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ABSTRACT

Magnetic fields remain an elusive part of the content of galaxy clusters. Faraday rotation and depolarisation of extragalactic radio
sources are useful probes, but the limited availability of polarised radio sources necessitates the stacking of clusters to study average
magnetic field properties. We recently presented a Karl G. Jansky Very Large Array survey of the 124 most massive Planck clusters
at low redshift (z < 0.35), finding a clear depolarisation trend with the cluster impact parameter, with sources at smaller projected
distances to the cluster centre showing more depolarisation. In this study, we combine the depolarisation information with the observed
rotation measure (RM) and present an investigation of the average magnetic field properties of the sample, using both background
sources and sources embedded in clusters. We observe a significant increase in the RM scatter, orgrm, closer to the cluster centres.
Averaging all 124 clusters, we find a scatter within Rsg of orrym = 209 + 37 rad m~2, with background sources and cluster members
showing similar values (200 + 33 and 219 + 66rad m™2, respectively). In the simple assumption of a uniform amplitude magnetic
field with a single fluctuation scale A, this translates to an average magnetic field strength of 2 (A./10kpc)*° uG. The profile of
orrym as a function of the projected radius is inconsistent with a model that has a simple scaling B « n{, with an observed deficit near
the centre of clusters possibly caused by the fact that the highest RM sources near the centre of clusters are depolarised. Combining
depolarisation and RM in a full forward model, we find that the magnetic field power spectrum roughly agrees with the Kolmogorov
value, but that none of the Gaussian random field models can fully explain the observed relatively flat profiles. This implies that more

sophisticated models of cluster magnetic fields in a cosmological context are needed.

Key words. magnetic fields — polarization — methods: observational — galaxies: clusters: general —

galaxies: clusters: intracluster medium — radio continuum: general

1. Introduction

Galaxy clusters, the largest gravitationally bound structures in
the Universe, harbour a rich variety of physical phenomena.
Radio observations have revealed that clusters often show diffuse
synchrotron emission that can span megaparsec-sized regions,
such as ‘radio halos’ (e.g. Bonafede et al. 2022) or ‘mega-
halos’ (Cuciti et al. 2022), implying that clusters are filled with
ultra-relativistic electrons and magnetic fields. The influence
of the magnetic fields extends to particle acceleration models,
radio synchrotron age estimates, the dynamics of the intracluster
medium (ICM), and the transport of cosmic rays. Understanding
the properties and origins of magnetic fields in clusters thus has
broad importance (see Carilli & Taylor 2002; Govoni & Feretti
2004; Donnert et al. 2018, for reviews on magnetic fields in
galaxy clusters).

* Corresponding author; erik.osinga@utoronto.ca

The most promising tool to study magnetic fields is radio
polarisation observations. A magnetised plasma such as the
ICM causes a wavelength-dependent rotation of the polari-
sation angle (Faraday rotation) and depolarisation. In gen-
eral, the Faraday depth of a source is defined as (Burn 1966;
Brentjens & de Bruyn 2005)

¢(r)=812f neB - dr radm2, (D
LOS

where 7, is the electron density in parts per cm™, B is the mag-
netic field in uGauss, and dr is the infinitesimal path length
increment along the line of sight (LOS) in kiloparsecs, and we
define ¢(r) > O for the magnetic field pointing towards the
observer. In the simple case of just one radio-emitting source
along the LOS, the Faraday depth is equal to the rotation mea-
sure (RM). With a combination of RMs from radio observations
and electron densities from X-ray observations, it is thus possi-
ble to study the magnetic field properties of galaxy clusters.
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Such studies are best done at low redshifts to maximise the
cluster angular size because polarised radio sources are rela-
tively rare (e.g. Rudnick & Owen 2014). The most detailed anal-
yses have been of the Coma cluster (Bonafede et al. 2010) and
Abell 2345 (Stuardi et al. 2021), where seven polarised radio
sources were detected per cluster. The Coma cluster magnetic
field was found to agree with a Kolmogorov power spectrum
with a central strength of 5uG and a scaling of magnetic field
energy density linearly proportional to the thermal gas den-
sity (B> o n,). The central magnetic field strength in Abell
2345 was found to be similar to the Coma cluster, but with a
magnetic field energy density that scales more steeply instead
(i.e. B> o n?). Several other low-redshift clusters have been
analysed in polarisation (Murgia et al. 2004; Govoni et al. 2006,
2010, 2017; Guidetti et al. 2008; Vacca et al. 2012), with typi-
cally less than five polarised radio galaxies per study, resulting
in large uncertainties on the magnetic field estimates (see e.g.
Johnson et al. 2020, for a detailed discussion).

Because cluster magnetic fields are thought to be gener-
ally turbulent and disordered, the observed Faraday rotation
is the result of a random walk process and thus a random
variable. Accurate magnetic field estimates, therefore, require
a statistical analysis probing many independent sight lines.
Another potential problem is that polarised radio galaxies are
often embedded in the cluster, and the degree to which the
observed RM variations are caused by local interaction of
the lobes with the ICM is debated (Rudnick & Blundell 2003;
Laing et al. 2008; Guidetti et al. 2012; Osinga et al. 2022). Such
problems can be overcome by stacking clusters to increase the
number of polarised radio sources located behind clusters and
thus the number of independent sight lines through a cluster
(Clarke et al. 2001; Bonafede et al. 2011; Bohringer et al. 2016;
Stasyszyn & de los Rios 2019; Osinga et al. 2022). Although
stacking experiments have limited ability to probe differences
between clusters, they are useful for obtaining average cluster
magnetic field properties and are currently the only way to study
cluster magnetic fields beyond the few nearest clusters.

We recently published the largest homogeneous stacking
experiment using Karl G. Jansky Very Large Array (VLA)
observations of 124 galaxy clusters (Osinga et al. 2022) selected
from the Planck 2nd Sunyaev-Zeldovich source catalog (PSZ2)
(Planck Collaboration XXVII 2016). This study presented the
first clear depolarisation trend tracing the radial profile of cluster
magnetic fields using over 600 polarised radio sources. While
depolarisation traces the smaller-scale structure of the magnetic
fields on the scale of the resolving beam (usually kiloparsec), the
larger-scale structure (i.e. along the LOS, usually megaparsec)
can be inferred from the Faraday rotation of the radio sources. In
this paper, we added the information from the Faraday rotation
of the same sample of sources to study the large-scale properties
of the magnetic fields in galaxy clusters. By jointly fitting both
depolarisation and Faraday rotation, we aimed to constrain the
average magnetic field strength, scaling with density, and power
spectrum. Cosmological calculations were performed assuming
a flat ACDM model with Hy = 70km s~ Mpc™', Q,, = 0.3, and
Qa = 0.7 and the Rs( radius is the radius enclosing an overden-
sity of 500 at the cluster redshift.

2. Chandra-Planck ESZ sample

The sample of galaxy clusters is a subset of 124 out of 165
clusters from the Chandra-Planck Legacy Program for Mas-
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sive Clusters of Galaxies' (Andrade-Santos et al. 2021) that have

VLA observations presented by Osinga et al. (2022). The full

details on the data reduction, polarised source identification

and association, and determination of the polarisation properties
are presented in the aforementioned paper, but we briefly sum-
marise the important points here and highlight some improve-
ments to the catalogue. All clusters are at low redshift (z =

0-0.35) to maximise their apparent size. The analysis of the

Chandra data and resulting electron density profiles is presented

in Andrade-Santos et al. (2017).

Each of the 124 clusters was observed for ~40min
in the VLA L-band (1-2GHz), resulting in typically
20-30 wJy beam ™! noise levels at a resolution of 67" after data
reduction. Polarised sources were identified using RM-synthesis
(Brentjens & de Bruyn 2005) and matched to total intensity
components and optical counterparts. Optical counterparts were
used to determine cluster membership, with spectroscopic red-
shifts where available and photometric redshifts otherwise. The
full details on redshift determination are given in Osinga et al.
(2022), where Eqgs. (25) and (26) were used to divide sources
into background and cluster members. In total 6807 and 819
source components were detected in total and polarised inten-
sity respectively. Throughout this paper we simply refer to these
components as ‘sources’. We have fit the following model to the
polarised intensity as a function of wavelength A, which accounts
for rotation and depolarisation
P(2?) = pol exp(—2ZgyA") expl2i(xo + ¢A7)], 2
where pg denotes the intrinsic polarisation and EIZQM the inferred
variance of the RM distribution within the observing beam which
models the depolarisation as a function of wavelength?. y, is
the intrinsic polarisation angle, and I denotes the total intensity
model, which was assumed to be a simple power-law of the form
I(v) = Iyv® where v is the frequency and « the spectral index.
Equation (2) assumes that (see Sokoloff et al. 1998, for details):

1. The dominant mechanism causing Faraday rotation is an
external Faraday screen (i.e. a non-emitting foreground mag-
netised plasma, such as the ICM).

2. The foreground screen magnetic field changes on scales
(at least) smaller than the observing beam, which causes
Faraday dispersion inside the beam, resulting in depolarisa-
tion.

3. The magnetic field fluctuates as a Gaussian random field,
implying its scatter can be completely captured in the param-
eter Xrm.

It has been shown (Osinga et al. 2022) that this model accurately

fits 75% of the polarised radio sources detected in this sample,

and we discard sources that do not show a proper fit (see below).

We have improved the Monte Carlo Markov chain (MCMC)
fitter used by Osinga et al. (2022) to now properly take into
account the circular nature of y during the fitting. Osinga et al.
(2022) used a uniform prior on y ¢, ~U(0, ), which would cause
the sampler in some cases to become trapped around the bound-
ary values. We removed this prior on y( and fold the chain back
into the range [0, ) after the sampling is completed. We also
calculate the mean and spread using circular statistics where we
take into account the fact that the angles are distributed on the
half-circle €[0, ). In this way, the mean denotes the angle of

! http://hea-www.cfa.harvard.edu/CHANDRA_PLANCK_
CLUSTERS/

2 We note that Osinga et al. (2022) defined this as o%);, but we use a
different nomenclature here to avoid confusion with the scatter in RM
between sources.
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Table 1. Number counts of polarised sources and unique clusters in
which they were detected for different subsets of the catalogue in
Appendix C.

Subset Number of polarised Number of
sources clusters
All 819 124
Used in analysis 610 117
Sources inside clusters 231 67
Sources behind clusters 363 101
r / R500 <1 261 68
r/Rso0 < 1 with X-ray 233 56

Notes. Only clusters with X-ray data were forward-modelled (Sects. 4.4
and 4.5).

the average vector on the unit circle, and the standard deviation
is the spread in angles around the average vector. This agrees
with the definition of the simple arithmetic mean and standard
deviation when the angles are distributed away from the edges
of the domain (see e.g. Mardia & Jupp 2009, for more details on
circular statistics).

This paper is accompanied by an updated table of polarised
components, shown in Appendix C. We note that this update
mainly corrects the quoted mean and uncertainty of the intrin-
sic polarisation angle o and most sources have similar best-fit
RM (¢) and depolarisation (Zgry) parameters to within a few
per cent. This thus does not significantly impact the results.
Finally, we used the same criteria for identifying bad fits as
Osinga et al. (2022). All sources with a best-fit y* value that is
>50 away from the theoretical distribution, and sources with low
signal-to-noise polarised emission resulting in artificially large
values of ZzRM were flagged. This led to 195 bad fits among
the 819 polarised sources identified in 124 galaxy clusters.
After excluding three clusters (G121.11+57.01, G115.71+17.52,
G139.59+24.18) due to a lack of accurate redshift estimates, a
total of 610 sources across 117 clusters were available for sub-
sequent analysis. Table 1 provides an overview of the number
counts for various sub-samples and the unique clusters in which
these sources were found, aiding in understanding the selection
function of the defined subsets in the following analysis.

3. Methods
3.1. Determining RM scatter

We first provide a brief note on nomenclature to ensure clarity
regarding the terminology associated with various types of scat-
ter. We adopt the following definitions throughout this paper:
O0RM for the measurement uncertainty on RM.
orum for the measurable scatter (i.e. standard deviation) in
RM between sources.

— XruM for the inferred RM fluctuation across sources associ-

ated with beam depolarisation.

— 0oy for uncertainty on the scatter in RM (ogy)-

— 0Xrwm for uncertainty on Xry.
The observed (noisy) RM of a source, RM;bs, not only encom-
passes RMjyster induced by the ICM but also contains the intrin-
sic RM of the source (RM.), the RM picked up as the light
travels through the intergalactic medium (IGM), the RM intro-
duced by the Galactic foreground (RM,y) and finally the Earth’s
ionosphere (RM;,,). Taking into account cosmological redshift,

we can define

RM RM
RMobs’ - src : + RMIGM + cluster :
(1 + Ziner) (1 + Zeuster)
+ RMga + RMion, 3)

where RMjgy is the integrated contribution of the IGM, which
itself has a redshift dependence (cf. Amaral et al. 2021, Eq. (2))
that is however not relevant for this work as we regard it as a
single nuisance parameter.

The scatter in RM between sources, or RM variance, anal-
ogously is the sum of the variance of these individual terms, as
they are independent contributions. The measurement noise is
known from the estimated uncertainties in RM from the MCMC
spectral fitting (we use the 16th and 84th percentile of the pos-
terior, see Osinga et al. 2022, for details). The Galactic fore-
ground can be largely removed by correcting the RMs for the
Galactic contribution, which has been mapped most recently
by Hutschenreuter et al. (2022). The most difficult components
to isolate are the variance caused by the IGM and the intrin-
sic RM variance of radio sources. Studies using low RM vari-
ance sources (i.e. away from clusters and groups) that attempt
to isolate the extragalactic from the Galactic and intrinsic scat-
ter find that the extragalactic RM (rms) scatter is between ~1
and 10rad m~2 (Oppermann et al. 2015; Vernstrom et al. 2019;
O’Sullivan et al. 2020; Pomakov et al. 2022).

In this study, we aim to separate the cluster RM scatter from
the other sources of scatter. The cluster RM is often the largest
term, as near the centre of clusters, RMs can be of the order
of 10° rad m2. Meanwhile, the Galactic contribution to the RM
is expected to be small since the cluster sample is selected from
the Planck 2nd Sunyaev-Zeldovich source catalog (PSZ2) survey
and thus avoids the Galactic plane by design (Galactic latitude
|b| > 14°). We subtracted the Galactic contribution (of the order
of 10! rad m~2) using the recent map from Hutschenreuter et al.
(2022), propagating the uncertainties in quadrature.

After subtraction of the Galactic contribution, we can define
the residual RM as RRM = RM ¢ — RMg,, and are thus left with

RMcluster
1+ chuster)2

where we defined the last term as the extrinsic RM, which captures
the RM contribution that is not from the cluster or the measure-
ment uncertainties ()0RRM). The extrinsic RM consists of com-
ponents from the IGM, the radio source itself, and an ionospheric
component, which are difficult to separate. However, we can esti-
mate the scatter caused by RMy, through sources located far away
from clusters. At large radii (r > 3 Rs(p), the scatter is expected to
be unrelated to the ICM, and caused mainly by the extrinsic scat-
ter between sources and noise scatter due to measurement uncer-
tainties. We find that the standard deviation of the observed RMs
corrected for the Galactic contribution is equal to 13 + 2 rad m~>
(see Fig. B.1), with the measurement uncertainties accounting for
9rad m~2. This gives an estimate of ory extr = 9 rad m~2, whichis
of the same order as the observed dispersion of extragalactic RMs
(e.g. Schnitzeler 2010; Vernstrom et al. 2019).

Using this estimate of the extrinsic scatter, we can define our
estimator for the RM scatter induced by the ICM, in the observer
frame. We define the RM scatter corrected for measurement
errors and extrinsic scatter analogously to Dolag et al. (2001), as

>¥(SRRM)?
ORRM,cor = \/0' P O—ZRM,extr’ ®)

RRM = + RMexir “)

N -1
A44, page 3 of 16



Osinga, E., et al.: A&A, 694, A44 (2025)

10°
1000 — |10
500 - 10t &
|
= g
2 0+ -0 E
=R
- —
=
—500 < -—10' =
L 102
—1000 — 10
—10%
—1500 = | | |
—1000 0 1000
x [kpc]

1500 1.0
1000 0.8 8
S
Q
<
500 + =]
. 0.6 &
) ‘B
g oA g
o |
> R
0.4 =
—500 1 o
ks
(@]
~1000 024,

—1500 - T T T 0.0

—1000 0 1000
x [kpc]

Fig. 1. Simulated Faraday rotation (left) and depolarisation (right) screen for a random cluster from our sample as it would appear at 1.5 GHz with
perfect sampling. The parameters are By = 5.0uG, n = 2, n = 0.5 and the dashed and solid circles show 0.5 Rsoy and 1.0 Rsqp, respectively.

where oRrpryv 1S any estimator of the standard deviation, and the
sum is taken over all sources i = 1 to i = N to account for
varying measurement errors, SORRM, per source, and orm exr =
9radm.

Finally, the cluster rest-frame RM scatter is higher than the
observed RM scatter because we artificially measure smaller
RMs (by a factor (1 + 2)72) due to cosmological redshift. This
effect is difficult to account for exactly in a stacking experiment
but can be approximated by using the median redshift of the
cluster sample, weighted by the number of polarised sources per
cluster. Finally, we thus define the corrected RRM scatter (stan-
dard deviation) as

(6)

This estimator was calculated in radial bins to measure the RM
scatter profile.

2
ORRM,cor = O—RM,cor’(l + med[Zetuster])”-

3.2. Comparison to models

In the simple scenario of random magnetic field directions in
cells of size A, kpc, which have some uniform magnetic field
strength and uniform electron density, the observed RM is the
result of a random walk process. Because of the central limit
theorem, the distribution of RMs is then expected to be a Gaus-
sian distribution with zero mean, and variance given by (e.g.
Murgia et al. 2004)

o2 1(a/Rspo) = 8122, f (neB)Ydl, ™
LOS

where dl is the infinitesimal path length increment along the line
of sight (LOS) in kpc, . is measured in cm™ and By is the mag-
netic field strength parallel to the line of sight in uG.

In reality, the magnetic field structure will more closely
resemble a random field with fluctuations on many spatial
scales, and both the magnetic field strength and electron den-
sity will scale with radius. Thus comparing observations to
more realistic scenarios requires simulated magnetic fields. We
followed the approach explained in Section 4 of Osinga et al.
(2022) to generate mock rotation measure and depolarisation
images for all clusters in our sample which have X-ray obser-
vations available (99/124). We assumed that the clusters have
spherical and smooth electron density profiles, with best-fits
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to the de-projected electron density as a function of radius
taken from Andrade-Santos et al. (2017), which are shown in
Fig. B.4. In reality, there are likely density fluctuations in the
ICM. However, these are difficult to measure and of the order of
only a few per cent (e.g. Schuecker et al. 2004; Churazov et al.
2012; Sanders & Fabian 2012). Magnetic field fluctuations are
expected to be stronger. Therefore, we have modelled the mag-
netic field as a Gaussian random field.

An example of a mock RM and depolarisation image is
shown in Figure 1 for a random cluster in our sample. To com-
pare the mock images to observations, we sample a mock source
for every observed source at the same projected radius. If the
source was classified as a background source, the integration is
done over the full grid, while for a cluster member, the integra-
tion is done assuming the source lies at the midplane of the clus-
ter.

In these models, the magnetic field is assumed to be a three-
dimensional Gaussian random field with a single-power law
spectrum characterised by the following parameters: By, 7, n,
Amin and Ap,x. The first two denote the variables that parame-
terise the magnetic field strength, assumed to follow

ne(r)

n
> 8
(ne(0)) ) .

where (n,(0)) is the average central electron density of the clus-
ters in our sample, which is equal to 0.056cm™. A relation
between B and n. is predicted by MHD simulations of clus-
ter magnetic fields (e.g. Dolag et al. 2005; Vazza et al. 2018;
Marinacci et al. 2018), with the physical motivation for this rela-
tion being related to the fact that magnetic fields and thermal
electrons are subject to the same external forces (e.g. turbulence
and mergers) or micro-scale plasma processes (e.g. Kunz et al.
2011). Depending on the exact physical conditions in the galaxy
cluster, this can give rise to various relations between B and
ne. For example, the compression of a tangled magnetic field
under the magnetic flux-freezing condition, yields B « ng/ 3,
while assuming that the magnetic energy remains at a constant
ratio with respect to the turbulent energy results in B o ne'/?
(e.g. Johnson et al. 2020, and references therein). Observation-
ally, this relation has also been found, with values of 1 roughly
between 0 and 1 (e.g. Bonafede et al. 2010; Govoni et al. 2017,
Stuardi et al. 2021). We normalise B to follow Eq. (8) after gen-
erating the Gaussian random field (see Osinga et al. 2022 for

B(r) = Bo(
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details), which technically breaks the null-divergence property
of the cluster magnetic field. However, this minimally impacts
the final results as found by Murgia et al. (2004) and has been a
standard method of generating cluster magnetic fields in the liter-
ature (e.g. Murgia et al. 2004; Bonafede et al. 2010; Vacca et al.
2010; Govoni et al. 2017; De Rubeis et al. 2024).

The last three parameters encode the power spectrum of the
magnetic field:

|Byl* oc k7", ©)

between minimum and maximum fluctuations scales that are
denoted by Anin and Ap.x in image space, respectively. In
the simplified picture of scale-by-scale equipartition between
the energy density of magnetic fields and turbulent motions
(kinetic energy), we expect Kolmogorov turbulence to result
in a magnetic field energy spectrum with n = 11/3° (e.g.
Schekochihin et al. 2004). The assumption of scale-by-scale
equipartition is not necessarily valid in all galaxy clusters, and
observationally, the spectrum was found to take values between
n =1 and n = 4 (Murgia et al. 2004; Govoni et al. 2006, 2017,
Guidetti et al. 2008; Bonafede et al. 2010; Vacca et al. 2010,
2012; Stuardi et al. 2021; Osinga et al. 2022). We have com-
puted all models on 10247 pixel grids, to simulate all clusters
homogenously. Here, one pixel represents 3 kpc, and clusters are
thus simulated out to about 1.5 R5yo, with a minimum fluctua-
tion scale of Ayn = 6kpc. These models will be compared to
observations in various ways, as detailed in the next section.

4. Results
4.1. Average magnetic field strength

In Figure 2, we plot the RRM as a function of the projected
distance to the nearest cluster centre (denoted as a throughout
this work). A clear trend is visible, with the scatter in RRM
decreasing with a larger distance to the cluster centre. We deter-
mined the corrected RRM scatter for all sources within 1 Rsq,
using Eq. (6), and find that the RRM scatter of cluster mem-
bers and background sources are similar®, being 200 + 33 and
219 + 66 rad m~2, respectively, as shown in Table 2. Assuming
that clusters are spherically symmetrical on average, or at least
have no bias towards our direction, and that cluster members are
on average located at the mid-plane of the cluster, we expect
the RRM scatter of background sources to be at least V2 times
that of cluster members at the same projected radius. However,
cluster members are found preferentially at smaller radii (e.g.
Osinga et al. 2022, Fig. B.1), where the scatter in RM is larger
due to generally larger magnetic field strength and electron den-
sities (e.g. Bonafede et al. 2010).

The mean value of the RMs agrees with zero as a function
of radius, as shown in Figure 3, consistent with random mag-
netic field orientations along the line of sight. Assuming the sim-
ple random walk scenario denoted by Equation (7), we find that
the most rudimentary estimate of the line-of-sight magnetic field
strength is given by

B -3\
B\ _ 4 Tr0/200) (/10
wG radm2 cm™3
L [Ad/10 ~2 1171000\
kpc kpc

(10)

3 For a power spectrum that is expressed as a vectorial (3D) form in
k-space. The one-dimensional power spectrum would follow n = 5/3.
4 All uncertainties on oggy are calculated by 1000 bootstraps.
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Fig. 2. RRM as a function of the normalised distance to the nearest clus-
ter centre. The median uncertainty in RM is 11 rad m~? for both cluster
members and background sources. The plot is shown on a partially log-
arithmic scale in Appendix B to show low RM sources more clearly.

Table 2. Corrected standard deviation of RM in rad m2, as defined in
Eq. (6) for different subsets and projected radii.

<0.5 R509 0.5—-1.0 R5pp <Rs500 >R500
All 244 + 47 127 + 30 209 +37 28+5
Inside @ 196 £40  219+59 200+33 27+8
Behind® 312+100 51+6 219+66 29+6
CcCc® 15966 75124 133+£49 17+3
NCC@  234+42 607 191+£35 17+7

Notes. We refer to Fig. 6 for the corrected IQR as a function of radius.
@Sources located inside clusters. ®Sources located behind clusters.
©Only cool-core clusters. ”Only non-cool-core clusters.

where L indicates the line-of-sight column length, which will
be on average twice as large for background sources as cluster
members. If we assume that cells are ordered on scales of 10 kpc
with an electron density of 107>cm™ (e.g. Bohringer et al.
2016), this reduces to

B = _TRM
' os7vE

(1D

If we assume approximately L = 1000 kpc for cluster members
and twice as large for background sources, we find magnetic
field strengths averaged within Rsgo equal to 2—3 uG. Although
the simple scenario suffices to give an order of magnitude esti-
mate for the average magnetic field in galaxy clusters, it is clear
from Figure 2 that the product of the magnetic field strength and
electron density is not constant as a function of radius.

As we have information on the radial shape of the electron
densities, we plot in Figure 4 the observed rotation measures as
a function of ICM electron column density. This plot is less pop-
ulated, as we now only show sources that are detected within a
projected radius a < 2 Rsgg, where the Chandra-derived column
density values are reliable. The scatter in rotation measure sig-
nificantly increases with increasing column density, and the pref-
erential sampling of cluster members at high column densities
(i.e. low radii) is clearly pronounced. Following Bohringer et al.
(2016), we calculated the scatter in rotation measure in bins of
column density, from which the average magnetic field strength
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Fig. 3. Mean of the RRM in bins of the projected normalised dis-
tance to the nearest cluster centre. The horizontal error bars indicate
the bin edges. Cluster members are shown in blue, background sources
in orange, and the combined bins in black.
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Fig. 4. RRM as a function of the electron column density for sources
detected at a < 2 Rsp. The plot is shown on a partially logarithmic
scale in Appendix B to show low RM sources more clearly.

along the line of sight can be calculated as

B” 18 ORM ( ]\/ve ) L 172
—L])=3.801x10"8 [ — =1 .
(u G) 8 radm=2)\em2/\ A,

The RM scatter as a function of column density is shown in
Figure 5. The bottom panel of Figure 5 shows the resulting
magnetic field estimate from Equation (12). We find that the
average magnetic field strength is 0.2uG VL/A,, resulting in
around 2 uG for typical values of L = 1000 kpc and A, = 10kpc
(Bohringer et al. 2016).

12)

4.2. Radial profile

Though the average magnetic field strength is a useful prop-
erty to constrain, cluster magnetic fields (and electron densi-
ties) show a radial decline. We calculated the scatter in rota-
tion measure in a running window of 50 points as a func-
tion of radius. This was computed following Eq. (6), using the
interquartile range (IQR) as a robust measure of orrm (i.e.
orrM = IQR/1.349). A clear trend of the RM scatter being sig-
nificantly higher closer to the cluster centre is present in Fig. 2,
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Fig. 5. Corrected standard deviation of RMs in bins of electron column
density, for sources detected at a < 2 Rsy. The bins for the full sam-
ple have equal frequency with 71 sources per bin, while the bins for
the sub-samples are defined in logarithmically spaced bins to sample
similar densities. The horizontal error bars indicate the bins, and points
are plotted at the median N.. The bottom panel shows the magnetic
field estimate assuming Equation (12), with a correlation length that is
a factor 100 smaller than the line-of-sight distance, resulting in a mean
strength of ~2 uG.

showing the effect of the turbulent magnetised ICM increasing
in density, magnetic field strength or both®. Background sources
and cluster members show similar scatter profiles, indicating that
they are largely tracing the same effect. However, background
sources do show an increasing scatter above a ~ 0.7 Rsgp. We
checked whether this can be attributed to a change in possi-
ble confounding variables in Appendix A (i.e. the uncertainty in
RRM, galactic latitude of clusters, redshift of clusters, or polari-
sation fraction of radio sources), and found that this is the region
where we start preferentially sampling high-mass clusters, in
contrast to the inner region where low-mass clusters are pref-
erentially sampled (see Fig. A.1). As high-mass clusters provide
larger column densities, and generally occupy denser parts of the
cosmic large-scale structure with higher chances of intervening
groups or dense filaments along the line-of-sight, it is likely that
this is the cause of the rising RM scatter as a function of the
radius after a ~ 0.7 Rsqp.

Theoretically, we would expect background sources to dis-

play a scatter in RM that is on average greater by a factor V2,
since cluster members are on average located at the midplane
of the cluster and polarised light thus travels through half the
column that background sources probe. However, from Figure 6
it is clear that such an effect is not observed. To quantify this,
we performed a z-test to test two null hypotheses in radial bins:
(1) that the scatter of background sources and cluster members
are the same, and (ii) that the scatter of background sources
is V2 times the scatter of cluster members. We found that we
could reject neither of the null hypotheses with 95% confidence.
This implies that the uncertainties are too large to identify a sta-
tistically significant difference between the RM of background
sources and cluster members. To increase the number statis-
tics, we also binned all sources into a radial bin bounded by
[0, Rs00], and found marginal evidence (p = 0.02) to reject the

null hypothesis that IQR(RMpeping) = V2. IQR(RM;yside). How-

5 We present, in Appendix A an analysis into possible non-ICM effects

or confounding variables that could cause such a scaling.
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Fig. 6. Corrected scatter of observed RRMs as a function of the pro-
jected distance to the nearest cluster centre. The running scatter is cal-
culated using a fixed sliding window of 50 points, the horizontal error
bar indicates the median width of the sliding bin.

ever, this is likely caused by the fact that the cluster members are
preferentially detected at smaller radii (median radius 0.34 Rsq)
than background sources (median radius 0.54 Rsg,), where the
scatter is expected to be larger.

In the simplified model of the turbulent ICM as laid out
in Section 3, the variance in rotation measure as a function
of the projected distance should be proportional to the line-of-
sight integral given in Equation (7). We can thus determine the
magnitude of the 3D magnetic field fluctuations and the scal-
ing between magnetic field and thermal electron density from
the orrMcor profile. We sampled sources from our mock RM
images created with n = 11/3 (i.e. a Kolmogorov power spec-
trum), with the same radial sampling as the observed sources.
We calculated the simulated scatter profile using the same slid-
ing window, which is shown in Figure 7 for a magnetic field to
electron density scaling of = 0.5 and = 0.0 (i.e. constant
B). The canonical profile with n = 0.5 is not a good fit to the
data, as it underestimates the scatter near the outskirts and over-
estimates the scatter near the centre. The observed profile agrees
more with a constant magnetic field, although given the smooth-
ing scale of the sliding window, it is difficult to constrain the
value of i precisely. The best-fit central magnetic field strength
likely lies between 1 and 10 uG, agreeing with the value from
the depolarisation of radio sources (Osinga et al. 2022). We note
that only using sources behind clusters gives similar results, as
the scatter is similar as a function of radius. However, the rel-
ative flatness of the observed profile is caused by the cool-core
cluster sample, as investigated in the next section.

4.3. Merging versus relaxed clusters

Differences between the magnetic field properties of relaxed
and merging clusters have been tentatively observed in various
studies (Bonafede et al. 2010; Stasyszyn & de los Rios 2019;
Osinga et al. 2022), but not yet clearly quantified. Following
Osinga et al. (2022), we split our sample into merging and
relaxed clusters based on the presence of a cool-core (CC) or
absence of one (NCC). The corrected scatter in RM as a func-
tion of the distance for the NCC and CC clusters is shown
in Figure 8. There is a clear difference between the two sam-
ples, with the CC sample showing a relatively flat scatter pro-
file, while the NCC sample shows significantly increasing scat-

Simulated By = 10 uG, 7 = 0.5
Simulated By = 1 uG, n = 0.0
—— Observed

ORRM,cor [rad 11142]

0.0 0.2 0.4 0.6 0.8 1.0
a/Rsoo

Fig. 7. Corrected scatter of RRMs as a function of the projected distance
to the nearest cluster centre for modelled clusters. The running scatter
is calculated using a fixed sliding window of 50 points, with simulated
profiles shown for 7 = 0.0 and 7 = 0.5.

ter with lower projected radius. Similar behaviour was observed
in the depolarisation of radio sources in the same sample, with
CC clusters showing a flatter depolarisation profile (Osinga et al.
2022). Additionally, splitting the sample in background sources
and cluster members (left panel and right panel) shows that both
populations trace similar effects in NCC clusters whereas clus-
ter sources show a significantly flatter profile in CC clusters. It
is unlikely that this is an ICM effect, given that it would imply
an increasing magnetic field as a function of radius. Given the
anomalies in the CC sample, In Fig. 9, we compare the NCC
clusters scatter profile to simulated scatter profiles. NCC clus-
ters do show general agreement with a model with = 0.5 or
n = 0.0, although the drop in the central region a < 0.2 Rs5q
cannot be explained by our model. This drop is observed in both
the background population and sources inside clusters. It is pos-
sible that high RRM sources near the projected centre of clusters
are depolarised, causing an observational bias against detecting
high RRM sources near the centre. We exclude this a < 0.2 Rsg
region in the fit in Fig. B.5, where we find that = 0.0 and
n = 0.5 have comparable y? values.

4.4. Constraining the magnetic field power spectrum

Both the RM and depolarisation of sources scale similarly
(although not identically) with the magnetic field strength, but
differently with n and A,.x, and therefore the ratio can be used to
constrain n and Ay, relatively independent of the other param-
eters (e.g. Bonafede et al. 2010). We defined the ratio of RM to
depolarisation as

[RM]
1-DP

(13)

This ratio is also relatively independent of radial distance, as the
depolarisation will increase (i.e. take lower values of DP) as the
RM increases towards the cluster centre. We verified this with
both Spearman and Pearson tests, which showed no significant
correlation.

The median observed ratio of [RM|/(1 — DP) across all
sources was found to be 113 + 12rad m~2, with the uncertainty
calculated by 1000 bootstraps, with background sources and
cluster members having similar values of 106 + 17 radm~2 and
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Fig. 8. Corrected scatter of RRMs as a function of the projected dis-
tance to the nearest cluster centre. Cool-core clusters are shown in blue,
while non-cool-core clusters are shown in orange. The left panel shows
background sources, while the right panel shows cluster members. The
running scatter is calculated using a fixed sliding window of size 0.50,
indicated by the horizontal errorbar.
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Fig. 9. Corrected scatter of RRMs observed in NCC clusters as a func-
tion of the projected distance to the nearest cluster centre. The run-
ning scatter is calculated using a fixed sliding window of 50 points,
the median width of the sliding window is indicated by the horizontal
error bar. Best-fit simulated profiles are shown for n = 0.0 and = 0.5.

119 + 14 rad m~2, respectively. Figure 10 shows the median ratio
compared with simulated values for sources sampled at similar
positions in the simulated RM and depolarisation images. It is
clear from the figure that models with most of the magnetic field
energy on small scales (i.e. n < 3) cannot reproduce the observed
RM ratio, mainly because those models result in too low val-
ues of |[RM]| due to the rapidly fluctuating magnetic field along
the line of sight. Instead, models with n > 3 provide a good
fit for various values of the maximum correlation scale Apax.
Lowering Ap,x has an analogous effect to lowering n, namely
decreasing the coherence length of the magnetic field along the
line of sight. This thus results in a smaller average |[RM| while
the effect on depolarisation is less significant, as this is measured
on scales below the observing beam (less than typically 15 kpc,
although dependent on cluster redshift). Thus, the observed data
best matches n > 3.
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Fig. 10. RM ratio, as defined in Equation (13), as a function of the
magnetic field power spectrum index n. The median observed value is
indicated by the black line, while the simulated values are indicated by
the coloured points, with different markers for different magnetic field
strengths. The uncertainty on the simulated values reflect the 16th and
84th percentile of 10 random initialisations.

For a Kolmogorov spectrum (n = 3.67) with typical values
of the central magnetic field strength between 1-10 nG, the data
are consistent with A, > 100 kpe. Lower values of Ap,x would
require significantly higher central magnetic field strengths.

4.5. RM and depolarisation forward model

Finally, we find the best model that reproduces the data
by following the approach used in previous works such
as Murgia et al. (2004), Bonafede et al. (2010), Govoni et al.
(2017), Stuardi et al. (2021), directly comparing the simulated
RM and depolarisation images to the observed data. For every
source, we sample an equivalent source from the simulated clus-
ters, and compute the expected RM and depolarisation. We min-
imise the difference between the simulated and observed radial
scatter in RMs, and the depolarisation as a function of radius.
We define the function to be minimised, g, as follows

4 = Gdepol + grRM

-y (DPobs<r> - <D1>m(r>>)2 . (chRM,obsm - <aRRM,sim<r)>)2

err(DPops) err(CRRM,obs)

(14)

where the observables are calculated in running bins equivalent
to Fig. 6. Simulated observables are averaged over 10 different
random initialisations as denoted by the angle brackets. Because
sources in this sample were found to be intrinsically depolarised
with DP=0.92 at large radii (Osinga et al. 2022), we incorpo-
rated this into the simulated depolarisation. We fix the power
spectrum to the Kolmogorov value of n = 3.67 to reduce the
computational burden, as Section 4.4 showed that the RM ratio
is consistent only with models that have n > 3.

Given the atypical behaviour of the CC sample, we for-
ward model only the NCC sample, taking both behind and
cluster members since the profiles are statistically similar (see
Sect. 4.3). This smaller sample size consists of 182 sources
detected at a < 1500 kpc in 42 unique clusters. First, we inves-
tigate the best-fit models when fixing the magnetic field to elec-
tron density scaling to the typical value of 5 = 0.5. Figures 11a
and 11b show the values of ggepol and grym respectively, as a func-
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Fig. 11. Values of ggepol (a) and gry (b) as defined in Equation (14) for combinations of By and Ary. Models are simulated with a Kolmogorov

power spectrum and 7 = 0.5. The best-fit model is marked by a cross.

tion of By and Ay.x. We find the best agreement for a model
with By = 10uG and a maximum correlation scale equal to
Amax = 100kpc for the depolarisation profile and By = 5uG
with A = 1536 kpe for the RRM scatter profile. The former is
the best-fit model when combining the g values in a normalised
form. Figure 12 shows the measured and simulated radial pro-
files for both best-fit models. Both models are unable to explain
the data fully, with both the observed orrMm and the depolarisa-
tion profile being flatter than the simulated profiles.

Section 4.2 showed that the radial profile of orgrym preferred
low values of n ~ 0.0. We thus also forward modelled with
n = 0.0, and show the g-values and best-fit forward models in
Appendix B, Figures B.6 and B.7. Strictly by g-value, models
with 7 = 0.0 provide a better fit to the data than the n = 0.5 mod-
els, but again none of the models provide a consistent fit to both
the depolarisation and rotation measure scatter that we observed.

5. Discussion

Previous studies of samples of clusters have investigated
either the statistical depolarisation (Bonafede etal. 2010;
Osinga et al. 2022) or the rotation measure as a function of
the projected radius (Clarke et al. 2001; Bohringer et al. 2016;
Stasyszyn & de los Rios 2019). In this work, we have for the first
time measured both the rotation measure and depolarisation in a
consistent way for polarised radio sources along sight-lines of
stacked galaxy clusters.

The previously largest statistical study of cluster magnetic
fields was performed by Bohringer et al. (2016), who cross-
matched 1773 clusters with the RM catalogue compiled by
Kronberg & Newton-McGee (2011) to find 92 RM sight-lines
within Rsop. We significantly increase the number statistics,
detecting 261 radio sources with well-defined RM and depolari-
sation within Rsg in only 124 clusters. Comparing Table 2 with
Table 1 in Bohringer et al. (2016), we find significantly higher
orry in all radial bins, except outside Rsop. The reason for this
is likely twofold. First, there is a difference in the RM sensitivity
as the Bohringer et al. (2016) is likely based on radio data with
larger channel widths, preventing detection of high RMs (they
find a maximum [RM]| < 700 rad m~2). Second, the cluster sam-
ples are different, as Bohringer et al. (2016) quote a mean clus-

ter mass of 3 x 10'* M, while only 15 out of our 124 clusters
have a mass below this value, and the mean mass of our sam-
ple is 5.7 x 10'* M,,. Taking the different sampling into account
by calculating the scatter as a function of the electron column
density in Section 4.1, we found an average magnetic field esti-
mate of 3G in our sample of galaxy clusters, perfectly con-
sistent with the findings of Bohringer et al. (2016). Outside the
typical Rsoo radius of clusters, we observed a corrected stan-
dard deviation ogrm = 28 + 4rad m~2. This is lower than the
value of 56 + 8 radm~2 found by Bohringer et al. (2016) which
did not correct for measurement uncertainties, but significantly
higher than the expected intrinsic variation in the radio sources
of 5—7 rad m~? (Schnitzeler 2010). We thus observe an enhanced
RM scatter beyond R as well.

Inside R, the shape of the scatter profile was used to deter-
mine the magnetic field strength and electron density scaling,
as shown in Figure 7. The RM scatter inside Rsgg showed a flat
radial profile compared to expectations from a simple scaling of
the magnetic field with the electron density of clusters. Plasma
theories generally predict > 0.5, with magnetic flux freezing
giving 7 = %, adiabatic compression giving 7 = 1.0 and dynamo
models often predicting a constant magnetic energy density to
thermal energy density ratio (i.e. n = 0.5). Observationally, the
best determined magnetic field profile is that of the Coma cluster,
for which = 0.4-0.7 was found. Other studies using resolved
(cluster) radio galaxies also find n > 0.5 (Murgia et al. 2004;
Vacca et al. 2012; Govoni et al. 2017; Stuardi et al. 2021).

In contrast, we found that the best-fit orrm(a) model pre-
ferred n < 0.5, below the other experimental and theoretical
values. However, statistical studies such as this one, that use
RMs of unresolved radio sources to determine the RM scat-
ter, suffer from a significant observational bias as sources with
high RM values near the centre of clusters are likely to be
depolarised and thus missed. The observed electron density pro-
files, shown in Fig. B.4, illustrate the problem as the electron
densities rise strongly towards the core of clusters. Using Eq. (7),
we expect orrMm to be ~8 times larger at » = 0.15 Rsop than at
r = 0.5 R5qo. Since the scatter observed at 0.5 Rsq is of the order
of 50 rad m2, we expect a scatter of the order of 400 rad m~2 at
r = 0.15Rs5pp. Sources with such high RM scatter are quickly
depolarised at the observed frequencies (Osinga et al. 2022),
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Fig. 12. Comparison between observed and forward-modelled depolarisation and RM scatter for two models that minimise the q statistic as defined
in Equation (14). (a) Model that minimises ggepor. (b) Model that minimises ggrm.

presenting a missing data problem. This artificially decreases
the steepness of the orrm profile, requiring low values of 7 to
match the data. In contrast, studies relying on resolved radio
sources often probe orrm on smaller scales (i.e. the size of
the radio source) where fluctuations are expected to be signifi-
cantly smaller and thus if a polarised radio source is detected, the
scatter can be determined more accurately (e.g. Bonafede et al.
2010).

Other statistical studies probing many unresolved sight-
lines such as Bohringer et al. (2016), Stasyszyn & de los Rios
(2019) have also not observed a strong increase of orrm at low
radii, implying the same observational bias. However, at higher
frequencies, RM values as high as 10000rad m=2 have been
observed in the centre of some clusters® (e.g. Taylor & Perley
1993; Baidoo et al. 2023). Higher frequency data that suffers
less from depolarisation is thus needed to determine the value
of i accurately. This will be provided by, for example, the VLA
Sky Survey (VLASS; Lacy et al. 2020) Depolarisation does not
suffer as strongly from this observational bias at low radii, as
upper limits on depolarisation fractions can still be set on sources
that are significantly depolarised, given that they are detected at
high signal-to-noise in total intensity. However, the depolarisa-
tion curves that we observed also do not agree with any of the
Gaussian random field models explored in this paper, being gen-
erally flatter than models, as also seen in Osinga et al. (2022).

Thus, we finally fit both the orrm and depolarisation radial
profile jointly by means of forward modelling the NCC clusters,
since the CC clusters showed anomalous behaviour as explained
below. None of the models could explain the RM and depolarisa-
tion data consistently, with observations finding a flatter profile
than expected from the models. However, our models assume
clusters are spherical over-densities without any surrounding
large-scale structure, which is unrealistic since clusters will on
average lie between one or two filaments (e.g. Pimbblet et al.
2004). The densities and possibly magnetic field strengths in the
regions connecting the clusters to the filaments will be higher
than our spherical g-like model, plausibly flattening the observed

% Depending on the electron density and magnetic field structure in
the cluster, Taylor & Perley (1993) determined that a magnetic field
strength of 30 uG was required in case of the Hydra A cluster.
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RM and depolarisation profiles. Additionally, our models do not
account for any fluctuations in the electron density with a sim-
ilar or different power spectrum than that of the magnetic field.
Although there are indications from simulations that the mag-
netic field and thermal density power spectra could be similar
at small scales (e.g. Dominguez-Ferndndez et al. 2019), this is
difficult to constrain observationally and expected to be of the
order of a few per cent (e.g. Churazov et al. 2012). Additional
density fluctuations would generally increase the modelled RM
scatter, and thus require slightly lower magnetic field strengths to
fit observations. Finally, the assumption that the magnetic fields
are Gaussian is in contrast with expectations if the fields are
generated by the fluctuation dynamo mechanism, which predicts
spatially intermittent fields with non-Gaussian statistics (e.g.
Schekochihin et al. 2004; Vazza et al. 2018; Seta et al. 2020;
Kopyev et al. 2022). Comparisons with cosmological magneto-
hydrodynamical (MHD) simulations are an obvious next step,
with realistic turbulent gas profiles, potential non-Gaussian mag-
netic fields and clusters that are embedded in the large-scale
structure around them (e.g. Marinacci et al. 2018).

Keeping these caveats in mind, we fixed the magnetic field to
electron density scaling to the observationally best-determined
value of n = 0.5 (Bonafede et al. 2011) and found that the best-fit
model had By = 5uG and Apax ~ 100kpc. The central magnetic
field strength is consistent with previous single object studies as
well as statistical studies (Murgia et al. 2004; Govoni et al. 2006,
2017; Guidetti et al. 2008; Bonafede et al. 2010; Vacca et al.
2010, 2012; Stuardi et al. 2021; Bohringer et al. 2016). How-
ever, the correlation scale is significantly larger than found in
resolved cluster member studies that typically find values around
50kpc (Guidetti et al. 2008; Bonafede et al. 2010; Vacca et al.
2012; Govoni et al. 2017), although the resolved sources are
often limited in size to less than a few hundred kiloparsec. Stud-
ies that use the brightness fluctuations or possibly polarised
emission of radio halos to constrain the magnetic field power
spectrum found results consistent with outer magnetic field
fluctuation scales of ~400kpc (Govoni et al. 2005; Vacca et al.
2010), agreeing with the 100 kpc estimate. Fluctuations on scales
of more than a few hundred kpc are also expected theoretically,
as the turbulent dynamo process thought to be responsible for
magnetic field amplification in galaxy clusters is expected to



Osinga, E., et al.: A&A, 694, A44 (2025)

occur on various scales, from less than a kiloparsec up to a mega-
parsec (Donnert et al. 2018).

In the forward modelling, we have decided to combine the
information from cluster members and background sources to
maximise the number statistics, as the orrym profiles are statis-
tically similar, and Osinga et al. (2022) showed that the depo-
larisation properties of cluster members and background sources
are also similar. We checked for a biased contribution to orrm
from cluster members in Section 4.2 but found that, using the
full sample, we could reject neither the null hypothesis that clus-
ter members and background sources have similar scatter nor
the null hypothesis that background sources show a scatter that

is V2 times larger. This is in accordance with the interpretation
from Osinga et al. (2022) that in large samples, cluster members
and background sources trace similar ICM effects. However, it

is also possible that we do not detect the V2 difference because
cluster members have slightly enhanced RM scatter due to inter-
action with the ICM (e.g. Rudnick & Blundell 2003). Because
we could not reject either null hypothesis, a larger number of
polarised radio sources is needed to observe whether background

sources indeed show an RM scatter that is V2 times that of clus-
ter members.

Finally, we checked for qualitative differences between
merging and relaxed clusters. During cluster mergers, turbu-
lence is injected on large scales, which can amplify magnetic
fields, and drive large fluctuation scales (e.g. Vacca et al. 2018).
Relaxed clusters, on the other hand, are expected to have smaller
fluctuation scales, as the energy injected by a previous merger
has dissipated through cascades to smaller and smaller scales.
We found a significant difference between the merging and
relaxed cluster samples. Merging clusters show higher values
of orrM in the region 0.5 < r/Rsyy than relaxed clusters, and
sources inside relaxed clusters probe a flat ogry profile as a
function of radius. Higher RM scatter in merging clusters was
also observed by Stasyszyn & de los Rios (2019), although with
larger radial bin sizes. If a scaling between B and #, is assumed,
then CC clusters should show a steeper radial profile near the
centre, as CC clusters often have higher central electron den-
sities, as also shown in Fig. B.4. It is unclear what is causing
the relative flatness of the orrMm profile in the sample of cluster
members inside CC clusters, so CC clusters were not used for the
full RM and depolarisation forward model. In the future, explor-
ing a two-component magnetic field model for CC clusters might
alleviate the inconsistency, analogous to two-component models
that are used to fit CC cluster thermal electron density profiles
(e.g. Vikhlinin et al. 2006).

6. Conclusion

This work has presented the continuation of the study pre-
sented by Osinga et al. (2022), where VLA 1-2GHz polari-
sation observations of 124 massive Planck clusters were pre-
sented, and the depolarisation properties of polarised sources
were investigated as a function of the projected radius to the
nearest cluster centre. We have incorporated the additional infor-
mation from the best-fit RM and constrained cluster magnetic
field properties by combining depolarisation and RM in a sam-
ple of clusters for the first time. We summarise the results of this
work as follows:
1. We have clearly detected the increase of the scatter in rota-
tion measure as a function of decreasing projected radius
or increasing electron column density. Averaging all 124
clusters, we find a corrected scatter within Rsog of orm =

209 +37 rad m~2. The scatter outside of Rsyy was found to be
28+5rad m~2, still significantly larger than our measurement
uncertainties.

2. Assuming that magnetic fields fluctuate on a single charac-
teristic length scale A, with a constant strength, the observed
RM scatter agrees with an average magnetic field strength
within Rsog equal to 2 (A./10kpc) =3 uG.

3. Differences between the RM scatter of cluster members and
background sources are expected from the differences in path
lengths alone. However, using the full sample of sources,
we could not reject the null hypothesis that cluster members
sources show similar ogry profiles as background sources,
consistent with the result that background sources and clus-
ter members also show similar depolarisation in the same
sample of clusters (Osinga et al. 2022).

4. The profile of orrm shows a significant decrease as a func-
tion of the projected radius. However, the profile is flatter
than expected from models that have a scaling of B o« n/
with = 0.5. We found that CC clusters show a flatter pro-
file than NCC clusters, particularly when traced by cluster
members.

5. Based on the ratio of RRM and depolarisation, models with
magnetic field power spectral indices n < 3 are strongly
rejected by the data. This is consistent with expectations
from Kolmogorov turbulence (n = 3.67).

6. Jointly modelling both the depolarisation and rotation mea-
sure of sources in a forward modelling approach, we find that
the observations cannot be explained by the simple model
of a Gaussian random magnetic field that follows B o n(.
Although = 0 is slightly preferred over = 0.5, more
advanced modelling of cluster magnetic fields is required.

In this work, we implicitly assumed that all clusters have the

same magnetic field parameters, while in reality, this might

be a function of dynamical state, mass, or redshift. The uni-
versality of cluster magnetic fields has not been thoroughly
tested (e.g. Govoni et al. 2017) and might significantly affect
our results. Future observations with more sensitive telescopes
such as MeerKAT and the Square Kilometre Array could test
this assumption by detecting enough polarised sightlines through
single clusters such that stacking is not required. Such obser-
vations should take into account that Equation (2) might not
hold for all sources, as diffuse radio emission from clusters
(e.g. van Weeren et al. 2019) might induce complexity into the
Faraday spectra.
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Appendix A: Confounding variables

The radial distribution of polarised sources has an impor-
tant selection effect. The fact that clusters are observed with
pointed observations of a finite primary beam size (15’) means
that there is a strong correlation between the projected radius
of polarised sources and host cluster redshift, as shown in
Fig. A.1. This, combined with the fact that PSZ clusters, show
a strong correlation between mass and redshift, with lower
mass clusters only being found at low redshifts (e.g. Fig. 26 in
Planck Collaboration XXVII 2016), means that at small radii,
the stacked sample is dominated by low-mass clusters, while
at large radii the sample is dominated by high-mass clusters.
Thus, even if clusters are self-similar in their thermal prop-
erties, at larger radii we will be probing preferentially larger
column densities and thus expect larger RM scatter and depolar-
isation. Therefore, a simple analytical evaluation of Eq. 7 with a
fixed path length does not follow the observed trend. However,
if the radial profiles are compared to simulated profiles by for-
ward modelling every cluster, integrating along appropriate path
lengths, and sampling a simulated radio source at the same radial
position, this is taken into account.

We also investigate whether other variables than the pro-
jected radius correlate with increased scatter in RM. We found
that the smallest background sources show the largest values of
[RRM]|, as shown in Figure A.2. Particularly, for the 29 sources
with 4/Maj X Min < 5arcseconds, the [RRM]| rises rapidly.
These sources show a median [RRM| = 28 rad m~2, while larger
sources show a median of |RRM| = 14.7rad m~2. This is not
fully unexpected, as smaller sources probe a smaller (turbu-
lent) foreground screen, and are thus less affected by smooth-
ing. However, the results are not dominated by these 29 sources,
as they are only a small subset of the whole sample, and the
radial profile of the scatter is similar when excluding the small-
est sources.

There is a strong correlation between the frational polarisa-
tion of radio sources and [RRM]|, as shown in Figure A.3. This
effect is particularly strong for cluster sources, which show sig-
nificantly higher [RRM] at low polarisation fractions. Addition-
ally, there are statistically more low polarisation sources inside
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Fig. A.1. Distribution of all polarised radio sources in the (foreground)
cluster versus projected radius plane. The black line shows the FWHM
of the primary beam of the VLA L-band observations for a cluster of
Rsoo = 900kpc. The grey line shows the location where background
sources start preferentially sampling higher redshift (higher mass) clus-
ters, coinciding with the rising profile in Fig. 6.
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Fig. A.2. Running median of the absolute value of RRM as a function
of yjr source size. The distribution of sources in this parameter plane is
plotted in the background and on the histograms beside the axes.

clusters than behind (2% KS probability of being the same).
However, this effect is likely because the strongest depolarisa-
tion happens near the centre of the cluster (Osinga et al. 2022),
where it is easier to detect cluster members than background
sources. It is difficult to separate the effect of an intrinsic relation
between low fractional polarisation of sources and higher rota-
tion measures from the assumed effect of the ICM, but we can re-
calculate the scatter profile using only sources with a fractional
polarisation above 2%, where the relation between |[RRM| and
P1.5GH, flattens. This is shown in Figure A.4. The high fractional
polarisation sources still show decreasing scatter as a function of
radius, with similar profiles for cluster members and background
sources. It is only the lowest fractional polarisation sources that
show a significant difference between cluster members and back-
ground sources. Sources with low fractional polarisation are only
found inside clusters when they are located near the centre. How-
ever, high fractional polarisation sources dominate the analy-
sis, with 502 sources found with p;sgg, > 0.02 and only 107
sources found with p; sgg, < 0.02. The profile shown in Fig. 6
is thus dominated by high fractional polarisation sources, which
explains that cluster and background sources follow similar pro-
files.

Finally, there is a strong correlation between |[RRM| and
Stokes I flux density for cluster members, where brighter sources
in total intensity preferentially show higher RRM. Osinga et al.
(2022) showed that we preferentially sample brighter sources
near the cluster centre (i.e. there is a correlation between total
flux density and projected radius from the cluster centre for
cluster radio sources), which explains why the most centrally
located, and thus brightest sources, correlate positively with
[RRM]. In conclusion, the aforementioned correlations are either
not dominating the observed trend (i.e. in the case of small
sources, or low fractional polarisation) or are likely a by-product
of the observed ICM effect (i.e. in the case of the flux density
correlation).
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Fig. A.3. Running median of the absolute value of RRM as a function
of the polarisation fraction at 1.5 GHz. The distribution of sources in
this parameter plane is plotted in the background and on the histograms
beside the axes.
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Fig. A.4. Corrected scatter in RRM as a function of the projected radius,

separately for sources with low (psgu, < 0.02, 107 sources) and high
(p1scuz > 0.02, 502 sources) fractional polarisation.
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Appendix B: Alternative visualisations

In Fig. B.1 we show a zoomed-in version of Fig. 2 beyond
a = 3R50p, used to determine the scatter between sources far out-
side clusters. We find no significant correlation between RRM
and projected radius for sources far outside the central regions,
although statistically significant peaks in RRM have been found
at large radii in a larger sample of RRMs around cosmic over-
densities (Anderson et al. 2024).

To better visualise the low RM sources in our sample, we
plot in Figures B.2 and B.3 the cluster-induced rotation measure
on a logarithmic scale as a function of the projected radius and
column density, respectively. The electron density profiles of the
clusters in our sample, as determined in Andrade-Santos et al.
(2017), are shown in Figure B.4. Finally, the g values of the full
forward model for 7 = 0.0 are shown in B.6. The best-fit profiles
for these fits are shown in Fig B.7.
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Fig. B.1. RM,,¢ as a function of the normalised distance to the nearest
cluster centre for sources located far away from clusters.
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Fig. B.2. RRM as a function of the normalised distance to the nearest
cluster centre. The y-axis is logarithmic for visualising low RM sources
better than in Fig. 6. Uncertainties that are consistent with zero RM are
plotted as downward-facing arrows.

Appendix C: Updated polarised source catalogue
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Fig. B.3. RRM as a function of the electron column density. The y-
axis is logarithmic for visualising low RM sources better than in Fig. 2.
Uncertainties that are consistent with zero RM are plotted as downward-
facing arrows.
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Fig. B.4. Average electron density profile as a function of the nor-
malised 3D radius for the 92 clusters that have Chandra X-ray obser-
vations. The mean profile is shown in the black line.
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Fig. B.5. Like Fig. 9 but fit using only the data at » > 0.2Rs¢.
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Fig. B.6. Values of gyepol (left) and grm (right) as defined in Equation 14 for combinations of By and Agy. Models are simulated with a Kolmogorov

power spectrum and 77 = 0.0. The best-fit model is marked by a cross.

= p1.5cHz/Po
[e=) [e=)
z =
1 1

DP
=)
o

|

1500

1000 —

500

ORRM,cor [rad mAZ]

By=5uG, Apnax=1536 kpc, n=3.67, n=0.0

Observed
~——— Simulated

—— Observed
~——— Simulated

T
0.0 0.2 0.4 0.6 0.8 1.0

a/Rsoo

p1.5GHZ/ Po

DP =
e o
o
| |

ORRM,cor [Tad M~

o
o
1

o
o
1

= —_
o w
(=} o
| |

ot
=}
|

By=1uG, Apax=100 kpe, n=3.67, n=0.0

Observed
~——— Simulated

—— Observed
Simulated

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

a/Rsoo

Fig. B.7. Comparison between observed and forward-modelled depolarisation and RM scatter for the model with n = 0.0 that minimises the q
statistics as defined in Equation 14.

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

RAfde] DEC(dez] M) Minl”) PAldey] ” Jolad]  RMindm?) owldm?] Gy o Ko e g source  fylamin] /R Cluster RAqldeg]  DEColdeg]  Mulicomponent  Flagged  Note RRM[rdm ]
19.55453 £ 0.00009 ~27.16767 +0.00010 104211 6114035 136+7 01375 3093 2% 8 50043 051 61 09480077 2 019 29 212978404 195606 271622 False False 77
15.794198 £ 0.000035 ~21.996243 £ 0.000030 7032031 6205024 17216 008502 103 307 13 2T o8N 52 016 06 Gl4955.8416 - - False False No optical counterpart,  24%%
414004860 £0.0000022  ~20.6108492 £ 0.0000024  9548+0.021 8841 £0018  597£12 o.104%55%0! odesThlE 13.6%) 24104 1493 068t 434 021 35 G0507-6294 - - False True No optical counterpart, 8%
41411690 £0.000009 ~20.580840 £ 0.000007 9.182008 8142006 1013229 0.19:50 Le4% 165°0¢ 1640 W0 083N 44 - 020 33 205076294 - - False True No optical counterpart, 103
4048671 £ 0.00010 ~28.63936 + 0.00021 104204 1139233 02803 03790 8! 72048 16155 -L6IGE 89 023840000 o 16 G2297:65.60 404830 286379 True True Radio Relic. 33
40.47708 = 0.00020 2863432 £ 0.00015 100+06 12426 R 73 103 91 -24%) 80 02380000 010 15 G2297:6569 404839 286379 True True Radio Relic.

4048939 £ 000025 2865367 £ 0.00018 lass1d 1z 16 014750 & 2248 968 58 023820000 on 16 a0a0 26379 True Tme  Radio Relic

04598 £0.0005 2864934 2 000008 102505 9624 029558 179! 93 ] 139338 B 023850000 on 16 040 286379 True Tre  Radio Relic

4047123 £ 0.00030 ~28.63765 +0.00029 297132 172415 13411 0197388 1693 ] 93 20397 61 0.238 +0.000 0.09 14 6222976560 40.4839 28,6379 True True Radio Relic.

0.33575 £ 000011 2840285 £ 0.00006 04210 70504 10459 - - - - - - 1135 0,185 025 35 omoress - - True Te  Noopical counterpart

40,3588 = 0.00004 2841099 £ 0.00004 104204 7065018 134 oosa 173 23] 0960E 8 L1208 024 34 Gmotess W 2sAm True False

1094092 £ 0.00004 2049858 £ 0.00004 95504 7565025 143s8 oo 06 T 0T T 041450068 014 23 GI0673832 109412 204988 False False

1079686 £ 0.00014 2053360 £ 0.00005 19504 844 021 2541 15003 -SSRl 8 028150013 009 L4 GI6738320 107947 20535 False False

10.75281 £ 0.00012 ~20.58744 + 0.00006 667017 1557424 0078000 2481 18301 -1 75 072920060 2 009 14 G106.7. 107440 205799 True False

10.74349 £ 0.00005 ~20.62051 £ 0.00012 6544022 1595234 000145950 0293 0839184 028120272 2 010 15 Gl0673.83.22 107432 206204 False True

10.743987 + 0.000028 ~20.57991 £ 0.00004 7075022 16047 0.0036:91505 0539 5T 0729:0067 2 010 16 106738322 107440 20,5799 True False

1073185 £ 000011 ~20.57074 +0.00017 15410 172£19 00975 0605 73 0729£0067 2 011 18 GI0673-8322 107440 205799 True False.

108157 205402 52 52 0 019735 2 omsoon 2 007 10 GIETIE2R 108167 20548 Filse False

4689273 2 0.00006 870800000029 7105 5032022 106%7 04y —0sTEE 10 02mx000 2 013 19 GRaole0 65 8T Fase False

4653815 2000017 2868291 £ 0.00004 6182030 95+5 2 CosSEN T8 03mB00s 2 007 1 96009 468365 286812 True False

46,3576 £ 000015 2867959 £ 0.00021 6005030 14555 007t 0768 T 03s300ss 2 006 1 G23916009 468365 286812 True False

4683814 £ 000005 2868534 £ 0.00005 72505 53026 1389 004031 0T s 03830035 007 1 @23916009 468365 286812 True True

STONTR2E000002 2593200000018 7682028 5762015 1025 003830 16597 0SSR 63 0IsT0an 3 014 20 GOM037659 3579006 250388 False False

156.14934 £ 0.00006 ~27.20391 0.00004 19506 6102031 1210 004558 30%% 76 02580163 3 017 24 G266.84425.07 1561492 272033 False False

15602742 1 0.00005 210 L000002 804 705£021 9010 00681 07 95 008 1 2668442507 - - False Fase  Nooptical counterpart, 12473
155.035295 £0.000027  ~27.34246 + 0.00004 8822034 72102022 a7 007501 0SSR 13 008 12 G2668442507 - - False False No optical counterpart,  ~129'13
1SST200£000003 2718061350000 9012029 8665026 11623 0025198 Slongy - 024 B4 GaesEs0T - - False Fase  Nooptcal counterpart.  —11°3
172.93573 + 0.00008 ~19.87149 £ 0.00008 8007 77406 A4£08)x 107 03793 2 070 80 029140025 3 009 13 GUS60+39.17 1729325 -19.8793 True True —132°85
172932507 £ 0000035 ~19.87992 + 0.00007 135206 8474023 20:4 004479053 ] 0950 152 02010025 3 008 12 G278.60+39.17 1729325 -19.8793 True True. 1070
17293171 4 0.00005 1505 00 £ 0.3 1394 1 008302 1157 —0.69°5% 141 0291 £0.025 3 0.0¢ 1 G278.60439.1 172.93; -19.8793 Trug False 1053

Notes. The columns

are identical to Osinga et al. (2022), except the newly added

column RRM, which is the observed RM corrected for the

Galactic value. If uncertainties are not available, they are not given. The full table is available in electronic form at the CDS.

A44, page 16 of 16



	Introduction
	Chandra-Planck ESZ sample
	Methods
	Determining RM scatter
	Comparison to models

	Results
	Average magnetic field strength
	Radial profile
	Merging versus relaxed clusters
	Constraining the magnetic field power spectrum
	RM and depolarisation forward model

	Discussion
	Conclusion
	Data availability
	References
	Confounding variables
	Alternative visualisations
	Updated polarised source catalogue

