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Abstract

Galaxy cluster are the largest virialised structure in the Universe. The medium that
fills the space between galaxies in the cluster has been observed both in X-ray and radio
bands, meaning that we can observe both thermal and non-thermal processes. The non
thermal processes are mostly dominated by inverse Compton scattering and synchrotron
emission. The latter is particularly well observed as it produces halos that extent for
not more than ∼ 1 Mpc, in diameter, detected in the majority of massive clusters with
ongoing merging activity. In the recent work of Cuciti et al. (2022), the discovery of a new
family of halos was reported: the mega radio halos (MHs) that can fill a volume 30 times
larger than the classical radio halo regions known so far. This emission is thought to be
generated from relativistic electrons through Fermi II turbulent re-acceleration processes.
In this Thesis, I present the results of the first dedicated analysis of this process with
new cosmological simulations, as a way of testing the turbulent re-acceleration scenario
for mega radio halos.
I analyse the data acquired from a cosmological, adaptive mesh refinement, ENZO simu-
lation (Bryan et al. 2014) where the gas evolution has been studied with Crater (Wittor
et al. 2016), a Lagrangian code that evolve gas tracers injected, in post-process, in the
simulation. The final cluster of galaxies has a mass of M100 = 3.8 · 1014 M⊙ and a virial
radius of R100 = 1.52 Mpc at z = 0. This is a low mass cluster and it undergoes a
few mergers during its evolution. This system allowed me to test the possible formation
scenario of mega radio halos in a typical clusters of galaxies.
After a spatial evolution examination, I find that the electrons which end up in the MH
region have spent a part of their evolution in the center of the cluster and shared sim-
ilar physical conditions of the gas that finally fills the volume of classical radio halos.
I measure that continuous accretions of massive satellites re-ignites the turbulent pro-
cess maintaining the electrons at very high energy. A conspicuous fraction of the cosmic
rays has been re-accelerated to reach a large enough energy to be radio emitting for syn-
chrotron radiation. Moreover, the shape of the radial distribution of the fraction of radio
emitting electrons seems to reproduce the one retrieved from the observations, indicating
a plateau, in the last half Gyr of the simulation, for the whole MH region. Very interest-
ingly, my analysis shows that the median values for the energy of populations of electrons
injected at energies of GeV can be maintained at this level by the prolonged effect of
turbulent re-acceleration, for over ∼ 5 Gyr, i.e. much beyond the classical view in which
turbulent re-acceleration in the ICM can only act intermittently, and boost the energy of
radio emitting electrons for less than ∼ 1 Gyr.
Although preliminary and limited to a single simulation for the moment, these results
are promising and have been presented in a letter to Astronomy & Astrophysics (Beduzzi
et al., 2023, arXiv:2306.03764).

v





Chapter 1

Galaxy clusters and non-thermal
radiation

In this chapter I will briefly introduce the history of the observations of the galaxy
clusters and on their role in the development of the modern theoretical picture of the
cosmological model. The introduction will also provide a description of the observational
properties, ranging from X-rays, optical and radio wavelength. Finally it will be given an
overview of the latest discoveries that motivates my thesis work.

1.1 Introduction

Galaxy clusters are the most massive virialized structures in the Universe, and they
are still accreting matter from the cosmic web in the present epoch. They are the perfect
crossroad between astrophysics and cosmology, providing the opportunity to test models
of galaxy formation and evolution, the dynamics of the intra-cluster medium (ICM),
and plasma physics in very large systems, as well as dark matter and the cosmological
model. Galaxy clusters were the first cosmic objects where the dynamical determination
of gravitational mass allowed astrophysicists to infer the presence of dark matter on Mpc
scales. The works by Zwicky (1933) and Smith (1936) highlighted that the number of
stars present in those clusters was unable to explain the mass necessary to account for
the observed velocity dispersion. Zwicky referred to the missing matter as dark matter
(DM), introducing the term for the first time. Subsequent studies revealed that the issue
was caused by a miscalculation of the number of stars, but the problem of the missing
matter from the observations still holds true today.
During the seventies, the discovery of X-ray emission from the extended sources allowed
to determine a significant portion of the missing matter, providing also evidence for the
existence of a diffuse plasma filling the space between the systems of virialised galaxies,
namely the ICM (Cavaliere et al. 1971; Meekins et al. 1971; Forman et al. 1972). Its
presence, along with the measurements of its velocity dispersion, add further proof to
the lack of matter. Additionally, the presence of the ICM explained variation of the
spectrum of Cosmic Microwave Background (CMB) photons due to scattering process,
via Inverse Compoton (IC). This effect is better known as the Sunyaev-Zel’dovich effect
(SZE, Sunyaev & Zeldovich, 1970, 1972a, 1980). Clusters of galaxies provided evidence
for the gravitational collapse of matter from small fluctuation of density, produced in
the early phases of the Universe. Relatively simple analytical models were able to well
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CAP. 1 1.2. GALAXY CLUSTER FORMATION MODEL

explain the X-ray emission of the Coma cluster and of similar objects (van Albada 1960;
van Albada 1961; Peebles 1970; Gott & Gunn 1971; Sunyaev & Zeldovich 1972b; White
1976). Furthermore, subsequent studies (Press & Schechter, 1974; Gott & Rees, 1975;
White & Rees, 1978) highlighted the hierarchical nature of cluster formation, which was
then associated with the first models of cold dark matter (CDM) cosmological scenario.
Nowadays is widely believed that clusters are formed by hierarchical structure formation
processes. In this scenario, smaller units (galaxies, groups and small clusters) formed
first and merged under gravitational pull to larger and larger units in the course of time.
Mergers between clusters are the main mechanism by which several clusters of galaxies are
formed, while a continuous accretion of “smooth” gas and DM components, or accretion
by smaller sub-units, is always present. The history and the studies of such structures
have played a crucial role in testing and validating cosmological models making them the
most reliable test bench for simulations and to proof the validity of cosmological scenarios
(Allen et al., 2011).

The astrophysical processes relevant for galaxy clusters span from cosmology to as-
trophysics particles, covering a multitude of topics. In the first part of this work, I will
investigate the different kind of emissions associated with clusters of galaxies, starting
from the study of the bremsstrahlung processes in order to understand the structure of
the thermal plasma within the cluster. Moreover, I will explore the most elusive processes
of the non-thermal component of the relativistic electrons that populate the ICM, filling
the virial radius of the clusters and the structures beyond such as the radio relic. Then, I
will focus on the re-acceleration mechanisms that allow radio emitting electrons to reach
energies of a few giga electronvolts, and on the different emission processes in which they
are involved, such as IC and synchrotron.

1.2 Galaxy cluster formation model

I will briefly introduce the formation scenario of galaxy clusters before discussing
their observational and physical properties. The formation scenario of clusters of galaxies
follows the hierarchical formation model scenario, where the most most massive objects
form via gravitational collapse of small fluctuation of the primordial density field, which
has a non-homogeneous characterisation. The existence of such density perturbations
can be inferred from the temperature fluctuation of the cosmic microwave background
(CMB) as firstly observed with the Cosmic Background Explorer (COBE) mission (Ben-
nett et al., 1996). The non-homogeneity is described through the density contrast field,
or overdensity, given by: δ = (ρ − ρ̄m)/ρ̄m, where ρ̄m is the mean mass density of the
Universe. Once the gravitational collapse has begun, matter accumulates and its mass
increases via hierarchical sequence of accretion. The growth regime can vary as function
of the overdensity field, if the value is δ ≪ 1 the growth can be described through linear
approximations. However, when δ ≫ 1 the growth regime is non-linear and its description
generally requires approximated methods, or direct numerical simulations.

Numerical N-body simulations make it possible the study and the evolution of the
clusters and their formation processes. By providing realistic initial conditions for the
pattern of linear density fluctuations derived from the CMB, it is possible to accurately
track the growth of structures in the fully non-linear regime. These simulations can also
be combined with other relevant astrophysical processes, such as galaxy formation and
radiative processes, to obtain a comprehensive understanding of cluster evolution.
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CAP. 1 1.3. GALAXY CLUSTERS OBSERVATIONAL PROPERTIES

Figure 1.1: The galaxy cluster Abell 2744 in three different optical bands. Left panel :
Optical (Subaru BRz; Medezinski et al., 2016) view of the cluster. White linearly spaced
contours represent the mass surface density derived from a weak lensing study fromMerten
et al. (2011) and Lotz et al. (2017). Central panel : X-ray emission from the thermal ICM
plasma (Chandra 0.5–2.0 keV band). Right panel : 1–4 GHz Very Large Array (VLA),
tracing cosmic rays and magnetic fields. Credits: van Weeren et al. (2019), but see also
Pearce et al. (2017) for more details.

1.3 Galaxy clusters observational properties

Galaxy clusters observations span the whole range of the spectrum, from the X-ray
band to radio frequencies (Figure 1.1). In the most energetic part of the spectrum, the
presence of very hot medium, the ICM, can be detected. It is composed of plasma that can
reach a temperature of 108 K. The line and continuum emission visible in the X-ray comes
from bremsstrahlung. Also, IC processes of CMB photons involving high energy electrons
can produce emission in the hard X. In the visible band we observe the emission coming
from the galaxies, dominated by the stars light, diffuse dust, and HII regions emission.
The bluer part of the visible spectrum is produced mostly from late-type galaxies. These
galaxies are typically located in the outer region of the clusters and their emissions are
dominated by younger stellar populations. On the other hand, the reddest part of the
spectrum is dominated by old elliptical galaxies that have already depleted a significant
portion of their hydrogen content, making the formation of young and massive stars more
challenging. In the microwaves, one can expect to observe the CMB radiation passing
through the cluster. Instead, the observed will see a decrease in the background intensity,
which is caused by the interaction of CMB photons with the free electrons of the ICM.
This is observed as a spectrum shift toward higher frequencies in all the regions of the
cluster within the virial radius, which I will define later. The radio emission comes from
non-thermal processes, specifically the synchrotron mechanism resulting from the presence
of magnetic field diffused in plasma. The radiation can be observed with both with low
or high polarisation. In the inner region, also known as radio halo, the light exhibits low
polarisation due to the morphology of the magnetic field which does not show preferential
spatial orientation. On the other hand, highly polarised sources are usually associated
with radio relics, which are observed in the outskirt. Finally, approximately the 80%
of the cluster mass is in form of DM, which cannot be directly observed. However, its
presence can be inferred through the weak gravitation lensing effect or by measuring the
velocity dispersion of the baryonic matter within the cluster using the virial theorem.
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CAP. 1 1.3. GALAXY CLUSTERS OBSERVATIONAL PROPERTIES

1.3.1 X-ray observations

Extended X-ray emission from clusters of galaxies was attributed to bremsstrahlung
processes by Felten et al. (1966) and, after a spurious X-ray detection of the Coma clus-
ter, it was observed after few years (Cavaliere et al. 1971; Forman et al. 1972; Kellogg
et al. 1972). Plasma contributes ∼ 80 − 90% of the baryonic matter in clusters, and its
temperature can range from ∼ 107 to 108 K. As result, it can be observed in the X ray
and it is assumed to represent the broadest part of the thermal emission. The plasma is
not associated with the single galaxies within the cluster but correlations can be observed
between the two components. This correlations arises because both the components are
in approximate (thermo)dynamical equilibrium with the cluster potential well. The first
X ray observations during the seventies revealed that the ICM in the centers of many
clusters was dense enough to cool down in time lower then the Hubble time (see Hudson
et al. 2010 for a complete review), via bremsstrahlung processes. These observations con-
tribute to develop the cooling flow (CF) model. According to this model, the ICM at the
centers of the clusters with dense cores hydrostatically cools through radiation emission.
As result, the cool gas is compressed by the weight of the overlying gas and hot gas from
the outer regions of the ICM flows in to replace the compressed one, generating a CF. The
early X-ray observations seemed to validate this model and provided some evidence of ex-
pected Hα and UV emission. However, optical observations failed to detect the expected
star formation rates, as well as CO and molecular gas. The expected star formation rate
should have been of hundred of M⊙ s−1, while observations exhibit a wide range, from
some M⊙ s−1 to one per thousand (McNamara & O’Connell, 1989; O’Connell & McNa-
mara, 1989). This discrepancy was attributed to the lack of heating mechanism in the
model, such as active galactic nuclei (AGN) heating via direct cosmic ray-ICM interac-
tion and conduction, or through shockwaves and turbulence. The failure of the classical
CF model has changed the nomenclature and the improvement of the thermodynamical
classification of such systems, based on their observed X-ray properties. Nowadays, X-ray
emitting clusters of galaxies can be classified into cool-core (CC) clusters and non-cool
core clusters (NCC), depending on the presence of a dense X-ray emission core (Molendi
& Pizzolato, 2001). In the central region of CC, we can observe a strong X-ray emission
that remarks the presence of ionisation and gas cooling. The presence of a CC is reflected
in the temperature profiles, which exhibit a decrease in temperature with decreasing ra-
dius in the innermost region of CC clusters, down to a minimum temperature of ∼ 0.1
keV.
The ICM temperature is consistent with the galaxy velocity dispersion, indicating that
both are in equilibrium with the same potential well. The abundance of elements in
the intracluster plasma is cosmological, meaning that it follows from the abundances of
elements produced by cosmic baryogeneis, with the additional presence of heavier by-
products of star formation. The fraction of metals observed in the ICM is smaller than
the solar abundance, close to 1/3 or 1/2 of the solar abundances (Werner et al., 2008).
The radial distribution of metallicity exhibits a peak in the central region of the CC,
whereas in NCC, it shows a flat distribution in the central region (see Vikhlinin et al.,
2006; Pratt et al., 2007; Leccardi & Molendi, 2008).

A large number of properties can be inferred through empirical relations. These rela-
tionships can provide valuable information for describing theoretical models and constrain
fundamental properties of galaxy clusters. One strong correlation is observed between the
mass of the X-ray emitting gas, within R500, and the stellar mass within the same radius.
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CAP. 1 1.3. GALAXY CLUSTERS OBSERVATIONAL PROPERTIES

Figure 1.2: Left panel : Mass in stars vs. mass of hot, X-ray emitting gas. Both masses are
measured within R500. Red circles show local clusters (z < 0.1), while magenta squares
show higher-redshift clusters (0.1 < z < 0.6). Credit: Kravtsov & Borgani (2012). Right
panel : σ vs. temperature relation between the emitting gas velocity dispersion and its
temperature for galaxy clusters (circles) and galaxy groups (square). The dotted and
solid lines show the best power-law fits for groups and clusters, respectively. Credit: Voit
(2005).

R500 represents the virial radius that contain 500 times the critical density, ρcrit, of the
Universe. The density ρcrit is defined as ρcrit(z) = 3H(z)2/8πG where H(z) is the Hubble
parameter as a function of redshift. The relationship, between gas and stellar mass, can
be seen in Figure 1.2, where it can be noticed that the gas mass in clusters is about,
on average, ten times larger than the mass in stars. The result presented in this paper
was fundamental to confirm the self-similar model of clusters, which implies that different
clusteres exhibit the same properties at a certain characteristic radius.
A strong correlation also exists between the bolometric luminosity of the thermal compo-
nents of the ICM, within R500, and the product between the mass of the gas within R500

and the ICM temperature derived from the X-ray spectra computed between 0.15R500 −
R500 (Figure 1.3, V. et al. (2006)), called “pseudo-pressure”.
As one can expect, the X-ray luminosity of clusters well correlate with their velocity dis-
persion (Figure 1.2). This scaling relation can be very useful to infer the mass of clusters
too distant to have a reliable estimate of the velocity dispersion of galaxies, but for which
integrated X-ray observables can be obtained.

1.3.2 Optical observations

Optical discoveries of clusters culminate with the large catalog of clusters by George
Abell and collaborators (Abell, 1958; Abell et al., 1989). Abell’s catalog includes most
of the known nearby galaxy clusters, and it represents the foundation for much of our
modern understanding of these objects. Given the intricate nature of cluster cataloging
from galaxy surveys, which is influenced by the inclination of galaxies along the line
of sight, Abell adopted a method of constructing his catalog by counting the number of
galaxies present in each cluster. Specifically, he considered galaxies within two magnitudes
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Figure 1.3: Correlation of bolometric luminosity of intracluster gas and YX ≡ MgasYX,
where Mgas is the mass of the gas within R500 and YX is temperature derived from the fit
to gas spectrum accounting only for emission from radial range 0.15R500 −R500. Results
are shown for the local clusters from the Representative XMM–Newton Cluster Structure
Survey sample of Pratt et al. (2009). Left panel : total luminosity integrated within
radius R500. Right panel : it shows the bolometric luminosity calculated with the central
0.15R500 of the cluster. Labels in the top left corner of both diagrams indicate the radial
range used in computing the luminosity and logarithmic scatter of luminosity at fixed YX.
The blue points show CCs, while magenta points are NCC. Clusters classified as relaxed
and disturbed are shown by circles and squares, respectively. Note that exclusion of the
cluster cores reduces the scatter between luminosity and YX by more than a factor of two.
Credit: Kravtsov & Borgani (2012).

of the tenth brightest galaxy in the cluster. Moreover, Abell defined a fixed bounding
radius of ∼2 Mpc for all clusters. Additionally, to compensate for projection effects, he
subtracted a background level from his galaxy counts. Abell introduced a classification
based on the “richness” of the cluster, which correspond to the number of galaxies within
them. Clusters with more than 30 and less than 50 galaxies are classified as Class 0, while
those with more than 300 galaxies are Class 5.

A key feature of galaxy clusters is their ability to act as powerful cosmic magnification
lenses, producing a variety of detectable lensing effects, from strong to weak lensing (Kneib
& Natarajan, 2011). The phenomenon of gravitational lensing (albeit from the sun) which
was first observed in 1919 (Eddington, 1919) during a solar eclipse, demonstrate that the
gravitational mass can induce a curvature in spacetime able to bend the path of light rays.
The propagation of light from a distant source to an observer is influenced by, besides the
gravitational field of local inhomogeneities, the global geometry of the Universe (Schneider
et al., 1992). Gravitational lensing observations provides a means to study the mass
distribution of massive objects, dominated by DM. In this case, the presence of massive
DM component can be detected through the deflection, shearing or magnification of the
background sources. Weak lensing, characterised by small deformation of the background
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Figure 1.4: Upper panel : composite image of Abell 1914 in optical and microwave bands.
It is visible the effect of scattering that makes the cluster looking colder than the back-
ground. Credit: Borgani & Kravtsov (2011). Lower panel : CMB spectrum undistorted
(dashed line) and distorted (solid line). In order to clearly show the effect, the SZE dis-
tortion shown is for a fictional cluster 1000 times more massive than a typical massive
galaxy cluster. The SZE causes a decrease in the CMB intensity at frequencies < 218
GHz and an increase at higher frequencies. Credit: Carlstrom et al. (2002).

objects, is the responsible for all this effects. Other two lensing effect exists, namely
strong and micro lensing, the former produces the Einstein rings or strong deflection of
the back transiting source, while the latter is observed through increase of flux of small
mass objects, without an observable deflection effect.
Weak shear lensing, by clusters of galaxies, leads to the elliptical distortion observed in the
shape of background galaxies. The distortion can provide a direct measure of radial mass
distribution of the observed cluster (e.g. Kaiser & Squires, 1993; Fahlman et al., 1994)
assuming a regular shape of the background galaxies. Finally, weak lensing magnification
concentrates the flux from background sources, resulting in an increased source count
(Kaiser et al., 1995). However, it also decreases the number of observable galaxies due to
the magnification effect.

1.3.3 Microwave observations

The first computation of the distortion of the CMB spectrum through IC scattering
was done by Weymann (1965, 1966). As previously mentioned, Section 1.1, the SZE effect
can be detected in the microwaves as a decrease of photon from the CMB background,
Figure 1.4. This effect results in a distortion in the black body shape of the CMB and
has become one of the most effective tools for searching galaxy clusters. Unlike X-ray
observations, the SZE is independent by the redshift of the source responsible for the up-
scattering of the CMB photons, making it detectable in maps such as the one from Planck
Collaboration et al. (2011), enabling the detection of clusters at very high redshift. The
SZE causes a decrease in the CMB intensity at frequencies < 218 GHz (Carlstrom et al.,

7
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Figure 1.5: VLA 1–2 GHz high-resolution (∼ 2σ) and Sausage Cluster radio shocks.
Credit: Di Gennaro et al. (2018)

2002), as well as an increase at higher frequencies, which allows a detection of the hot gas
in clusters. Figure 1.4 shows the frequency shift of the CMB and the intensity computed
for a massive cluster using the full calculation provided by Sunyaev & Zeldovich (1980).

1.3.4 Radio observations of non-thermal component emission

Galaxy clusters are rich of relativistic electrons, or cosmic ray electrons (CRe), which
will be discussed later in Chapter 2. Together with magnetic field, residual turbulent
motions and, potentially, cosmi ray protons (yet to be detected in the ICM), the non-
thermal component of the ICM.
The first observation of radio emission from the galaxy cluster was attributed to Large
et al. (1959), which discovered the presence of a diffuse radio emission coming from the
Coma cluster, using the radio telescope at Jodrell Bank (working at at 408 MHz). Years
later, this detection was confirmed through interferometric data from the Cambridge One-
Mile telescope by Willson (1970). Jaffe & Rudnick (1979), in their search for radio halos,
identified an extended emission region in the periphery region of the Coma cluster, near
the strong radio source Coma A, that in the following work by Ballarati et al. (1981) was
classified as a relic. The presence of extended synchrotron emission indicates the existence
of large-scale ICM magnetic fields with a strength of the order of ∼ µG, along with the
presence of CRe.

Radio halos (e.g. van Weeren et al., 2019) are diffuse emitting regions with more or less
a regular morphology, located in the inner region of clusters and extending over ∼1 Mpc.
The observed radio emission from these halos is unpolarised and exhibits a power-law
spectrum, which is indicative of a non-thermal source. The large observed volume of the
radio halos cannot be motivated uniquely by the CRe injected by radio galaxies, as their
radiative losses have to small timescales to sustain radio emission beyond a few 100 kpc
from their injection point. Therefore, they must undergo in situ re-acceleration, with an
efficiency comparable to the energy loss processes or, otherwise, be continuously injected
in the ICM, by AGN processes or supernovae. the second order Fermi mechanism, or
Fermi II is the process able to keep the CRe at such high energy after their injection.

8



CAP. 1 1.4. MEGA RADIO HALOS

In this scenario turbulence, together with a population of fossil electrons, plays a critical
role in the emission process (see Section 2.5). In the rest of the thesis, we will refer to
this class of sources as to “classical radio halos” (RH).

Radio relics, on the other hand, are structures found in the peripheral regions of the
cluster and they have an extension of ∼ 1 Mpc (Bonafede et al., 2014). Their radio
emission is strongly polarised and their spectrum is less steeper than the radio classical
halos one. Observations of relics (Figure 1.5) provide a strong evidence for the presence of
µG level magnetic fields and relativistic particles in cluster outskirts. They offer insights
for the acceleration of relativistic particles at shock fronts at large distance, ≤ 3 Mpc,
from the cluster centers (e.g. Bonafede et al., 2014; Vazza et al., 2012). In this case,
the often observed spatial association with X-ray detected of shock waves suggests that
these spectrum can be powered by Fermi I re-acceleration by merger shock waves, with
typical Mach numbers ranging from 2 to 5. The steep spectrum observed in relics can be
attributed to first order Fermi processes, or Fermi I.

More recently the work by Cuciti et al. (2022) has reported the discovery of a new
family of halos that extend over the Mpc scale and fill all the volume within R500. Those
“mega radio halos” prove that the magnetic field extend over the radio halo limit and
also open new questions about the processes involved in making such region observable.
This is the more relevant class of halo regarding this Thesis work.

1.4 Mega radio halos

Mega radio halos (MH) are the faintest and most extended radio sources observed
so far in clusters of galaxies. They have been discovered in 2022 using LOFAR, and my
Thesis is devoted to test their formation mechanism. The intensity of their emission was
found to be 20 times lower than the RH intensity, which makes these structures very
challenging to detect and explains why they remained unobserved for so long. So far, the
observations have been conducted only on four clusters (Figure 1.6): ZwCl 0634.1+4750,
Abell 665, Abell 697 and Abell 2218. The detection was made possible only with the
high sensitive instrumentation of Low Frequency Array (LOFAR van Haarlem et al.,
2013). These targets were selected from the Planck Sunyaev-Zel’dovich catalog (Ade
et al., 2016) of clusters, and were matched with sources present in the LOFAR Two
Meter Sky Survey (LoTSS; Shimwell et al., 2019, 2022). Only Abell 697 was found at a
slightly higher redshift than the others, z = 0.28 respect to the others at z ≈ 0.17. It is
also the most massive one with M500 = 10.99× 1014 M⊙, where M500 is the mass within
R500. Regarding the other three targets, we can see that the mass is slightly lower ZwCl
0634.1+4750 has M500 = 6.65×1014 M⊙, Abell 665 has M500 = 8.86×1014 M⊙ and Abell
2218 M500 = 5.58 × 1014 M⊙. All these clusters have undergone dynamical interactions
with sub-clusters and were already known to host RH (Giovannini & Feretti, 2000; Cuciti
et al., 2018, 2021).

The radial profiles of surface brightness (Figure 1.7) clearly show the difference be-
tween the two components, i.e. the RH and MH. The former is characterised by a sharp
radial decline that stops at ∼ 0.4R500, Abell 697 shows only a slight slope variation and
the RH brightness profile shows a different slope with respect to the other three. The ra-
dio profile in the MH region, between 0.4R500 and R500, shows that the surface brightness
tends to remain quite constant, and that it steepens again at about R500. The surface
brightness of the MH is approximately a factor 10 lower than the surface brightness of
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