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Abstract

Galaxy clusters are the most massive gravitationally bound structures in the Uni-
verse. In particular, observations in the radio band reveal their diffuse synchrotron
emission which, in recent years, brought their complex internal structure to light.
Radio relics are one of the types of diffuse radio sources, located at the outskirts
of merging galaxy clusters, characterized by elongated arc-like shapes, with sizes
ranging between 0:5 to 2 Mpc, and highly polarized emission. They are thought
to trace shock waves created in the intra cluster medium (ICM) during a binary,

head-on, merger event.

MACS J1752+4440 is a remarkable case of cluster hosting a double relic system,
in which two radio relics are found on opposite sides of the cluster.
In this thesis work, we used LOFAR HBA (120 — 168 MHz) data from the
LoTSS survey, together with new uGMRT band 3 (300 — 500 MHz) and band 4
(550 — 750 MHz) and new JVLA L-band (1 — 2GHz) observations, to perform
a spectral study at high resolution. We detect a complex morphology of the
North-Eastern relic, highlighting multiple substructures, which could reveal the
fine details of a merger shock propagating into the ICM.
Through the spectral analysis, we investigated the complexity of the double-relic
system, observing a double-peaked surface brightness and spectral index profile for
the NE relic. Moreover, we observed surprisingly flat integrated spectral indices for
both relics, at NE = —0:914£0:06 and W = —0:8340:05, different from previous
literature studies. Through a spectral index map, we studied the spatial variation

of the spectral index, observing a coherent trend with the observed substructures.

Assuming diffusive shock acceleration, we estimated an injection Mach number
of Mne = 3:12%53 and Mgsw = 4:19%53, in agreement with low shock Mach
numbers. We propose a scenario for the observed relic morphology, in which the

observed substructures are generated by multiple shock surfaces, and investigate



its viability.

By performing a spectral curvature analysis for both relics, generating color-color
plots and a spectral curvature map, we observed two “concave” spectra represented
by positive spectral curvature, in contrast with particle ageing models, which can
be explained in a scenario in which different components are observed in projection.
To investigate on this, we performed a polarization study on both relics, finding no
correlation between the polarization fraction and the spectral curvature. Finally,

we measure an equipartition magnetic field, for both radio relics, of B ~ 1 G.
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Chapter 1
Galaxy clusters

Galaxy clusters are the most massive gravitationally bound structures in the Uni-
verse, with masses reaching ¥ and sizes, de ned by the virial radius Ry; ), of
the order of 1 3 Mpc. Although they were rst noticed as gatherings of galaxies
in optical observations, they're more than just a random collection of galaxies. Our
current understanding reveals that these systems are more intricate than initially
anticipated, as the galaxies within them account for just a minor portion of their
overall mass. Studies as old as Zwicky (1937) show that a substantial amount of
obscure matter is needed to bind the observed galaxies into long lived structures,
like the Coma cluster. It is now understood that the majority, roughly 80%, of the
mass in a cluster exists in the enigmatic form of dark matter, while the ordinary
matter, referred to as baryonic matter, contributes only a modest portion, around
20%, to the entire mass. Most of this baryonic matter is in the form of a hot
(T= 10 1CK), diluted (n= 10 3cm 3) thermal plasma typically known as
Intra Cluster Medium (ICM), making up for  15% of the total mass, while stars
and galaxies only account for about 5% of the cluster mass.

The current theory of structure formation states that galaxy clusters form through
hierarchical formation processes, following a series of merger and accretion events
lead by gravity and dark matter, dominating the gravitational eld. This process is
described in the standard cosmological model ( CDM) as a \bottom-up" scenario,
forming clusters at low redshift ¢ < 0:1; Kravtsov and Borgani, 2012). Merger
events are of fundamental importance, as the collision of two galaxy clusters gener-
ates the most energetic phenomena in the universe since the Big Bang, dissipating
energies as large as 40Derg in just a crossing life-time ( 1° yr). The greater
portion of this energy is dissipated by shocks, heating the ICM.



1.1 Emission from clusters of galaxies

Due to their diversi ed composition, galaxy clusters can be observed at di erent
wavelengths, appearing completely di erent in each band (Fig. 1.1). In the Optical
and Infra-Red (IR) band, we observe light emitted by galaxies, while in the X-rays
we nd the thermal emission of the ICM. The radio band presents peculiar features,
highlighting the presence of cosmic-rays and magnetic elds in the ICM through
non-thermal emission (Sec. 2).

Figure 1.1: The galaxy cluster Abell 2744. Left: optical view, white contours representing the
mass surface density.Center: X-ray emission from the thermal ICM (blue). Right: Radio emission
inred (VLA1 4GHz), tracing cosmic rays and magnetic elds. From van Weeren et al. (2019).

Optical/IR emission: Stars and galaxies are the main contributors to Optical

and near-IR emission we observe from galaxy clusters, in the form of black body
emission coupled with emission lines from recombination processes. Observations
in these bands show how the population of galaxies in clusters is dominated by
early-type galaxies (ellipticals and lenticulars). Of fundamental importance is the
interplay between the ICM and cluster galaxies, generating ram pressure ablation
and gas stripping processes, observed in the major presence of \HI de cient"
galaxies. As ram pressure scales withcy V2, where oy is the density of the
ICM and v is the speed of the cluster galaxies, these processes are suggested to be
most important in high density regions, i.e. the core of galaxy clusters, in which
the most massive galaxies in the universe are found, known as the \Brightest
Cluster Galaxies" (BCG). Star formation is therefore suppressed and most of the
cluster galaxies can be identi ed as \red sequence" galaxies (Allen et al., 2011).

X-ray emission: The X-ray image of Fig. 1.1 demonstrates the power of X-ray as-

tronomy in the study of clusters of galaxies. Extended X-ray emission is a ubiqui-
tous feature of massive clusters of galaxies, arising from the di use ICM as thermal
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bremsstrahlung emission (free-free emission), along with di erent radiative pro-
cesses which include recombination (free-bound emission), and primarily line radi-
ation (bound-bound emission) (Allen et al., 2011). X-ray observations provide a
very powerful probe of the gravitational potential of the cluster, enabling the dis-
tribution of both the hot gas and the total gravitating mass to be determined.
Sarazin (1986) showed, through the rst all-sky survey of galaxy clusters, us-
ing data collected by the long dismissedJhuru satellite, that the majority of
galaxy clusters are X-ray luminous objects, with typical X-ray luminosities of
Ly 10® 10%ergs?.

Many important steps in our understanding of X-ray emission in galaxy clusters
have been made thanks to the advent of further X-ray missions since the 90s. The
ROSAT satellite discovered hundreds of new clusters in the nearby and distant uni-
verse,ASCA and Beppo-SAX satellites unveiled signs of complex physics ruling the
ICM. At last, the latest generation of X-ray satellites,Chandra and XMM-Newton,
revealed features in the ICM of clusters, connected with the surface brightness and
temperature distribution of the cluster gas, together with an understanding of the
interplay between the complex physics of the hot ICM and detailed processes of
star formation (Rosati et al., 2002).

Of peculiar relevance for this work is the characterization of shock fronts in X-ray
observations of galaxy clusters (Markevitch et al., 2005; Markevitch and Vikhlinin,
2007; Botteon et al., 2016).

Shock fronts are discontinuities propagating in a uid with abrupt jumps in den-
sity, temperature and pressure traveling at a speed faster than the local speed of
sound. In galaxy clusters, they can be produced in di erent ways: at cluster cen-
ters via the outburst of supermassive black holes, beyond a cluster's virial radius by
substructures accreted from cosmic laments, or via the collision of (at least) two
subclusters, called merger shocks. When a subcluster falls through the gravitational
potential of a main cluster, the gaseous component of the subcluster experiences
ram pressure and deceleration (ZuHone and Su, 2022).

Following Sarazin et al. (2002), it is simple to show the analytical argument that
can be used to estimate the kinematics of an individual binary cluster merger col-
lision. Considering two sub-clusters of mag#l; and M»,, merging at time t,, and
colliding from a large distancedy, with non zero angular momentum, we can assume
that the two sub-clusters are point masses, expanding away from one another in the
Hubble ow, with zero radial velocity at distance dy. The collapse can be studied



Figure 1.2: Schematic diagram of the kinematics for a binary cluster merger, with sub-clusters
of massedM; and M, and radii R; and R,. The distance between the clusters igl and the impact
parameter isb. The initial relative velocity is v. From Sarazin and Ricker (2001)

as the orbit of two point masses, which largest separation is given by the Kepler
third law as:
{23
do' [2G(My+ M) = (1.1)
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where dy does not signi cantly a ect the collision velocity as long as it is large,
and the infall velocity approaches free-fall from in nity. Considering the angular
momentum conservation, it is possible to derive the velocity of the merger at a
distanced as:
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whereb is the impact parameter. Fig. 1.2 shows a sketch of the merger. Because
of the high impact velocity, the motions in galaxy cluster mergers are moderately
supersonic. Therefore, shock waves are driven in the ICM.

As a consequence, merger shocks are observed in X-rays as a discontinuity in the
ICM surface brightness and a jump in temperature from the pre- to the post-shock
region. However, the detection of shocks in X-ray wavelengths is hampered by the
low brightness of the ICM outside of the cluster core (Markevitch and Vikhlinin,
2007).



Thanks to the new state of the art instruments working in the millimeter waves (New
IRAM KIDs Array 2; Adam et al., 2018), cluster merger shocks can be detected
through the Sunyaev-Zel'dovich (SZ) e ect. This physical process is based on the
presence of hot electrons in the ICM, which can lead to a small distortion of the
CMB spectrum via Inverse Compton scattering.

An example of shock front, as seen in an X-ray image, can be seen in Fig. 1.3.

Figure 1.3: Composite X-ray and Optical image of the Bullet Cluster (1E 0657-56). From
Markevitch (2006).

The strength of a shock can be described by the sonic Mach number, which is
the ratio between the ow velocity and the sound speed of the medium

M = v=g

and the sound speedgs can be calculated as

S
3 kg T
mp
where T is the thermal temperature of the medium, = 5=3 is the specic heat

for a monoatomic gaskg is the Boltzmann constant,m, is the proton mass and
0:6 is the average molecular weight.

Although the time for shock fronts to be present near the cluster center, where they

are most easily detected, is relatively short, as of today, tenths of merger shocks

have been detected, and studied, in the X-rays. Additionally, shocks can also be

detected at radio frequencies, through synchrotron emission, as radio relics, of which

we give an in-depth description in the next chapter.
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Chapter 2

Non-thermal emission in galaxy
clusters

Radio emission in galaxy clusters is of fundamental importance in understanding
the nature of their clusters sources, and it can be classi ed in two main categories:
emission coming from compact and extended sources (see e.g. the review by van
Weeren et al., 2019). Compact sources are active galactic nuclei (AGN) hosted in
the cluster and emitting radio synchrotron emission. These radio galaxies can span
a very wide range of sizes (from 1kpc up to 1Mpc) and they usually show

di erent morphologies with respect to eld radio galaxies, due to the interaction
with the ICM, as described in the previous chapter.

Of further importance is the observation of extended radio sources, highlighting
the presence of GeV cosmic rays (CR), not directly associated with radio galaxies
(Willson, 1970). The observed emission is synchrotron emission, coming from cos-
mic ray electrons (CRe) with very high Lorentz Factor (> 10° 4, corresponding

to GeV energies) in the presence of Gauss ICM magnetic elds. To better
understand this statement, a brief discussion of synchrotron theory is given.

Synchrotron theory

Charged particles accelerated by a magnetic eld will radiate. For non-relativistic
velocities the complete nature of the radiation is rather simple and is called
cyclotron radiation.

However, for extremely relativistic particles the frequency spectrum is much more
complex and can extend to many times the gyration frequency. This radiation is
known assynchrotron radiation.



The energy distribution of cosmic-ray electrons in most synchrotron sources is
roughly a power law:
N(E)dE/ E dE; (2.1)

wheren(E)dE is the number of electrons per unit volume with energids to E + dE.
Starting from the approximation that each electron radiates all of its average power

e de 4
P= —=_1 2% 2.2
dt 3 T ClJB1 ( )
where 1 is the Thomson cross section, = v=¢ = (1 2y ¥ is the Lorentz

factorandUg = B2=8 is the magnetic energy density, the spectrum of an optically-
thin synchrotron source can be calculated with good accuracy, and can be approx-
imated as a power-law distribution in frequency as:

S()l (2.3)

where represents thespectral indexand is related to the energy distribution of
CRe as
= — (2.4)

In the case of a self absorbed source the spectrum of synchrotron radiation gets
heavily modi ed by absorption, dividing the spectrum in two di erent sections,
separated at the frequency in which the source changes from optically thick to
optically thin. In particular, in the optically thick region the totally intensity
spectrum is described by5( )/ 572,

As previously stated, the observed extended synchrotron radiation coming
from galaxy clusters is estimated to be produced by extremely relativistic electrons,
with Lorentz factors > 10°. Even though galaxy clusters host central active
galaxies, they are not su cient by themselves to power this kind of di use radio
emission. Furthermore, the radiative timescale of the electrons at the required
energies for the observed emission (10° years) is much shorter than the time
required for these electrons to diuse across the cooling region (10° years),
typically known as the \slow di usion problem” (Jae (1977); Brunetti, 2003).
Several physical mechanisms have been proposed as possibly responsible for the ra-
dio emission: reacceleration of pre-existing, low-energy electrons in the intracluster
medium (ICM) by merger or accretion shocks, reacceleration of thermal electrons



by turbulence and the generation of secondary particles via inelastic collisions

between relativistic cosmic-ray protons and thermal protons. A brief overview of

these processes can be outlined as follows:

~

A

Second order Fermi acceleration (Fermi-1l) this is a stochastic process where

particles scatter from magnetic inhomogeneities, for example from magneto-
hydrodynamical (MHD) turbulence (Brunetti et al., 2001; Schlickeiser et al.,
1987). Particles can either gain or loose energy when scattering. When the
motions are random, the probability for a head-on collision, where energy is
gained, is slightly larger. Because of its random nature, second order Fermi
acceleration is an ine cient process (Brunetti and Jones, 2014).

Adiabatic compression a shock wave can adiabatically compress a bub-

ble/lobe/cocoon of (old) relativistic radio plasma from an AGN. Due to the
compression, the CR electrons in the cocoon re-gain energy boosting the radio
synchrotron emission. This model was initially proposed as the generator of
radio relics, but recent observation invalidated its use. It is still commonly
used to explain the acceleration of \revived fossil plasma” in radio \phoenixes"
(En lin and Gopal-Krishna, 2001; Brnaggen et al., 2012).

Secondary modelsin these models, CR electrons are produced as secondary

particles (decay products) and not because of in-situ acceleration. For ex-
ample, in the hadronic model, collisions between relativistic protons and the
thermal ions produce secondary CR electrons. Since CR protons have a very
long lifetime (  1C° yrs) compared to CR electrons, they will accumulate over
the lifetime of a cluster once they are accelerated. Possible mechanisms to
produce CR protons are rst order Fermi acceleration at shocks, AGN activ-
ity, and galactic out ows (Dennison, 1980; En lin and Gopal-Krishna, 2001
Enlin et al., 2011).

Di usive Shock Acceleration (DSA). also called First order Fermi accelera-

tion, this process plays an important role in various astrophysical environ-
ments. Particles are accelerated at a shock with the acceleration taking place
di usively. In this process, particles cross back and forward across the shock
front as they scatter from magnetic inhomogeneities in the shock down and
upstream region. At each crossing, particles gain additional energy, forming a
power-law energy distribution of CR (Blandford and Eichler, 1987). As this
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process has been widely supported as the link between radio relics (see Chap.
2.2) and cluster merger shocks, a more in-depth description of this model is
given in Chap. 2.2.1.

Signi cant work has been done in understanding the origin of this non-thermal
emission in galaxy clusters. Secondary models have been invalidatedHeymi ob-
servations, which did not detect any -ray excess, predicted by hadronic collisions.
Meanwhile, the acceleration of relativistic particles from the thermal pool in the
ICM is not e cient enough to explain the observed radio luminosities in many ob-
jects (i.e. radio relics). As a consequence, studies are not focusing on re-acceleration
models, proposing a turbulent acceleration for large scale, cluster-wide emission
(radio halos), and shock re-acceleration for localized, extended radio sources (radio
relics). Because of the synchrotron emission nature, cluster wide magnetic elds
must be present in order to explain the extended emission component; observation
constrained these elds to be in the order of:@ 10 Gauss (van Weeren et al.,
2019 and reference within).

In this work, we present the classi cation of di use radio emission proposed by van
Weeren et al. (2019), dividing di use radio sources into two main classes: halos and
relics.

2.1 Radio Halos

Radio halos are extended sources that follow the ICM gas density spatial distribu-
tion, located at the cluster center. They do not have any optical counterpart and
are not localised, in the sense that particle (re-)acceleration occurs in a substantial
portion of the cluster volume. According to present models, these sources should
trace Fermi-Il processes.

A sub-classi cation of radio halos can be made, based on their size and the prop-
erties of their host cluster (see Fig. 2.1).

The largest halos, called Giant radio halos, are Mpc-size radio halos (typical sizes
of 1 2 Mpc), mostly found in massive, dynamically disturbed clusters, with proto-
typical example being the Coma cluster (Willson, 1970). Their 1.4 GHz observed
radio powers spans three order of magnitude, between?d@ 10?° WHz ! and the
emission is mostly unpolarized. The spectral properties of radio halos can provide
important information about their origin, therefore, considerable amount of work
has gone into measuring the spectral properties of halos (i.e. Botteon et al., 2018;



Figure 2.1: Left panel: VLA 1 4GHz image of the merging galaxy cluster Abell 2744 with
di erent source classes labeled (from Pearce et al., 2017 Right panel: VLA 230{470 MHz image
of the relaxed cool core Perseus cluster from Gendron-Marsolais et al. (2017). XMM-Newton
X-ray contours in the 0:4{1:3keV band are overlaid in white with the same contour spacing as in
the left panel.

Bonafede et al., 2018; Riseley et al., 2022). Most radio halos have integrated spec-
tral indices in the range 14 < < 1:1. Secondary models of CRe production
could explain radio halos emission, however they are not able to explain peculiar
cases of steep radio halos €  1:5) and would imply -ray emission which is yet
undetected. This speci ¢ kind of radio halos have been called ultra-steep spectrum
radio halos (USSRH), which existence is expected if the integrated spectra of radio
halos include a cut-o. Considering turbulent re-acceleration, the model predicts
a break frequency which scales with the mass of the clustevi (/  47%), implying
that more sensitive observation at lower frequencies could reveal a higher number
of USSRH (van Weeren et al., 2019 and reference within).
Di use emission is also present in non-merging, cool core clusters, namely ra-
dio mini-halos. This radio emission surrounds the central BCG, with sized of
100 500kpc, comparable to the central cluster cooling regions. Although smaller
than radio halos, radio mini-halos also require in-situ acceleration given the short
lifetime of synchrotron emitting electrons. The radio emission from mini-halos does
therefore not directly originate from the central AGN (van Weeren et al., 2019
and reference within). Their 1.4 GHz observed radio powers spans in the range of
102 to 10?°WHz ! and, compared to giant radio halos, their synchrotron volume
emissivities are generally higher. Spectral indices of radio mini-halos are similar to
giant radio halos, although few detailed studies exist (Cassano et al., 2008). Radio
emission from the BCG often makes their study di cult, as very high resolution
and a high dynamic range are required.
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2.2 Radio relics

Radio relics are extended diuse sources, tracing particle (re-)acceleration due
to ICM shock waves. They are an observationally de ned class, of which our
understanding is that in most cases they are linked to Fermi-I type acceleration.
Even if both seem to generate from cluster mergers, radio relics seem to be less
common than radio halos, as their observability might be biased by projection

e ects due to the merger angle or by the large timescales.

If we consider an idealized, head-on, binary merger we expect the presence of
two sets of shocks: \equatorial" shocks forming rst and moving outwards in the
equatorial plane, and two \merger" shocks launch into opposite direction along
the merger axis (see Fig. 2.2). Simulation showed how these shocks are mostly
found in the outskirts of galaxy clusters, in agreement with observations (Vazza
et al., 2012). In a collective study from Golovich et al. (2017), based on optical
observations, they found that the merger axes of clusters hosting radio relics are
near the plane of the sky, inducing selection biases for nding relics, based on the
viewing angle. Most likely, many radio shocks are missed in observation due to
this e ect.

Figure 2.2: Schematic picture of an idealized, head-on, binary cluster merger about 1 Gyr after
core passage. Equatorial shocks expand outwards in the equatorial plane perpendicular to the
merger axis, while merger shocks launch in the opposite directions along the merger axis. The
shock-kinetic-energy-weighted Mach number range i$Mgi ' 2 3. Typically, the shock ahead
of lighter DM core has the higher shock kinetic energy ux and becomes the brighter radio shock.
From van Weeren et al. (2019)

Their shape is elongated and generally arc-shaped, as expected from sources
tracing shocks, their sizes ranges betweerbO 2 Mpc, with brightness pro le being
higher on the side away from the cluster, and decreasing towards the center.

The integrated radio spectra of cluster radio relics display power-law shapes, with
spectral indices ranging from about 1.0 to 1.5 and they often show a clear
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gradient across their width, with the region with the attest spectral index located
on the outer side of the cluster, steepening towards the central regions (i.e. van
Weeren et al., 2010; Rajpurohit et al., 2020). This steepening is in agreement with
synchrotron and IC losses in the shock downstream region, and the majority of
single and double relics clusters show this behaviour (van Weeren et al. (2019) and
reference therein).

Additionally, radio relics are among the most polarized sources in the sky, with
polarization reaching up to  60%, higher in more elongated shocks.

The rarest of the relic phenomena are double relics that are equidistant from the
cluster center, thought to form from a single merging event, providing two probes
able to put tight constraints on the merger scenario.

As in the case of X-ray observations, radio emission can be used as a tool to estimate
the Mach number of these shocks, starting from the assumptions of simple DSA
theory, from the radio injection spectral index (inj ), as

s
2 |nJ 3_

: 2.
2 i +1 (:5)

M radio =

Figure 2.3: High resolution uGMRT image of the Toothbrush relic con rming the complex
lamentary structures visible at 550-750 MHz. From Rajpurohit et al. (2020).

Typical Mach numbers associated with radio relics are in the units range
(2 3) and they could be slightly higher than the hydrodynamical Mach number
derived through X-ray analysis if there are Mach number variations in the shock
front (due to radio luminosity strongly increasing with Mach number, i.e. Hoeft
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and Braggen, 2007). One of the most famous cases of radio relic is the so called
\Toothbrush relic”, in the 1RXS J0603.3+4214 cluster (see Fig. 2.4). This well
studied relic shows all of the characteristics described above, with a 2Mpc
size, together with a brightness pro le and spectral index steepening towards the
cluster center. As introduced in previous chapters, the presence of magnetic eld
is of fundamental importance in generating these di use emissions. Radio relics
can be used to provide a measurement of the magnetic eld in galaxy clusters.
As an example, deep X-ray observations are able to provide lower-limits on the
magnetic eld that is generating a radio relics (Finoguenov et al., 2010; Itahana
et al., 2015). Another method to constrain the magnetic eld strength is to use the
relic's width, assuming it is determined by the characteristic timescale of electron
energy losses and the downstream velocity. van Weeren et al. (2010) found values
of 1 5 G, however, Rajpurohit et al. (2018) suggested that some external
factors might in uence the downstream radio brightness, for example, the presence
of lamentary structures and a distribution of magnetic eld strengths (see also Di
Gennaro et al., 2018).

Filamentary structures have been found and studied in several radio relics, as
progressively more are found with increasing resolution and signal-to-noise ratio
(SNR), and their origin is still not fully known. One of the possibililties is for them
to trace magnetic eld variations due to the shock (Rajpurohit et al., 2020; Wittor
et al., 2023).

Figure 2.4: Spectral index maps of the Toothbrush, at 5"5 resolution between 150 to 1500 MHz.
The variations in the spectral index at the outer edge along the relic is clearly visible, re ecting
inhomogeneities in the injection index. The color bar shows spectral index from 2:5 to 0:5.

Contour levels are drawn at [1 2;4;8;:::] 4 ms and are from the 150 MHz LOFAR image. From

Rajpurohit et al. (2020).
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2.2.1 Diusive Shock Acceleration as radio relic origin

Particle acceleration by shocks is conventionally described by the DSA theory. This
process is based on the so-called Fermi-I mechanism (Fermi, 1949), which states
that particles are scattered upstream and downstream of the shock by plasma ir-
regularities, gaining energy at each re ection. Considering a ow de ned by speeds
u; andu; (< u ;) ondi erent sides of a shock (see Fig. 2.5), supposing that a particle
of speedvy starts in the upstream side of the shocky;) and di use via \collisions"
with the magnetized plasma, the particle will eventually cross the shock and enter
the downstream region (). Such kind of collision tends to isotropize the angular
distribution of the particles in the frame in which the upstream plasma is at rest.
The particle now collides with magnetized plasma present in the downstream of the
shock, moving toward the particle with speedj u; u,j. The average momentum
gain in a cycle (e.g. upstream to downstream and then back upstream again) for

isotropic populations is

. 4ui(up  up)p,
h pi TR (2.6)

wherep = mv is the momentum andyv is the current particle speed. Thus, this
\bouncing" between upstream and downstream regions guarantees a net increase
in the average particle speed. Hence, the process is repeated, producing signi -
cant acceleration. For an in-depth description of the Fermi mechanism, see Baring
(1997). As a result, radio emission in relics could be explained by thermal electrons
accelerated by DSA.

The DSA theory was originally developed to explain shocks in supernova remnants
(SNR), where strong shocks of Mach numbévt  10° are able to accelerate cosmic
ray protons (CRp), and a smaller fraction of cosmic ray electrons (CRe), with an
e ciency of 10% (Bell, 2014). In contrast, simulations on galaxy cluster merg-
ers, and recent observations, have shown that the associated merger shocks have
low Mach number (Vazza et al., 2019; Bykov et al., 2019 and reference therein) and
are therefore in the weak-shock regiméV{ < 5). In this regime, the acceleration

e ciency of CRp is much smaller (likely < 1%, see Fig. 2.6) and still poorly
understood. This probes a challenge for DSA theory, which is not able to explain
the large acceleration e ciencies needed to reproduce the total radio luminosity of
several relics (  10%; see Botteon et al., 2020), assuming that particles are accel-
erated from thermal ICM. Moreover, the non-detection of expected-ray emission
from galaxy clusters (Vazza and Briggen, 2014, Wittor et al., 2017) cannot be
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Figure 2.5: Schematic description of particle motion in the environment of a shock. The plasma
ow speeds areu; (upstream) and u, (downstream), and the mean accelerated particle speeds are
ordered according tovg <V <Vv,. Image from Baring (1997).

Figure 2.6: Cosmic-ray acceleration e ciency as a function of Mach number. The red and
black lines give the e ciencies for injection moments of pi; =3:5 py (red) and piy; =3:3 pm

(red), where py, is the momentum of the thermal post-shock electrons. In this plot,Mg is the
Mach number of the shock. From Wittor, 2021.
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explained even considering a high electron to proton acceleration fraction, as the
resulting CRp acceleration should lead to -ray emission from inelastic collisions of
secondary particles. Furthermore, di erent methods exist to calculate Mach num-
bers of radio relics, but they often bring to di erent results (see Chap. 6.2.1).

It is possible to overcome these issues by assuming a scenario in which radio relics
are generated by the re-acceleration of pre-existing CRe at the merger shock, typ-
ically known as fossil plasma. This fossil plasma might be present due to ejecta
from radio galaxies or prior shocks. These pre-existing high energetic particles can
mitigate the minimum momentum requirement of DSA theory. Consequently, when

a weak shock travels through a fossil plasma, DSA becomes more e cient (%),

and the resulting spectrum is similar to the at spectrum of the seed electrons. In
fact, if the fossil electron spectrum is a power law and is steeper than the one pro-
duced by the shock acceleration, the post-shock spectrum will acquire the slope of
the shock. Instead, if the fossil electron spectrum is already atter than the shock,
the post-shock spectrum will retain its slope, but increase its normalization. This
re-acceleration scenario is supported by several recent observations (Bonafede et al.,
2014; Van Weeren et al., 2017; Rajpurohit et al., 2020). Although this mechanism
mitigates the energetic problems of DSA, the CRp-ray problem is still unsolved,
together with the origin of the re-accelerated fossil plasma.
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Chapter 3

MACS J1752+4440

MACS J1752+4440 was rst selected as part of the Massive Cluster Survey (MACS)

carried out by Ebeling et al. (2001), which aimed at compiling a statistically com-

plete cluster sample through the detection of X-ray emission coming from the hot

ICM in the ROSAT All-Sky Survey (RASS, Voges et al. (1999)).

Edge et al. (2003) reported MACS J1752+4440 as a candidate for a double-relic

galaxy cluster, with two moderately steep sources, 2arcmin (corresponding to
600 kpc) either side from the cluster center.

A composed image of the galaxy cluster can be seen in Fig. 3.1

Figure 3.1: Image taken from Subaru, ingri color, of MACS1752 with 18 cm WSRT radio
emission (red) from van Weeren et al. (2012) and & 7keV XMM-Newton X-ray emission
(blue). Labels in yellow indicate radio cluster sources. From Finner et al. (2021).
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van Weeren et al. (2012) studied this cluster through Westerbork Synthesis Ra-
dio Telescope (WSRT) L and S-band data (25, 21, 18 and 13 cm), together with
archival B-array, L-band VLA data (1:4 GHz), observing two arc-like radio sources
on opposite sides of the cluster center, identi ed as radio relics, plus a radio halo
component.

Through the spectral analysis of the two radio relics, they tted the integrated
uxes with two power-laws, with spectral indices ng = 1:16 0:03 and
sw = 110 0:05 for the NE and SW relic, respectively. Using the assump-

tions from the DSA theory, they were able to nd an injection spectral index of
inj 0:6to  0:7 which corresponds to a Mach number of:3 4:5.

A further analysis was carried out by Bonafede et al. (2012) using GMRT
(323 MHz), WSRT (25, 21, 18 and 13 cm) and VLA C-array (I GHz) archival data

to produce spectral index images of the cluster with a resolution of 24" 10",
highlighting the trends of the spectral index throughout the relics transversal axis.

Figure 3.2: Spectral index map overimposed with GMRT (323 MHz) contours. The image was
produced with a 24° 10°°beam. From Bonafede et al. (2012).

In particular, as it can be seen in Fig. 3.2, the NE relic showed a clear
steepening of the spectral index going from the cluster periphery toward the centre,
while the SW relic showed a more complex gradient along the relics’ main axis. In
addition, the attest spectral index of the SW relic is not located at the edge of
the emission, but more central, which could be explained with emission observed
at a slight angle with respect to the observer.
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Golovich et al. (2019) studied the merging scenario of the cluster through XMM-
Newton X-ray observations, highlighting the presence of two \bullets" initiating a
counterclockwise orbit. The brightness of the two relics suggests a major merger,
and the velocity dispersion of the two subclusters suggests a perpendicular orbital
plane to the line of sight. Furthermore, the survival of the two cores suggests a
non-zero impact parameter. A visualization of the scenario can be seen in Fig. 3.3.

Figure 3.3: Possible merger scenario. The two subclusters generated a major merger, which
produced two radio relics along the merger axis and a radio halo throughout the cluster. From
Golovich et al. (2019).

Finner et al. (2021) conducted a weak-lensing and X-ray analysis of MACS
J1752+4440. Through weak-lensing they estimate the total mass of the cluster
at My = 14:7°%8  10“M and a dynamic of the cluster merger as an head-
on collision with approximately 1:1 mass ratio, in agreement with Golovich et al.
(2019). Through XMM-Newton, they attempted to detect the shock in the X-ray
emission from the ICM. They produced the two surface brightness pro les, guided
by the position of the two radio relics, as seen in Fig. 3.4. They detect two surface
brightness drop, which are located in between the edge of the subclusters and the
position of the relics, and are therefore interpreted as cold fronts.
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Figure 3.4: Top: X-ray surface brightness prole for the NE core. Bottom: X-ray surface
brightness pro le for the SW core. The position of the radio relic is indicated by the green dashed
line.
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3.1 This thesis

In this thesis work we use new uGMRT and JVLA observation, combined with LO-
FAR public data, to perform a resolved spectral study of the double-relics galaxy
cluster MACS J1752+4440. The aim of this study is to constrain the parameters of
the two radio relics, observing and characterizing their substructures (Chap. 5.3).
We also perform a curvature study by producing the spectral curvature map and
color-color plots (Chap. 6.4), to compare with synchrotron aging models. A polar-
ization study is produced to hint at the presence of projection e ects and explain
the observed substructures (Chap. 6.5). At last, we calculate the equipartition
magnetic eld from both radio relics (Chap. 6.6).

Throughout this work, we assume a concordance cosmological model CDM, with
Ho=72kms ! Mpc !, y =0:27,and =0:73.
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