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Abstract. Magnetic fields originate small-scale instabilities in the plasma of the intra-cluster
medium, and may have a key role to understand particle acceleration mechanisms. Recent obser-
vations at low radio frequencies have revealed that synchrotron emission from galaxy clusters is
more various and complicated than previously thought, and new types of radio sources have been
observed. In the last decade, big steps forward have been done to constrain the magnetic field
properties in clusters thanks to a combined approach of polarisation observations and numerical
simulations that aim to reproduce Faraday Rotation measures of sources observed through the
intra-cluster medium. In this contribution, I will review the results on magnetic fields reached
in the last years, and I will discuss the assumptions that have been done so far in light of new
results obtained from cosmological simulations. I will also discuss how the next generation of
radio instruments, as the SKA, will help improving our knowledge of the magnetic field in the
intra-cluster medium.
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1. Introduction

Galaxy clusters host magnetic fields that are responsible for a variety of phenomena
on a large range of spatial scales. The intra-cluster medium (ICM) is an almost perfect
plasma, and the magnetic field originates small-scale instabilities that can amplify
the field itself and modify the ICM microphysics. On Mpc scale, the magnetic field
interacts with Cosmic Ray electrons (CRe) and produce diffuse emission such as radio
halos, mini halos, and radio relics. Recent observations with the LOw Frequency ARray
(LOFAR, van Haarlem et al. 2013) have shown that the radio emission in the ICM is
more complex than initially thought. In particular, Savini et al. (2018) have discovered
that steep-spectrum emission on Mpc scale is observed also in clusters that do not show
signs of major merger. In Fig. 1 (right panel), the radio emission from the galaxy cluster
RXCJ1720.1+2638 is shown. This cluster is known to host a mini halo confined between
two cold fronts, i.e. discontinuities in the X-ray surface brightness profile. It has been
proposed that the cold fronts are formed during a minor merger, where the dense core of
the cluster is perturbed and starts a sloshing motion in the dark matter potential well.
LOFAR reveals that the radio emission extends well beyond the cold fronts. The radio
emission inside and outside the core can be well separated both in brightness and in
spectral index. The core emission (mini halo) is relatively flat (α∼−1) and the spectral
index distribution is uniform. The emission SW and NE of the core emission, beyond
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Figure 1. Left: power spectrum of the gas density fluctuations in the cluster MACSJ0717 in
the regions with and without radio emission, as shown in the inset (Bonafede et al. 2018). Right:
The cluster RXCJ1720.1+2638: optical emission and radio emission from GMRT at 610 MHz
(white) and LOFAR at 150 MHz (red), from Savini et al. (2018, in press).

the cold fronts, is steeper (α∼−2), suggesting either a different acceleration process
and/or a different magnetic field strength in the two regions.
New emission has also been observed by LOFAR in the cluster MACSJ0717.0+3745
(Bonafede et al. 2018). This massive (M500 ∼ 1.1× 1015M�) high-z (z=0.546) cluster
was known to host diffuse radio emission visible at GHz frequencies, which is not
co-spatial with the X-ray emission from the gas. The radio emission is confined in
the Eastern part of the cluster. LOFAR observations at 150 MHz have confirmed this
asymmetry in the radio emission (see Fig. 1, left panel), and a new radio arc with a
linear size of ∼ 1.7 Mpc has been discovered at the NW of the cluster centre. The
analysis of the power spectrum of the gas density fluctuations - performed following
the method by Zhuravleva et al. (2014) - has shown that there is a correlation between
the amplitude of the power spectrum and the presence of radio emission. This might
indicate a higher ratio of kinetic versus thermal energy in the region with radio emission
than in the region without.
Recently, theoretical studies have focussed on the role of magnetic fields to accelerate
particles in the cluster outskirts. Radio relics are linked to low Mach number shocks,
that have a low acceleration efficiency (e.g. Brüggen et al. 2011). Shock waves should also
amplify the magnetic field, but only the magnetic field amplification in the relic of the
Coma cluster has been analysed so far (Bonafede et al. 2013) and no net amplification
in the shocked region has been found.

2. Constraints on magnetic fields and assumptions

The analysis of the Faraday effect from sources inside and in the background of clusters
is the most used technique to constrain the magnetic field. Using this method, Bonafede
et al. (2010) used the Rotation Measure (RM) of 7 sources in the background of the
Coma cluster and the Faraday code (Murgia et al. 2004), and derived that the mag-
netic field strength in the cluster centre is B0 ∼ 5 μG, with a radial profile that scales
with the square-root of the gas density profile (i.e. B(r)∝ n0.5). To derive these values,
assumptions need to be made on the magnetic field properties. In particular, the mag-
netic field is assumed to be a Gaussian random field, characterised by a single power
law power spectrum. Thanks to the increasing resolution reached by recent cosmological

https://doi.org/10.1017/S1743921319004459 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921319004459


Magnetic field in galaxy clusters 301

simulations, it is now possible to compare observed and simulated RM. Using an adaptive
mesh refinement method, Vazza et al. (2018) have performed MHD cosmological simu-
lations reaching a resolution of ∼ 4 kpc in the cluster centres. A primordial magnetic
field Bi = 0.1 nG at z= 30 is evolved, and its amplification is observed to be above the
one predicted from a pure adiabatic compression. As the resolution increases, the mag-
netic field amplification increases as well, reaching B ∼ μG in the cluster centres. The
magnetic field components show a departure from a Gaussian distribution, with a tail
towards high values of the magnetic field. The amplitude of this tail depends on time,
cluster dynamics, and resolution of the simulation. The net effect is that the RM profile
for a Coma-like cluster can be reproduced with slightly lower values of B0 than those
derived by Bonafede et al. (2010). In the specific case analysed by Vazza et al. (2018),
the average value of the magnetic field in the core is Bcore ∼ 1.5μG.
Cosmological simulations also predict that magnetic field power spectrum deviates from
a simple power law. The relevant scales to understand the role of magnetic field in accel-
erating particles would be the injection scale (Linj ∼ few 100 kpc) and the viscous scale
(Lvisc ∼ few kpc, or even lower if the Spitzer viscosity is suppressed in the ICM). The
power spectrum can be approximated by a power law between Linj and Lvisc (see e.g.
Ryu, this meeting, Xu et al. 2009).
However, it must be noted that the number of free parameters would increase if
non-Gaussian magnetic fields and non power law power spectra were considered. The
constraints on the magnetic fields that have been obtained so far are based on few sources
per cluster (from 1 to 7), and the modelling done by the authors to reproduce mock RM
images already have a total of 5 free-parameters. Hence, we conclude that - despite more
complicated models for the magnetic field should be ideally considered - the limiting
factor is the low number of sources per cluster. Considering more complicated models of
magnetic field and increasing the number of free parameters will make sense only when
future observations will be able to sample the RM through several tens of lines on sight
per cluster.

3. New results with present instruments and future perspectives

The advent of spectro-polarimetric and wide-band receivers enables us to make an
important step forward in the study of cluster magnetic fields. We started a project to
constrain the magnetic field amplification by low Mach number shocks in clusters. To
overcome the limit of few sources observed per cluster, we built up a sample of cluster
with double relics, and obtained ∼ 80 h observing time at the Jansky Very Large Array.
In Fig. 2, we show the cluster RXCJ1314-2515 (Stuardi et al in prep). We analysed
the Faraday spectrum of the emission using the Rotation Measure synthesis technique
(Brentjens & de Bruyn 2005). So far, the regions that we have analysed seem consistent
with the Galactic RM, suggesting little/no amplification of the magnetic field in the
shocked region.
The next generation of radio instruments, i.e. the Square Kilometer Array (SKA) will
permit a study of the magnetic field in individual clusters. The expected number density
of polarised sources that SKA will observe is ∼ 300 per square degree (Rudnick & Owen
2014). This means that we will be able to study the magnetic field in a Coma-like cluster
using ∼ 50 radio sources, i.e. a factor 7 higher than present-day studies. Bonafede et al.
(2015) have analysed the RM grid that SKA will provide for clusters of different mass,
finding that we will have enough sources to constrain the magnetic field in the background
of low-mass galaxy clusters and galaxy groups. Having such a high number of RM samples
through the line of sight, one may be able to investigate different configurations for the
magnetic field, i.e. non-Gaussian distributions of the components and different functions
for the power spectrum.

https://doi.org/10.1017/S1743921319004459 Published online by Cambridge University Press

https://doi.org/10.1017/S1743921319004459


302 A. Bonafede et al.

Figure 2. Radio emission from the cluster RXCJ1314 at 1-2 GHz (Stuardi et al., in prep.). The
left panels show the Faraday spectra through one source in the relic (top) and in the pre-shock
region (bottom). The Galactic foreground RM is φ∼−30rad/m2, consistent with the values
found for the two sources.

4. Conclusions

Obtaining constraints on the magnetic field in the ICM is crucial to understand
particle acceleration mechanisms and the ICM microphysics. One must bear in mind
that magnetic fields are not directly observable, and the constraints derived through
observations rely on the assumptions that have been made. State-of the art instruments,
such as the JVLA are very promising to obtain statistical constraints on the magnetic
field using samples of clusters. Using this approach, Stuardi et al. (in prep) are already
investigating for the first time the magnetic field amplification by low Mach number
shocks in radio relics. In the next years, the advent of the SKA will permit a detailed
study on individual clusters, and will in principle allow us to investigate different model
assumptions for the magnetic field structure.
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