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Abstract: Polarized synchrotron emission from the radio halos of diffuse intracluster medium (ICM)
in galaxy clusters are yet to be observed. To investigate the expected polarization in the ICM, we use
high resolution (1 kpc) magnetohydrodynamic simulations of fluctuation dynamos, which produces
intermittent magnetic field structures, for varying scales of turbulent driving (lf) to generate synthetic
observations of the polarized emission. We focus on how the inferred diffuse polarized emission
for different lf is affected due to smoothing by a finite telescope resolution. The mean fractional
polarization 〈p〉 vary as 〈p〉 ∝ l1/2

f with 〈p〉 > 20% for lf & 60 kpc, at frequencies ν > 4 GHz. Faraday
depolarization at ν < 3 GHz leads to deviation from this relation, and in combination with beam
depolarization, filamentary polarized structures are completely erased, reducing 〈p〉 to below 5%
level at ν . 1 GHz. Smoothing on scales up to 30 kpc reduces 〈p〉 above 4 GHz by at most a factor of
2 compared to that expected at 1 kpc resolution of the simulations, especially for lf & 100 kpc, while
at ν < 3 GHz, 〈p〉 is reduced by a factor of more than 5 for lf & 100 kpc, and by more than 10 for
lf . 100 kpc. Our results suggest that observational estimates of, or constrain on, 〈p〉 at ν & 4 GHz
could be used as an indicator of the turbulent driving scale in the ICM.

Keywords: intracluster magnetic fields; polarimetry; depolarization; magnetohydrodynamic simulations

1. Introduction

Galaxy clusters are the largest known gravitationally bound systems which provide
important clues on how structures were formed in the Universe. Besides gravity, magnetic
fields are also believed to play an important role in the evolution of the intracluster medium
(ICM) of galaxy clusters which emit in the radio and X-ray wavebands. A large fraction of
massive merging clusters show diffuse radio emission (radio halo) originating from relativistic
electrons, possibly accelerated by turbulence in the ICM, illuminating the cluster magnetic
fields via synchrotron radiation [1,2]. This emission is expected to be partially polarized, and
its measurement provides insights into the statistical properties of magnetic field structure
in the ICM [3–5]. So far, microgauss (µG) strength magnetic fields ordered on several kpc
scales in halos have been indirectly inferred via Faraday rotation measure (RM) estimated
towards polarized sources located in the background, or from depolarization studies of radio
relics, remnants of cluster collisions [6–9]. In the absence of large-scale rotation of the ICM,
such field strengths can naturally arise from fluctuation dynamo action where dynamically
insignificant seed magnetic fields are amplified by random stretching of the field by turbulent
eddies [3,5,10–15]. Understanding the structural and coherence properties of these fields is
important as they contribute to pressure balance, control the acceleration and propagation
of relativistic particles [16], and possibly play an important role in governing microphysical
processes such as thermal conduction, spatial mixing of gas and kinetic viscosity [17–19]. A
direct detection of polarized halo emission remains elusive and is a major science driver for the
Square Kilometre Array (SKA) later this decade, e.g., [20].
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Tentative detection of polarized emission for only three clusters have been reported,
namely, for Abell 2255 [21], MACS 0717.5+3745 [7], and Abell 523 [22]. It is likely that for
all the three cases the polarized signal is related to a radio relic seen in projection rather
than the halo emission itself [23,24]. It is noteworthy that all three reports of polarized
halo emission are based on observations at 1.4 GHz, a frequency at which many radio
relics show polarized emission [25]. Due to the large Faraday dispersion in the ICM,
Böhringer et al. [26] found that the presence of a cluster medium increases the Faraday
depth dispersion (σFD) by about 60 rad m−2, and therefore, polarized halo emission is
expected to be highly depolarized at 1.4 GHz. Hence, no clean detection of diffuse polarized
halo emission has been made so far.

Most of the previous attempts to constrain magnetic fields in the ICM by using RM
measured towards polarized background sources and/or depolarization of cluster radio
sources are based on the assumption of Gaussian random fields, e.g., [8,27]. However, in
stark contrast, numerical magnetohydrodynamic (MHD) simulations reveal that fluctuation
dynamo-generated fields are spatially intermittent [3,5,28–30] with the field components
exhibiting non-Gaussian distributions. In order to maximize the chance to confidently
detect polarized emission from cluster halos using current and/or future radio telescope
facilities, it is therefore imperative to investigate the expected polarized signal directly
from fluctuation dynamo-generated fields obtained in MHD simulations. To this end, to
gain information on the properties of polarized synchrotron emission from intermittent
magnetic fields amplified by fluctuation dynamo, we have recently performed realistic
broad-bandwidth, synthetic observations using MHD simulations of ICM see Sur et al. [5],
for details. Here, to mimic cluster merger-driven turbulence, also the same process which
produces the radio halo, incompressible turbulence is solenoidally forced on 256 kpc
for a simulation box-size of 512 kpc giving rise to magnetic fields (B) being correlated
on ∼110 kpc (also indicated by cosmological simulations; [4]). This results in polarized
intensity, PI ∝

∫
B2 dl, correlated on ∼200 kpc scales. However, due to strong Faraday

depolarization at frequencies below ∼3 GHz, polarized structures on significantly smaller
scales are produced. These simulations roughly correspond to the central regions of
massive Coma-like galaxy-clusters. The main outcome from the work of Sur et al. [5] is
that, one needs high frequency (ν & 5 GHz) observations to detect polarization in cluster
radio halos, and with high spatial resolution (≈1 kpc) to infer its structural properties.

In this paper, we expand the scope of our work and present detailed investigation
of the effects of turbulent driving at different scales on the properties of the polarized
synchrotron emission when smoothed by a telescope beam at three representative frequen-
cies of 0.6, 1.2 and 5 GHz. These frequencies represent the typical frequencies at which
galaxy clusters are observed, and also corresponds to Band 1 (covering 0.35–1.05 GHz),
Band 2 (covering 0.95–1.76 GHz), and Band 5 (covering 4.6–15.3 GHz) of the SKA’s mid-
frequency component, SKA1-MID. A key question which we seek to address using the
synthetic observations concerns whether the mean fractional polarization can inform us
about the turbulent driving scale in the ICM. To investigate the effects different scales
of turbulent forcing have on the polarized emission in the ICM, in this work, we forced
turbulence on scales of 256, 102 and 64 kpc which gives rise to magnetic field structures
correlated on widely different scales. For a representative cluster like Coma, these roughly
correspond to scales ranging from the core radius down to scales of pressure scale-height.
Magnetic fields generated by fluctuation dynamos can be ordered at the most on the scale of
turbulent motions. Consequently, turbulent driving on the aforementioned scales enables
us to probe the statistical properties of the polarized emission due to random magnetic
fields with varying correlation lengths. This paper is structured as follows: in Section 2, we
present in brief the details on the numerical simulations and methodology of obtaining
synthetic observations from the simulation data. In Section 3, we discuss the results by
first focusing on the power spectra of the kinetic and the magnetic energies, and that of the
Faraday depth (FD). Next, we analyze the statistical properties of the total and polarized
emission in radio halos when synthetic observations are smoothed over various scales to
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study the impact of telescope beam. We focus on the dependence of the mean fractional
polarization of the diffuse ICM on the turbulent driving scale. Finally, in Section 4 we
conclude with a summary of the main results and discuss the implications of our work on
the properties of polarized emission in the ICM.

2. Methodology of Numerical Calculations

In this section, we present in brief the setup used for performing direct numerical
MHD simulations, and the methodology of computing the synthetic observations using
the simulation data. For further detail on these methods, we refer an interested reader to
Sur [15], Basu et al. [31] and Sur et al. [5].

2.1. Summary of Magnetohydrodynamic (MHD) Simulations

In this work, we make use of numerical simulations of fluctuation dynamos per-
formed with the FLASH code [32] to address the aforementioned goals of this work.
We focus on three simulations performed with an isothermal equation of state where
turbulence is driven non-helically at three different forcing wave numbers, kfL/2π = 2, 5
and 8, referred to as run A, B and C, respectively, in Table 1. The setup of each of these
simulations is identical to the one presented in Sur et al. [5]. We therefore highlight only
the essential features here. All the three simulations are performed at magnetic Prandtl
number Pm = Rm/Re = 1, where Rm and Re are the magnetic and fluid Reynolds num-
bers, respectively. Recent cosmological simulations of hierarchical structure formation
including the formation of galaxy clusters show that turbulence in the cluster core is
dominated by solenoidal modes [33–36]. Accordingly, and to maximize the efficiency of
the fluctuation dynamo, we use only solenoidal modes (i.e., ∇ · F = 0) for the turbulent
driving. Here, F is the forcing term in the MHD equations. Furthermore, we adjust the
amplitude of the forcing such that the resulting root mean square (rms) value of the Mach
numberM = urms/cs ≈ 0.18–0.19, where cs is the isothermal sound speed, and urms is
the rms velocity. The subsonic nature of these simulations imply that density fluctuations
(δρ/ρ ≈M2) are negligible. This is in accordance with observational results which show
rms turbulent velocity of ≈200–300 km s−1 [37], and density fluctuations, inferred from
X-ray surface brightness fluctuations, are at a 7–10% level on scales of ∼500 kpc [38],
down to ∼4% on scales of 30–50 kpc [39]. Our simulations were initialized with weak
seed magnetic fields of the form B = B0[0, 0, sin(10 π x)] where the amplitude B0 was
adjusted to a value such that the initial plasma β = Pth/PB ∼ 106, where Pth and PB are the
thermal and magnetic pressures, respectively. The divergence constraint of the magnetic
field in our simulations is satisfied by using the standard algorithms available in FLASH
see [5] for details. Each of these simulations are run until we obtained many realizations
of the saturated state of the fluctuation dynamo for our further analyses. Note that these
realizations span over many eddy turnover times in our simulations. Table 1 highlights the
important dimensionless parameters of the runs.

Table 1. Key parameters of the subsonic simulations used in this study. N is the number of grid
points in each dimension, kf is the forcing wave number and L is the size of the simulation domain.
M and brms are the average values of the rms Mach number and the magnetic field obtained in the
steady state. Pm and Re are the magnetic Prandtl and fluid Reynolds numbers, respectively.

Run N3 kf L/2π M brms Pm Re = u lf/ν

A 5123 2.0 ≈0.18 ≈0.08 1 1080

B 5123 5.0 ≈0.19 ≈0.12 1 1450

C 5123 8.0 ≈0.19 ≈0.13 1 1425

For our analysis, we generate three-dimensional (3-D) snapshots of the gas mass
density (ρ) and three components of the magnetic fields, Bx, By and Bz. FLASH outputs
these physical variables in dimensionless units which are then converted to physical units
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for computing the observable quantities, such as, the synchrotron intensity (Isync), the
Stokes Q, U parameters, polarized intensity (PI) and the fractional polarization p = PI/I.
To this effect, we first renormalize the length of the simulation domain to L = 512 kpc
in each dimension which implies a resolution of ∆x = ∆y = ∆z = 1 kpc. Depending
on kf = 2, 5 and 8, the scale of turbulent motions lf = 2π/kf = 256, 102.4 and 64 kpc,
respectively. The local electron number number density (ne) is computed from ρ using
ne(x) = ρ(x)/µe mp. Here ‘x’ is the three dimensional position vector, µe = 1.18 is
the mean molecular weight per free electron, and mp is the proton mass. We assume
〈ne〉 = 10−3 cm−3 and cs = 103 km s−1 as typical values in the ICM [40] for all our runs.
This implies a mean gas mass density 〈ρ〉 = 〈ne〉 µe mp ≈ 1.97× 10−27 gm cm−3. For these
values of the density and the sound speed, an initial plasma β ∼ 106 implies B0 ∼ 22.2 nG.
The dimensionless values of the components of the magnetic field are expressed in Gauss
by scaling them with the unit of the magnetic field strength

√
4 π ρ c2

s ≈ 15.7 µG in all the
runs, while the equipartition field is given by Beq =

√
4 π ρ u2

rms. Thus, considering the
chosen values of the simulation domain, densities and sound speeds, our simulations can
be thought of as representative of the core regions of galaxy clusters. Table 2 lists the values
of urms, brms and Beq for the different runs considered here.

Table 2. The rms values of the turbulent velocity urms, the magnetic field brms and the equipartition
field strength Beq from simulations at three different turbulent driving scales. The simulation
domain is 512 × 512 × 512 kpc3 with a resolution of 1 × 1 × 1 kpc3. The mean electron density
〈ne〉 = 10−3 cm−3 and isothermal sound speed cs = 103 km s−1 across all the runs.

Parameter Name lf = 256 kpc lf = 102.4 kpc lf = 64 kpc

Turbulent rms velocity (urms) ≈ 180 km s−1 ≈190 km s−1 ≈190 km s−1

rms field strength (brms) ≈1.3 µG ≈1.57 µG ≈1.7 µG
Equipartition field strength (Beq) ≈2.8 µG ≈3 µG ≈3 µG

2.2. Synthetic Observations

The output of the MHD simulations, converted to physical dimensions, were used
as input for the COSMIC package [31] to compute broad-bandwidth synthetic maps of
the total and polarized synchrotron emission. For our analysis, we chose the x- and
y-axes to be in the plane of the sky, and the z-axis to be parallel to the line of sight (LOS).

Hence, B‖ ≡ Bz contributes to the Faraday rotation, while B⊥ ≡
√

B2
x + B2

y contributes
to the polarized synchrotron emission. Our MHD simulations are devoid of cosmic rays.
Therefore, for computing the synchrotron emissivity, we assume a uniform number density
of cosmic ray electrons (nCRE) in each mesh point, which follow a constant power-law
energy spectrum of the form nCRE(E) = n0 Eγ. Here, the energy index γ = −3 is constant
for all mesh points and corresponds to spectral index α = −1 for the frequency spectrum
of the synchrotron intensity Isync(ν) = I0 να in the plane of the sky. The normalization
n0 is chosen such that I0 = 1 Jy at 1 GHz.1 The choice of the value of the flux density
normalization would not affect the fractional polarization or Faraday depolarization,
which are the main focus of this study, unless the type of turbulence driving itself is
widely different for galaxy clusters at the extreme ends of luminosity and/or mass function.
Details of numerical calculations performed in COSMIC are presented in Basu et al. [31]
and Sur et al. [5]. Note that, for simplicity, we have not included any noise and/or
systematic errors introduced while observing with a telescope. Furthermore, to investigate
the effects of intermittent magnetic fields produced by the action of fluctuation dynamo,
we have assumed a constant nCRE. Although this is an oversimplification, we believe
that large turbulent diffusivity in the ICM would mix the cosmic ray electrons efficiently,
and thereby damp spatial variations in nCRE [5]. In addition, spatial fluctuations in nCRE
due to cooling, predominantly arising from inverse-Compton scattering with the cosmic
microwave background (CMB) radiation,2 is expected to be small. This is because, the
CMB is smooth over the scale of the cluster.
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It was shown in Sur et al. [5] that the magnetic fields in the non-linear saturated state
of the fluctuation dynamo at different times separated by at least one eddy turnover time,
ted = lf/urms, are statistically equivalent. Therefore, in this paper, we focus on results
obtained for synthetic observations performed at one snapshot in the saturated stage for
each of the three simulation runs listed in Table 1, i.e., at t/ted = 23, 20.2 and 30.5 for
kf = 2, 5 and 8, respectively. Furthermore, in order to study the effects of a telescope beam
on the observed quantities, the synthetic maps obtained at the native 1 kpc resolution of the
simulations were convolved using unit-amplitude Gaussian kernels with full width at half
maximum (FWHM) of various sizes see [5] for the smoothing methodology. In this paper,
we present results for convolution on scales ranging between 5 and 80 kpc which roughly
correspond to angular resolution between 10 and 160 arcsec at the distance of 100 Mpc of
the Coma cluster.

3. Results

In this section, we use the synthetic observations to investigate the statistical properties
of the polarized emission from the diffuse ICM. In Sur et al. [5], it was shown that the power
spectrum computed from the 2-D map of Faraday depth (FD), the line of sight integral
of B‖ weighted by ne, could be directly used to infer the magnetic integral scale, i.e., the
coherence scale of the magnetic fields, in the ICM also see [11], provided FD is measured
accurately. It was also found that, for turbulence driven on 256 kpc, broad-bandwidth
spectro-polarimetric observations &3 GHz are well suited for detecting and inferring the
intrinsic polarization properties of the ICM, and the polarized emission could be well
recovered by applying the technique of rotation measure (RM) synthesis [41,42]. Here, we
will focus on the statistical properties of the total and polarized synchrotron emission from
the ICM for turbulence driven on different scales and the impact of smoothing the emission
by a telescope beam. It will become clear from the following sections, the different scales of
turbulent driving adopted in this work allow us to probe the effects of magnetic fields with
varying correlation scales on the statistical nature of the polarized emission.

Before we focus our attention on the different correlation scales, we show in Figure 1,
the 1-D power spectra of the kinetic energy K(k) (green dashed with asterisks); magnetic
energy, M(k) (black, solid line with plus symbols); spectra of k M(k) (red, dotted line with
diamonds) representing the largest energy-carrying scale of the field; and that of M(k)/k
(blue, dash-dotted line with triangles), which provides an estimate of the magnetic integral
scale. Here, k is the wave number. These spectra are obtained from snapshots in the
non-linear saturated state of the dynamo when turbulence is forced at kf = 5 (left-hand
panel) and kf = 8 (right-hand panel). The corresponding plot for kf = 2 can be gleaned
from Figure 1 of Sur et al. [5]. The peak of M(k) lies at ≈1/10 of the box size for kf = 5 and
at ≈1/20 for kf = 8. On the other hand, the peak of k M(k) occurs at much smaller scales
compared to the respective forcing scales in both cases. The peak of M(k)/k occurs on a
scale very close to the turbulent driving scale in both cases. These findings are qualitatively
similar to the ones obtained in Sur et al. [5] when turbulence is forced at kf = 2.

We find that, although turbulence is driven on different scales, the dispersion of
Faraday depth (σFD) are similar in all the cases having value σFD ∼ 100 rad m−2. For kf = 2,
FD lies in the range −438 to +415 rad m−2 with σFD ≈ 118 rad m−2; for kf = 5, FD ranges
between −505 and +443 rad m−2 with σFD ≈ 103 rad m−2; and for kf = 8, FD lies in the
range −552 to 430 rad m−2 having σFD ≈ 93 rad m−2. There is a mild indication that σFD
decreases with decreasing turbulence forcing scale lf. This is because, σFD depends on the
magnetic integral scale see Equation (2) in [5], which, as we will discuss in the following
sections, decreases with lf. Even though σFD decreases, beam and frequency-dependent
Faraday depolarization are stronger for smaller forcing scales caused by the smaller scale
filamentary magnetic field structures generated by the action of fluctuation dynamo.
A quantitative investigation on the properties of frequency-dependent Faraday depo-
larization and their dependence on turbulence driving scale will be presented elsewhere.
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Figure 1. Power spectra of kinetic energy, K(k) (green dashed); magnetic energy, M(k) (black, solid); k M(k) (red, dotted);
and M(k)/k (blue, dash-dotted) for run B (left) and run C (right). These spectra are computed from a snapshot in the
saturated state for the respective runs. The black dotted line shows the k−5/3 for comparison. Here, the wave number is
normalized in units of kmin = 2π/L.

For completeness, in Figure 2, we show the power spectra of the map of FD in the
kinematic and saturated stage of the dynamo for lf = 102.4 kpc (left-hand panel) and 64 kpc
(right-hand panel). For comparison, we also show the power spectra of M(k)/k with
dotted lines. As found for lf = 256 kpc in Sur et al. [5], we find excellent match between the
power spectra of FD and the corresponding M(k)/k for all the cases, indicating that power
spectrum of FD maps can provide valuable insight into the magnetic correlation scale in
the ICM. However, as demonstrated in Sur et al. [5], estimating FD map from observations
is challenging due to the limitations of available techniques, such as, the technique of
RM synthesis. However, RM synthesis can recover the fractional polarization p well,
especially from broad-bandwidth spectro-polarimetric observations &3 GHz. Therefore,
in the following, we will investigate the information on magnetic field properties that can
be extracted from p.

Figure 2. Power spectra of the Faraday depth. The blue dotted curve corresponds to the spectra in the kinematic phase,
while the red dashed and black curves correspond the spectra in the saturated phase at two different times. For comparison,
the magenta and green dashed curves show the scaled spectra of M(k)/k in the kinematic and saturated phases, respectively.
The left and right figures correspond to kf = 5 and kf = 8 simulations, respectively. Here, the wave number is normalized in
units of kmin = 2π/L.

3.1. Correlation Scales in the ICM

The ICM can be characterized in terms of a number of distinct scales. Since we are
primarily concerned with the effects of turbulence in this work, it is therefore important that
the integral scales of the turbulent velocity and random magnetic fields be compared with
the integral scales of the relevant observables, such as the FD, the total synchrotron intensity
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(Isync) and the polarized intensity (PI). While these scales may be difficult to estimate
directly from observations of the ICM, it can be easily derived from our simulations thereby
providing a first hand estimate which may be confirmed with suitable future observations.
For example, the integral scales of the turbulent velocity (Lint,V) and random magnetic
fields (Lint,M) can be obtained from their respective power spectra as,

Lint,V =
2π
∫
[K(k)/k] dk∫
K(k) dk

, Lint,M =
2π
∫
[M(k)/k] dk∫
M(k) dk

. (1)

Estimates of the integral scales of FD, Isync and PI can similarly be obtained from
Equation (1) by using the appropriate power spectrum corresponding to the observable.

Table 3 lists the integral scales across different forcing scales computed directly from
the simulations and the synthetic observations. In order to estimate the sensitivity of these
scales to the random fluctuations in the field, the values of the integral scales are shown
at two different times selected from the non-linear saturated state of the system in each
case. Irrespective of the forcing scale of turbulence, we find that the velocity integral scale
Lint,V ≈ 2.2–3 Lint,M, in agreement with the estimates obtained for subsonic tubulence in
earlier studies [12,14]. We further find that, despite random scatter from one realization to
another, the integral scales associated with the observables, FD, Isync and PI are all larger
than Lint,M by a factor ∼2–2.5, depending on the forcing scale (lf). The integral scale of Isync
in each case, appears to be somewhat larger than Lint,FD and Lint,PI at frequencies &4 GHz.
Glimpses of the effects of Faraday depolarization is evident from the estimates of Lint,PI at
lower frequencies, wherein, Lint,PI at ν < 1.4 GHz are generally smaller compared to the
ones at ν = 5 GHz due to small-scale structures introduced by Faraday depolarization.

Table 3. Values of the integral scales (in kpc) of the velocity (Lint,V), magnetic fields (Lint,M), Faraday
depth (Lint,FD), the total synchrotron intensity (Lint,I) at 1 GHz, and, the polarized intensity (Lint,PI)
at 0.6, 1.2 and 5 GHz at two different times in the steady state obtained from three simulations where
turbulence is driven on scales of lf = 256, 102.4 and 64 kpc.

kf t/ted Lint,V Lint,M Lint,FD Lint,I Lint,PI (kpc)
(Forcing Scale) (kpc) (kpc) (kpc) (kpc) 0.6 GHz 1.2 GHz 5 GHz

2 16.6 320 106 212.5 224 125.5 157.5 194
(256 kpc) 23 340 112.4 216 227.6 140 159 188

5 20.2 98.7 40.7 78.8 130 57.3 55.0 88.6
(102.4 kpc) 24.5 99.1 40.8 87.5 120.2 57.7 60.3 87.0

8 30.6 62.4 27.6 58.0 86.0 38.3 37.1 70.2
(64 kpc) 34.7 62.4 28.0 61.6 89.5 35.0 34.0 74.2

3.2. Smoothing of Total Intensity

For our assumed constant spatial distribution of nCRE in each mesh point, the syn-
chrotron intensity (Isync) in the plane of the sky is directly dependent on B⊥ as Isync ∝∫

B1−α
⊥ dl. Hence, the filamentary magnetic field structures generated due to the action of

fluctuation dynamo are also observed in the synthetic synchrotron intensity map. These
structures, along with non-linear dependence of the Isync on B⊥, gives rise to a log-normal
distribution of the Isync with long tails when observed with resolution comparable to that
of the simulations also see [5]. In the top row of Figure 3 we show the maps of Isync, where,
the left, the middle and the right columns are for forcing at 256, 102.4 and 64 kpc. It is
clearly seen that when turbulence is forced on smaller scales, the filamentary structures in
Isync become more volume filling. These filaments have smaller extent for smaller lf, which
is also evident from the integral scale of the synchrotron emission (Lint,I) given in Table 3,
and seen in Figure 4 (right). In the absence of shocks (due to subsonic turbulence) these
filamentary structures are a direct signature of fluctuation dynamos in the ICM. We find
that both Lint,I and Lint,M increases linearly with lf, except that Lint,I is higher than Lint,M
by roughly a factor of 2. Furthermore, the intensity contrast decreases significantly when



Galaxies 2021, 9, 62 8 of 20

turbulence is forced on smaller scales. The middle row of Figure 3 shows the total intensity
maps in top row smoothed on 30 kpc (FWHM). It is clear that observations with a telescope
smears the filamentary features and significantly reduces the intensity contrast.

lf = 256 kpc lf = 102.4 kpc lf = 64 kpc
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Figure 3. (Top row): The 2-D maps of surface brightness of the total synchrotron emission (Isync) at the native 1 kpc
resolution of the simulations. (Middle row): Synchrotron total intensity maps in the top row smoothed by a Gaussian kernel
with FWHM = 30 kpc. (Bottom row): Pixel-wise distribution of δ Isync/〈Isync〉 for smoothing the total synchrotron intensity
on different scales shown with different colours. The (Left), (middle) and (right) columns are for synthetic observations of
lf = 256 kpc at t/ted = 23, lf = 102.4 kpc at t/ted = 20.2, and lf = 64 kpc at t/ted = 30.6, respectively.

Interestingly, radio continuum observations reveal that the emission from halos of
galaxy clusters are spatially smooth [43], devoid of the filamentary structures seen at the
native resolution of the simulations. Hence, it is important to assess the extent to which
telescope beams smear out such structures, and whether they can be discerned with respect
to the diffuse background emission. In the bottom row of Figure 3, we show the pixel-wise
distribution of overdensity of Isync, i.e., δ Isync/〈Isync〉 at the native 1 kpc resolution of
the simulations and for smoothing over different spatial scales mimicking astronomical
observations performed with different telescopes resolutions. Here, 〈Isync〉 is the mean
Isync over the map, and δ Isync = Isync − 〈Isync〉. The bright filamentary structures with
δ Isync/〈Isync〉 > 1 are clearly seen as long tails of the distribution at 1 kpc resolution and
for smoothing on 5 kpc scales when turbulence is forced on 256 kpc scale. However, for
forcing on 102.4 and 64 kpc scales, the maximum overdensity decreases significantly to ∼1.
In fact, the Fisher-Pearson coefficient of skewness (g1) of the distributions decreases from
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1.4 for forcing on 256 kpc scale to 0.62 for forcing on 102.4 and 64 kpc scales, indicating that
the distribution of surface brightness of the synchrotron emission for turbulence driving on
scales .100 kpc to be relatively symmetrical. This is due to the fact that, the filamentary
structures are more volume filling when turbulence is driven on smaller scales. These
results suggest that, in the presence of realistic telescope noise, coupled with generically
low surface brightness, the filamentary structures in total intensity emission from the radio
halos of galaxy clusters would be difficult to discern even when observed with relatively
high spatial resolutions of ∼10–20 kpc.
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Figure 4. (Left): Variation of mean fractional polarization 〈p〉 with the turbulence driving scale lf in the saturated stage at
the native resolution of the simulations. The black points show the intrinsic 〈p〉 from the simulated volumes computed in
the absence of Faraday rotation. The grey points show the expected 〈p〉 computed from the magnetic integral scale. The
blue curve shows 〈p〉 ∝ l1/2

f variation. The red squares, blue triangles and orange stars correspond to 0.6, 1.2 and 5 GHz
in the presence of Faraday rotation, and they are plotted with slight offset to avoid overlap. All errors show the standard
deviation of pixels in the fractional polarization maps. (Right): Variation of the integral scales with lf. The black, orange and
blue points are for the magnetic field, total intensity and polarized intensity at 5 GHz, respectively. The lines shows Lint ∝ lf.

Smoothing the synthetic Isync maps on larger spatial scales of 30 and 80 kpc, which
are the typical spatial resolutions achieved with existing observations of radio halos, we
find that δ Isync/〈Isync〉 decreases significantly below 1 in almost every pixel, making
the distributions symmetric with g1 < 0.2 for all the three scales of turbulence driving.
The situation is expected to be further aggravated in the presence of telescope noise and
demonstrates why such filamentary structures seen in the simulations have not been
observed. In order to detect the fluctuations in Isync, sensitive, high resolution observations
(<5 kpc) are of paramount importance. It is noteworthy, in contrast to the nearly uniform
ne (fluctuations in overdensity are at 3% level forM≈ 0.18–0.19) and uniform distribution
of nCRE assumed in our models for the core region in ICM, the magnetic field strength, ne
and nCRE are likely to be stratified in galaxy clusters, decreasing away from the cluster
core on scales of hundreds of kpc over the entire volume. Hence, stratification of these
physical quantities could give rise to skewness in the distribution of the synchrotron surface
brightness even if observed using significantly smoothed beam.

3.3. Intrinsic Polarization and Forcing Scale

Although, results from numerical simulations of fluctuation dynamos in the ICM sug-
gest that cluster halos are expected to be intrinsically polarized at 10–30% level [5], unam-
biguous detection of polarized emission remains elusive. Work by Govoni and Feretti [44]
found cluster radio halos to be polarized with p < 2–10% at 1.4 GHz. Thierbach et al. [45]
failed to detect any significant diffuse polarized emission in the Coma cluster at 2.67 and
4.85 GHz with linear resolutions of 110 and 60 kpc, respectively. This could be due to
a combination of Faraday and beam depolarization, and insufficient sensitivity. In light
of these results, we present here the statistical properties of the polarized synchrotron
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emission when smoothed on different scales by a telescope beam. Before delving into
them in detail, we first discuss the intrinsic properties of the fractional polarization (pint) at
the native 1 kpc resolution of the simulations, and in the absence of frequency-dependent
Faraday depolarization (equivalent to p at wavelength λ = 0).

In the presence of random magnetic fields, polarized emission originating at differ-
ent depths in the ICM is expected to undergo random walk as the LOS passes through
a number of magnetic cells, within which the field is ordered but, randomly oriented
from cell to cell. This leads to rotation of the plane of polarization by random angles
resulting in a random degree of polarization. Therefore, the volume-averaged intrinsic
fractional polarization (〈p〉int) is expected to depend as 〈p〉int ≈ pmax/

√
Nmag [46]. Here,

pmax = (1− α)/(5/3− α) = 0.75 (for α = −1) is the maximum fractional polarization and,
Nmag = L/Lint,M is the number of magnetic cells along the LOS. The above relation hints
to a decrease of 〈p〉int with decreasing lf. This can be intuitively understood from the fact
that a smaller lf implies a larger value of Nmag as Lint,M < lf < L.3 In fact, Table 3 shows
that Lint,M is smaller by a factor of ≈4 in each dimension for lf = 64 kpc, compared to
lf = 256 kpc. This translates to Nmag being larger by the same factor for lf = 64 kpc, which
would result in a larger cancellation of the polarized emission along the LOS, and hence,
lower 〈p〉int.

In order to understand how 〈p〉int changes with the driving scale lf due to differ-
ent number of magnetic correlation scales within the volume, we computed the frac-
tional polarization by turning off the effects of Faraday rotation when generating the
synthetic observations. Note that, in the absence of Faraday rotation, p is independent of ν.
In Table 4, we list the frequency-independent 〈p〉int and its dispersion computed from the
maps of pint for different lf. The values of 〈p〉int = 〈PI/I〉 computed from the maps of
polarized intensity and the total synchrotron intensity are also depicted by black points
in the left-hand panel of Figure 4. In the same figure, we also show, for comparison, the
expected 〈p〉int, computed as 〈p〉 = pmax/

√
Nmag by using Lint,M from Table 3, as the grey

points. The variation of 〈p〉int with lf, computed directly from the synthetic maps and
from expectation, remarkably follows the 〈p〉 ∝ l1/2

f relation, shown as the blue curve
in Figure 4 (left). Such a relation is expected for Gaussian random magnetic fields, and
finding this relation for intermittent magnetic fields generated by the fluctuation dynamo
indicates that the polarization vector undergo random walk similar to Gaussian random
fields when the LOS is integrated over several magnetic integral scales. To our knowl-
edge, this is the first time we confirm such a relation for fluctuation dynamo-generated
intermittent magnetic fields.

The fact that 〈p〉int varies as l1/2
f , indicates a possible linear relationship between lf

and Lint,M. This is indeed seen in our simulations and is shown in the right-hand panel
of Figure 4. Here, we plot the variation of the integral scales of magnetic field (in black)
and synchrotron intensity (in orange), Lint,M and Lint,I , respectively, as a function of lf.
This linear dependence of Lint,M on lf suggests that 〈p〉int of the ICM is a direct indicator of
the forcing and/or magnetic integral scale.

In the following, we investigate how frequency-dependent Faraday depolarization
affect the variation of 〈p〉 with lf. Details of numerical computations of the frequency-
dependent Faraday depolarization is presented in Basu et al. [31] and Sur et al. [5]. In the
left-hand panel of Figure 4, we also show variation of 〈p〉 with lf determined from the
synthetic maps in the presence of Faraday rotation at 5, 1.2 and 0.6 GHz with orange stars,
blue triangles and red squares, respectively. The values of 〈p〉 and its pixel-wise dispersion
σp obtained at the native resolution of 1 kpc at these frequencies are listed in Table 4.
It is immediately evident that, due to relatively low Faraday depolarization at 5 GHz, the
variation of 〈p〉5 GHz with lf matches excellently with that of 〈p〉int and dropping by a factor
of two as lf decreases from 256 to 64 kpc. This emphasizes the fact that measurement of
polarized emission from the ICM at frequencies &4 GHz, where Faraday rotation is low,
can be directly used to gain insights into the nature of turbulence driving in the ICM of
galaxy clusters. At lower frequencies, 〈p〉1.2 GHz and 〈p〉0.6 GHz change mildly with lf (see
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Table 4), deviating significantly from the lf
1/2 dependence. Furthermore, as mentioned

earlier, the dispersion of Faraday depth, σFD, for all the three forcing scales are similar with
σFD ≈ 100 rad m−2. That means, small-scale structures introduced due to strong Faraday
depolarization at frequencies .3 GHz see [5] makes 〈p〉 insensitive to Lint,M. Therefore,
even if polarized emission from the diffuse ICM at frequencies .3 GHz are detected, they
will be unsuitable to glean any meaningful insight into the magnetic field properties.

Table 4. Values of 〈p〉 and σp obtained from the synthetic maps at 5, 1.2 and 0.6 GHz for the three
forcing scales lf = 256, 102.4 and 64 kpc. The ‘intrinsic’ values refers to the frequency-independent
values, equivalent at λ = 0, obtained by turning off the effects of Faraday rotation. p0 and l1/2 are the
best-fit values obtained by fitting the variation of 〈p〉 with smoothing scale modelled by Equation (2).

Forcing Scale Frequency 〈p〉, σp p0
l1/2

(kpc) (GHz) (kpc)

256 Intrinsic 0.35, 0.13 0.356± 0.004 197.0± 14.9
5.0 0.34, 0.13 0.352± 0.003 155.1± 7.8
1.2 0.20, 0.10 0.20± 0.01 9.3± 1.0
0.6 0.11, 0.07 0.14± 0.04 2.1± 0.6

102.4 Intrinsic 0.20, 0.10 0.22± 0.01 36.2± 4.0
5.0 0.20, 0.10 0.22± 0.01 33.3± 2.9
1.2 0.16, 0.08 0.15± 0.03 4.7± 1.2
0.6 0.10, 0.06 0.20± 0.11 0.8± 0.5

64 Intrinsic 0.17, 0.09 0.20± 0.01 22.8± 2.4
5.0 0.17, 0.09 0.19± 0.01 21.5± 1.9
1.2 0.14, 0.07 0.17± 0.04 2.5± 0.6
0.6 0.09, 0.05 0.80± 0.80 0.12± 0.12

3.4. Smoothing of Polarization Parameters

In the previous subsection, we demonstrated that the observed 〈p〉 of the ICM mea-
sured at frequencies &4 GHz directly provides an estimate of the turbulent forcing scale
when observations are performed with spatial resolution comparable to or higher than
the 1 kpc resolution of the simulations. However, achieving such resolutions is challeng-
ing with currently available radio telescopes. Here, we consider the statistical properties
of 〈p〉 measured at different frequencies smoothed on various scales in the presence of
frequency-dependent Faraday depolarization. In the top-panel of Figure 5, we show the
pixel-wise empirical cumulative distribution function (CDF) of p smoothed on various
scales at 5, 1.2 and 0.6 GHz for lf = 256 kpc. The CDFs for lf = 102.4 and 64 kpc are shown
in Figures A1 and A2, respectively. From the top-row of Figure 5 it is evident that the
CDFs shift towards the left with increasing smoothing scale, indicating 〈p〉ν decreases with
smoothing on larger scales due to a combination of beam and Faraday depolarization.
At 5 GHz, 〈p〉5 GHz decreases by about 30% from 0.35 at the native resolution to 0.25 when
smoothed on 80 kpc scales for lf = 256 kpc. However, as a consequence of stronger Faraday
depolarization at lower frequencies, the decrease in 〈p〉ν with smoothing scale is stronger,
wherein 〈p〉1.2 GHz decreases from 0.2 at native resolution to significantly below 0.05 for
smoothing on 80 kpc, and at 0.6 GHz, 〈p〉0.6 GHz decreases from 0.11 to about 0.01. For
lower lf of 102.4 and 64 kpc, in general we find that, due to larger Nmag (see Secion 3.3), the
rate of decrease of 〈p〉ν with increasing smoothing scale is significantly larger compared to
lf = 256 kpc at all the three frequencies.
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Figure 5. Effect of smoothing by different scales on the fractional polarization (p) obtained from lf = 256 kpc at t/ted = 23.
(Top panel): Cumulative distribution of p for smoothing by different scales. (Bottom panel): Variation of the mean
fractional polarization 〈p〉 as a function of the smoothing scale (l). The dashed blue curve show the best-fit to the points
using Equation (2). (Left, middle and right rows) are for synthetic observations at 5, 1.2 and 0.6 GHz, respectively.

We model the depolarization as a function of smoothing scale in the presence of
Faraday rotation seen in the top panel of Figure 5 using the form,

〈p(l)〉 = p0

(
1

1 + l/l1/2

)
. (2)

Here, l is the spatial smoothing scale, p0 provides estimate of 〈p〉 at infinitesimal
resolution, and l1/2 is the smoothing scale at which the mean fractional polarization
decreases by 50%, i.e., 〈p(l1/2)〉 = p0/2. In the bottom panel of Figure 5, we show
the variation of 〈p〉ν for lf = 256 kpc as the data points, and the best-fit model using
Equation (2). The corresponding plots for lf = 102.4 and 64 kpc are shown in the bottom
panels of Figures A1 and A2, respectively. The best-fit parameters, p0 and l1/2, for all
the three lf at the three representative frequencies and for 〈p〉int are presented in Table 4.
Firstly we note that, for the frequency-independent 〈p〉int, l1/2 reduces drastically from
≈200 kpc for lf = 256 kpc to l1/2 ≈ 20 kpc for lf = 64 kpc. This decrease in l1/2 with lf is
significantly non-linear, in contrast to what was found in the right-hand panel of Figure 4
for the different integral scales, and could be qualitatively understood as a consequence of
increasing variance of the random magnetic fields within the beam for lower lf see, e.g., [46].
Therefore, we believe that it is difficult to use l1/2 as an indicator of lf in a straightforward
way. Secondly, in the presence of frequency-dependent Faraday depolarization, for a given
lf, l1/2 becomes drastically smaller at lower frequencies. For example, when turbulence
is driven on 256 kpc, l1/2 decreases from 155.1± 7.8 kpc at 5 GHz to only 2.1± 0.6 kpc,
comparable to the resolution of the simulations, at 0.6 GHz. Thirdly, the decrease in l1/2
with decreasing frequency is significantly stronger for smaller lf, so that l1/2 becomes
comparable to, or smaller than, the resolution of the simulations for lf . 100 kpc at
frequencies .1 GHz (see Table 4). Our findings imply that due to the small-scale structures
introduced by the effect of Faraday depolarization, beam depolarization completely wipes
out the intrinsic polarized structures. This reduces the level of polarization from the ICM
to insignificant levels at frequencies below 1 GHz, even if observations are performed
with high spatial resolutions of ∼1–5 kpc. This re-emphasizes the finding in Sur et al. [5]
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that, high frequency observations &3 GHz with high spatial resolutions .20 kpc are of
paramount importance in order to detect diffuse polarized emission from the radio halo of
galaxy clusters.

4. Discussion and Conclusions

In this paper, we presented detailed investigation of the expected statistical properties
of polarized emission from the ICM of galaxy clusters for different scales of turbulent
driving of fluctuation dynamo, and the effect of beam smoothing when observations are
performed using a finite telescope resolution. To obtain synthetic observations, covering
the frequency range 0.6 to 5 GHz, we made use of three non-ideal MHD simulations of
fluctuation dynamos with turbulence driven on 256, 102.4 and 64 kpc scales. The resultant
rms Mach numbers in these simulations are in the range M = 0.18–0.19. Thus, in the
absence of any noticeable density fluctuations, these simulations allowed us to probe the
effects of magnetic fields on the properties of the polarized emission. The simulations were
performed over 512 kpc3 volume with a resolution of 1 kpc along each axes. The 2-D maps
of various observables have spatial size of 512× 512 kpc2 in the plane of the sky with each
pixel separated by 1 kpc. For the purpose of studying the impact of a telescope beam on the
level of polarization in the ICM, we have smoothed the synthetic maps on various scales
ranging between 5 and 80 kpc.

Fluctuation dynamo generates highly non-Gaussian, spatially intermittent distribution
of the magnetic field components giving rise to filamentary structures in the synchrotron
total intensity maps that are extended roughly on scales of turbulence driving (see Table 3).
These filaments give rise to long tails in the surface brightness distribution of the syn-
chrotron emission as presented in Section 3.2. However, these structures are significantly
smeared-out when smoothed on scales &30 kpc, especially for the smaller turbulence
driving scales lf . 100 kpc where the filamentary structures are more volume filling and
thereby results in lower intensity contrast. Our work shows that, in the presence of realistic
noise and due to the faint surface brightness of the diffuse synchrotron emission from the
ICM, such filamentary structures are difficult to discern in current observations.

In Section 3.3, we show for the first time that in the presence of spatially intermittent
magnetic fields the mean intrinsic fractional polarization 〈p〉int at 1 kpc resolution of the
simulations varies with the turbulence driving scale lf as 〈p〉int ∝ lf

1/2. This implies that
〈p〉int when estimated at λ = 0 using the technique of Stokes Q, U fitting [47,48] applied to
broad-bandwidth spectro-polarimetric observations of radio halos could be used to directly
infer the correlation scale of the magnetic fields in the ICM. However, due to the extremely
faint surface brightness of the polarized emission which is expected to be of the order of a
fraction of µJy arcsec−2, applying Stokes Q, U fitting would be a challenging proposition.
This limitation can be easily circumvented by performing polarization observation at
frequencies &4 GHz. As shown in Figure 4, due to significantly low Faraday depolarization,
〈p〉 can be confidently used to infer the magnetic correlation scales in the ICM, provided
observations are performed with sufficiently high spatial resolution. This is evident from
Figure 6 where we compare the variation of the mean fractional polarization at 5 GHz,
〈p〉5 GHz, versus lf at the native resolution of the simulations, with those obtained by
smoothing on different scales. It is clear from the plot that even at high frequencies
(ν > 4 GHz), 〈p〉5 GHz deviates significantly from ∝ l1/2

f relation when the maps are
smoothed to a resolution of 30 kpc, especially for lf < 100 kpc. On the other hand, at
frequencies .2 GHz, Faraday depolarization gives rise to small-scale structures in the
observed Stokes Q and U maps. Therefore, even if polarized emission from radio halos are
detected at these frequencies, they would be of limited use for inferring about the intrinsic
properties of the magnetic fields in the ICM.
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Figure 6. Variation of the mean fractional polarization at 5 GHz, 〈p〉5 GHz, with the turbulence driving
scale lf in the saturated stage. The different coloured symbols are 〈p〉 obtained by smoothing on
different scales. The blue curve shows the 〈p〉 ∝ l1/2

f variation, same as in Figure 4 (left-hand panel).

The expected 〈p〉 in the ICM is significantly reduced due to a combination of frequency-
dependent Faraday depolarization and when observations are smoothed by a telescope beam
(see, e.g., Figure 6). In general, reduction of 〈p〉 due to beam smoothing is stronger for turbulence
driven on smaller scales. In Section 3.4, we find that at frequencies .3 GHz, 〈p〉 reduces by
more than 50% when smoothed on about 10 kpc scales for turbulent driving on any of the
three scales investigated in this study. In fact, at low frequencies, smoothing the emission
from the ICM on about 30 kpc scales reduces 〈p〉 by more than a factor of five, making the
detection of diffuse polarized emission challenging. However, pockets of clumpy emission,
extended on scales of a few beam, could be substantially polarized up to about 10–20% level.
Detection of such features at low frequencies would contain limited information on the nature
of the magnetic fields also see [5]. At frequencies &4 GHz, the diffuse polarized emission from
the ICM is largely unaffected by Faraday depolarization, and 〈p〉 is only mildly reduced for
turbulence driven on larger scales &100 kpc. For turbulence driven on scales below∼100 kpc,
〈p〉 of the diffuse ICM reduces to half when the emission is smoothed on scales >20 kpc. That
means, the level of polarized emission from the ICM when observed with resolutions better
than 6 arcsec at frequencies >4 GHz for galaxy clusters located up to redshift z = 0.2 contains
valuable information on the turbulence driving scale.

Our results on the effect of beam smoothing on the expected mean fractional polar-
ization 〈p〉 for different driving scale of turbulence, in combination with the 〈p〉 ∝ lf

1/2

relation, brings to light an important fact that 〈p〉measured at frequencies above 4 GHz can
be used to glean information on lf. It is clear from Figure 6 that 〈p〉5 GHz is relatively less
affected by smoothing for large lf. This implies, detection of diffuse polarized emission near
5 GHz at &20% level for spatial resolutions up to 30 kpc would indicate lf & 100 kpc by
directly using the blue curve shown in Figure 6, which represents the intrinsic 〈p〉 ∝ lf

1/2

relation. We note that, the value of 〈p〉 in the 〈p〉 ∝ lf
1/2 relation also depends on the

path-length, L (which is the same, 512 kpc, in all our simulations), as 〈p〉 ∝ (lf/L)1/2. This
implies that, increasing the simulation domain by a factor of 2 would also reduce the
values of 〈p〉 by

√
2. The simulations in this work represents a small volume covering

the core region of ICM. Since we are considering polarized emission from the ICM where
synchrotron emission and Faraday rotation are mixed, the emission along the LOS is likely
to be dominated by the core regions as compared to that in the outer parts for L� 512 kpc.
This is because, due to the radial stratification of the ICM, the gas densities and the magnetic
field strengths decreases away from the cluster core, and therefore, a larger ICM volume is
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unlikely to change our results substantially. In addition, note that external FD contribution
along the LOS from large-scale cosmic structures in the foreground, e.g., cosmic filaments,
is comparatively smaller than the ICM [49–51]. The FD in these cosmic structures fluctuate
on &300 kpc scales [11], comparable to size of the our simulation domain, and have σFD
only O(1 rad m−2) which is significantly smaller than σFD ∼ 100 rad m−2 in the ICM of
galaxy clusters. FD fluctuations in the Galactic foreground is also low for the typical angu-
lar extent of galaxy clusters <1 degree. Therefore, external FD fluctuations in the cosmic
filaments and in the Milky Way will not affect Faraday and beam polarization presented
for ICM in our work.

As discussed above, it is important to compare 〈p〉with lf normalized to L, i.e., with kf
(as shown in the top x-axis of Figures 4 and 6), or normalized to an equivalent length-scale.
The largest scale of turbulent driving lf = 256 kpc in our simulations roughly correspond to
the core radius (rc) of galaxy clusters. For example, for the Coma cluster rc ≈ 300 kpc [8,52].
On the other hand, lf = 64 kpc is of the order of the scale height of the cluster core. In the
following, we discuss about inferring lf normalized to rc. From Figure 6, 〈p〉5 GHz & 0.2
directly implies lf/2 rc ≈ 1/4–1/2. On these scales, turbulence is likely to be driven by the
cascade of vortical motions generated in oblique accretion shocks and instabilities during
cluster formation on Mpc scales [10,33,53–55]. On the other hand, detection of, or constrain
on (in the case of non-detection), the polarized emission within rc at 〈p〉5 GHz . 0.05 using
a spatial resolution up to 30 kpc implies lf . 10 kpc, i.e., lf/2 rc . 1/60. On these scales,
turbulence could be driven by energy input on galactic scales, perhaps driven by gas
accretion and/or star formation driven feedback from galaxies [56–59]. When the diffuse
emission in the ICM is polarized in the intermediate range with 〈p〉5 GHz ∼ 0.05–0.2 for
resolutions below ∼30 kpc, lf/2 rc is expected to lie in the range 1/30 to 1/6, roughly
corresponding to lf between 20–100 kpc. Turbulent energy input within such range of
scales is expected to be driven by feedback from active galactic nuclei (AGN) [60–62].
Therefore, 〈p〉 of the diffuse polarized emission from the ICM above 4 GHz contains
valuable information on the turbulence driving scale in galaxy clusters. We emphasize that,
the diffuse polarized emission at frequencies .3 GHz is expected to be severely depolarized
within the beam, but it is possible for some regions to be locally polarized at up to ∼20%
level for smoothing on up to ∼30 kpc scales. Detection of such clumpy polarized regions
would contain limited information on the structure of magnetic fields and on the scale of
turbulence driving in the ICM.

In light of the above discussions, we qualitatively explore the prospect of detecting po-
larized emission from the radio halo of galaxy clusters using the SKA. The Band 5a covering
the frequency range 4.6 to 8.5 GHz is expected to achieve a rms noise of 1.3µJy beam−1 for
angular resolution in the range 0.13 to 17 arcsec in one hour [63]. As discussed above, a spatial
resolution of 20–30 kpc, and sensitivity to emission polarized down to 0.05 level is required for
broadly distinguishing the driving scale of turbulence in the ICM by using 〈p〉 above 4 GHz.
The median redshift of clusters detected at radio frequencies is ∼0.21, e.g., Refs. [2,64], and
therefore angular resolution between 6 to 10 arcsec is sufficient. Excluding radio relics and
cluster minihalos, radio halos have a median flux density of ∼25 mJy at 1.4 GHz, and have
median angular extent of ∼6 arcmin estimated from table 1 of [64]. This corresponds to surface
brightness of ∼6 and 2µJy beam−1 for a resolution of 10 and 6 arcsec, respectively, at the refer-
ence frequency of 6.7 GHz in Band 5a (assuming α = −1). That means, the surface brightness
of the emission with fractional polarization >0.05, is expected to be &0.3 µJy beam−1 which
can be achieved with ∼20 h of observation time with the SKA in Band 5. However, about 20%
of the known radio halos have flux density &60 mJy at 1.4 GHz. The polarized emission from
the halos of these galaxy clusters can be comfortably detected in Band 5a of the SKA. We are
currently investigating in detail the prospect of detecting polarized emission from the diffuse
ICM by normalizing our MHD simulations tuned to the properties of known galaxy clusters,
and will be presented elsewhere.

Although substantial diffuse polarization at about 5% level above 4 GHz is expected
for smoothing the ICM emission on scales up to 30 kpc and roughly distinguish between
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the scales of turbulent energy input, 〈p〉 alone is insufficient to distinguish the driving
mechanisms. The different drivers, i.e., galactic and AGN feedback or cluster mergers and
accretion from filaments are expected to have varying volume filling factors and possibly
generate different structural properties of the magnetic field. These differences are expected
to be imprinted on the frequency-dependent Faraday depolarization of the polarized
emission and on the properties of the Faraday depth spectrum see, e.g., [31]. Interestingly,
the role of spatially intermittent magnetic field structures on 〈p〉 at different frequencies
can already be gleaned from the variation of 〈p〉 with lf . For a synchrotron emitting media
which is also Faraday rotating in the presence of Gaussian random fields, 〈p(λ)〉 varies as
〈p(λ)〉 = 〈p〉int [1− exp(−2 σ2

FD λ4)]/2 σ2
FD λ4 [46]. Since for all lf, σFD ≈ O(100 rad m−2),

Faraday depolarization due to Gaussian random fields should have resulted in 〈p〉 � 0.01
for ν . 3 GHz. In contrast, due to the intermittent magnetic field structures, substantially
polarized emission are expected, as indicated by our study. A detailed investigation of
the properties of frequency-dependent depolarization, and the nature of Faraday depth
spectrum based on the magnetic field structures generated by the action of fluctuation
dynamo driven on different scales for different rc will form the topic of our future work.
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Appendix A. Distribution of p

Here, we present the distributions of p and the variation of 〈p〉with smoothing scale for
turbulent forcing scales lf = 102.4 kpc in Figure A1, and for lf = 64 kpc in Figure A2, respectively.
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Figure A1. Same as Figure 5 for lf = 102.4 kpc at t/ted = 20.2.
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Figure A2. Same as Figure 5 for lf = 64 kpc at t/ted = 30.6.

Notes
1 The surface brightness presented in this work at any other ν0 can be scaled depending on the choice of I0 which is representative

of a particular galaxy cluster.
2 Since the magnetic field strengths in the ICM is <3.25 (1 + z)2 µG where z is the redshift of a cluster, inverse-Compton cooling

due to scattering with the CMB photons would dominate over synchrotron cooling.
3 Note that, the evolution of Lint,M is controlled by the Lorentz force which tends to order the field as the system approaches

saturation [12,14]. Since magnetic fields generated by fluctuation dynamos can be ordered at the most on the scale of turbulent
driving, the integral scale of the field is expected to be smaller than lf.

4 http://www.astropy.org, accessed on 21 February 2021.
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