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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 2Mpc, 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
NE — —0.9140.06 and o7V = —0.83+0.05, different from previous

both relics, at a;,; o

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 Myg = 3.1270% and Mgy = 419702, 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 ~ 1uG.
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Chapter 1
Galaxy clusters

Galaxy clusters are the most massive gravitationally bound structures in the Uni-
verse, with masses reaching 10> M, and sizes, defined by the virial radius (R,.), of
the order of ~ 1 —3 Mpc. Although they were first 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" — 10® K), diluted (n =~ 1073 cm™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 field. This process is
described in the standard cosmological model (ACDM) as a “bottom-up” scenario,
forming clusters at low redshift (z < 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 10 erg in just a crossing life-time (~ 10° yr). The greater

portion of this energy is dissipated by shocks, heating the ICM.



1.1 Emission from clusters of galaxies

Due to their diversified composition, galaxy clusters can be observed at different
wavelengths, appearing completely different 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 find the thermal emission of the ICM. The radio band presents peculiar features,
highlighting the presence of cosmic-rays and magnetic fields in the ICM through

non-thermal emission (Sec. 2).
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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

in red (VLA 1 —4GHz), tracing cosmic rays and magnetic fields. 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 deficient”
galaxies. As ram pressure scales with p;oav?, where proas 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 identified 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 diffuse ICM as thermal



bremsstrahlung emission (free-free emission), along with different 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 first all-sky survey of galaxy clusters, us-
ing data collected by the long dismissed Uhuru satellite, that the majority of
galaxy clusters are X-ray luminous objects, with typical X-ray luminosities of
Lyx ~10% —10% erg s7L.

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 fluid 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 different ways: at cluster cen-
ters via the outburst of supermassive black holes, beyond a cluster’s virial radius by
substructures accreted from cosmic filaments, 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 mass M; and Ms,, merging at time t,, and
colliding from a large distance dy, with non zero angular momentum, we can assume
that the two sub-clusters are point masses, expanding away from one another in the

Hubble flow, 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 masses My and M, and radii Ry and Ry. The distance between the clusters is d and the impact
parameter is b. 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:
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c%:DGML+N@Pm(f> (1.1)
]\41_‘_]\42 1/3 tm 2/3

where dy does not significantly affect the collision velocity as long as it is large,
and the infall velocity approaches free-fall from infinity. Considering the angular
momentum conservation, it is possible to derive the velocity of the merger at a

distance d as:
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where b 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) effect. 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.

4 bullet-shapéd
cold front

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 flow velocity and the sound speed of the medium
M =wv/cs
and the sound speed, ¢, can be calculated as
LkgT
Cs =
Hwmp

where T is the thermal temperature of the medium, I' = 5/3 is the specific heat

for a monoatomic gas, kg is the Boltzmann constant, m, is the proton mass and
1~ 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.



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 classified 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
different morphologies with respect to field 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 (y > 1037, corresponding
to GeV energies) in the presence of ~ uGauss ICM magnetic fields. To better

understand this statement, a brief discussion of synchrotron theory is given.

Synchrotron theory

Charged particles accelerated by a magnetic field 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 as synchrotron radiation.



The energy distribution of cosmic-ray electrons in most synchrotron sources is
roughly a power law:
N(E)dE « E7°dE, (2.1)

where n(E)dFE is the number of electrons per unit volume with energies E to E+dFE.
Starting from the approximation that each electron radiates all of its average power
as:

P = —Cii—f = %O'T52’}/QCUB, (2.2)
where o is the Thomson cross section, 8 = v/c, v = (1 — 3?)71/2 is the Lorentz
factor and Ug = B? /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(v) o« v, (2.3)

where « represents the spectral indexr and is related to the energy distribution of

CRe as 51

a=——. (2.4)
In the case of a self absorbed source the spectrum of synchrotron radiation gets
heavily modified by absorption, dividing the spectrum in two different 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 by S(v) o< v%/2.

As previously stated, the observed extended synchrotron radiation coming
from galaxy clusters is estimated to be produced by extremely relativistic electrons,
with Lorentz factors v > 103. Even though galaxy clusters host central active
galaxies, they are not sufficient by themselves to power this kind of diffuse 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 diffuse across the cooling region (> 10° years),
typically known as the “slow diffusion problem” (Jaffe (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:

e Second order Fermi acceleration (Fermi-11): 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 inefficient process (Brunetti and Jones, 2014).

o 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”
(EnBlin and Gopal-Krishna, 2001; Briiggen et al., 2012).

e Secondary models: in 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 (~ 10° 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 first order Fermi acceleration at shocks, AGN activ-
ity, and galactic outflows (Dennison, 1980; Enflin and Gopal-Krishna, 2001
Enflin et al., 2011).

e Diffusive 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
diffusively. 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

8



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.

Significant work has been done in understanding the origin of this non-thermal
emission in galaxy clusters. Secondary models have been invalidated by Fermi ob-
servations, which did not detect any v-ray excess, predicted by hadronic collisions.
Meanwhile, the acceleration of relativistic particles from the thermal pool in the
ICM is not efficient 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 fields
must be present in order to explain the extended emission component; observation
constrained these fields to be in the order of 0.1 — 10 pGauss (van Weeren et al.,
2019 and reference within).

In this work, we present the classification of diffuse radio emission proposed by van
Weeren et al. (2019), dividing diffuse 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-II processes.

A sub-classification 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 —2Mpc), 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 10% to 1026 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;
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Figure 2.1: Left panel: VLA 1 — 4 GHz image of the merging galaxy cluster Abell 2744 with
different 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 —1.4 < o < —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 (o < —1.5) and would imply ~-ray emission which is yet
undetected. This specific 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-off. Considering turbulent re-acceleration, the model predicts
a break frequency which scales with the mass of the cluster (M oc v*/3), implying
that more sensitive observation at lower frequencies could reveal a higher number
of USSRH (van Weeren et al., 2019 and reference within).

Diffuse 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—500 kpc, 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
10%% 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 difficult, as very high resolution

and a high dynamic range are required.
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2.2 Radio relics

Radio relics are extended diffuse sources, tracing particle (re-)acceleration due
to ICM shock waves. They are an observationally defined 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
effects 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 first 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 finding relics, based on the
viewing angle. Most likely, many radio shocks are missed in observation due to
this effect.

equatorial shock

A
ik M, ~2-3
mer_gef_({m«-m. )_
axis
shock shock
brighter relic
\-—/

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 is (M) ~ 2 — 3. Typically, the shock ahead
of lighter DM core has the higher shock kinetic energy flux 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 between 0.5 — 2 Mpc, with brightness profile 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 flattest 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 (cvy;), as

QOéinj -3
radio — . 2.5
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Figure 2.3: High resolution uGMRT image of the Toothbrush relic confirming the complex
filamentary 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 Briiggen, 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 profile and spectral index steepening towards the
cluster center. As introduced in previous chapters, the presence of magnetic field
is of fundamental importance in generating these diffuse emissions. Radio relics
can be used to provide a measurement of the magnetic field in galaxy clusters.
As an example, deep X-ray observations are able to provide lower-limits on the
magnetic field that is generating a radio relics (Finoguenov et al.; 2010; Itahana
et al., 2015). Another method to constrain the magnetic field 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 uG, however, Rajpurohit et al. (2018) suggested that some external
factors might influence the downstream radio brightness, for example, the presence
of filamentary structures and a distribution of magnetic field 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 field variations due to the shock (Rajpurohit et al., 2020; Wittor
et al., 2023).

spectral index (o) spectral index ()
-2.5 -2 -1.5 -1 -0.5 o 05 -2.5 -2 =1.5 -1 05 0 0.5
I 150 - 650 MHz 650 - 1500 MHz
BY 20 1
i r bt
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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, reflecting
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, ...] X 40,.,,s and are from the 150 MHz LOFAR image. From
Rajpurohit et al. (2020).
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2.2.1 Diffusive 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 reflection. Considering a flow defined by speeds
uy and ug (< uy) on different sides of a shock (see Fig. 2.5), supposing that a particle
of speed vy starts in the upstream side of the shock (u;) and diffuse via “collisions”
with the magnetized plasma, the particle will eventually cross the shock and enter
the downstream region (uy). 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 speed ~ |u; — us|. The average momentum
gain in a cycle (e.g. upstream to downstream and then back upstream again) for

isotropic populations is
_Aug(uy —up)p

(ap) ~ A0, (26)

where p = mwv is the momentum and v 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 signifi-
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 number M ~ 10 are able to accelerate cosmic
ray protons (CRp), and a smaller fraction of cosmic ray electrons (CRe), with an
efficiency of n ~ 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 regime (M < 5). In this regime, the acceleration
efficiency of CRp is much smaller (likely n < 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 efficiencies needed to reproduce the total radio luminosity of
several relics (n ~ 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 Briiggen, 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
flow speeds are u; (upstream) and wus (downstream), and the mean accelerated particle speeds are
ordered according to vyp < v; < v. Image from Baring (1997).
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Figure 2.6: Cosmic-ray acceleration efficiency 7 as a function of Mach number. The red and
black lines give the efficiencies for injection moments of p;n; = 3.5 - py, (red) and pin; = 3.3 - p
(red), where p;p, 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 y-ray emission from inelastic collisions of
secondary particles. Furthermore, different methods exist to calculate Mach num-
bers of radio relics, but they often bring to different 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 efficient (~ 1%),
and the resulting spectrum is similar to the flat 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 flatter 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 v-ray problem is still unsolved,

together with the origin of the re-accelerated fossil plasma.
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Chapter 3

MACS J1752+44440

MACS J1752+44440 was first 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 J175244440 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

44°44'00"

MACSJ1752.0+4440 -

42'00"

Dec (J2000)

40'00"

38'00"

1 Mpc

17"52m24¢ s 00¢ 51mags
RA (J2000)

Figure 3.1: Image taken from Subaru, in gri color, of MACS1752 with 18 cm WSRT radio
emission (red) from van Weeren et al. (2012) and 0.5 — TkeV 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, identified as radio relics, plus a radio halo
component.
Through the spectral analysis of the two radio relics, they fitted the integrated
fluxes with two power-laws, with spectral indices ayg = —1.16 £ 0.03 and
asw = —1.10 £ 0.05 for the NE and SW relic, respectively. Using the assump-
tions from the DSA theory, they were able to find an injection spectral index of
Qin; ~ —0.6 to — 0.7 which corresponds to a Mach number of 3.5 — 4.5.
A further analysis was carried out by Bonafede et al. (2012) using GMRT
(323 MHz), WSRT (25, 21, 18 and 13cm) and VLA C-array (1.7 GHz) archival data
to produce spectral index images of the cluster with a resolution of ~ 24” x 107,

highlighting the trends of the spectral index throughout the relics transversal axis.

0.272 0.67 0.833 0.935 1.06 193 1.25 1.35 1.46 1.62 7.58

Figure 3.2: Spectral index map overimposed with GMRT (323 MHz) contours. The image was
produced with a 24” x 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 flattest 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.

18



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 = 147758 x 101 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 profiles, 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: 7Top: X-ray surface brightness profile for the NE core. Bottom: X-ray surface
brightness profile 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 effects and explain
the observed substructures (Chap. 6.5). At last, we calculate the equipartition
magnetic field from both radio relics (Chap. 6.6).

Throughout this work, we assume a concordance cosmological model ACDM, with
Hy = 72km s7! Mpc™t, Qp; = 0.27, and Q, = 0.73.
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Chapter 4

Observing in the Radio band

The field of radio astronomy focuses on examining the radio signals emitted by
celestial objects. The range of radio frequencies and wavelengths that can be de-
tected is limited by atmospheric opacity and quantum noise in coherent amplifiers.
Typically, the boundary between radio and far-infrared astronomy is situated at a
frequency of approximately 1 THz, while the Earth’s ionosphere acts as a barrier
for low-frequency ground-based radio astronomy, reflecting extraterrestrial radio
waves with frequencies below 10 MHz, but affecting observations at v < 1 GHz.

Observations from the ground are limited to optical/near-IR and radio wavelengths
due to the Earth’s atmosphere absorbing electromagnetic radiation in most in-

frared, ultraviolet, X-ray, and gamma-ray wavelengths. Because the radio window
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blocked.
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Figure 4.1: Plot of Earth’s atmospheric opacity to various wavelengths of electromagnetic ra-
diation. This is the surface-to-space opacity, the atmosphere is transparent to longwave radio
transmissions within the troposphere but opaque to space due to the ionosphere. Credits: NASA

is so broad almost all types of astronomical sources, thermal and non-thermal
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radiation mechanisms, and propagation phenomena can be observed at radio
wavelength; and a wide variety of radio telescopes and observing techniques are
needed to cover the radio window effectively.

Radio telescopes are receiving antennas that can be described as passive devices
that converts electromagnetic radiation into electrical currents in conductors. They
must have very large aperture diameters D to achieve good diffraction-limited

angular resolution § ~ \/D radians (Condon and Ransom (2016)).

A useful parameter for radio antennas is the effective area, defined considering
an antenna whose output spectral power is P, in response to an unpolarised point

source of total flux density .S,

(4.1)

representing the antenna response to incoming radiation. This parameter can be

averaged over a solid angle 2 as

<M:i/mm. (4.2)

AT Jur

It can be demonstrated (Condon and Ransom (2016)) that, considering A the ob-

serving wavelength:
)\2

It is possible to connect the effective area of a telescope to its beam solid angle 24,

(Ae) (4.3)

which is the angle under which an antenna receives most of its power, through the
equation:

(4.4)

where Ag is the maximum effective collecting area. This shows us that the higher

the effective area, the smaller the beam solid angle.

4.1 Single dish radio telescopes and interferome-
try

The most common shape for radio telescopes is a paraboloid of revolution, as it can
focus the plane wave from a distant point onto a single focal point, in which the
feed antenna is positioned. However, the radio band is too vast to be effectively

covered by a single telescope design alone, so many other designs are utilised at
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different frequencies (i.e. LOFAR, van Haarlem et al. (2013)). A brief discussion
of the utilised telescope will be given in the following chapters.

The main limitation of single dish telescopes is given by their variation of instru-
mental response with the angle, also called power pattern (Fig. 4.2). This pattern
is represented by the diffraction figure of a point source and is divided into different
sections, in which the most important one is the central region, called main beam.
The angular size of the main beam is wat sets the resolution limit of a telescope of
diameter D and is commonly referred to as half-power beamwidth (HPBW):

A
GHPBW ~ B (45)

As the resolution depends on the diameter, increasing the resolution for single

MAIN LUEE.-\

b HALF POWER

BEAMWIDTH

GECMETRIC AREA A" ———=

Figure 4.2: Example of power pattern, highlighting the presence of a main lobe and minor lobes
called side lobes.

dish telescopes becomes challenging as ~ 100 m antennas are highly unpractical.
To atone for this problem, interferometry has been widely used and developed to
combine different single dish radio antennas into multi-element arrays.

The use of aperture-synthesis interferometers, which include N > 2 moderately
small dishes, has addressed several practical issues linked to single dishes. These
problems include susceptibility to changes in atmospheric emission and receiver
gain, radio-frequency interference, and shifts in pointing caused by atmospheric re-
fraction. A basic radio interferometer is a combination of two radio telescopes that
correlate (multiply and average) their voltage outputs. Even the most sophisticated

interferometers, consisting of N >> 2 antennas, can be viewed as N(N — 1)/2 inde-
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pendent two-element interferometers (Condon and Ransom (2016)). Considering,

"/
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Figure 4.3: Diagram showing the components of a two-element interferometer, where § is the
unit vector in direction of a distant point source, b is the separation between antennas called
baseline vector, V1 and V5 the two output voltages, where Vi is delayed by the geometric delat 7.
From Condon and Ransom (2016)

for simplicity, a two element interferometer like the one in Fig. 4.3, the geometric
delay can be written as the product between the baseline vector b and the unit

vector in the direction of the source s:

S
Va3

o

Ty = (4.6)
The output voltages of antennas 1 and 2 can be written a
Vi =Vcos|w(t —7,)] and Vi =V coswt]. (4.7)

These two voltages are fed to a correlator, which multiplies the two voltages and
averages them over time to obtain the correlator response, which defines the fringe

pattern

R= i) = () cosry). (18)
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Combining the response from both cosine and sine correlators it is possible to obtain

complex functions called wvisibilities, Fourier transform of the Sky Brightness I,

Vo (u,v,w) = // i _Ill’;l_m;l)z)l/z exp[—i27(ul + vm + wn)] dldm (4.9)
where (u,v,w) is a coordinate system used to describe any baseline vector b in
three dimension and [, m are the cosine sky coordinates, obtained from 5. In case
of small field of view (FoV) the w component can be neglected and the visibility
becomes a simple two-dimensional Fourier transform, while for higher FoV (i.e.
lower frequencies) other techhniques have been developed (See Chap. 4.2).

In a more realistic case, visibilities can be written as
Vil = A iV (4.10)

where A% is the visibility amplitude and ¢¥ is the visibility phase, written consid-
ering a single pair of antennas (4, 7). The actual source visibilities are corrupted by
many factors while reaching the receiver

Vigs = G Vilue (4.11)
where G¥ are called complex gains. Equation 4.11 is called Measurement Equation
and the process of correcting the observed visibilities by the effect of the complex
gains is called calibration. The causes for these corruptions can be of various kind:
phase fluctuations due to the effect of the atmosphere, acting at all frequencies,
amplitude variation due to the electronics of the instrument, etc.
Following the calibration process, visibilities can be Fourier transformed to obtain
the sky brightness distribution. Assuming a small FoV (hence w = 0, as described
above), the imaging process follows a simple 2D Fourier transform described by the

equation

I(l,m) = //Vy(u, v) expli2n (ul + vm)] dldm. (4.12)

The observed V,(u,v) are a discrete set of points, sampled in certain points of the
(u,v) plane. Therefore, the observed visibilities are not the theoretical continuous
function, but a product of the true visibilities V, and the sampling function S, (u,v),
which dictates in which points of the (u,v) plane we are selecting the visibilities.

The Fourier transform of the product V,(u,v)S,(u,v) is called the dirty image
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IP(1,m)

v

IP(1,m) = //Vy(u,v)Sl,(u,v) expli2m(ul + vm)] dldm (4.13)

which is represented by the sky brightness distribution multiplied for the dirty beam

Bp (point spread function of the image)
Ip=1-Bp. (4.14)
The dirty beam is the Fourier transform of the sampling function
B = //S(u,v) expli2m(ul + vm)] dudv. (4.15)
thus, to obtain the real sky brightness distribution, one need to deconvolve the

dirty image by the instrumental response.

A Y Imy*B(m) ©
.

Beam Dirty Map

(1, v)S(u,v)

Visibility Sampling Function Sampled Visibility

Figure 4.4: a) An example (model) sky map. d) The corresponding visibilities (Fourier Transform
of the map). ¢) The synthesized beam, or point-spread-function, of a model antenna array. e) The
sampling function of the array, whose Fourier Transform gives the beam in (b). f) The product of
panels (d) and (e), representing the sampled visibilities. These are the actual measurements from
the array. ¢) The dirty map that results from the Fourier Transform of the sampled visibilities.
This is the same as the convolution of the map in (a) and the synthesized beam in (b). From:
NJIT lecture 6

Deconvolving refers to the process of reconstructing a model of the sky brightness
distribution, given a dirty image and the PSF of the instrument. There are several

deconvolution algorithms based on the CLEAN algorithm from Hogbom (1974),
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which starts from the assumption that the sky brightness (I, m) can be considered
as an ensemble of point sources. The algorithm searches in the dirty image for the
highest brightness pixel I,,,, and copies it into a model image I, applying the PSF
and scaling it by a factor called the loop gain v ~ 0.1 — 0.2. The algorithms then
subtracts from the dirty image the saved pixel, with the PSF applied. This process
it iterated, subtracting peaks of intensity from the dirty image until a threshold
is reached. The end products of the CLEAN algorithm are the model image I
containing all the removed peaks and the residual image I* containing what is left
of the dirty image. A visual representation of the various components can be seen
in Fig. 4.4. The final step of the algorithm is called the restoring process, in which
each point of the model image is convolved with the clean beam, which is a gaussian
function with the same Full Width at Half Maximum (FWHM) of the dirty beam,
and then added with the residual image to produce the final image.

4.2 WSCLEAN

As described in sec. 4.1, in the case of small FoV the w component of the visibilities
can be approximated to zero. However, when the field of view is sufficiently large,
this approximation is no longer valid and the three-dimentional nature of the sky
brightness distribution needs to be accounted for. In this thesis, we will describe
the w-stacking technique implemented in the WSClean software package (Offringa
et al. (2014)).

To derive this technique, the first step is to rewrite Eq. 4.9 as an ordinary two-

dimensional Fourier transform

l m e—i2mw (V1-12—m?-1) )
V(u, v, w) // Ny x e~ ultem) gl dm, (4.16)

which can then be inverted to get

I(l,m) 2mw(VI—P—mZ—1) 2 (ul
— L =™ " V(u, v, w) x e2mUHem) gy dy (4.17)
V1—12—m? //

This equation is then integrated on both sides between wp,;;, and w4, (the mini-

mum and maximum value of w) in order to reconstruct the sky brightness distribu-
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tion in every direction

I(l,m) (Wnaz — Winin) _ Wnaz dw 2w (V1=12=m2-1) V(u, v w)xei27r(ul+vm) dudv
V1—12—m? Y

Wmin

(4.18)
Finally, the (u,v,w) parameters are discretised, so that the integration over u and
v become an inverse Fourier transform and the integral on w becomes a sum. To
resume the basic principle of the w-stacking, it calculates the 2D Fourier transform
for fixed w values and then sums over all of the possible w. In this way, I(l,m) is
easily recovered and the correction for large FoVs is applied.

In this work, the imaging process was carried out using WSCLEAN version 3.1.
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Chapter 5

Data reduction and imaging of
MACS J1752+4-4440

In this thesis work, we studied MACS J1752+4440, focusing on its double relic
system and its spectral properties. We started from calibrated radio observations
obtained from LOFAR (120 — 168 MHz), new uGMRT band 3 (300 — 500 MHz) and
band 4 (550 — 850 MHz) and JVLA band L (1 — 2 GHz).

In this Chapter, we will describe the data reduction and imaging procedure. A

summary of the produced images parameters is reported in Tab. 5.1.

5.1 Observations and data reduction

5.1.1 LOFAR

MACSJ 175244440 was observed in three pointings (P265+45, P269-+43, P269+-45)
of the LOw Frequency ARray (LOFAR) Two-meter Sky Survey (LoTSS; Shimwell
et al., 2017; Shimwell et al., 2019; Shimwell et al., 2022), an ongoing deep imaging
survey at 120 — 168 MHz that aims to cover the whole northern sky. The survey has
a nominal sensitivity of 0.1 mJy beam ™! at a 6” resolution. Each pointing observed
the target using LOFAR High Band Antennas (HBA) in the 120 — 168 MHz
frequency range, with a total time of eight hours per pointing, book-ended by
ten-minute calibrator scans.

We use data from the Second LoTSS Data Release (LoTSS-DR2; Shimwell et al.,
2022), which provides additional improvements to image fidelity, particularly for
faint diffuse structures. MACS J1752+4-4440 is part of the second Planck catalog
of Sunyaev-Zeldovich sources (namely PSZ2 G071.21+28.86; Planck Collaboration
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et al., 2016), presented by Botteon et al. (2022).

The calibration of LOFAR data was executed by the survey team, by processing
each of the three individual pointings with the pipelines developed by the LOFAR
Survey Key Science Project. This first calibration aims to correct for both
direction-independent and direction-dependent effects, producing ~ 6” resolution
images of the entire LOFAR FoV, with ~ 0.1 mJy beam™" noise levels (Shimwell
et al., 2019; Tasse et al., 2021). Moreover, in order to further improve the image
quality toward the target, the team adopted the “extraction + recalibration”
scheme described by van Weeren et al. (2021), which consists of the subtraction
of the sources outside a small square region of the sky (in this case, 25 x 25)
containing the target, from the uv data. These data sets are then phase-shifted
to the center of the region, averaged in time and frequency and corrected for the
LOFAR primary beam in that direction. Then, the calibration of the data is
refined by performing a series of phase and amplitude calibration loops and, finally,

the extracted data are self-calibrated.

Starting from already calibrated data, we jointly imaged the three observations
using WSCLEAN v3.1 (Offringa et al., 2014) with the “wideband deconvolution” al-
gorithm. We produced images at different resolutions, centered at 144 MHz, using
the multiscale and multifrequency synthesis deconvolution scheme described by Of-
fringa and Smirnov (2017), dividing the band into six 8 MHz channels. Using two
different sets of parameters, we derived final images at two different resolutions. In
particular, to obtain the high-resolution image (4.8" x 3.2") we imaged the data
using the Briggs weighting scheme, (Briggs, 1995) with ROBUST = —1, while for
low-resolution images (13.4° x 6.8") we used a ROBUST = +0.25 and a Gaussian
taper with TAPER = 10”.

To avoid the cleaning of calibration artifacts, we applied an external mask that
selects whether a pixel is considered or not during the deconvolution process. We
generated external masks at the two different resolutions using images with shallow
deconvolution (fewer iterations) using the BREIZORRO' tool, which creates a binary
image assigning a value of 1 to every pixel brighter than no,,,s, where 0,,,s is the
noise level, and values of 0 elsewhere. After testing different thresholds, we con-

cluded that the ideal masks were generated adopting a 40,.,,s and 60,,,s threshold

Thttps://github.com/ratt-ru/breizorro
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for high and low-resolution, respectively.

The LOFAR flux density scale (LoTSS; Scaife and Heald, 2012) show systematic
offsets (Hardcastle et al., 2016), which can be corrected by applying an observation
specific correction factor, as described in Shimwell et al. (2022). This correction
factor — calculated by Botteon et al. (2022) — was computed by cross-matching
the LOFAR data with known surveys (NVSS Condon et al., 1998; 6C catalog Hales
et al., 1990), comparing the LOFAR flux densities with catalogs of sources detected
in all surveys to derive the scaling factors. For these observations, a multiplicative
correction factor of 0.86 was applied to the produced LOFAR images, using the
task IMMATH in the Common Astronomy Software Applications (CASA) package.

5.1.2 uGMRT

van Weeren et al. (2012) and Bonafede et al. (2012) studied MACS J1752+4-4440
using the “old” GMRT, which was later on updated to the upgraded Giant Metre-
wave Radio Telescope (uUGMRT'). The major upgrade of the observatory increased
its sensitivity by up to three times by increasing its wide-band capabilities from 50
to 1500 MHz (Gupta et al., 2017).

MACS J1752+4440 was observed, in June 2021, in band 3 (300 — 500 MHz) and
band 4 (550 — 750 MHz) for a total of 5 hours, book-ended by ten-minute calibrator
scans, as part of an observing campaign dedicated to the follow-up of double radio
relics detected in PSZ2 in LoTSS-DR2 (Project code: 40_025; PI: A. Botteon), em-
ploying the Scaife and Heald (2012) flux density scale. The dataset from band 3
was split into six frequency slices, with a total bandwidth of 200 MHz, while band 4
was split into four 50 MHz slices. Firstly, these slices were independently processed
using the Source Peeling and Atmospheric Modeling (SPAM; Intema et al.; 2009)
pipeline, which measures the ionospheric phase errors toward the strongest sources
in the field of view, allowing to derive direction-dependent gains and fitting a phase
screen over the entire field of view.

Following a similar process as described in the LOFAR section, starting from pre-
calibrated data, we jointly deconvolved the six slices of uGMRT band 3 data with
a central frequency of 416 MHz and created high and low-resolution images. The
lowest frequency slice was removed as it degraded the image quality due to high
noise, reducing the overall S/N ratio. This is a known issue at the GMRT site
that is likely due to the radio frequency interference (RFI) effect, which typically

affects the lower frequency part of the band. Therefore, the imaging was carried out
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employing the multiscale/multifrequency scheme, on five out of six slices of 33 MHz
each (for a total band of 167 MHz), using the Briggs weighting scheme, with ROBUST
= —1 for the high-resolution image (5.1" x 4.3") and ROBUST = +0.25 together with
a Gaussian taper of TAPER = 10” for the low-resolution image (14.6° x 11.4"). The
same procedure was followed for the four slices of uGMRT band 4 data, centered on
650 MHz. External masks were produced using the same scheme as in the LOFAR
case, with a threshold of 40,,,;.

uGMRT data needs to be corrected by the effect of the primary beam, which mimics
the PSF response of the instrument in the observed data. To apply the primary
beam correction, data from both bands needed to be divided by their respective
primary beam images. We applied such correction by generating the primary beam
image through the TCLEAN tasks in CASA, by running a shallow deconvolution pro-
cess with few iterations, and then dividing the produced image by the primary beam

image through the IMMATH task in CASA.

5.1.3 JVLA

The JVLA observations of MACS J1752+4440 were carried out in the JVLA L
band (1 — 2 GHz) in three different configurations: D, C and B, respectively in De-
cember 2011, February 2012 and June 2012, for a total of 15 hours, book-ended by
ten-minute calibrators scans, employing the Perley and Butler (2013) flux density
scale. Each observation was executed using eleven spectral windows — divided in
64 channels each — and in full polarization, for a final bandwidth of 600 MHz, re-
duced from the nominal band due to flagging. All four polarizations (RR, RL, LR
and LL) were recorded. The data were pre-calibrated performing a self-calibration
in CASA, flagging through AOFlagger and proceeding with the standard flux and
bandpass calibration. Data/Observations were corrected for the polarization leak-
age using a phase calibrator, observed for a wide parallactic-angle range. Finally,
the polarization angle offset was corrected using a polarized calibrator (3C286). A
self-calibration process was attempted, without increasing the quality of the images.
As a result, data was not self-calibrated.

As for the previous cases, images were produced following a multi-
scale/multifrequency scheme, joining the three different configurations in the same
deconvolution process, dividing the band in 6 channels of 93 MHz each, using a
Briggs weighting scheme with ROBUST = —0.5 for the high-resolution image, to-

gether with a Gaussian taper of TAPER = 15” for the low-resolution image. Ex-
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Table 5.1: Observations and imaging parameters.

LOFAR uGMRT Band 3 uGMRT Band 4 JVLA
Bandwidth, # chan. per sub-band 48 MHz, 1 200 MHz, 31 200 MHz, 32 1GHz, 54
Observation dates June 16, 2019 June 14, 2021 August 1, 2021 June 19, 2012
Total on-source time 8 hr 5 hr 5 hr 15 hr
Beam size 4.9" x 3.2" , 5.1 x 4.3", 3.3 x 267, . 5.0" x 4.6",
134 x 6.8 14.6 x 114 13.0 x 12.2 14.8° x 14.5

Rms noise (0yms)

Robust weighting

280 pJy beam ™
350 pJy beam™

—1, +0.25

)

70 uJy beam ™!,
138 puJy beam ™!

—1, +0.25

23 uJy beam ™,
50 uJy beam ™
-1, +0.25

15 uJy beam™*,
50 uJy beam ™!
—0.25

ternal masks were produced using the same scheme as in the LOFAR case, with a

threshold of 40,,,;.

The polarization images were produced by using the polarimetric deconvolution

scheme of WSClean, which, similarly to the wideband deconvolution scheme, cre-

ates a single image for each Stokes parameter (I, Q, U, V) together with the final

Stokes I,Q,U, and V images. Additionally, the polarimetric deconvolution scheme

was used, which, like for the wideband deconvolution scheme case, implies that

peak finding is performed in the integrated values over the selected polarizations,

but the components strengths are determined from each polarization individually.

The same external masks, generated on the Stokes I image, were applied also in

this procedure.
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5.2 Imaging

As the spectral analysis depends on comparison between images at different
frequencies, it is of fundamental importance that images obtained from different
interferometers sample the same range of angular scales. Each instrument has
a different shortest, well sampled baseline. In our case, the minimum common
baseline was defined by the uGMRT band 4 observation, with a minimum wuwv-cut of
150A. Since LOFAR and JVLA both comprehended smaller baselines, we imaged
our data with a common lower uv-cut at 150\. This ensures that we are comparing
images in a self-consistent manner.

A known effect present in radio astronomy is a small misalignment (< 17)
between sources in the sky in images at different frequencies, introduced by the
self-calibration and the deconvolution processes. To correct for this effect, which
would generate spurious trends in the spectral maps, we performed an alignment
of the images, using the LOFAR image as a reference template. Using CASA, we
measured the offset between the peak flux of five point sources, spread across the
images, by performing a Gaussian fit for each point source. The average shift of
the peak flux of the five selected sources allowed us to obtain the correction for said
offset (~ 1+ 0.1 pixel in the x and y direction, corresponding to 1.5”), which was
applied shifting the position of the reference pixel of uGMRT and JVLA images
through the IMHEAD task in CASA.

To ensure that each pixel corresponds to the same region in the sky we forced each
image to the same pixel size, choosing LOFAR high and low-resolution images as
a reference, by regridding the uGMRT and JVLA images with the IMREGRID task
in CASA.

At last, to proceed with the spectral analysis, LOFAR, uGMRT and JVLA high
and low-resolution images needed to have the same restoring beam. This was
ensured by using the IMSMOOTH task in CASA, generating images with the same

beam size of 7" x 7  for high-resolution and 20" x 20" for low-resolution.
This procedure allowed us to conduct the spectral analysis, starting from images

at different frequencies with identical pixelation, a common minimum wuwv-cut, the

same restoring beam and correction for positional offsets.

35



5.3 Radio Images

We produced deep radio continuum images at different resolutions. In Fig. 5.1,
we show the highest resolution image we obtained from uGMRT band 4 data at
3.37x2.67, the highest level of detail ever achieved for this cluster. In addition, to
perform the spectral analysis, we produced images with a common high-resolution
of 7" x 7" and common low-resolution of 20" x 20". In Fig. 5.2 and 5.3, we show the
resulting images for LOFAR 144 MHz, uGMRT 416 MHz, uGMRT 650 MHz and
JVLA 1.6 GHz in both high and low-resolution.

We detect two radio relics, respectively North East (NE) and South West (SW) of
the cluster center, and a faint radio halo component, better observed in the low-
resolution images, which is not considered in this work. Fig. 5.1 shows how the
high resolution made it possible to clearly distinguish substructures along the NE
relic main axis, resembling a double shock front. We divide the NE relic into three
components: an “outer edge” at the expected position of the shock that generated
the relic, a “bright bar” in the middle of the relic and the downstream region.
The same components are also visible in Fig. 5.2 from the high-resolution (7”)
images, in each band, generated for the spectral analysis. The two radio relics have
a similar extension and morphology throughout the frequency band.

On the other hand, low-resolution images enhance the sensitivity of extended emis-
sion, showing a more extended downstream region for both radio relics, but missing
the separation between the substructure components.

The first radio contour in Fig. 5.2 and Fig. 5.3 show radio emission above a 30,
threshold, where o,,,s is the rms noise, which was calculated in each image using
CASA. A 20,,,s threshold, on low-resolution images, would display more extended

emission, highlighting downstream regions and the radio halo component.
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Figure 5.1: uGMRT Band 4 (650 MHz) image of MACS J1752+44440. This image, at a resolution
of 3.37x2.6”, is the highest resolution image ever obtained for this cluster. In white, the different
structures that make up for the cluster are labelled. The outer edge component follows the position
of the merger shock that generated the NE relic, the bright bar is a substructure present in the
downstream region of the first component. The SW relic shows no substructures. Contours are
drawn starting at 30,5 and are separated by powers of 2.
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Figure 5.2: High-resolution radio images for the MACS J1752+4440 cluster. Top Left: LOFAR
image at 144 MHz with noise of 0yms 144 = 280 pJy beam ™~ !. Top Right: uGMRT image at
416 MHz with noise of 05416 = 70 py beam ™. Bottom Left: uGMRT image at 650 MHz
with noise of 0pms,650 = 23 puJy beam™!. Bottom Right: JVLA image at 1.6 GHz with noise of
Orms,1600 = 15 puJy beam ™. Images have a common angular resolution of 7" x 7" and contour
levels are drawn at [—3,3,9,18,36,72] X 0yms (the negative contour is in dashed). The color scale
is logarithmic and beam and scalebar are found at the bottom of the images.
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Figure 5.3: Low-resolution radio images for the MACS J1752+4440 cluster. Top Left: LOFAR
image at 144 MHz with noise of 0yms 144 = 350 pJy beam™ . Top Right: uGMRT image at
416 MHz with noise of 0yps 416 = 138 pnJy beam™t. Bottom Left: uGMRT image at 650 MHz
with noise of 0yms,650 = 50 puJy beam™!. Bottom Right: JVLA image at 1.6 GHz with noise of
Orms,1600 = 90 uJy beam ™. Images have a common angular resolution of 20° x 20" and contour
levels are drawn at [—3,3,9,18,36,72] X 0,ms (the negative contour is in dashed). The color scale
is logarithmic and beam and scalebar are found at the bottom of the images.
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Chapter 6
Discussion

In this Chapter, we discuss the features observed from the spectral index analysis
of both relics and we derive the Mach numbers under the DSA assumptions. Fur-
thermore, we discuss the results of the spectral curvature study, making use of the
spectral curvature map and the color-color plot diagrams technique, comparing the
results with spectral aging models. We propose the possibility of a second shock
surface scenario, and analyze our results to verify that option. Using polarization
images, we test for projection effects, or the possible action of the complex mag-
netic field structure, by calculating the polarization fraction and comparing it with
the spectral curvature along the NE relic. Finally, we compute the equipartition

magnetic field.

6.1 Integrated fluxes and spectrum

DSA predicts particle acceleration, and thus synchrotron radio emission, to be
dominant at the shock surface and be represented by a power-law spectrum in
both particle energy and radio emission. After the shock passage, particles are
subject to “aging”, radiating energy through synchrotron and inverse Compton
processes, with higher energy particles (responsible for higher frequency emission)
aging faster, creating a steepening effect in the power-law, at high frequency, in
the radio spectrum. A simplistic model like the one just described would imply
that radio relics should be simple structures, with peak emission near the shock
front and a progressive decrease of radio emission going into downstream regions.
Moreover, as described in Chap. 2.2.1, while the shock acceleration is a widely

accepted scenario as the origin of radio relics, some open questions remain for the
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feasibility of the DSA mechanism. As an example, the non-detection of any v-ray
signal from accelerated CR protons, or the low acceleration efficiency, not able to
explain the observed radio power of most relics (i.e. Botteon et al., 2020).

MACS J1752+4440 radio relics present a complex structure, which cannot be
explained by simple models. Other examples are known in the literature, e.g. the
Toothbrush relic (Rajpurohit et al., 2018; Rajpurohit et al., 2020) is a widely
studied relic which is composed by several substructures, the “chair”-shaped relic
in MACS J0717.5+3745 (Rajpurohit et al., 2021) and the “ring”-like relic in
Abell 3376 (Chibueze et al., 2023). While the origins of these complex structures
in relics are yet unknown, simulations have shown how they could reflect the
pre-shock plasma conditions and the shock’s properties. Wittor et al. (2023)
and Hoeft et al. (2022) studied filamentary substructures in radio relics using
observations and simulations. What they found is that relics are composed of
several filamentary structures and, studying the configuration of the magnetic
fields and Mach numbers, they found that they consist of similar structures as the
relics radio emission. These studies indicate that substructures in radio relics could
reflect pre-shock plasma conditions and the shock surface properties. Therefore
studying the features and properties of observed radio relics is of crucial importance

in understanding their origin.

In order to compare the properties of the relics in MACS J1752+4440 with the
predictions from DSA, we analyze here the surface brightness and spectral index
properties. From the low-resolution image, we selected two regions enclosing the
two radio relics, guided by the 30,,,s contours, as shown in the bottom picture
of Fig. 6.1. After checking that no contaminating radio sources were present, we
measured the two relics” integrated flux densities, at each frequency, in both high
and low-resolution images. Since we obtained consistent results, we conclude that
no low surface brightness relic emisison is missed in the high-resolution map, so we
report the results obtained from high resolution only.

The error on the measured flux density was calculated as:

AS =\ (Crms - v/ Nowar)? + (- S0)2. (6.1)

where Npeam is the number of beams in the region used to evaluate the flux density
and f is the uncertainty of the flux density scale. We used 10% for LOFAR and
uGMRT Band 3 (Shimwell et al., 2019, Shimwell et al., 2022), while uGMRT Band
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4 and JVLA have a lower uncertainty of 5% (Chandra et al., 2004; Perley and
Butler, 2013).

From the LOFAR high-resolution image, we measure an integrated flux density of
SNE = 530 & 50 mJy for the NE relic and SPY = 177 4 18 mJy for the SW relic.
The integrated spectra for both radio relics are displayed on top of Fig. 6.1. The
spectra provide useful information to discriminate between particle acceleration
models proposed for radio relics. In the considered frequency range, the observed
radio spectra appears to be straight and perfectly represented by a power-law fit,

in line DSA model predictions.

Table 6.1: Measured flux densities at each of the four frequencies for the NE and SW relic,
integrated spectral index and radio power at 144 MHz.

Frequency [MHz] Flux density [mJy] Qint Piyy [WHz_l]
144 530 + 50
. 416 203 + 20 26
NE relic 650 130 + 10 —0.91 £ 0.06 2.40 x 10
1600 62 + 30
144 177 £ 18
. 416 79+6 .
SW relic 650 564 4 —0.83 £0.05 7.90 x 10
1600 26 -1

Surprisingly, this fit gives two integrated spectral indices oY = —0.91 4 0.06

int
and a3V = —0.8340.05, different from previous studies, as cited in Chap. 3, which
obtained steeper integrated spectral indices. A detailed summary of these results is
listed in Table 6.1. Furthermore, in the considered frequency range, the spectrum
shows no sign of steepening at higher frequencies and is perfectly represented by the
single power-law. The two relics have a largest-linear size (LLS) of Lyg = 1.3 Mpc
and Lgw = 0.7 Mpc.

The radio luminosity is related to the measured integrated flux density S, by
P, = 4nD%(2)(1 + z)~Utendg, (6.2)

where Dy is the luminosity distance and the scaling by (1 + z)~(U+®nt) is com-
monly referred to as the k-correction. We found a radio power of PNE .y, =
2.40 x 1026 WHz ™! and P g, = 7.90 x 102 WHz ™! for the NE and SW relic,
respectively. These radio luminosity are in agreement with literature studies about
the cluster and are comparable with commonly observed radio luminosity in radio
relics. In addition, the radio powers of simulated radio relics match with our obser-
vation (Wittor et al., 2021).
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Under the assumption that particles are accelerated at the shock front, gener-
ating the radio relics, we expect a steepening of the spectral index going towards
cluster center, with the flattest spectral index along the merger shock. As we de-
tected multiple components along the NE relic, we investigated the influence of the
structure on the spatial variation of the spectral index, across the two relics, by pro-
ducing integrated spectral index maps, and corresponding error maps, for both high
and low-resolution images. This was done by performing a power-law fit between
the measurements in each pixel, using all four frequencies, through the polyfit
method of the Numpy package in Python. The uncertainty on this spectral index is
obtained by calculating the uncertainty of the polyfit method, calculated as the
square root of the diagonal of the covariance matrix, generated by the numerical
method (Richter, 1995).

On the contrary to what is predicted by a simple aging model, Fig. 6.3 shows a spec-
tral index distribution of @ ~ —0.6 to — 0.8, with associated errors of Aa ~ 0.02,
which follows the same spatial distribution of the flux densities, clearly showing
the same substructures, as previously defined. In fact, despite the SW relic shows
a uniform sign of steepening along its minor axis, the NE relic reflects the “outer
edge” + “bright bar” composition, showing steepening between the main shock and
the filament, followed by a flattening of the spectral index along the filament. This
behavior resembles the one of another shock surface, providing us with hints about

the relic’s origin.
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Figure 6.1: Top: Spectra for NE (red) and SW (blue) relic, fitted by two power-laws. Bottom:
LOFAR high-resolution continuum image at 144 MHz with the regions used to estimate the flux
density of the two relics over-imposed in yellow.
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Figure 6.2: Integrated spectral index map, obtained by fitting the four measurements in each
pixel above a 30,5 level. Contours are drawn from the LOFAR 144 MHz image, starting from a
30,ms level and spaced by powers of 2.

45



-0.6
44°23" 4 L
-0.8
5
L7
o
£
s 224 | E
(=]
2 @
=) 108
o k=]
L 7]
[a] N
g
o=
£
21' 4 L =
-1.2
20" 4 F -1.4
600 kpc N E
17"53m54° 4g° 425 36°
RA (J2000)
. .
(] "
a
44°23" | -0.6
|
-0.8
22 | i
=)
£
g g
2 @
=) -108
o -l
LY 7]
[a]
21' F z
=
0
-1.2
0
20' 4 L
o -1.4
600 kpc @
T T T T 9 T
17"53m55% 50% 45° 40° 35°
RA (J2000)

Figure 6.3: Top: Zoom in view of the NE relic in the integrated spectral index map. Bottom:
Zoom in view of the SW relic in the integrated spectral index map. Contours are drawn from
the LOFAR 144 MHz image, starting from a 30,5 level and spaced by powers of 2. The spectral
index error map is present in APPENDIX A.
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6.2 Surface brightness and spectral index profiles

Numerical simulations, such as van Weeren et al. (2011), have shown that a merger-
driven bow shock, with electrons injected at the shock, would generate a radio relic
with a surface brightness profile that peaks at the shock front and decreases along
the length of the relic. To verify this, in this thesis, we produced surface brightness
profiles, by calculating the surface brightness on regions selected along the relics
major axis. These regions (see top of Fig. 6.4) were drawn using elliptical arcs,
with the width equal to the beam size (77).

Fig. 6.5 shows the brightness profile at high-resolution for the NE and SW relics.
These show that the peak emission for the NE relic happens in region 4-5, approx-
imately overlaid to the position of the bright bar, with a secondary peak in region
2, close to the outer edge and a sharp drop toward cluster center. This profile
highlights the presence of two main substructures. On the contrary, the SW relic
displays a much simpler profile, with peak brightness in region 2, followed by a lin-
ear decrease toward downstream regions. Both the profiles are in agreement with
literature studies on this cluster, that observed the peak flux to not be in the out-
ermost position of the two relics, but slightly centered in their structure, without
being able to resolve the NE substructures. It is notable how the same profile shape

is kept between the four observed frequencies.

As we mentioned in the previous chapter, considering a single shock scenario

producing particle (re-)acceleration, the expected spectral index profile for a radio
relic would be a linear decrease of the spectral index, with the flattest spectra at
the position of the merger shock, further out in cluster outskirts, steepening toward
cluster center.
To study the origin and infer the spectral properties of the radio emission of the two
relics, we produced spectral index profiles at high and low-resolution by calculating
the spectral index on the same elliptical regions generated for the high-resolution
brightness profiles, together with low-resolution elliptical regions of 20” width (see
bottom of Fig. 6.4).

The spectral index was computed using the general equation:

log (3) o)

os (1)
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Figure 6.4: Top: High-resolution LOFAR image, with Epanda regions overlying on the two radio
relics. Bottom: Low-resolution LOFAR image, with Epanda regions overlying on the two radio
relics. Regions are numbered from 1 starting from the outer one, laying on the position of the
merger shock, to the center of the cluster.
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Figure 6.5: Surface brightness profiles for both radio relics. Top: Profile of the NE relic. The
profile presents the peak brightness in region 4 and 5, with a second peak in region 2. This profile
is consistent with what can be seen in the spectral index profiles, with two peaks in the position
of the two substructures of the relic. Bottom: Profile of the SW relic. The profile shows the peak
brightness in region 2, followed by a fast decline in the downstream region.
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where S7 and S5 are the measured flux densities at 1; and 15 frequencies. The

uncertainty on the spectral index is calculated as:

ASI\? (A8
— 6.4
JE) - (32, 64
where AS; and AS, are the corresponding flux density uncertainties, calculated as
in Eq. 6.1.
In Fig. 6.6 and 6.7, we compare the spectral indices calculated between LOFAR

(144 MHz) and uGMRT Band 3 (416 MHz) along with uGMRT Band 4 (650 MHz)
and JVLA (1.6 GHz). The NE relic profiles, shown on top in Fig. 6.6, reveal a non-

1

log Z—;

Ao =

linear trend, with flattest spectral index in region 1 at ajjgira? = —0.794+0.10 and
a$%0M = — (.67 +0.12, which coincides with the position of the outer edge, and a

flattening in region 3-4, possibly highlighting a re-accelerated region (approximately
at the position of the bright bar) instead of a linear decrease of the spectral index.
The feature observed in the high resolution profile was not detected by previous
literature about the cluster, which, being at much lower resolutions, were not able
to resolve the substructures of the NE relic and to observe the flattening along the
bright bar.
Although the spectral indices at higher frequencies are consistently flatter, they do
not show a clear second peak in region 4 as in the low frequency case, but actually a
flat behaviour between regions 2 and 4. Nonetheless, the profile is consistent within
the uncertainties. This kind of profile is compatible with the observations of two
substructures, and in line with the assumption of further (re-)acceleration along the
downstream region of the merger shock. In contrast, the high-resolution profile for
the SW relic shows a linear decrease of the spectral index, with a similar profile
between the two frequency ranges. This profile resembles the behaviour of a simple,
single merger shock model.
The distance between the outer edge and the bright bar is roughly 150kpc. The
radiative lifetime of relativistic electrons undergoing synchrotron and inverse Comp-
ton losses is given by (Kang et al., 2012):

BO5

traa = 1590 Myr, 6.5
¢ (B2 + B2, 5) V(1 + 2) (6.5)

where B and Beyp = 3.25- (1 + 2)2 are the magnetic field and inverse-Compton

equivalent field in uG, v is the observing frequency in GHz and z the redshift. If we
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assume the equipartition magnetic field for the NE relic (B ~ 1uG, see Chap. 6.6),
and calculate the radiative age at a frequency of 144 MHz, we obtain a radiative
age of t,4q ~ 94 Myr. This timescale, assuming a typical downstream velocity of
v ~ 1000 kms™*, corresponds to a cooling length behind the shock of L,qq ~ 100 kpc.
By comparing this cooling length with the observed distance between the outer edge
and the bright bar, we notice that the two distances are comparable. This could
explain the drop in the brightness profile in region 3, however, further particle
acceleration must be present to reproduce the relic structure at larger distances.

At low-resolution (see Fig. 6.7), the NE relic profiles show a linear decrease of
the spectral index, in line with a scenario in which particles progressively age in
the downstream region of the shock. The peak of the spectral index is in region
1 with values ajfadtz = —0.71 £ 0.12 and o$%%47= = —0.68 £+ 0.11. The profile
appears different between the two frequency bands, with the high frequency profile
decreasing faster — as expected from aging models — despite having flatter indices
closer to the position of the shock. The steepening of the spectral index happens
in regions representing the downstream, making the plot consistent with the one
at high-resolution. Clearly, at low-resolution it is not possible to resolve the fine
details of the outer edge+bright bar substructures and the profile is in agreement
with literature studies.

The profiles obtained from low-resolution images of the SW relic show a peculiar
feature, in which at high frequency we observe steeper spectral indices and a sharp
drop in region 4, while at low frequency the spectral index has a slow decrease and
a hint of flattening at the downstream. This profile is likely contaminated by a
radio source in the vicinity of the SW relic (cluster member source at z ~ 0.37;
Finner et al., 2021), as seen in Fig. 6.8, generating a sort of “bridge” emission
that can be detected only at low frequency and at ~ 207 resolution. In each high
frequency profile, the most downstream region shows large error bars. This is due
to the low JVLA flux density, with respect to uGMRT band 4, on said regions.
Considering the simple scenario in which two opposite shocks are generating the
two radio relics, the constantly flatter spectral profile at higher frequency shown
in the NE relic profile is unexpected, as particles, being accelerated, will radiate
and lose energy faster at higher frequency. This could be a sign of a complex
shock surface, paired with projection effects. Moreover, as observed from Fig. 6.5
and Fig. 6.6, the cluster presents a “feature” in which the region with flattest

spectral index (region 1) is not the region of highest surface brightness (region 4-5),
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Figure 6.6: Spectral index profiles, calculated in the two frequency ranges, at high-resolution.
Top: Profiles for the NE relic. The low-frequency profile shows two peak of spectral index, one
at the position of the merger shock and one at the position of the substructure. The profile at
high frequency is different, displaying a flat behaviour along the regions overlaied to the bright bar
substructure. Both profiles show a sharp drop of spectral index into downstream regions. Bottom:
Profiles for the SW relic. Both profile show a similar trend, decreasing toward cluster center.
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Figure 6.7: Spectral index profiles, calculated in the two frequency ranges, at low-resolution.
Top: Profiles for the NE relic. Both profiles show a linear decreasing trend, with the high-frequency
profile starting from flatter spectral indices but steepening faster, while the low-frequency profile
shows a slower decreasing trend. Bottom: Profiles for the SW relic. The peculiar shape for the
low-frequency profile, which starts as decreasing and seem to flatten at the downstream, might
be connected to the presence of a nearby radio source. As the emission is not observed at high
frequency, the high-frequency profile sharply drops at the downstream region.
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Figure 6.8: Zoom view of the SW relic. Left: LOFAR 144 MHz image, that highlights the
presence of radio emission coming from the region in between the SW relic and the close radio
source, here called “bridge”. Right: JVLA 1.6 GHz image of the same region of space. The missing
emission is highlighted. Contours are drawn at a 30,.,s level and spaced by powers of 2.

which actually coincide with the regions overlaying the bright bar substructure,
which show a flattening of the spectral index in the spectral profile. To visualize
this “feature”, we plotted the radio brightness measurement along each region,
fitted with a power-law line, in Fig. 6.9, for both resolutions. As expected from
synchrotron models, the measurements are perfectly reproduced by power-law
emission. Additionally, the region along the merger shock presents the flattest
spectrum, as expected from the spectral profile, but the regions containing the inner
components is at the highest brightness. The observed filament and its imprint in
the surface brightness profile and the spectral index profile could be due to projec-
tion of substructures from a complex shock front, in opposition with models of a
simple spherical bow shock. On top of that, the same structures could be generated
by a fluctuating Mach number distribution inside the relic structure, as predicted
by Wittor et al. (2017), or by changes in the electron acceleration efficiency.
Finally, the same structure could also reflect a complex magnetic field structure,

in which magnetic reconnection is induced by the merger shock (Owen et al., 2014).

In summary, our analysis indicates that the features observed in the brightness
and spectral index profiles cannot be produced by a single shock surface passing
through the ICM, but instead, considering the double peak on the brightness profile
and the flattening of the spectral index profile of the NE relic, we are likely observing

the fine details of a complex shock surface and magnetic field structure.
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Figure 6.9: Spectra for the NE and SW relic at high and low-resolution. Top: High-resolution
plot of the brightness measurements for both radio relics. Bottom: Low-resolution plot of the
brightness measurements for both radio relics. It is notable how in each plot the brightness
measured in region 1 is lower with respect to the one central to the relic, but the spectrum is
flatter. Going toward the center of the cluster, we observe a lowering of the brightness, together
with a steepening of the spectrum.
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6.2.1 Mach Numbers

As previously described, the DSA model for particle acceleration (see Chap. 2) is
ordinarily used to describe particle acceleration in astrophysical shocks, which are
believed to generate radio relics. In this scenario, considering a power-law energy
distribution of relativistic electrons npy o< E~%, the slope § is related only to the

shock’s strength as:
M?*+1
M?2 -1

Under stationary conditions, assuming that the physical conditions in downstream

regions do not change significantly with distance from the shock front, the integrated
electron spectrum follows a power-law with slope 6 = d;,; + 1. The synchrotron
emission theory tells us that this population produces radio emission that is also
described by a power-law. Therefore, in the model for radio relics (e.g. Hoeft and
Briiggen, 2007), the radio Mach number can be estimated from the integrated radio

spectrum, that follows a power-law which depends only on the Mach number, as:

M?+1

Qipt = _M2 1 (67)

This derivation depends on specific assumptions about the properties of the shock.
At first, the shock has to be planar on the plane of the sky, and both the downstream
velocity and magnetic field are assumed to be uniform. Then, the model assumes
that all the observed frequencies are below the critical synchrotron frequency (hence
below the maximum energy electrons injected by DSA). At last, the model considers
radiative energy losses only. Considering the strong assumptions, if the scenario is
more complicated, as in the case of a complex shock surface or complex magnetic
field structure, Eq. 6.7 does not strictly hold and other results are possible.
Another useful relation coming from DSA relates the Mach number M of a shock
to the injection radio spectral index (o) as

I M41 1

M2 1 = 5 + Qnt- (68)

Qinj = 5

Using Eq. 6.7 it is possible to calculate the Mach number of the shock starting from

o Aint — 1
M_,/amtﬂ. (6.9)
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As a consequence, DSA predicts that for strong shocks (M — 00), @y — —1, while
for weak shocks (M < 5), ayy < —1. In the case of merger shocks, observations
and simulations have shown that the Mach numbers are always in the weak shock
regime (i.e. Skillman et al., 2013), therefore the expected value for the integrated
spectral index is «a;,; < —1. As the integrated spectral index for either relics of
MACS J17524-4440 is «yy > —1, the Mach number cannot be calculated through
Eq. 6.7.

As a consequence, using Eq. 6.8, we calculated the Mach number related to the
injection spectral index of the shock «;,;, where the injection spectral index was
assumed as the spectral index calculated in the regions along the merger shock (re-
gion 1), that we reported in the previous section. The results obtained for both
radio relics and both resolutions are shown in Tab. 6.2.

As described in Eq. 6.8, DSA predicts a steepening of the electron spectrum, while
Table 6.2 shows how in this case the integrated spectral index is smaller than the
injection spectral index by ~ —0.2 only, meanwhile remaining > —1.

As described in Chap. 1.1, Mach numbers related to cluster merger shocks can be
calculated from X-ray observations from deprojected temperature or density jumps.
However, it is now known that the Mach number derived using X-ray observation
differs from the one derived from radio data. This could be due to biases in the
observations, pre-shock properties of the ICM or the acceleration mechanism. For
example, in the cases in which the X-ray Mach number can be calculated from both
the temperature and density jump, the temperature based measurement yields for
larger values, indicating a possible systematic effect. Many technical difficulties
can arise in X-ray observations of pre and post-shock temperature, as described by
Akamatsu et al. (2017) and references therein. In radio observations, the integrated
spectrum and radio Mach number can be difficult to measure, as several radio mea-
surement are based on a small frequency range.

In general, the X-ray derived Mach numbers for cluster merger shocks are low, with
values of Mx_,q, ~ 1.5—2.5, while radio observations yield for larger corresponding
radio Mach numbers of M, 44, =~ 2 — 5 (Wittor et al., 2021). Stuardi et al. (2022)
conducted a study on a sample of observed radio relics, which we can use to com-
pare our results with literature studies. Comparing our results with the relics listed
in this work, we can conclude that the injection Mach number that we obtained for
the NE relic, at M = 3.1275% is in agreement with other observations, while the
Mach number we obtained for the SW relic, at M = 4.19732 is the highest of the

o7



Table 6.2: Spectral indices and Mach numbers of both radio relics. Numbers between parenthesis
are referred to 20” resolution. Integrated Mach numbers cannot be calculated and so are not
present.

Qinj Mmj int Mt
— F0.82
NE 0.72+£0.1 3.12_8:%% _0.91 + 0.06

(—0.7440.04) (3.03732)

gy 067007 4197025

(—0.65 4 0.14) (4.18+19%) —0.83 £0.05

sample.

Cosmological simulations (Vazza et al., 2019; Bykov et al., 2019 and reference
therein) show that shocks with these Mach numbers are very rare events and that
the Mach number can vary greatly along the shock front. If this is the case, the Mach
number derived from the radio spectral index would be biased to higher values, as
the synchrotron luminosity strongly increases with the Mach number. Therefore,
Mach numbers derived from X-ray observations could end up being smaller with
respect to their radio counterpart. A comparison on Mach numbers calculated from
X-ray observations of MACS J1752+4440 double-relics system could help under-
stand the origin of the radio-X-rays Mach number discrepancy and the origin of

the relics.
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6.3 Evidence of a second shock surface?

From the previous sections analysis on the brightness and spectral index, the bright
bar substructure can be interpreted as a second shock surface traveling through the
downstream region of the NE relic, generated by the merger. In this scenario, fur-
ther particle (re-)acceleration would generate a second population of radio emitting
relativistic electrons.

Under this assumptions, if we consider the spectral index profile for the NE relic
in Fig. 6.6, the secondary peak — and the flattening at high frequencies — along
the regions of the bright bar, could be explained. In the same manner, considering
the observed brightness profiles in Fig. 6.5, the bump in brightness along the same
regions suggests that a second shock scenario could explain the misalignment be-
tween the peak brightness and the position of the merger shock.

Assuming particle re-acceleration due to a second shock, Markevitch et al. (2005)
have shown that if the slope of the fossil plasma is steep (as it should due to ra-
diative cooling), shock re-acceleration should create a spectrum with slope similar
to the one produced by Fermi re-acceleration. Therefore, this further particle ac-
celeration would change the steepening of the downstream region of the first shock,
making the integrated spectral index, calculated on the whole relic structure, ap-
pear flatter than in the case of one shock only. This can be a possible explanation
of the shallower steepening observed with respect to the one predicted by DSA in
Eq. 6.8 on the integrated spectral index and the reason for which DSA equations
cannot be applied, as discussed in Chap. 6.2.1.

To better understand the origin of the bright bar, we calculated the injection Mach
number, using as injection spectral index the integrated spectral index calculated
in region 4, in which we see the secondary peak in Fig. 6.6. The spectral index
of said region is g, = —0.86 4+ 0.02 which corresponds to a Mach number of
My = 2.547557. This Mach number is smaller with respect to the one calculated
along the outer edge, on the position of the merger shock. This implies that, if a
second shock surface is responsible for the origin of the substructure, it was weaker
than the merger shock that generated the relic, or that we are observing a combi-
nation of downstream from the first shock surface and a second injection.

As a result of this assumption, it was interesting to check the presence of more than
one particle population with different radiative ages along the NE relic structure.

To accomplish this, we generated a grid of boxes of the beam size (7”) covering the
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two radio relics, coloring the boxes based on their location across their size (see Fig.
6.10) Using these boxes, we plotted the spectral index calculated between LOFAR
144 MHz and JVLA 1.6 GHz against the LOFAR 144 MHz flux density, color coding
the points based on the position of the box along the relic. Fig. 6.11 shows that
the outer edge spans more or less one order of magnitude in flux density, having
the flattest spectral indices, as observed in the previous profiles. The points re-
garding the bright bar are the points at higher flux density, as observed in the flux
density profiles, and they are at steeper spectral indices. To quantify the change
in spectral index between the two regions, we calculated the average spectral index
between the outer edge and bright bar points. We obtained (aeqge) = —0.76 £ 0.02
and (aper) = —0.94 £ 0.02, so the average spectral index is reduced by —0.18. The
downstream region shows a lower flux density and spectral index than both the
main shock and the filament.

Fig. 6.11 highlights the presence of two distinct synchrotron emitting structures,
in agreement with a second shock surface model. The substructure could also be
due to the adiabatic compression induced by a secondary shock, which increases the
maximum synchrotron frequency emitted by a population of fossil electrons by a
multiple of the compression factor, although the boosting which is usually observed
in this case is moderate (factor of ~ 2), and the scenario has been ruled out for

most cases of shocks (Hoang et al., 2018).
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Figure 6.10: Zoom in view on the NE and SW radio relic, with selected regions for the curvature
study overlayed in different colors. The three components of the NE relic were divided as follows:
in red we outlined the position of the outer edge, in blue we followed the bright bar, while in green
we selected the downstream regions. In a similar manner, the shock front and the downstream
regions were selected along the SW relic. The same colors are used to represent the structures in
the following plots.
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Figure 6.11: Spectral index against LOFAR 144 MHz flux density plot. The spectral index was
calculated between LOFAR 144 MHz and JVLA 1.6 GHz data to leverage on the broadest available
frequency range. The two substructures of the NE relic can be recognized in the plot thanks to
the high resolution of the images.

6.4 Spectral curvature

As merger-shock models predict increasing spectral curvature in post-shock regions,
considering the peculiar structure of the relics of MACS J1752+44440, we have an-
alyzed the curvature of the relics spectra.

We employed the color-color diagram technique (Rudnick et al., 1994; van Weeren
et al., 2012) which consists in comparing the spectral index calculated between
a low (LOFAR 144 MHz - uGMRT Band 3 416 MHz) and high (uGMRT Band 4
650 MHz - JVLA 1.6 GHz) frequency range, calculated in the same regions. Color-
color diagrams provide information about the curvature of the spectrum, and thus
on particle ageing, by comparing the position of the points with respect to a perfect
power-law line (i.e. injection spectrum), which corresponds to aj} = a}?.

Using the same boxes generated in Fig. 6.10, we calculated the spectral index and
its uncertainty as in Eq. 6.3 and Eq. 6.4. This operation was done considering
only the boxes in which the integrated flux density was above 30,,,s in all images
simultaneously. The color-color plots for both relics can be seen in Fig. 6.12.

Surprisingly, the high-resolution color-color plots show an inverted curvature with
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respect to ageing models. This kind of “concave” curvature implies that, at higher
frequencies, we observe a flatter spectrum, which holds for higher energetic particles
with respect to the expected behaviour. In these plots, a JP model with injection
spectrum of —0.5 (Jaffe and Perola, 1973) was plotted together with the observed
curvature points. The JP model assumes a single burst of particle acceleration
and an isotropic angle between the magnetic field and the electron velocity vectors
(the so-called pitch angle), on a timescale shorter than the radiative timescale. It
is commonly used for post-shock regions, assuming a planar shock front, observed
perfectly edge-on. Clearly, the observed curvature points are not represented by the
JP model. Other models are present, which take into account a slight inclination
along the LoS for the shock front (i.e. KGJP), but as the trend is similar to the
one produced by the JP model, and since we see no sign of particle ageing, we
decided to not plot them. In order to better investigate the spatial distribution of
the curved spectra in the relics, we generated a high-resolution spectral curvature
map. The spectral curvature map can be generated using data at four frequencies,
as:

SC = —a;} + a2, (6.10)

with an uncertainty on each pixel of

ASC = /(Aad)? + (Aa?)2. (6.11)

The spectral curvature map we obtained can be seen in Fig. 6.13. This map shows
that the NE relic has many points in which the curvature has a positive value, with
a typical value of ~ 40.2, which represents a concave spectrum, opposite to the one
predicted by any aging model. These points also resemble the substructures that
are visible in the high-resolution images of the cluster, suggesting that the regions
that generate the “concave” spectrum are related to the outer edge and the bright
bar substructure. The SW relic, instead, shows a gradient of curvature along the
relic main axis, having negative curvature at the center of the relic, but positive at
its extremes. This kind of flattening trend in synchrotron spectra is not reproduced
by any kind of particle aging model.

Rajpurohit et al. (2021) showed how this kind of “concave” spectrum in color-color
plots of radio relics could be due to projection effects, by simulating the same color-
color plot on a relic seen at different angles. Therefore, the observed result might

be influenced by the angle with which these structures are observed. Meanwhile,
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Figure 6.12: Color-color plot of both radio relics at high-resolution. Top: the NE relic shows
a lack of points below the power-law line, which indicates a mostly power-law spectrum, with
points appearing in the “concave” spectrum region. The coloring shows how the outer edge and
the bright bar both fall mostly on the power-law line, with no sign of spectral steepening. Bottom:
the SW relic displays some steepening in points at lower spectral index, but still presents multiple
points representing a flattening spectrum.
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as the color-color plots show no sign of ageing, it is likely that either the angle of
the shock front was not small, or other effects, not taken into account into spectral
aging model, are in action. For instance, the assumption of multiple shock surfaces
or magnetic field compression are not considered in JP (and KGJP) models.

Furthermore, although it has been shown by simulations that radio relics are best
observed in cluster mergers whose collision axis is aligned with the plane of the sky,
and considering the possible influence of the magnetic field in the shape of the NE
relic, these new discoveries prompted our follow up study on polarization. Indeed,
the observe polarized emission could be affected by the presence of substructures

overlapping along the line of sight (see Chap. 6.5).
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Figure 6.13: Spectral curvature map of MACS J1752+4440. The spectral curvature was calcu-
lated between 144 MHz and 1.6 GHz. The map shows a typical value of ~ +0.2 and does not show
a uniform negative curvature, as it would be expected. The NE relic shows a strongly positive
curvature along its substructure, with negative curvature appearing downstream. The SW relic
instead shows a gradient in spectral curvature along its major axis. The spectral curvature error
map is present in APPENDIX A.
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6.5 Polarization

The synchrotron emission is linearly polarized. For an optically thin source, consid-
ering a homogeneous distribution of relativistic electrons with a power-law spectrum

N(E)dE o« E~°dE, the degree of intrinsic linear polarization is calculated as:

30+ 3
2079 12
Pint 35 7 (6 )

In radio relics, the intrinsic polarization degree can reach up to ~ 60% (Ensslin
et al., 1998), although, in practice, the observed polarization degree is often smaller
due to different effects. One of these effects, of particular interest for our study, is
the Faraday depolarization effect.

The polarization of an electromagnetic wave is described through the Stokes param-
eters (I, Q, U, V), representing the orientation of the wave electric field. In radio
interferometry, the signals between antennas are cross-correlated, and the Stokes
parameters are calculated through the right and left circular polarization of the
electromagnetic wave. Thanks to the Stokes parameters, it is possible to define the

linear polarization P as:

P =ple®™ = Q+4U, with |P|=+/Q2?+ U2, (6.13)

where

1 U
X=35 arctan 0 (6.14)

is the observed polarization angle. When an electromagnetic wave passes through
a magnetized, ionized medium, the Faraday rotation effect rotates the polarization
angle as a function of frequency, due to the phase shift of the right and left circular
polarization, composing a linearly polarized wave. Therefore, traveling along a
cluster path length, the intrinsic polarization angle x;,; will be rotated by an angle,

typically written in terms of the rotation measure RM, as:
Xobs = Xint T AX = Xint T RM)\27 (615)

where RM is proportional to the electron density n. and the LoS component of the
magnetic field B)| (Burn, 1966), as

RM = k/ neByd. (6.16)
LoS
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In a radio source, the observed polarization intensity can be significantly lower with
respect to the intrinsic value, if differential Faraday rotation, or beam depolariza-
tion, occur. In fact, along the LoS, the radio emission can arise from different
depths and undergo different Faraday rotation, due to the different path length and
regions with different magnetic fields and gas density. Moreover, in the case of a
turbulent magnetic field, different turbulent cells might be within the synthesised
telescope beam, generating beam depolarization. The sum of these effects results
in a reduction of the observed polarization degree. Both effects can be described
by:

P — pe—zafw,\‘lezi(XierRM/\?)’ (6.17)

where ogys is the dispersion of the RM across the source on the sky (O’Sullivan
et al., 2012).

The positive spectral curvature can be explained by different relic substructures
seen in projection, considering the cluster merger axis to not be perfectly aligned
with the plane of the sky, but having a slight inclination along the LoS. The pres-
ence of these substructures could also leave imprints on the observed fractional
polarization, as the filamentary structure, and a possible inclination angle, might
increase the Faraday depolarization of the bright bar and of the downstream.

We produced polarization images as described in Chap. 5.1.3 at 57 x 4.5” reso-
lution, of all Stokes parameters, combining the three B, C and D configurations
of JVLA. Using the Q and U images, we produced the Polarization Intensity map
P, computing the module of the polarization intensity as in the right side of Eq.
6.13 and the polarization angle map through Eq. 6.14. When computing P, we
corrected for the Ricean bias which induces a positive “floor” to the polarization
intensity image, due to the positivity of the noise in polarization (Eq. 6.13, left).
The correction for the Ricean bias was suggested by Wardle and Kronberg (1974),
in which P is corrected by performing the sum of squares between P and the noise

Orms,Qu, average noise between the QQ and U image, as
P=,/P?— afmS7QU. (6.18)
After computing P, we obtained the Polarization Fraction p map as

_ 6.19
P=7 (6.19)
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where I is the Stokes I image. All of the produced images can be seen in Fig. 6.14.
The polarization intensity map shows the two relics as a combination of the
emission coming from the Stokes Q and U parameters. It is notable how the NE
relic shows two distinct structures resembling the outer edge and the bright bar
substructure, while the SW relic has the same shape of its Stokes I emission, with
smaller size. The peak of the SW relic coincides with the peak of the emission
in the Stokes I image, centered with respect to the position of the shock. The
polarization fraction image follows the same shapes, with values following a uniform
value of ~ 0.2 — 0.4. Although radio relics are thought to be highly polarized
sources, the obtained values are in line with several observations of other radio
relics (i.e. Stuardi et al., 2019).
As the NE relic consists of two main substructures, we wanted to check if this
composition, together with possible magnetic and projection effects, left any
imprint on the polarized emission. To do it, we investigated the profile of the
polarization fraction along the same elliptical-arc regions generated for the spectral
index analysis in Chap. 6.2. Fig. 6.15 shows the fractional polarization profile,
which has a peak of polarization fraction in region 1, along the outer edge, and
shows a second peak in region 4, at the position of the bright bar. This second
peak can be interpreted as a higher polarization fraction due to the presence of the

substructure (i.e. the bright bar).

As described by Eq. 6.17, in the case in which the positive spectral curvature
is due to projection effects, the angle with respect to the LoS could change
the observed polarization fraction of the relics, as more (or less) magnetized
medium could be present along the LoS and increase (or decrease) the Faraday
depolarization and beam depolarization effects. Therefore, assuming the presence
of projection effects, by comparing the spectral curvature and the polarization
fraction, calculated along the same regions, one could expect to observe a trend
between the two quantities.

Starting from the polarization intensity and the Stokes I images, we calculated
the spectral curvature and the polarization fraction on the same boxes that were
generated for the color-color plot analysis in Chap. 6.4. The produced plot, in
Fig. 6.16, displays no significant trend, as many of the spectral curvature points
are located around ~ 0.2, while the polarization fraction ranges between 0.05 and

0.45. In this plot, the polarization fraction was calculated considering both boxes
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Figure 6.14: Top: Polarization Intensity image. The image shows polarized emission coming
from the two substructures which compose the NE relic. Contours are drawn from the Stokes I
image, straging at 30 and separated by powers of 2. Bottom: Polarization fraction image, showing
that the two substructures of the NE relic have a similar fractional polarization, together with the
SW relic. The polarization fraction ranges from ~ 20% to ~ 40% in both radio relics.

70



in which the polarization intensity was above and below 20,5 our. Following this

approach, points below the threshold are indicated as downward arrows and are to

be considered as upper limits. We are then unable to say if projection effects are

responsible for the observed trend of the polarization fraction.
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Figure 6.15: Fractional polarization profile. The polarization fraction was calculated along the

same elliptical arc regions generated for the spectral index analysis.
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Figure 6.16: Fractional polarization against spectral curvature plot.

0.35 A

0.30 A

0.25 A

0.20 A

0.15

0.10 A

0.05 A

m v Outer Edge
m v Bright Bar
m v Downstream

Spectral Curvature

15 2.0

As expected from the

SC map, most points are located around a spectral curvature of ~ +0.2, while the fractional
polarization ranges from 0.05 to 0.45 without showing any particular trend. Points are colored
following the distribution of boxes as explained in previous chapters. Downward arrows are to be
intended as upper limits, as they represent points in which the polarization intensity was below

20’7"’77,5 .



Table 6.3: Equipartition magnetic field parameters.

a 1y [MHz] E(oyviw) k z I | Iy | d [kp]

arcsec?

NE 091 144 6.77-1071 1 0.366 0.040 867.5
SW  0.83 144 8.75-1071 1 0.366 0.046 552.5

6.6 Physical parameters

We estimated the strength of the magnetic field in the two radio relics through the
minimum energy conditions (Burbidge, 1956). Govoni and Feretti (2004) expressed

minimum energy through observable quantities as:

da/7
tin | | = €@ m) 1L+ WY (5] (12O (6.20)

4/7 —4)7
=) (o)
x @ , 6.21
([35258120 kpc (621

where [ is the source brightness at the central frequency vy and d is the source

depth, calculated as the average between the length and the width of the two relics
on the plane of the sky. We chose o to be the injection spectral index calculated on
region 1, along the main shock for both radio relics, and the {(«, 11, 1) constant
was then chosen to be representative of that spectral index (see Govoni and Feretti,
2004). The k constant represents the ratio of energy between relativistic protons
and electrons and depends on the mechanism of generation of relativistic particles,
which is yet not fully known. Therefore, we chose kK = 1 as commonly done in the

literature. A summary of the assumed values is in Tab. 6.3.

The equipartition magnetic field was then obtained as:

24 1/2
B, = (%umn) . (6.22)

We obtain two similar values between the two radio relics of:

Beq,NE = 0.95 ,uG (623)
Begsw = 1.1 uG, (6.24)

calculated using the LOFAR 144 MHz source brightness on the low-resolution image.

Both the measurement are in the order of the G, a value which is commonly found
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while studying equipartition magnetic fields in galaxy clusters. The field calculated

on the three remaining frequencies give compatible results.
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Chapter 7

Conclusions and future

perspective

In this thesis, we presented a radio continuum study of the double-relic, merging
cluster MACS J1752+4440. The cluster was studied by van Weeren et al. (2012)
and Bonafede et al. (2012) through WSRT, GMRT and VLA data (Chap. 3).
These works detected the double-relic system and characterized its spectral and
polarization properties, though limited by the low resolution of the observations.
The goal of this thesis was to study the same double-relic system, making use of
the new generation of radio interferometers, with better sensitivity and a wider
frequency band. We used LOFAR (144 MHz), new uGMRT at 416 MHz and
650 MHz and JVLA (1.6 GHz) data to obtain new high-resolution images of the
cluster at 77 and low-resolution images at 20", reaching unprecedented details.
Thanks to the high resolution images, we were able to detect substructures along
the NE relic (Fig. 5.1), namely a outer edge at the position of the merger shock
and a bright bar, central with respect to the width of the relic.

To understand the origin of these structures, we produced new brightness profiles
(Fig. 6.5), showing how the emission from the NE relic peaks at the position of
the bright bar substructure, with a secondary peak along the outer edge, at the

location of the merger shock.

We measured an integrated flux density at 144 MHz of SN¥ = 530 & 50mJy
for the NE relic and S7}] = 177 & 18 mJy for the SW relic, and a radio power of
PNE =240 x 102 WHz ! and P} = 7.90 x 10 WHz ', compatible with litera-
ture studies of radio relics (Botteon et al., 2020). We find the integrated spectral
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index for the two relics at aYf = —0.91 & 0.06 and oV = —0.83 + 0.05 (Fig.
6.7). Surprisingly, both these spectral indexes are a;,;, > —1, in contrast with ba-

sic DSA predictions about particle acceleration and different from literature studies.

We produced a spectral index map at high-resolution (Fig. 6.3), showing how
the spectral index for the NE relic follows the same structures of the radio bright-
ness emission. This was never observed before for this cluster due to resolution
limitations, and cannot be explained by a simple, single shock model. We analyzed
the trend of the spectral index on both relics by generating spectral index profiles
(Fig. 6.6), observing a linearly decreasing profile for the SW relic, as we would
expect from particle aging, while the NE relic shows a complex profile, with flattest
spectral index at the region along the merger shock, but a second flattening at the
position of the bright bar. This behavior is unexpected in the scenario in which
relics are generated by a single merger shock surface. Furthermore, we observe a
constantly flatter profile at higher frequencies, which is in opposition with particle
aging. At low resolution, the spectral index profile of the SW relic shows a peculiar
feature, in which the low-frequency profile flattens in the most central region, at
the position of the downstream (Fig. 6.7). We suggest that this flattening is due
to the presence of a nearby cluster radio source, which radio emission generates a
“bridge” between the source and the SW relic (Fig. 6.8).

We conclude that the observed bright bar filament and its imprint on the surface
brightness and spectral index profiles could be due to projection effects of a double
shock front obseved in projection. Wittor et al. (2017) showed how the same
structures could be generated by fluctuating a Mach number distribution inside the
relic structure, by changes in the particle acceleration efficiency or by a complex

magnetic field structure, being compressed by the merger shock.

Under DSA assumptions, we calculated the radio Mach numbers for both
relics. As both integrated spectral indices were «;,; > —1, the integrated Mach
number could bot be calculated through DSA equations. Therefore, we calculated
the injection Mach numbers by assuming, as injection spectral index, the one
calculated on the region overlaying the outer edge. We measure two Mach numbers
of 3.1270% and M = 4.19%0% for the NE and SW relic, respectively (see Tab.
6.2). Shocks with Mach numbers like the one of the SW relic are extremely rare

events. Cosmological simulations (Vazza et al., 2019; Bykov et al., 2019) show
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that, even though they are possible, the Mach number should vary greatly along
the merger shock. If this happens, the radio calculated Mach number would be

overestimated, as synchrotron luminosity strongly increases with Mach number.

Considering the observed surface brightness profile, and the trend on the
spectral index, for the NE relic, we discuss the possibility of explaining such
evidences through a complex shock structure. Markevitch et al. (2005) has shown
that particle re-acceleration, due to a second shock surface, can flatten the spectra
of the particle population, in case in which the fossil plasma had a steeper spectrum
before the shock. This scenario could explain the observed integrated spectral
indices, the shape of the surface brightness profile and the flatter spectra at higher
frequencies observed in the spectral index profile. If this assumption holds, we
would expect to observe two or more distinct radio emitting particle populations.
To check this, we plotted the spectral index calculated between LOFAR 144 MHz
and JVLA 1.6 GHz against the LOFAR flux (Fig. 6.11), observing two distinct
trends linked to the outer edge and the bright bar substructure, in agreement with

our proposed scenario.

Merger-shock models predict increasing spectral curvature in post-shock
regions. To check on the curvature of the relics, considering the NE relic
substructures, we generated color-color plots (Fig. 6.12). We observe how, for
both radio relics, the spectral curvature is almost perfectly represented by a
power-law trend, in which the spectral index at high and low frequency are equal.
Interestingly, many points fall in the “concave” part of the spectrum, in which
the high frequency spectral index is flatter than the low-frequency one, and they
are not represented by any spectral aging model. Rajpurohit et al., 2021 showed
how this kind of trends in color-color plots could be represented by projection
effects. We also calculated the spectral curvature map of the galaxy cluster
(Fig. 6.13) and observed how the spectral curvature follows the substructures
of the NE relic, with positive values (hence a “concave” spectrum) along the
bright bar and the outer edge, in the NE relic. The SW relic shows a spectral cur-

vature gradient along its longitudinal axis, a trend not reproduced by particle aging.

To inspect possible projection effects along the LoS, we produced polarization

images through JVLA (1.6 GHz) polarization data. We generate polarization
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intensity and polarization fraction maps (Fig. 6.14), detecting polarized emission
coming from the same substructures along the NE relic. The polarization fraction
spans from ~ 20% to ~ 40%. Using the same elliptical arc regions, we investigated
the trend of the polarization fraction for the NE relic (Fig. 6.15), highlighting
the presence of a flat profile of the polarization fraction along the regions of the
bright bar. Considering possible projection effects, we investigated the trend of the
polarization fraction against the spectral curvature, calculated on the same regions.
If projection was in action, we could expect to observe a trend between these
two properties. However, Fig. 6.16 shows no trend between the two quantities.
We note that the study of the polarization and depolarization could be better
conducted with techniques, like the RM synthesis, Taking into account bandwidth
depolarization and multiple emitting components.

Using the assumption of equipartition, we calculate the equipartition magnetic

field with both radio relics, obtaining a compatible result of B., ~ 1uG.

In summary, this thesis works confirmed the presence of sub-structures in radio
relics of MACSJ 1752+4440 and proposed a scenario able to explain the observed
brightness and spectral trends. From the spectral curvature study, we conclude
that the observation could be dominated by several effects: projection effects could
explain the concave curvature observed on both relic, while a complex magnetic
structure could explain the enhanced brightness and flatter spectra at the location
of the bright bar.

Future prospects include the study of the radio halo component, which was excluded
in this thesis, and an in depth RM-synthesis analysis to quantify the expected

Faraday rotation on radio relics.
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APPENDIX A

In Fig. 7.1 we show the spectral curvature uncertainty map. We note that the
uncertainty values are low across the whole relics surface, with peaks at their outer
edges. In Fig. 7.2 and Fig. 7.3 we show the integrated spectral index error maps.
These errors are calculated as the error of the polyfit function, pixel per pixel,

and are uniform along the two relics, but higher at the relics’ edge.

Spectral Curvature error map
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Figure 7.1: Spectral curvature error map.
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Figure 7.3: SW relic integrated spectral index error map.
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