated, the National Cen-
tral University of Taiwan, the Space Telescope Science Institute, the National
Aeronautics and Space Administration under Grant No. NNX08AR22G issued
through the Planetary Science Division of the NASA Science Mission Direc-
torate, the National Science Foundation Grant No. AST-1238877, the University
of Maryland, Eotvos Lorand University (ELTE), the Los Alamos National Labo-
ratory, and the Gordon and Betty Moore Foundation. The Legacy Surveys consist
of three individual and complementary projects: the Dark Energy Camera Legacy
Survey (DECaLS; Proposal ID 2014B-0404; PIs: David Schlegel and Arjun
Dey), the Beijing-Arizona Sky Survey (BASS; NOAO Prop. ID 2015A-0801;
PIs: Zhou Xu and Xiaohui Fan), and the Mayall z-band Legacy Survey (MzLS;
Prop. ID 2016A-0453; PI: Arjun Dey). DECaLS, BASS and MzLS together

include data obtained, respectively, at the Blanco telescope, Cerro Tololo Inter-
American Observatory, NSF’s NOIRLab; the Bok telescope, Steward Observa-
tory, University of Arizona; and the Mayall telescope, Kitt Peak National Obser-
vatory, NOIRLab. The Legacy Surveys project is honoured to be permitted to
conduct astronomical research on Iolkam Du’ag (Kitt Peak), a mountain with
particular significance to the Tohono O’odham Nation. SDSS-IV is managed by
the Astrophysical Research Consortium for the Participating Institutions of the
SDSS Collaboration including the Brazilian Participation Group, the Carnegie
Institution for Science, Carnegie Mellon University, Center for Astrophysics —
Harvard & Smithsonian, the Chilean Participation Group, the French Participa-
tion Group, Instituto de Astrofisica de Canarias, The Johns Hopkins University,
Kavli Institute for the Physics and Mathematics of the Universe (IPMU) / Uni-
versity of Tokyo, the Korean Participation Group, Lawrence Berkeley National
Laboratory, Leibniz Institut fiir Astrophysik Potsdam (AIP), Max-Planck-Institut
fiir Astronomie (MPIA Heidelberg), Max-Planck-Institut fiir Astrophysik (MPA
Garching), Max-Planck-Institut fiir Extraterrestrische Physik (MPE), National
Astronomical Observatories of China, New Mexico State University, New York
University, University of Notre Dame, Observatario Nacional / MCTI, The Ohio
State University, Pennsylvania State University, Shanghai Astronomical Obser-
vatory, United Kingdom Participation Group, Universidad Nacional Auténoma
de México, University of Arizona, University of Colorado Boulder, University
of Oxford, University of Portsmouth, University of Utah, University of Virginia,
University of Washington, University of Wisconsin, Vanderbilt University, and
Yale University This research has made use of the NASA/IPAC Extragalactic
Database (NED), which is operated by the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space
Administration. This research has made use of NASA’s Astrophysics Data Sys-
tem (ADS).

References

Ahumada, R., Prieto, C. A., Almeida, A., et al. 2020, ApJS, 249, 3

Akahori, T., Nakanishi, H., Sofue, Y., et al. 2018, PASJ, 70, R2

Andrade-Santos, F., Jones, C., Forman, W. R., et al. 2017, ApJ, 843, 76

Andrade-Santos, F., Pratt, G. W., Melin, J.-B., et al. 2021, ApJ, 914, 58

Arnaud, M., Pratt, G. W., Piffaretti, R., et al. 2010, A&A, 517, A92

Arshakian, T. G., & Beck, R. 2011, MNRAS, 418, 2336

Beck, R., & Krause, M. 2005, Astron. Nachr., 326, 414

Bohringer, H., Chon, G., & Kronberg, P. P. 2016, A&A, 596, A22

Bonafede, A., Feretti, L., Murgia, M., et al. 2010, A&A, 513, A30

Bonafede, A., Govoni, F., Feretti, L., et al. 2011, A&A, 530, A24

Bonafede, A., Vazza, F., Briiggen, M., et al. 2013, MNRAS, 433, 3208

Botteon, A., Shimwell, T. W., Cassano, R., et al. 2022, A&A, 660, A78

Brentjens, M. A., & de Bruyn, A. G. 2005, A&A, 441, 1217

Brown, S., Bergerud, B., Costa, A., et al. 2019, MNRAS, 483, 964

Burn, B. J. 1966, MNRAS, 133, 67

Burns, J. O., Hallman, E. J., Gantner, B., Motl, P. M., & Norman, M. L. 2008,
Apl, 675, 1125

Carilli, C. L., & Taylor, G. B. 2002, ARA&A, 40, 319

Cassano, R., Brunetti, G., & Setti, G. 2006a, Astron. Nachr., 327, 557

Cassano, R., Brunetti, G., & Setti, G. 2006b, MNRAS, 369, 1577

Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016, ArXiv e-prints
[arXiv:1612.05560]

Clarke, T. E., Kronberg, P. P, & Bohringer, H. 2001, ApJ, 547, L111

Cuciti, V., Brunetti, G., van Weeren, R., et al. 2018, A&A, 609, A61

Cuciti, V., Cassano, R., Brunetti, G., et al. 2021, A&A, 647, A51

Dahlen, T., Mobasher, B., Faber, S. M., et al. 2013, Apl, 775, 93

Davidson-Pilon, C. 2019, J. Open Source Software, 4, 1317

de Gasperin, F., Rudnick, L., Finoguenov, A., et al. 2022, A&A, 659, A146

Dey, A., Schlegel, D. J., Lang, D., et al. 2019, AJ, 157, 168

Di Gennaro, G., van Weeren, R. J., Brunetti, G., et al. 2021a, Nat. Astron., 5, 268

Di Gennaro, G., van Weeren, R. J., Rudnick, L., et al. 2021b, ApJ, 911, 3

Dolag, K., Bykov, A. M., & Diaferio, A. 2008, Space Sci. Rev., 134, 311

Dominguez-Ferniandez, P., Vazza, F., Briiggen, M., & Brunetti, G. 2019,
MNRAS, 486, 623

Donnert, J., Vazza, F., Briiggen, M., & ZuHone, J. 2018, Space Sci. Rev., 214,
122

Duncan, K. J. 2022, MNRAS, 512, 3662

Eckert, D., Molendi, S., & Paltani, S. 2011, A&A, 526, A79

Ensslin, T. A., Vogt, C., Clarke, T. E., & Taylor, G. B. 2003, ApJ, 597, 870

Fabian, A. C. 1994, ARA&A, 32, 277

Farnes, J. S., Heald, G., Junklewitz, H., et al. 2018, MNRAS, 474, 3280

Feigelson, E. D., & Nelson, P. I. 1985, ApJ, 293, 192

Feretti, L., Giovannini, G., Klein, U., et al. 1998, A&A, 331, 475

Ferrari, C., Govoni, F.,, Schindler, S., Bykov, A. M., & Rephaeli, Y. 2008, Space
Sci. Rev., 134, 93

A71, page 21 of 31


http://linker.aanda.org/10.1051/0004-6361/202243526/1
http://linker.aanda.org/10.1051/0004-6361/202243526/2
http://linker.aanda.org/10.1051/0004-6361/202243526/3
http://linker.aanda.org/10.1051/0004-6361/202243526/4
http://linker.aanda.org/10.1051/0004-6361/202243526/5
http://linker.aanda.org/10.1051/0004-6361/202243526/6
http://linker.aanda.org/10.1051/0004-6361/202243526/7
http://linker.aanda.org/10.1051/0004-6361/202243526/8
http://linker.aanda.org/10.1051/0004-6361/202243526/9
http://linker.aanda.org/10.1051/0004-6361/202243526/10
http://linker.aanda.org/10.1051/0004-6361/202243526/11
http://linker.aanda.org/10.1051/0004-6361/202243526/12
http://linker.aanda.org/10.1051/0004-6361/202243526/13
http://linker.aanda.org/10.1051/0004-6361/202243526/14
http://linker.aanda.org/10.1051/0004-6361/202243526/15
http://linker.aanda.org/10.1051/0004-6361/202243526/16
http://linker.aanda.org/10.1051/0004-6361/202243526/17
http://linker.aanda.org/10.1051/0004-6361/202243526/18
http://linker.aanda.org/10.1051/0004-6361/202243526/19
https://arxiv.org/abs/1612.05560
http://linker.aanda.org/10.1051/0004-6361/202243526/21
http://linker.aanda.org/10.1051/0004-6361/202243526/22
http://linker.aanda.org/10.1051/0004-6361/202243526/23
http://linker.aanda.org/10.1051/0004-6361/202243526/24
http://linker.aanda.org/10.1051/0004-6361/202243526/25
http://linker.aanda.org/10.1051/0004-6361/202243526/26
http://linker.aanda.org/10.1051/0004-6361/202243526/27
http://linker.aanda.org/10.1051/0004-6361/202243526/28
http://linker.aanda.org/10.1051/0004-6361/202243526/29
http://linker.aanda.org/10.1051/0004-6361/202243526/30
http://linker.aanda.org/10.1051/0004-6361/202243526/31
http://linker.aanda.org/10.1051/0004-6361/202243526/32
http://linker.aanda.org/10.1051/0004-6361/202243526/32
http://linker.aanda.org/10.1051/0004-6361/202243526/33
http://linker.aanda.org/10.1051/0004-6361/202243526/34
http://linker.aanda.org/10.1051/0004-6361/202243526/35
http://linker.aanda.org/10.1051/0004-6361/202243526/36
http://linker.aanda.org/10.1051/0004-6361/202243526/37
http://linker.aanda.org/10.1051/0004-6361/202243526/38
http://linker.aanda.org/10.1051/0004-6361/202243526/39
http://linker.aanda.org/10.1051/0004-6361/202243526/40
http://linker.aanda.org/10.1051/0004-6361/202243526/40

A&A 665, AT1 (2022)

Govoni, F., & Feretti, L. 2004, Int. J. Mod. Phys. D, 13, 1549

Govoni, F., Murgia, M., Feretti, L., et al. 2006, A&A, 460, 425

Govoni, F.,, Murgia, M., Vacca, V., et al. 2017, A&A, 603, A122

Guidetti, D., Murgia, M., Govoni, F,, et al. 2008, A&A, 483, 699

Guidetti, D., Laing, R. A., Murgia, M., et al. 2010, A&A, 514, AS0

Guidetti, D., Laing, R. A., Bridle, A. H., Parma, P., & Gregorini, L. 2011,
MNRAS, 413, 2525

Guidetti, D., Laing, R. A., Croston, J. H., Bridle, A. H., & Parma, P. 2012,
MNRAS, 423, 1335

Hardcastle, M. J., Williams, W. L., Best, P. N, et al. 2019, A&A, 622, A12

Jagannathan, P., Bhatnagar, S., Rau, U., & Taylor, A. R. 2017, AJ, 154, 56

Johnson, A. R., Rudnick, L., Jones, T. W., Mendygral, P. J., & Dolag, K. 2020,
AplJ, 888, 101

Kang, J., Wang, J., & Kang, W. 2020, ApJ, 901, 111

Knowles, K., Cotton, W. D., Rudnick, L., et al. 2022, A&A, 657, A56

Kron, R. G. 1980, ApJS, 43, 305

Laing, R. A., Bridle, A. H., Parma, P., & Murgia, M. 2008, MNRAS, 391, 521

Lamee, M., Rudnick, L., Farnes, J. S., et al. 2016, ApJ, 829, 5

Lovisari, L., Schellenberger, G., Sereno, M., et al. 2020, ApJ, 892, 102

McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, in
Astronomical Data Analysis Software and Systems XVI, eds. R. A. Shaw,
F. Hill, & D. J. Bell, ASP Conf. Ser., 376, 127

Mohan, N., & Rafferty, D. 2015, PyBDSF: Python Blob Detection and Source
Finder, Astrophysics Source Code Library [record ascl:1502.007]

Murgia, M., Govoni, F., Feretti, L., et al. 2004, A&A, 424, 429

Nagai, D., Kravtsov, A. V., & Vikhlinin, A. 2007, ApJ, 668, 1

Offringa, A. R., van de Gronde, J. J., & Roerdink, J. B. T. M. 2012, A&A, 539,
A95

Offringa, A. R., McKinley, B., Hurley-Walker, N., et al. 2014, MNRAS, 444, 606

O’Sullivan, S. P, Machalski, J., Van Eck, C. L., et al. 2019, A&A, 622, A16

Pasetto, A., Carrasco-Gonzalez, C., Bruni, G., et al. 2016, Galaxies, 4, 66

Pearson, K. 1895, Proc. R. Soc. London Ser. I, 58, 240

Perley, R. A., & Butler, B. J. 2017, ApJS, 230, 7

Planck Collaboration VIII. 2011, A&A, 536, A8

Planck Collaboration V. 2013, A&A, 550, A131

A71, page 22 of 31

Planck Collaboration XXXII. 2015, A&A, 581, A14

Planck Collaboration XXVII. 2016, A&A, 594, A27

Rajpurohit, K., Hoeft, M., Wittor, D., et al. 2022, A&A, 657, A2

Rudnick, L., & Blundell, K. M. 2003, ApJ, 588, 143

Rudnick, L., & Owen, F. N. 2014, ApJ, 785, 45

Russell, H. R., van Weeren, R. J., Edge, A. C., etal. 2011, MNRAS, 417, L1

Sarazin, C. L. 2002, in Merging Processes in Galaxy Clusters, eds. L. Feretti,
I. M. Gioia, & G. Giovannini, Astrophys. Space Sci. Lib., 272, 1

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Sebokolodi, M. L. L., Perley, R., Eilek, J., et al. 2020, ApJ, 903, 36

Sokoloff, D. D., Bykov, A. A., Shukurov, A., et al. 1998, MNRAS, 299, 189

Somboonpanyakul, T., McDonald, M., Bayliss, M., et al. 2021, ApJ, 907, L12

Spearman, C. 1904, Am. J. Psychol., 15, 72

Stuardi, C., O’Sullivan, S. P., Bonafede, A., et al. 2020, A&A, 638, A48

Stuardi, C., Bonafede, A., Lovisari, L., et al. 2021, MNRAS, 502, 2518

Sunyaev, R. A., & Zeldovich, Y. B. 1970, Comm. Astrophys. Space Phys., 2, 66

Sunyaev, R. A., & Zeldovich, Y. B. 1972, Comm. Astrophys. Space Phys., 4, 173

Tarrio, P., & Zarattini, S. 2020, A&A, 642, A102

Tasse, C. 2014, A&A, 566, A127

Taylor, G. B., Perley, R. A., Inoue, M., et al. 1990, ApJ, 360, 41

Taylor, G. B., Fabian, A. C., & Allen, S. W. 2002, MNRAS, 334, 769

Taylor, G. B., Gugliucci, N. E., Fabian, A. C., et al. 2006, MNRAS, 368, 1500

Tribble, P. C. 1991, MNRAS, 253, 147

Uson, J. M., & Cotton, W. D. 2008, A&A, 486, 647

Vacca, V., Murgia, M., Govoni, F, et al. 2012, A&A, 540, A38

Vacca, V., Murgia, M., Govoni, F,, et al. 2018, Galaxies, 6, 142

van der Tol, S., Veenboer, B., & Offringa, A. R. 2018, A&A, 616, A27

van Terwisga, S. E., Hacar, A., van Dishoeck, E. F., Oonk, R., & Portegies
Zwart, S. 2022, A&A, 661, A53

van Weeren, R. J., de Gasperin, F., Akamatsu, H., et al. 2019, Space Sci. Rev.,
215,16

Vikhlinin, A., Kravtsov, A., Forman, W., et al. 2006, ApJ, 640, 691

Vogt, C., & EnBlin, T. A. 2006, Astron. Nachr., 327, 595

Wen, Z. L., & Han, J. L. 2015, ApJ, 807, 178

Williams, W. L., Hardcastle, M. J., Best, P. N., et al. 2019, A&A, 622, A2


http://linker.aanda.org/10.1051/0004-6361/202243526/41
http://linker.aanda.org/10.1051/0004-6361/202243526/42
http://linker.aanda.org/10.1051/0004-6361/202243526/43
http://linker.aanda.org/10.1051/0004-6361/202243526/44
http://linker.aanda.org/10.1051/0004-6361/202243526/45
http://linker.aanda.org/10.1051/0004-6361/202243526/46
http://linker.aanda.org/10.1051/0004-6361/202243526/47
http://linker.aanda.org/10.1051/0004-6361/202243526/48
http://linker.aanda.org/10.1051/0004-6361/202243526/49
http://linker.aanda.org/10.1051/0004-6361/202243526/50
http://linker.aanda.org/10.1051/0004-6361/202243526/51
http://linker.aanda.org/10.1051/0004-6361/202243526/52
http://linker.aanda.org/10.1051/0004-6361/202243526/53
http://linker.aanda.org/10.1051/0004-6361/202243526/54
http://linker.aanda.org/10.1051/0004-6361/202243526/55
http://linker.aanda.org/10.1051/0004-6361/202243526/56
http://linker.aanda.org/10.1051/0004-6361/202243526/57
http://ascl.net/1502.007
http://linker.aanda.org/10.1051/0004-6361/202243526/59
http://linker.aanda.org/10.1051/0004-6361/202243526/60
http://linker.aanda.org/10.1051/0004-6361/202243526/61
http://linker.aanda.org/10.1051/0004-6361/202243526/61
http://linker.aanda.org/10.1051/0004-6361/202243526/62
http://linker.aanda.org/10.1051/0004-6361/202243526/63
http://linker.aanda.org/10.1051/0004-6361/202243526/64
http://linker.aanda.org/10.1051/0004-6361/202243526/65
http://linker.aanda.org/10.1051/0004-6361/202243526/66
http://linker.aanda.org/10.1051/0004-6361/202243526/67
http://linker.aanda.org/10.1051/0004-6361/202243526/68
http://linker.aanda.org/10.1051/0004-6361/202243526/69
http://linker.aanda.org/10.1051/0004-6361/202243526/70
http://linker.aanda.org/10.1051/0004-6361/202243526/71
http://linker.aanda.org/10.1051/0004-6361/202243526/72
http://linker.aanda.org/10.1051/0004-6361/202243526/73
http://linker.aanda.org/10.1051/0004-6361/202243526/74
http://linker.aanda.org/10.1051/0004-6361/202243526/75
http://linker.aanda.org/10.1051/0004-6361/202243526/76
http://linker.aanda.org/10.1051/0004-6361/202243526/77
http://linker.aanda.org/10.1051/0004-6361/202243526/78
http://linker.aanda.org/10.1051/0004-6361/202243526/79
http://linker.aanda.org/10.1051/0004-6361/202243526/80
http://linker.aanda.org/10.1051/0004-6361/202243526/81
http://linker.aanda.org/10.1051/0004-6361/202243526/82
http://linker.aanda.org/10.1051/0004-6361/202243526/83
http://linker.aanda.org/10.1051/0004-6361/202243526/84
http://linker.aanda.org/10.1051/0004-6361/202243526/85
http://linker.aanda.org/10.1051/0004-6361/202243526/86
http://linker.aanda.org/10.1051/0004-6361/202243526/87
http://linker.aanda.org/10.1051/0004-6361/202243526/88
http://linker.aanda.org/10.1051/0004-6361/202243526/89
http://linker.aanda.org/10.1051/0004-6361/202243526/90
http://linker.aanda.org/10.1051/0004-6361/202243526/91
http://linker.aanda.org/10.1051/0004-6361/202243526/92
http://linker.aanda.org/10.1051/0004-6361/202243526/93
http://linker.aanda.org/10.1051/0004-6361/202243526/94
http://linker.aanda.org/10.1051/0004-6361/202243526/95
http://linker.aanda.org/10.1051/0004-6361/202243526/96
http://linker.aanda.org/10.1051/0004-6361/202243526/96
http://linker.aanda.org/10.1051/0004-6361/202243526/97
http://linker.aanda.org/10.1051/0004-6361/202243526/98
http://linker.aanda.org/10.1051/0004-6361/202243526/99
http://linker.aanda.org/10.1051/0004-6361/202243526/100

E. Osinga et al.: The detection of cluster magnetic fields via radio source depolarisation

Appendix A: Possible biases

This appendix aims to investigate possible biases that might
affect the analysis. The polarisation properties of radio sources
might be influenced by other source properties such as size, total
intensity, and whether the source is a single or multi-component
source. If, for example, multi-component sources are easier to
detect near the pointing centre and have different polarisation
properties than single-component sources, the observed depo-
larisation effect with projected radius might be biased. This is
because all clusters have been observed approximately in the
pointing centre. As mentioned in Section 7.4, this also intro-
duces a bias through the inclusion of the upper limits because the
upper limits on the fractional polarisation are generally higher at
larger projected radii due to the primary beam response. In the
first section of this appendix, we check whether biases because
of source properties are present, and in the second section we
quantify the biases through a Monte Carlo experiment.

A.1. Source properties

To investigate whether there is a dependence between observed
source properties and polarisation, taking into account the dis-
tance to the pointing centre, we plot running medians of various
quantities versus the angular distance to the pointing centre. The
uncertainty, 0., on the running median M is calculated as in
Lamee et al. (2016),

0. =M~ [pis, psal/ VN, (A.1)

where p, denotes the x-th percentile of the distribution, and N is
the number of points in a bin. The amount of correlation is quan-
tified by the Pearson (Pearson 1895) and Spearman (Spearman
1904) coefficients, shown in Table A.1. We define weak corre-
lation for values of Pearson |r| < 0.3, moderate correlation for
0.3 < |7| < 0.7 and strong correlation for r > 0.7, using the com-
mon cutoff p-value of 0.05 for statistical significance. Because
the Pearson coefficient only measures the linear relationship we
also report the Spearman coefficient. The monotonicity of the
correlation is given by the Spearman coefficient, where an abso-
lute value of 1 indicates a perfectly monotonic relationship.

We plot in Figure A.la the running median of the observed
polarised source major axis versus the angular distance to the
pointing centre. As the figure shows, there is some dependence
of polarised source size on angular separation. Cluster members
show an increase in median source size around 5 arcminutes
from the pointing centre, while for background sources there is
no significant correlation. The median source size is larger for
cluster members than for background sources, which is expected
simply because they are nearby sources.

The total flux density versus angular separation is shown in
Figure A.1b. The background population clearly shows the effect
of the primary beam response. Cluster members are less affected
by this, possibly because they are all low redshift (z < 0.35)
sources for which we are already sensitive enough to probe the
majority of the cluster population. There is an excess of bright
cluster members in the centre of the image, indicated by the
peak at low angular separation. This means that we are detecting
the brightest cluster members preferentially in the centre of the
images. This is not unexpected because the centres of the clus-
ters lie near the centres of the images, but it might bias the results
if the total flux density is correlated with polarisation properties.

Although we are mainly interested in the depolarisation of
radio sources, it is important to investigate the best-fit intrinsic
polarisation fraction as a function of angular distance. Because

of the chosen model and finite amount of bandwidth, there is a
degeneracy between pg and oy (see Fig. 4). While this degen-
eracy is simply a result of the fitting, real correlations between
po and ogry have been claimed before in the literature (e.g.
Lamee et al. 2016). It is therefore important to inspect trends of
po with angular separation because that could create biases in the
depolarisation trend. In Figure A.1c we plot the best-fit intrinsic
polarisation fraction. Here we see that there is a weak correla-
tion with angular distance for cluster members and no significant
correlation for background sources. The fact that the median pg
is lower near the centre of the image is likely (at least partly)
caused by the fact that the brightest cluster members often lie in
the centre of the cluster (Fig.A.1b), where it is thus possible to
detect smaller polarisation fractions.

Lastly, there might be a difference in polarisation properties
of single and multi-component sources, so we also plot this sepa-
ration in Figure A.1d. We note that multi-component sources are
often, but not always, cluster members. Both populations show
no evidence for a strong correlation of the intrinsic polarisation
with angular separation, and both populations have similar dis-
tributions of intrinsic polarisation, so it is unlikely that this is
biasing the results significantly.

Now that we have established that the cluster population has
a higher median flux density in the centre of the images and that
the intrinsic polarisation fraction of cluster members is generally
lower in the centre of the images, it is important to know whether
these variables correlate with the depolarisation parameter ogy-
Figures A.2 and A.3 show the trend of total flux density and
intrinsic polarisation fraction with ory. We see for background
sources no clear correlation between total flux density and depo-
larisation. Cluster members do show that the brightest sources
show more depolarisation. However, this is to be expected in the
case of a magnetised depolarising intracluster medium (ICM) in
the cluster centre if the brightest cluster members are also found
preferentially in the cluster centre, which is indeed the case as
shown by Figure A.1b. The question remains how much of this
effect is a real effect and how much is caused by biases such
as only picking up the most depolarised sources near the centre
of the cluster. This is addressed in the next section. Figure A.3
shows the degeneracy between py and ory, particularly for large
values of ory. It is interesting that this trend implies that more
depolarised sources have larger pg, while Figure A.lc showed
that smaller values of py are generally found more towards the
cluster centre. This trend would therefore cause a bias in the
direction opposite to the trend expected from a depolarising
ICM.

A.2. Monte Carlo experiment

The previous section showed that there are no strong trends
detected between source properties and polarisation properties or
angular radius to the pointing centre, but there are weak trends in
the data that possibly bias the results. Most notably, we have seen
that the brightest cluster members are preferentially detected in
the centre of the images and it is this class of sources that shows
the most depolarisation. To quantify the bias introduced by selec-
tion effects and the fitting procedure, we took a Monte Carlo
approach, simulating polarised radio sources with random prop-
erties that are taken from distributions that are representative of
the data. If, through the effect of the choices made during the
analysis or because of the radio source properties such as size
and flux density a bias is introduced in the depolarisation curve,
we should find that bias when employing the same methods on a
sample of completely randomly (de)polarised sources. The dis-
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Fig. A.1. Various quantities against angular separation separately for cluster members and background sources. The running median is shown with
uncertainties in the shaded region. Histograms show the projected distributions along the axes.
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Fig. A.2. Same as Figure A.1, but for total Stokes I flux density against
depolarisation parameter ogy;-

tributions used to generate random polarised sources for this
experiment are shown in Figure A.4, where we have fit gamma
distributions to the strictly positive values py and ory and used a
Cauchy distribution for RM to account for the large peak around
RM=0. The initial polarisation angle y( was simply drawn from
a uniform distribution between 0 and n. The steps taken in the
Monte Carlo experiment were as follows. First, we calculated
the total flux density per channel of all detected total intensity
sources. Then, for each total intensity source, we randomly drew
a value of py, RM, ory and y from the representative probabil-
ity distribution functions. Third, we computed simulated Stokes
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Fig. A.3. Same as Figure A.1, but for intrinsic polarisation fraction
against depolarisation parameter ogy.

Q and U emission using the external depolarisation model given
in Eq. 12 with the randomly drawn parameters. Then, we deter-
mined which sources are detected in polarisation at a 5o level
given the varying background noise due to the primary beam
response. Finally, we fitted the detected sources with the MCMC
IQU fitting code and calculated upper limits on the undetected
sources as explained in Section 3.2. The resulting best-fit param-
eters and upper limits were again used to find the median depo-
larisation in bins of projected radius.

This approach resulted in 1050 simulated sources detected
in polarisation. The resulting median depolarisation trend with
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Table A.1. Pearson and Spearman correlation coefficients and accompanying p-values for various combinations of parameters shown in Figures

A.1,A2and A3.

Population

Pearson (1, p-value)

Spearman (r, p-value)

Conclusion“

Major axis size - 6, cluster members

Major axis size - 6, background sources

Total Flux - 6, cluster members
Total Flux - 6, background sources
Po - 8, cluster members

Do - 8, background sources

Do - 6, multi-component sources

Po - ), single-component sources
Total Flux - ogrym cluster members
Total Flux - orm background sources
Po - orM cluster members

Po - orMm background sources

(0.15,7.4 x 1073
(0.018, 6.9 x 1071)
(-0.087, 6.6 x 1074
(-0.021, 1.4 x 107")
(0.15,7.7 x 1073
(-0.041,3.7 x 1071
(0.083, 1.28 x 10°)
(0.001,9.87 x 10
(-0.19, 1.0 x 1073)
(0.0060, 9.0 x 101
(0.097, 8.8 x 1072)
(025,52 % 107%)

(0.22,8.5x 1075)
(0.070, 1.2 x 107"
(0.0080, 7.5 x 1071)
(0.26, 8.3 x 1077%)
(0.33,1.6 x 1079)
(0.0020, 9.7 x 1071)
(0.116, 3.35 x 1072)
(0.183, 6.62 x 107°)
(-0.15, 8.1 x 1073)
(0.062, 1.8 x 107")
(0.045,43 x 107"
(0.19,4.0 x 1075)

weak correlation

no significant correlation
weak correlation
non-monotonic correlation
weak correlation

no significant correlation
no significant correlation
no significant correlation
weak correlation

no significant correlation
no significant correlation
weak correlation

Notes. “A cutoff p-value of 0.05 is used for statistical significance, and the correlation is defined as weak for values of Pearson |r| < 0.3.
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Fig. A.4. Probability distribution functions used to generate polarised radio sources during the Monte Carlo analysis shown in orange. The

distribution of the real data is shown in blue.

projected distance to the cluster centre is shown in Figure A.5
for simulated sources. Figure A.5 shows that there is indeed a
very small bias from selection effects or fitting, with a minor
trend showing slightly more depolarisation near the cluster cen-
tres than at the cluster outskirts. However, this trend is only a

small fraction of the real detected trend in Figure 8. Thus, even
though there are significant correlations as shown in Table A.1,
they cause only a minimal bias because they have small correla-
tion coefficients. This means that if the observed sources were a
population with random polarisation parameters, there would not
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be a strongly detected depolarisation trend with radius. The strik-
ing difference between Figure A.5 and the depolarisation trend
detected in the real data shown in Figure 8 makes a strong case
that the observed depolarisation trend cannot be explained only
by selection effects or biases.
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Fig. A.5. Median of the Kaplan-Meier estimate of the depolarisation
ratio survival function in different bins of radius for simulated data. The
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polarised sources and is denoted by the horizontal lines. The points are
plotted at the median radius in each bin
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tion of the full sample of data points, which also clearly shows
the trend of sources becoming more depolarised as the projected
radius and column densities increase. Finally, Figure B.5 shows
the modelled depolarisation profiles for all clusters where X-ray
data was available, for a single set of magnetic field parameters.

Appendix B: Full sample plots

For completeness, we plot in Figures B.1 to B.3 the full sample
of data-points that have been summarised with the KM estima-
tor in Figures 8 to 14. Figure B.4 shows an alternative visualisa-
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Fig. B.1. Depolarisation ratio and relevant upper limits for all sources as a function of projected radius and column density. Points are coloured by
their position along the line-of-sight with respect to the nearest cluster.
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Fig. B.2. Depolarisation ratio and relevant upper limits for all sources as a function of projected radius and column density. Points are coloured by
the dynamic state of the cluster, indicated by non-cool-core (NCC) and cool-core (CC).
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Fig. B.3. Depolarisation ratio and relevant upper limits for all sources as a function of projected radius and column density. Points are coloured
according to the redshift of the cluster.
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Fig. B.4. Full sample of measured values and upper limits on the depolarisation of radio sources as a function of both electron column density and
projected radius. The points are coloured by the depolarisation value.
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Fig. B.5. All simulated depolarisation ratio profiles for the full sample of simulated clusters. The assumed parameters for the magnetic field are
By=50uG,n=3andn =0.5.
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Appendix C: Polarised source catalogue

Table C.1. First 30 rows of the catalogue of 819 polarised radio sources that were detected in this work.

RA [deg] DEC [deg] Maj ["] Min [] PA [deg] po Xo [rad]  RM [rad m™] ogy [rad m™] Jo [mly] @ Xou__ T Zhext sOUICE @, [aremin] r/Rsp Cluster RAqy [deg] DECop [deg] Multi component Flagged Note

-1322610 56140 82 58 90 0.102:5%3 09117092 ~137+] 1079 250103 —0.8I*0% 171 0.584£0.040 2 8.06 06 GO06.47+50.54 227.7304 56153 True True

-1322780 56184 49 40 52 0.040*9510 3.030°09%9 —68+3 7 56'%01  —095'0% 56 0.584+0.040 2 7.80 06 GO06.47+50.54 227.7304 56153 True False

-1322767 56172 54 38 68 0.048*9015 0.091*5020 ~113% 134 7300 —0.98°0% 66 0.5840.040 2 7.87 06 GO06.47+50.54 227.7304 56153 True False

-1119212 55698 62 57 59 005870919 1.94370128 8*4 173 202493 -12009% 75 0581 £1.268 2 6.10 08 G021.09+33.25 248.0775  5.5694 False False  Counterpart unsure
-111.9898 54658 78 59 41 003370903 220909 4+2 3% 25897 -086100% 104 1.675£0.611 2 12.44 17 G021.09+33.25 2480106  5.4644 True True

1117294 55442 120 65 76 056110100 2.254:9422 -3611° 154} 3213 2308907 151 - - 6.00 08 G021.09+33.25 - - True  No optical counterp:
1119211 54755 71 63 39 003970903 0.4580078 28+2 144} 380%0F  -043100 131 2389 £0.208 2 8.98 12 G021.09+33.25 - - True  No optical counterpart.
1119888 54639 77 62 49 00337092 0.01570%% 210 3% 278493 -0779% 152 1675 £0.611 2 12.46 17 G021.09+33.25 2480106  5.4644 True

480417 -17.7068 77 7.1 11 00531091 091470322 —31%¢ 73 551097 -163t00 57 - - 8.50 14 G028.77-33.56 - - True  No optical counterpart.
479835 4177248 72 72 103 0.093'09% 0961033 -24* 1443 46101 2040973 - - 5.66 09 G028.77-33.56 - - False  No optical counterpart.
480167 -177220 78 65 89 0.023:000% 1854035 —42%) 14 119703 —151%0% 59 - - 6.87 L1 G028.77-33.56 - - 3 False  No optical counterpart.
-119.4219 160547 88 85 27 010819004 1.829*00% ~136°] 1419 40219 -078'092 215 0.282%0.077 2 095 00 G029.00+44.56 240.5791 160553 False True  Counterpart unsure
-119.3140 16,1258 7.9 55 74 0.020%953 1.718°0:472 ~100°33 8297 113503 09600 68 - - 837 03 G029.00+44.56 - - False True  No optical counterpart.
-119.6253 160712 84 80 94 0.073*5009 0.012:23% 4+10 4 141503 —0.77'008 235 1.285£0435 2 10.83 04 G029.00+44.56 - - False True  No optical counterpart.
1194438 158343 7.9 62 40 0.02449:907 1.497°0240 344 64 167503 —107:0% 61 - - 13.16 0.5 G029.00+44.56 - - False False  No optical counterpart.
-119.4234 161195 85 83 66 00501000 2.229*00%¢ 141} 107} 326'03  —0.86'0% 163 0.385+0.000 0 405 02 G029.00+44.56 240.5783 16,1194 False True

-152.5871 265863 6.1 53 137 0.084'0:0% 0.840°0217 ~26*% 87 3.8 L7 ST - - 9.07 0.6 G033.78+77.16 - - False False  No optical counterpart.
-1527815 265929 180 92 176 0.001'§9%0 1.239°01% 2113 73 1238.81 143 —0.99'092 733 0.250+0.114 2 145 0.1 G033.78+77.16 207.2186  26.5931 False True

-1526178 265824 6.1 60 176 0.098'50%2 0.941°03 5412 331 242103 051109 107 0.793£0.078 2 743 05 G033.78+77.16 207.3823  26.5824  False False

-152.5220 265313 70 61 82 004519006 1.807*0:117 213 147} 348105 -0.86'0% 80 1.187£0378 2 12.97 09 G033.78+77.16 - - False False  No optical counterpart.
-152.8105 265899 54 50 68 00317900 2.863*0177 1024"5 74 378000025005 71 0.570+0.000 0 293 02 G033.78+77.16 207.1893 265903 False False

-152.5875 266306 15 69 62 004619003 0.003°5005 ~430 4 314108 089709 160 - - 9.46 06 G033.78+77.16 - - False True  No optical counterpart.
20092 259382 77 58 102 0038500 3.073°9%; 182 7 165%03  -055'0%1 68 0.187+0.133 3 8.47 20 G034.03-76.59 3579006 -25.9388  False False

-89.0409 100803 75 47 66 0.030"900 0.713*0213 58'% 8% 1602 -093'0% 82 0.559+0.089 3 10.82 17 G036.72+14.92 - - False False  No optical counterpart.
887551 101938 76 55 150 0.022:50% 0.267°23 ~1°% 74 130%02 -080%0% 70 0.416+0214 3 1141 18 G036.72+14.92 2712446  10.1943  False False

-88.8378 99030 64 53 59 002219003 0.453°5134 4773 54 11392 -005%0% 77 0.186+0.073 3 8.13 13 G036.72+14.92 2711620 9.9031 False False

887312 99649 83 47 48 0218+90% 2.139*03%¢ 19*5, 41 12192 -L02t03E 81 - - 8.90 14 G036.72+14.92 271.2703  9.9618 True False

887910 101261 136 73 57 0.108*0028 2.184*0132 1313, 1 135703 —1.63*0% 108 0.130+0.032 3 6.88 L1 G036.72+14.92 2712022 10.1263  True False

887946 101282 136 64 67 0.030*00%3 0.098°51%5 ~16*3 912 20604 -1300% 99 0.130£0.032 3 6385 L1 G036.72+14.92 2712022 10.1263  True False

-88.8257 100041 149 80 172 0.018*53%0 0.988°0%06 —23+0 3% 836.2°55  —0.81'0% 10001 - - 294 05 G036.72+14.92 2711741 10.0012  True True

Notes. The full table is available in electronic form at the CDS. The columns ‘Maj’ and ‘Min’ indicate the major and minor axis of the polarised
sources and ‘PA’ the position angle. The results of the fitting as described in Section 3.2 are given in the columns p, to )(éU with uncertainties given
by the 16th and 84th percentile of the MCMC chains. The columns starting with z are the results of the redshift estimates as detailed in Section
3.4. The angular distance to the pointing centre and projected radius to the cluster centre are given by the 6, and r/Rsy, columns respectively. The
‘Flagged’ column indicates True when the source was omitted for the final analysis, for example because it was a bad fit.
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Appendix D: Full source catalogue

Table D.1. First 30 rows of the catalogue of 6 807 total intensity sources that were detected in this work.

A&A 665, AT1 (2022)

RA [deg]

DEC [deg] Maj ["] Min["]

PA [deg] Total flux [mly]

Peak Flux [mJy beam™'] p sr, uplim Zpeqt

Zhest SOUICE 6, [aremin] r/Rspp Cluster

RAqp [deg] DECqy [deg] Visual counterpart id Multi component Note

19.7206
19.6823
19.6530
19.6515
19.6284
19.6115

19.5825

19.5664
19.5616
19.5540
19.5530
19.5561
19.5467
19.5359
19.5328
19.5250
19.5218
19.5167
19.4966
19.4759
19.4656
19.4630
19.4531
19.4408
19.4236
19.3981

-26.9792
-27.0611
-26.9383
-26.9198
-27.0460
270112
-27.0795
-26.7558
-27.0319
-26.9712
-26.9747

-27.1593
-27.1625
-27.1671
-26.8093
268117
-26.9700
-27.0165
-27.0496
-26.7445
-26.7448
-26.9539
-27.0013
-26.8784
-26.8930
-26.9808
-26.7984
-27.0741
-26.9546
-27.0851

142

160

1.059 + 0.206
0.328 +0.100
0.721 £ 0.090
1.106 +0.109
3411 +0.108
0.401 +0.100
0.500 +0.151
1.004 +0.194
0.881 +0.102
44.649 +0.373
1.901 +0.261

5.909 +0.197
1.635 + 0.304
7.832 +0.464
0.784 % 0.112
0.343+0.147
7.547 +0.102
0.519 % 0.093
0.814 +0.087
4.825 +0.232
3.102 +0.236
0.372 +0.096
0.310+0.105
1.379 +0.099
1.790 + 0.087
0.581+0.155
0.681 +0.147
0.5770.110
2.697 +0.110
0.608 +0.115

0.587 +0.078
0.376 + 0.062
0.814 +0.056
1.008 + 0.059
3.120 + 0.059
0.357 +0.053
0.318 +0.063
0.891 +0.103
0.757 +0.053
16.358 + 0.073
0.757 £ 0.077

4.007 +0.087
0.600 + 0.084
3.410 +0.084
0.771 £ 0.064
0.247 £ 0.068
6.596 % 0.054
0.554 % 0.056
0.848 + 0.052
4.327+0.124
2735 +0.125
0.351 £0.053
0.277 +0.056
1.308 £ 0.055
1.770 + 0.050
0.323 £ 0.059
0.628 + 0.080
0.566 = 0.062
2515 +0.061
0.664 + 0.070

0.48
0.87
0.32
0.24
0.08
0.54
0.92
0.28
0.23
0.01
0.20

0.06
0.19

031
0.75
0.03
0.34
0.22
0.05
0.06
0.63
0.70
0.19
0.14
0.68
043
0.44
0.09
0.41

0.871£0.162 3

0.173 £0.000 0

0.225 +0.000 0
0.538 £0.035 3

0.062 +0.035 3

9.39
8.99
6.17
6.57
6.19
4.18
7.21
1352
4.73
1.57
2.01

11.14
11.31
11.57
9.92
9.79
0.29
2.56
455
13.84
13.84
1.96
3.05
6.85
6.48
440
11.66
8.17
6.60
10.28

G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04

G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04
G212.97-84.04

19.6824
19.6528
19.6285
19.6110
19.6062
19.6054
19.5700

19.5606
19.5606
19.5606
19.5531
19.5463
19.5330
19.5249
19.5249
19.5166
19.4964
19.4759
19.4656
19.4630
19.4530
19.4236

-27.0613
-26.9385

-27.0461
-27.0110

-26.7559
-27.0319
-26.9724

-27.1622
-27.1622
27.1622
-26.8093

-26.9700

-27.0496
-26.7447
-26.7447
-26.9531
-27.0013
-26.8783
-26.8931

-26.9547

False
False
False
False
False
False
False
False
False
True
True

True
True
True
False
False
False
False

True

True

False
False
False
False
False
False

e
False
False

False
False
False
False

False

False

No optical coun-
terpart

Notes. The full table is available in electronic form at the CDS. The columns ‘Maj’ and "Min’ indicate the major and minor axis of the polarised
sources and ‘PA’ the position angle. The upper limit on the polarisation fraction p; sgu, Was determined for unpolarised radio sources as described
in section 3.2. The columns starting with z are the results of the redshift estimates as detailed in Section 3.4. The angular distance to the pointing
centre and projected radius to the cluster centre are given by the 6, and r/Rsyy columns respectively. The ‘Visual counterpart id’ column indicates
whether the source has undergone visual inspection to mark the optical counterpart or whether it was determined automatically as described in

Section 3.3.
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Appendix E: Cluster catalogue

Table E.1. First 30 rows of the catalogue of 124 clusters used in this work.

Cluster PSZ2 Name cRA [deg] cDEC [deg] PRA [deg] pDEC [deg] cz Msoo [10]4M@] Rs00 [Mpc] Dynamical state (Csg) Radio Halo
G006.47+50.54 G006.49+50.56 227.7319 5.7481 -132.2679 5.7481 0.08 7.0 1.3 CcC False
G021.09+33.25 G021.10+33.24 248.1795 5.5866 -111.8204 5.5866 0.15 7.8 1.3 CcC False
G028.77-33.56 G028.77-33.56 312.0614 -17.8090 -47.9387 -17.8090 0.15 45 1.1 - False
G029.00+44.56 G029.06+44.55 240.5617 16.0536 -119.4383 16.0536 0.04 35 1.1 NCC False
G033.78+77.16 G033.81+77.18 207.2437 26.5846 -152.7562 26.5846 0.06 4.5 1.1 CcC False
G034.03-76.59 G033.97-76.61 357.9274 -26.0953 -2.0904 -26.0791 0.23 7.6 1.3 - False
G036.72+14.92 G036.73+14.93 271.1365 10.0362 -88.8633 10.0362 0.15 53 1.2 CcC False
G039.85-39.98 G039.85-39.96 321.7764 -12.1686 -38.2238 -12.1686 0.18 59 12 NCC False
G040.63+77.13 G040.58+77.12 207.3622 28.0946 -152.6517 28.1053 0.07 2.6 1.0 - True
G042.82+56.61 G042.81+56.61 230.6103 27.7033 -129.3896 27.7033 0.07 4.1 1.1 NCC False
G044.22+48.68 G044.20+48.66 239.5878 27.2290 -120.4121 27.2290 0.09 8.8 1.4 CcC False
G046.50-49.43 G046.47-49.44 332.5733 -12.1582 -27.4267 -12.1582 0.08 44 1.1 NCC False
G046.88+56.49 G046.88+56.48 231.0292 299118 -128.9708 299118 0.11 53 1.2 NCC True
G048.05+57.17 G048.10+57.16 230.2998 30.5986 -129.7000 30.5986 0.08 3.6 1.1 NCC False
G049.20+30.86 G049.22+30.87 260.0316 26.6138 -99.9683 26.6138 0.16 59 1.2 CcC False
G049.33+44.38 G049.32+44.37 245.1297 29.9055 -114.8704 29.9055 0.10 3.7 1.1 NCC True
G049.66-49.50 G049.69-49.46 333.6475 -10.3919 -26.3525 -10.3919 0.10 3.6 1.1 CcC False
G053.44-36.26 G053.44-36.25 323.8120 -1.0503 -36.1879 -1.0503 0.32 - - NCC False
G053.52+59.54 G053.53+59.52 227.5341 33.4851 -132.4658 33.4851 0.11 59 1.2 NCC False
G055.60+31.86 G055.59+31.85 260.6118 32.1431 -99.3883 32.1431 0.22 7.8 1.3 CcC True
G055.97-34.88 G055.95-34.89 323.8269 1.4312 -36.1729 1.4312 0.12 6.7 1.2 NCC False
G056.81+36.31 G056.77+36.32 255.6779 34.0808 -104.3221 34.0808 0.10 4.4 1.1 cc True
G057.33+88.01 G057.80+88.00 194.9093 27.9350 -165.0908 27.9350 0.02 72 1.4 NCC False
G057.61+34.94 G057.61+34.93 257.4608 34.4586 -102.5392 34.4586 0.08 3.7 1.1 NCC False
G057.92+27.64 G057.92+27.64 266.0695 33.0054 -93.9304 33.0054 0.08 2.7 1.0 CcC False
G058.28+18.59 G058.29+18.55 276.2835 30.4342 -83.7167 30.4342 0.06 3.9 1.1 NCC False
G062.42-46.41 G062.44-46.43 335.9655 -1.6173 -24.0346 -1.6173 0.09 35 1.0 NCC False
G062.92+43.70 G062.94+43.69 247.1383 39.5458 -112.8617 39.5458 0.03 2.9 1.0 CcC False
G067.23+67.46 G067.17+67.46 216.4929 37.8344 -143.5071 37.8344 0.17 72 1.3 CcC False
G068.23+15.20 G068.22+15.18 284.3945 38.0050 -75.6237 38.0223 0.06 2.2 0.9 - False

Notes. The full table is available in electronic form at the CDS. The cluster centre coordinates from the X-ray profiles are given by cRA and cDEC
and pointing coordinates are given by pRA and pDEC. The dynamical state was determined as described in Section 5.3 and the presence of a radio
halo by a literature search.
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