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Abstract

A growing number of galaxy clusters are found to host large-scale synchrotron emission in the
form of radio halos. These sources provide the evidence of non-thermal components, consisting
of relativistic particles and magnetic fields, permeating the whole volume of the galaxy clusters.
According to the currently accepted scenario the emitting particles are (re-)accelerated in the
cluster magnetic fields during cluster merger events. One of the most important evidence sup-
porting this scenario is the fact that indeed radio halo are typically found in dynamically active
Systems.

The study of the connection between the cluster dynamics and the properties of radio halos
is one of the most important approaches to constrain the origin and evolution of relativistic
particles in galaxy clusters. This is the approach that we follow in the Thesis. Furthermore
we use low-frequency data from the new generation radio telescope LOFAR. These observations
have a much better sensitivity to the cluster-scale radio emission than other existing radio
interferometers, and allow to enter uncharted territories in this research area.

More specifically, in this Thesis, we analyzed radio and X-ray data of three SZ-selected galaxy
clusters: Abell 1550, RXC J1115.24-5320 and Abell 1622. These are part of the HETDEX field
in the LOFAR LoTSS survey at 144 MHz. The last two targets were never studied in the radio
band. Abell 1550 was already studied using observations at 1.4 GHz (Govoni et al. 2012) and
was already known to host a radio halo. By combining VLA and LOFAR data we measured a
very steep spectrum of the radio halo supporting turbulent re-acceleration for the radio emitting
electrons. We discovered a radio halo in RXC J1115.2+5320, while no diffuse emission is detected
in Abell 1622 by our LOFAR observations. For Abell 1622, that is the smaller cluster in our
sample, we derived a upper limit to its flux density and radio luminosity and demonstrate that
the cluster is underluminous in radio. We suggest that this is due to the smaller energy budget
available to particles re-acceleration in less massive systems like Abell 1622.

We studied the connection between thermal (X-rays) and non-thermal (radio) properties in
our clusters. Specifically we:

e explore the dynamics of our targets measuring dynamical parameters;

e investigate on the behaviour of these clusters in the correlations between radio luminosity
and mass (or X-ray luminosity);

e derive point-to-point radio brightness - X-ray brightness correlations for the radio halos in
Abell 1550 and RXC J1115.2+5320.

All these findings are discussed in the context of current theoretical models.

Finally we discover a long head tail radio galaxy in Abell 1622 and discuss the interplay
between the relativistic plasma and the surrounding intra-cluster medium.

The Thesis is organised in the following Chapters:

e In Chapter 1 we discuss the thermal properties and the formation/evolution of galaxy
clusters;



In Chapter 2 we illustrate the properties of non-thermal emission from galaxy clusters
highlighting the importance of its study in the low-frequencies of the radio band;

In Chapter 3 we present the new generation interferometer with which the observations
analysed in this Thesis work have been performed;

Chapter 4 describes the procedures followed in the radio and X-ray data analysis;

In Chapter 5 we present the targets and the results of the procedures outlined in the
previous Chapter;

In Chapter 6 we explore the connection between thermal and non-thermal emission in our
clusters and discuss the findings in the light of the other results found in the literature;

Chapter 7 summarizes the main results of the Thesis work.



Sommario

Un numero sempre crescente di ammassi di galassie mostra emissione di sincrotrone diffusa sotto
forma di aloni radio. Queste sorgenti testimoniano la presenza di componenti non-termiche di
particelle relativistiche e campi magnetici all’interno degli ammassi di galassie. Secondo lo sce-
nario attualmente piu accreditato, le particelle emittenti sono (ri-)accelerate dai campi magnetici
interni all’ammasso durante gli eventi di merger tra ammassi. Una delle prove fondamentali a
supporto di questo scenario ¢ il fatto che gli aloni radio si osservano tipicamente in sistemi di-
namicamente attivi. Lo studio della connessione tra la dinamica dell’ammasso e le proprieta degli
aloni radio € uno degli approcci piu importanti per vincolare i modelli sull’origine e I’evoluzione
delle particelle relativistiche negli ammassi di galassie. Questo & anche I’approccio che seguiamo
in questa Tesi. Inoltre analizziamo i dati a bassa frequenza ottenuti dal radio telescopio di
nuova generazione LOFAR. Queste osservazioni hanno il vantaggio di essere attualmente le piu
sensibili alle scale dell’emissione radio degli ammassi rispetto agli altri interferometri esistenti e
consentono quindi di entrare in territori ancora inesplorati in quest’area di ricerca.

In particolare, abbiamo analizzato i dati in banda radio e X di tre ammassi di galassie se-
lezionati dal catalogo Planck-SZ e osservati all’interno del’HETDEX field della survey LoTSS
condotta a 144 MHz: Abell 1550, RXC J1115.2+5320 e Abell 1622. Gli ultimi due target non
sono mai stati studiati nella banda radio fino ad ora. Abell 1550 era gia stato studiato usando
osservazioni a 1.4 GHz (Govoni et al. 2012) ed era gia noto ospitare un alone radio al suo interno.
Dalla combinazione dei dati VLA e LOFAR abbiamo trovato che ’alone ¢ caratterizzato da uno
spettro molto ripido, tale risultato supporta l'ipotesi di accelerazione turbolenta degli elettroni
radio-emittenti. Abbiamo scoperto un alone radio in RXC J1115.24+5320, mentre nessuna emis-
sione diffusa & stata rilevata in Abell 1622 dalle nostre osservazioni LOFAR. Per Abell 1622,
I’ammasso piu piccolo del nostro campione, abbiamo derivato un limite superiore per la sua
potenza radio scoprendo che 'ammasso risulta sotto-luminoso in banda radio. Suggeriamo che
questo sia dovuto al minore budget energetico disponibile per la ri-accelerazione delle particelle
nei sistemi meno massivi come Abell 1622.

Abbiamo studiato la connessione tra le proprieta termiche (X) e non-termiche (radio) nei
nostri ammassi. Nello specifico:

e determiniamo lo stato dinamico dei nostri target misurando i parametri dinamici;

e indaghiamo sul comportamento di questi ammassi nelle correlazioni tra luminosita radio
e massa (o luminosita X);

e deriviamo le correlazioni point-to-point tra la luminosita radio e X per gli aloni radio in
Abell 1550 e RXC J1115.24-5320.

Tutti questi risultati sono discussi nel contesto degli attuali modelli teorici.

Infine abbiamo scoperto una radio galassia di tipo long head tail in Abell 1622, ne discutiamo
I'interazione tra il plasma relativistico e il mezzo intra-cluster circostante.

La Tesi ¢ organizzata nei seguenti Capitoli:



Nel Capitolo 1 discutiamo le proprieta termiche e la formazione/evoluzione degli ammassi
di galassie;

Nel Capitolo 2 illustriamo le proprieta dell’emissione non-termica dagli ammassi di galassie
evidenziando 'importanza del suo studio nella banda radio a basse frequenze;

Nel Capitolo 3 presentiamo l'interferometro di nuova generazione con cui le osservazioni
analizzate in questo lavoro di Tesi sono state condotte;

Il Capitolo 4 descrive le procedure seguite nell’analisi dei dati X e radio;

Nel Capitolo 5 presentiamo i target e i risultati delle procedure delineate nel Capitolo
precedente;

Nel Capitolo 6 descriviamo i metodi di indagine sulla connessione tra il gas termico e le
componenti non termiche negli ammassi di galassie e discutiamo i risultati ottenuti per i
nostri target;

Il Capitolo 7 riassume i risultati principali di questo lavoro di Tesi.



Chapter 1

Galaxy clusters

Clusters of galaxies (GCs) are regions of matter overdensity in the intersections of the filamentary
structure of the cosmic web, that is the way in which matter in Universe is organized (Figure 1.1).
The typical scales on which GCs extend within the cosmic network are of the order of 1-3 Mpc.
With such dimensions and masses of 10 to above 10'® M, GCs are the largest virialised objects
in the present Universe.

GCs host from hundreds to thousands of galaxies, which however represent only ~ 5% of
the total mass. The main component (~ 80%) is the dark matter (DM), followed by the Intra-
Cluster Medium (ICM, ~ 15%), that is a tenuous and hot thermal gas which permeates the
whole cluster volume (e.g. Sarazin 1986 for a review).

According to the current hierarchical model, the cosmic structures proceed to form via mat-
ter aggregation under the action of the gravitational force. The final large systems of galaxies,
gas and dark matter bounded together are the result of consecutive minor and major mergers
between smaller objects, like groups, galaxies and small clusters. In this so-called bottom-up
scenario, GCs represent an unique tool to constrain the cosmological models (e.g. Borgani &
Kravtsov 2011). They are also extraordinary astrophysical laboratories to study the interplay
between the ICM and the galaxies, and the feedback mechanisms that regulate the evolution of
the ICM and of AGN. Finally the study of the interplay of the cluster dynamics (and evolu-
tion) with the properties of the ICM and of the non-thermal components (magnetic fields and
relativistic plasma) in GCs provides fundamental inputs on the way in which energy flows from
large (cosmological) scales to smaller (astrophysical plasma) scales.

1.1 Components of galaxy clusters

Observing GCs at different wavelengths reveals the properties of their different components
(Figure 1.2). Because of their galaxies component, GCs have been initially identified in the
optical band. GCs were indeed first classified in a wide catalog created by George Abell in 1958
who inspected a photographic survey made with the Schmidt telescope at Mount Palomar in the
1950s. Due to its temperature (7' ~ 107 — 10% K) and density (nges ~ 107 — 1072 cm™3), the
ICM emits in the X-rays via thermal bremsstrahlung radiation. For this reason GCs are bright
X-ray sources. However the most significant component of the cluster, constituted by DM, can
be studied only by its gravitational effect.

1.1.1 Galaxies

Galaxies and stars within them are mostly studied through optical and infrared (IR) observa-
tions. Galaxies spectra is made up of a continuum component, due to the black body radiation
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Figure 1.1: Frame of the cosmic web as simulated by the Millenium Simulation (Springel et al. 2005).
The zoom of the density field is taken at z=0 (t=13.6 Gyr).

and radiative recombination processes, and emission lines, produced via radiative decay pro-
cesses. From the emission lines it is possible to derive the redshifts of the hosting structure and
to measure the dispersion of galaxies radial velocity, o,. Being determined by whole cluster
dynamics, the velocity dispersion gives an estimate of the time needed to cross it, tcross:

D

teross = —
v

where D is the cluster dimension. With typical values of o, ~ 1000 km/s and D ~ Mpc, the
crossing time is of the order of 1 Gyr, resulting significantly shorter than a Hubble time (tg ~
13.7 Gyr). This is a proof that GCs had enough time to reach a dynamically relaxed state.

At the center of rich GCs it is often found a supergiant elliptical galaxy which represent
the brightest galaxy of the cluster (BCG). These kind of objects are among the most luminous
galaxies in the Universe. Some BCGs show features of ongoing star formation (e.g. inferred from
IR observations by O’Dea et al. 2008) and they host radio-loud active galactic nucleus (AGN)
more frequently than galaxies of similar stellar masses (Best et al. 2007).

Most of BCGs correspond to the central dominant galaxy (cD), a special class of galaxies
characterized by the presence of two or more nuclei in the core and a diffuse low-surface bright-
ness stellar envelope extended up to several hundred of kpc around the nucleus (Oemler 1973).
All the BCGs properties are due to the complex mechanisms involved in their formation and
evolution, which differ from the one of the ordinary elliptical galaxies (De Lucia & Blaizot 2007).

BCGs are indeed the result of the combination of dynamical processes (Lin & Mohr 2004):
(1) galactic cannibalism, in which cluster galaxies move toward the cluster center because of
dynamical friction, they merge and grow in mass and luminosity encompassing other incoming
galaxies and smaller bodies (Ostriker & Hausman 1977) and (2) stripping of stars from galaxies
which occurs in galary harassment, the phenomenon of high speed encounters between cluster
substructures (Moore et al. 1996): stripped stars are likely embedded in the ¢D halo.

In general galaxies in the clusters interact with the ICM and this affects their evolution and
properties. The interplay between spiral galaxies and the GC environment and dynamical state
is reflected in the inter-stellar medium (ISM) morphology and in the high star formation rates.
Especially those galaxies moving near the central (and denser) parts of the cluster are affected
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Figure 1.2: Multi-frequency view of Coma cluster. Top left: Optical image from of the galaxies within
the cluster (from Hubble space telescope, HST). Top right: X-ray emission from thermal ICM (Briel
et al. 2001). Bottom left: Radio contours (352 MHz band) of the diffuse emission over-plotted on the
X-ray image (Shea Brown & Lawrence Rudnick 2011). Bottom right: X-ray contours overlaid on the SZ
signal (Planck Collaboration et al. 2011).

by gas deficiency in the disks due to the ICM dynamical effects on the ISM (ram-pressure
stripping, strangulation, evaporation, see Mihos 2004 for a review). Evidences are seen through
HI observations (Davies & Lewis 1973),

These dynamic processes in act in central region of clusters are reflected in the way in
which different galaxies type are found, depending on the density of the environment. A close
correlation is observed between the cluster projected density and the fraction of early-type
(ellipticals, E and lenticulars, S0) and late-type (spirals, S, and irregulars, I) galaxies. As shown
in Figure 1.3, the fraction of E and SO galaxies increases with projected density, while an opposite
behavior is observed in the fraction of S and I galaxies which decreases with density.

In GCs, the brightness is dominated by early-type galaxies showing an intrinsic difference
from the galaxy population observed in the field. Within GC, the late-type galaxies are more
numerous, but fainter, while the early-type galaxies are less abundant, but brighter (Sarazin
1986).

Galaxies luminosity function

A reliable approximation of the galaxy luminosity distribution inside the cluster has been pro-
posed by Schechter 1976. The function provides the number of galaxies per unit volume ¢(L)dL
with luminosity between L and L + dL:

p(L)dL = " (L/L*)"" exp(L/L")d(L/L")

where ¢* is the normalization (a galaxy number in unit volume); « is the dimensionless
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Figure 1.3: Correlation between cluster projected density, in unit of galaxies Mpc—2, and the different
galaxies type (Dressler 1980).

parameter which determines the slope of the power-law in the range of L <« L*; and L* is the
characteristic luminosity, which can be equivalently expressed with the characteristic absolute
magnitude. The luminosity function shows an exponential cut-off for L > L*. The values of ¢*,
L* and «, are determined from observations. The Schechter analytic expression for the galaxy
luminosity function well reproduces observational data.

1.1.2 Intra-cluster medium

About 75% of the baryonic matter in GCs is in the form of an hot, optically thin, ionized plasma:
the intra-cluster medium. With typical mean density of ~ 1072 — 10~* ¢cm ™3 and temperature
of ~ 107 — 108 K (~ 1-10 keV), the ICM emits mainly via bremsstrahlung in the X-ray band.
Since clusters reach X-ray luminosities up to ~ 10* — 10% erg/s thanks to their ICM content,
one of the most direct and simple way to detect GCs is carrying out X-ray surveys.

Due to the free-free emission mechanism, an ion of charge Z in a plasma with an electron
temperature T, radiates a total monochromatic power per unit volume given by (Rybicki &
Lightman 1986):

dL

San X Z2neniG (2, Toy )T Y2 exp(—hw kT, (1.1)

€, =

where n, and n; are the number density of electrons and ions, respectively, and Gy o
In(kpTe/hv), the Gaunt factor, provides corrections related to quantum effects; kp is the Boltz-
mann constant and h is the Planck constant. The spectrum normalization gives a measure of
ne, while from the exponential cut-off can be inferred the ICM temperature.

Coulomb collisions between electrons and protons in the ICM occur on time-scale of ~ Myr,
due to their mean free path in a medium with such temperature and density. This time-scale is
lower than the age of the plasma, therefore the particles can reach the kinetic equilibrium and

the ICM temperature can be referred as a global value in common between ions and electrons,
T.=T,=T.



According to the hypothesis of dynamical equilibrium, the cluster gravitational potential acts
simultaneously on both ICM and galaxies, entailing that the same dynamics characterizes the
two components. This implies that the kinetic energy of galaxies is similar to the gas thermal
energy, i.e.:

kpT ~ pmyo? (1.2)

v

where m), is the proton mass and p is the mean molecular weight (p ~ 0.6 in the ICM).
Over the years, estimation of the temperature through X-ray observations and optical measures
of the velocity dispersion, well tested the o-T relation (Girardi et al. 1996), ensuring that the
scenario of dynamical equilibrium is a good assumption for the ICM.

As a further consequence, the spatial distribution of gas follows a profile similar to that of
galaxies. It was investigated by Cavaliere & Fusco-Femiano 1976 who assumed both gas and
galaxies in isothermal and in hydrostatic equilibrium under the gravitational potential ®.

The condition of hydrostatic equilibrium implies a balance between pressure gradients and
gravity:

Vp=-pvQP (1.3)

where p and p are pressure and density of the medium, respectively. In the ICM gas,
these quantities are linked by the equation of state for ideal gas, pgas = pgaskBT/pmy. The
thermal equilibrium hypothesis implies that the temperature is constant. Assuming a spherically
symmetric and locally homogeneous distribution, the Eq. (1.3) referred to the gas can be
expressed as:

dlnpges _ pmy d®

dr kgT dr’

Similarly the galaxies distribution is obtained by replacing kgT/um,, with 02 and assuming
that this is isotropic:

The relation between gas and galaxies distribution can be derived from above equations:
dln Pgas _ _Mmpgg dln Pyal
dr kT dr

where the § parameter represents the ratio of the specific kinetic energy of galaxies and the
specific thermal energy of gas

= Pgas X pfaz (1.4)

B = pmpoy .

kT
Adopting the King approximation to the isothermal sphere (King 1962) for the galaxies
distribution and following Eq. (1.4), the density profiles are:

—3/2

NOIN
() ] o (15)
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pgal(r) = Pgal,0

Pgas (7') = Pgas,0




where pgqs,0 and pgqr0 are the central densities and r. measures the radius within which the
density is half that central one. The gas density distribution defined is the so-called S-model
and it is adopted to fit the X-ray surface brightness, described in the form:

-\ 2
1+ (2 ]

Tc
The distribution of the gas can be inferred directly from the X-ray imaging. Assuming a

spherical shape of the cluster, the X-ray surface brightness at frequency v at projected radius b
is:

1/2-3p
I(T) = I(_)

< g, (r)dr?
¥,(b) = 2/b2 \/7% (1.6)

Due to the symmetry of the problem, it is possible to Abel-invert the Eq. (1.6) and get the
emissivity along r at frequency v:

) g 8 [ B
PN 2mrdr Jpp P2 — 02

As seen above, £, < nen; ~ nz (the plasma is neutral then n, ~ nil.) so the electron density
can be deduced.

The value of 3, estimated from the surface brightness fitting, is ~ 0.65 (C. Jones & Forman
1984) but this results inconsistent with the hypothesis of the Eq. (1.2), instead confirmed by
X-ray and optical spectroscopic measurements of gas temperature and velocity dispersion. This
discrepancy is due to the oversimplified assumptions underlying the S-model interpretation.
Moreover, although the S-model is commonly used (Vikhlinin et al. 1999), a large fraction of
the GC population in the Universe show cool-cores that form due to the enhanced radiative
losses in the ICM in the center (see Section 1.5.1).

Through the X-ray spectral analysis it is possible to infer the chemical composition of the
ICM gas. This reveals that the heavy elements fraction is a third of the solar one. Spectral
lines of highly ionized metals, such as Fe, C, O, Ne, Si, S, have been detected in the ICM. Such
significant abundances indicate a galactic origin of the elements, since the amount is too high to
derive from a primordial gas. The typical metallicity profile has a peak in central regions and
becomes constant in the outer regions, reaching a mean value of 0.3-0.4 solar abundance (see
Mernier et al. 2018 for a review).

Sunyaev-Zel’dovich effect in the ICM plasma

The ICM can be detected also via the Sunyaev-Zel’dovich effect (SZE). The hot ICM electrons
population interacts via inverse Compton (IC) scattering with the cosmic microwave background
(CMB) photon field, permeating the clusters volume. The CMB emission represents the first
light coming from early Universe since it was produced in the last scattering between matter
and radiation (Penzias & Wilson 1965) and its signal is detected everywhere in the sky.

The interaction between CMB and ICM particles causes a distortion of the CMB spectrum,
known as Sunyaev-Zel'dovich effect (SZE) (Sunyaev & Zeldovich 1972).

Since matter and radiation were in thermal equilibrium at the moment of the last scattering,
the CMB is represented by a black-body spectrum with intensity:

The accurate calculation, taking into account the mass fraction of hydrogen, helium, and metals and each
different contribution to the pressure, gives n. ~ 1.2n;
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Figure 1.4: The CMB spectrum (dashed line) distorted by SZE (solid line). The distortion is emphatized:
the observed effect is actual much smaller (Carlstrom et al. 2002). The SZE is detectable at frequencies
~ 218 GHz (~ 1.4 mm) in the millimeter band.
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where Toyp = 2.725(1+ z) K. In the interactions between CMB photons and ICM energetic
electrons, the latter transfer energy to the cold photons, which consequently result more energetic
and therefore blue-shifted. Hence, the SZE is seen as a small spectral distortion of the CMB
radiation around 218 GHz: at lower frequencies the CMB intensity decreases due to the lack of
weak photons that gained energy and populate the spectrum at higher frequencies. The total
effect is shown in Figure 1.4.

The collisions with the hot thermal distribution of ICM electron, lead to a small change in
CMB intensity:

Alsz
Iy

X Ye

where Iy = 2(kpTcar)?/(he)? is the intensity unaltered by the effect and . is the Comp-
tonization parameter, defined as:

Ye X /neTedl

in which n. and T, are the density distribution and temperature of the electrons along
the line-of-sight, respectively. In other terms, the y.-parameter is a measure of the integrated
electron pressure of the ICM along the line-of-sight. It depends only on physical characteristic of
the plasma hence it does not decline with redshift. This remarkable feature of the SZE makes it
a powerful tool to explore the high-redshift Universe. In the last few years increasingly improved
measurements of SZE have given rise to ample catalogues of GCs, for example performed with
the Atacama Cosmology Telescope (Hasselfield et al. 2013), and with the South Pole Telescope
(Reichardt et al. 2013). In this Thesis it is discussed the study on three GCs selected from the
Planck Collaboration survey (Planck Collaboration et al. 2014).
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1.1.3 Dark matter

The measurements of GCs dynamical mass show a mass-to-light ratio (M/L) around 100 - 400,
revealing that the largest amount of matter in GCs does not interact electromagnetically but it
is in the form of dark matter. Non-baryonic matter content is indirectly inferred trough studies
on the dynamics of galaxies and the lensing effect, mentioned later in this Chapter.

Baryonic matter in GCs is then surrounded by a DM envelope: the DM halo. The density
profile widely adopted for these objects has a universal form, independent on the halo mass and
on the cosmological framework:

(") = -
PDM\T Perit (7’/7'5)(1 n 7’/7”‘?)

where r; and J. are characteristic scale radius and dimensionless density, which vary from
halo to halo, and pe. = 3H?/87G, is the critical density of the Universe, H is the Hubble
constant. This so-called NFW profile have been derived by Navarro et al. 1997, by means of
N-body simulations.

1.2 Mass estimation

GCs mass represents the key parameter to study how cosmic structures formed and evolved
in the Universe. To find an unbiased estimation for this crucial parameter is not trivial and
different independent methods can be used.

The historical and simplest one, designed by Zwicky 1937, is based on the assumption that
the structure is in dynamical equilibrium so the virial theorem can be applied. It predicts that
kinetic (T) and gravitational potential (U) energies are in equilibrium according to 27"+ U = 0.
The dynamics of galaxies within the cluster are used to traces the potential well, the kinetic
energy is:

1
T = §Mtot0'12;

where o, is the virial velocity dispersion of galaxies and My, the cluster total mass. The
gravitational potential energy is given by:

2
GM,
Tg

U =

in which ry is the gravitational radius, determined as:

9 -1
w2 () (T
i ity

where m; is the mass of the i-th galaxy and r;; is the separation between two galaxies.
Therefore the total cluster mass is:
rgo—,%
G

derived by assuming spherical symmetry and an isotropic velocity distribution. The latter
condition implies that o, = 30,, where o, is the radial contribution to the velocity dispersion
and it is inferred by observations.

The cluster total mass can be also measured by X-ray emission from the ICM. Under the
hypothesis of hydrostatic equilibrium of Eq. (1.3) and spherical symmetry, it is:

Mtot =
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dp GM(r)

= —Pgas
dr g 72

where M (r) is the mass contained within the radius r. Using the equation of state of ideal
gas, the mass is given by:

M(r) =

_kBTgaSr dInpges ~ dInTyes
pmyG dlnr dlnr )~

Consequently the mass can be measured by inferring the density profile and the temperature
from X-ray observations analysis. For the gas density profile is commonly adopted a S-model,
Eq. (1.5). The temperature profile can be built with performing the spectral analysis at different
annuli and taking a temperature value for each of these. Alternatively the expression can be
solved under the approximation of an isothermal gas.

Because of their huge mass, GCs act as gravitational lens, bending the light incoming from
sources near or behind them. This effect, known as gravitational lensing, is one of the predictions
of the theory of general relativity and is due to the influence of cluster gravitational field on the
surrounding radiation. The effect impacts in different ways according to the geometry between
the lensed object, the cluster and the observer. It can therefore be distinguished in strong or
weak lensing, depending on the degree of deformation observed in the lensed source.

The objects seen through the lenses may show ring-shaped or arc-shaped morphologies and
the study of these structures provides the third method to deduce the cluster mass and its
distribution whitin the cluster volume (Bartelmann 2003). This approach is unrelated from
assumptions of virial or hydrostatic equilibrium, which are often failing in merger systems,
however it is challenging because of the difficulties in the detection of sources affected by lensing.
Also, since the lensing effect include the total mass along the line of sight, some assumptions
on the cluster shape must be introduced in order to deproject the lensing maps, leading then to
further uncertainties in the mass estimation.

1.3 Scaling relations

As it will be outlined in the next section, the growth of cosmological structures occurs in a
self-similar way since they are originated from scale-free density fluctuations (Kaiser 1986), and
the phenomenon of gas accretion is driven by the gravity action only. In turn, since gravity does
not have preferred scales, GCs of different masses and sizes are expected to be scaled version of
each other. As a probe of this, scaling relations are found between the global properties of GCs,
including temperature and mass.

The scaling relation between the cluster temperature 1" and mass M can be derived starting
from the virial equilibrium, 3kT"/2um, = GM/R:

M o T3/ (1.7)

where M is the virial mass and it is defined as the mass contained in the virial radius R
within which the mean density is equal to the virial overdensity (§) times the critical density of
the Universe, perit-

The integration over the cluster volume V of the ICM emissivity (1.1), gives the X-ray
luminosity of the gas. It results then oc p?AV, where p is the average gas density. The cooling
function A for a gas cooling via bremsstrahlung mechanism is o« 7/2, so the X-luminosity
becomes Lx oc pT/2M. For the Eq. (1.7) this leads to the Ly — T relation:

Lx o< T?. (1.8)
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Figure 1.5: Y500 — M500 scaling relation of the clusters sample from the Planck-XMM-Newton archive
(Planck Collaboration et al. 2011).

The combination of the Eq. (1.7) and the Eq. (1.8) gives the scaling relation between the
total mass and the luminosity of the cluster:

M o LY. (1.9)

Remarkably, the mass can be related to the integrated y-parameter of the SZE. This param-
eter represents a measure of the SZE flux (i.e. the CMB intensity drop caused by the effect, see
Section 1.1.2) and it is define as:

1 oo
Y:/deocDQ/ dl/nerA
Q A JO A

where € is the solid angle subtended by the cluster, A is its area in the sky plane and D4
its angular distance. Assumed isothermal conditions, it follows:

Y D? T/nedV =MT
and finally, according to Eq. (1.8) and the Eq. (1.9):

Y D% o M°/3,

The cluster scaling relations as predicted from the theory, are observed in the X-ray and
SZE measurements. For example in Figure 1.6 and Figure 1.5 are shown results from different
studies on Lx — T'x, M — Tx and YDIQ4 — M scaling relations.

Once calibrated with observations and simulations, these relations give a substantial support
in testing the cosmological models, since they provide a proxy for the GCs total mass. Moreover
they are an immediate alternative for the mass estimation compared to the not trivial method
seen before (virial, hydrostatic, lensing).
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Figure 1.6: Scaling relations tested on different samples of GCs. Left: Tx — Msqo relation from the works
of Lovisari et al. 2015. Right: Lx —Tx relation in clusters with different levels of cooling at their center.
The symbols indicates the dynamical states (Mittal et al. 2011).

1.4 Formation and evolution

The cosmic structures originate from matter aggregation in a hierarchical process dominated by
gravitational instability. The existence of such instabilities is inferred from observations of the
anisotropies in the CMB radiation. The cosmic background density (or temperature) map is
uniform in all directions in the Universe up to 1 part in 10°.

Smaller-scale objects were formed from the growth and the collapse of the initial perturba-
tions. Then bigger structures arose from mergers between earlier bodies, following the gravita-
tional potential of DM halos that, in turn, collapsed before the baryonic matter. In this context,
large scale structures can be seen as enormous DM halos in the center of which are assembled
luminous substructures: the GCs. In these systems the equilibrium had been reached: the
gravitational collapse stops since the centrifugal force balances the gravitational force.

The fluctuations in density, dp, which perturbed the initial homogeneous and isotropic fluid
composing the Universe, can be defined as:

where p is the density in a given location and p is the mean density of the Universe. Their
width provides a distinction between two possible approaches in the formation of structures, the
linear theory and the non-linear theory. The evolution of the perturbations occurs in the linear
regime if < 1. In this case, the solution is found by the Jeans theory. The behavior of a self-
gravitating fluid is described by the continuity, the Euler and the Poisson equations. The fluid
is defined by its pressure p, its density p, and the gravitational potential, ¢, and the equations
solutions are found by adding to the unperturbed, uniform and static fluid parameters, their
perturbations dp, dv and so on (e.g. Coles & Lucchin 1995).

It is defined the Jeans wavelength, A;, that is the scale at which the pressure force balances the
self-gravitating force. If the length-scale of the fluctuations is greater than \; the collapse occurs
and the perturbation grows exponentially. If the length-scale is less than \; the perturbation
propagates in the form of a wave.
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The linear scenario predicts that perturbations undergo to a self-similar growth with time,
that is §; — 0;04(¢) where the solution . (¢) does not depend on the scale of the perturbation, k.
Then the evolution occurs equivalently in all scales. The analytical solution has been obtained
in the simplest cases.

The phase of the non-linear (§ > 1) growth of density perturbations requires the use of
numerical simulations. Currently, it is preferred to use the linear theory solution to set the initial
condition in the N-body numerical simulation in which a cubic volume (which represents the
Universe) is modeled with a high number of gravitational-interacting particles. The cosmological
simulations are powerful tools to investigate the observed scaling relations in GCs (described
in Section 1.3). The simulated properties are compared with the observed clusters properties
allowing to constrain the physics to be included in simulations (Borgani et al. 2004). Some of the
largest simulations carried out are the Millennium simulation (Springel et al. 2005, Figure 1.1)
followed by the Millennium-II, (Boylan-Kolchin et al. 2009) and the Millennium-XXL (Borgani
et al. 2004), and the Illustris simulation (Vogelsberger et al. 2014).

Since the first structures formed when any physical privileged scale did not exist and the
power-law function well represent a scale-free spectrum; the initial density perturbation spectrum
is described by:

P(k) = Ak® (1.10)

where k is the characteristic scale of the perturbation, A is the normalization of the spectrum
and s is the spectral index of the power-law. Assuming a Gaussian statistics for the mass
distribution in the Universe, and defining a function W(k:R) which filters the contributions of
P(k) for the different k£ and comoving scale R, it can be defined the mass variance:

ol = (2;)3 /P(k)de

which, taking a spectrum defined in the Eq. (1.10), becomes:
02 o 62 (1)k" T,
Knowing that k oc 1/R and M  R3, the latter can be express in terms of mass:

s+3

o3 o< 82 ()R~ o B2 ()M 5.

This defines the characteristic mass, M,, reached which the perturbation enters in the non-
linear regime. This occurs when & ~ 1 and then 0%, oc 04 (¢) ~ 1:

M, o 84 (t)5+3.

The ¢ depends on the cosmological model adopted. The mass of forming structures is
related to the other derivable quantities (dimension R, density p, and so on) providing relations
observable in GCs, i.e. the largest non-linear structures formed. In this context, they play a key
role for the studies of cosmological models.

1.5 Cool-core and merging clusters

Clusters dynamics affects the thermodynamics of the ICM and its properties. In general we can
distinguish two classes of GCs: cool-core and non-cool-core. Cool-core clusters show a strong
peak of X-ray emission in the central regions and a drop in the temperature profile toward the
center. These clusters have a relaxed dynamical state although some of them show evidences
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for minor mergers. Non cool-core clusters do not have a central X-ray peak and are typically
merging systems.

1.5.1 Cool-core clusters

The energy loss via radiative processes in a plasma is summarized with ¢ = A(T")nen;, where
A(T) is the cooling function (Sutherland & Dopita 1993), it varies with the temperature of the
medium, depending on the dominant process in act. The plasma losses energy radiatively over
a characteristic time scale estimated as:

5 (ne +n;)kpT

P
cool = o nen;A(T)

If the thermal bremsstrahlung is the dominant ongoing process, as in the ICM plasma (see
Section 1.1.2), teoe is (Sarazin 1986):

" e ap o 12
teool ~ 8.5 % 10 [10_3 Cm_3] |:108K:| [yt]. (1.11)

Therefore the cooling time results longer than the Hubble time, tz. This is true in almost
all the cluster volume, but in the central regions where the density grows up significantly, the
cooling time becomes comparable or shorter than the age of the Universe and the decrease of
temperature is appreciable.

According to the Eq. (1.11), if the gas density increases, the radiative cooling processes are
more and more efficient, the cooling time-scale can therefore become comparable or minor than
the Hubble time. The consequent drop in temperature, observed in the central regions of clusters,
necessary lead to an additional increase of density in order to maintain the balance between
colder and hotter gas pressures. The growth of density occurs with the so-called cooling flow:
external matter streams continuously towards the center (Fabian 1994). The matter accretion
necessary to explain the cooling must be observed in a significant increase of star formation
in the central region of clusters and in several characteristic lines of the iron-group elements.
Observations in the last decade showed that the expected cooling flow rates are overestimated,
rising the so-called cooling flow problem (see Peterson & Fabian 2006 for a review). To date,
the debate on a possible justification to the cooling slowing down, finds a solution in the AGN
feedback phenomenon. According to this model, the AGN powered by the accretion of cold gas
in the GCs central regions, provides the radiative and mechanic energy necessary to heat the gas
and then to quench the cooling. Several observational evidences strongly support this hypothesis,
such as regions of X-ray surface brightness depression, known as X-cavities, which spatially
match the lobes (or radio bubbles) injected in the ICM from the central AGN (McNamara &
Nulsen 2007, Gitti et al. 2012).

1.5.2 Merging clusters

As described above, consecutive mergers occur in the GCs formation process. Such events
dissipate a total gravitational energy of 1053 —10%4 ergs on a ~ Gyr time-scale, thus representing
the most energetic phenomenon since the Big Bang.

As a consequence, the cluster characteristics are considerably modified and reflect the dy-
namical state of the system (Markevitch et al. 1999). Studies on merger geometry and kinematic
can be carried out from observations, mostly in X-ray band.

Considering the case of two sub-clusters with masses M; and Ms, located at an initial
distance dy, where they are at rest, they approach each other with a relative velocity of (Sarazin
2002):
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do

where b is the impact parameter and d is the distance of the clusters after the collision. This
implies that sub-clusters move with supersonic relative speed and, consequently, large scale shock
waves with moderate Mach numbers originate in the encounter. It is verified in the central region
of clusters by numerical simulations and semi-analytic models (Gabici & Blasi 2003, Pfrommer
et al. 2006). The outskirts seems to experience shocks with higher Mach numbers, likely due to
cold gas infalling from external regions (Ryu et al. 2003, Vazza et al. 2009). The Mach number
of the shock is defined as:

M =wv;/cq

where ¢s = (Op/ 8p)1/ 2 is the speed of sound in the medium in which the shock propagates.
An adiabatic perturbation is characterized by p o< p', where I is the adiabatic index, then the

speed of sound becomes:
T'kyT
cs = .
pmp

By means of the Rankine-Hugoniot jump conditions it is possible to relate the quantities
characterizing the gas upstream and downstream of the shock (see e.g. Landau & Lifshit’s 1959).
In particular, in the case of a monoatomic gas (I' = 5/3) the jump conditions of temperature
and density of the medium are in the form:

Tq _ SMyp + 14Mir =3

T, 16M3,,
P _ AMG
pu  MZ43

where the subscripts v and d indicate the quantities upstream and downstream. Then by
analyzing the X-ray images and spectra, the Mach number can be inferred from fitting the above
formulas to temperature and density profiles deduced across the shock region. Also the X-ray
surface brightness jumps provide the measure of the Mach number. The X-rays observations
can be used indeed to localize and investigate the shock front (e.g. Markevitch & Vikhlinin 2007
for review).

In addition large scale turbulence motions are induced from the energy released (Cassano
& Brunetti 2005). Several dynamical processes are involved in such motions, they are studied
quite accurately by numerical simulations (Vazza et al. 2006; Dolag et al. 2005; Vazza et al.
2018; Miniati 2014). However the direct observation of turbulence requires highly performing
instruments. The Doppler broadening by turbulence motions was measured in the Perseus
cluster thanks to the superb spectral resolution of the Hitomi satellite (Hitomi Collaboration
et al. 2016). Unfortunately, the satellite was active for just one month after its lunch on March
2016. The direct detection in Perseus cluster is however a starting point for deeper studies on
turbulence motions in merging cluster and it provides an observational support to numerical
simulations (Mohapatra & Sharma 2019).

Most importantly for the context of this Thesis, the complex processes triggered during
cluster merger may lead to the acceleration of CR in the ICM. These are responsible of the large
scale synchrotron emission observed in GCs, discussed in detail in the next Chapter.
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Chapter 2

Non-thermal emission from galaxy
clusters

Cluster-scale synchrotron radiation is detected from a growing number of GCs proving the
presence of non-thermal components in form of relativistic electrons and magnetic fields, mixed
with X-ray emitting gas. This diffuse emission is spread over the cluster volume and it has not
obvious optical identification. At the same time GCs host radio galaxies that, contrary to the
diffuse emission, are related to discrete sources which can be observed in other wavelengths.

The presence of non-thermal plasma mixed with the thermal ICM raises questions on its
origin and on its link with the microphysics of ICM. It is then important to constrain the
physical mechanisms that are able to accelerate particles and to amplify the magnetic fields in
GCs.

In this Chapter we describe the properties of the radio emission from GCs, with a special
focus on the radio halos, the main topics of this Thesis work.

Synchrotron emission and energy losses of relativistic electrons

In this part we briefly summarize the main properties of the synchrotron emission mechanism
and the electrons energy losses in the ICM. These information will be used in the following of
the Chapter.

Relativistic charged particles, spiraling in a magnetic field emit synchrotron radiation. The
emitting particles are not in thermal equilibrium then the synchrotron emission is a non-thermal
phenomenon. The synchrotron power emitted in the frequency unit, obtained from the Fourier
analysis of the signal, is a continuum function with a peak correspondent to the characteristic
frequency:

vs  (Bsinf)e? oc By? (2.1)

where 0 is the pitch angle between electron velocity and the magnetic field direction, B is the
magnetic field strength and -~y is the Lorentz factor. Depending on the magnetic field strength
and the relativistic particle energy, synchrotron emission can be observed in a large frequencies
domain, from radio up to X-ray. In GCs the typical value of the magnetic field is B ~ 1 G and
radiation detected at 100 MHz, is produced by relativistic electrons with v ~ 5000.

The power per unit frequency emitted by an electron of Lorentz factor v and pitch angle 6
is given by (Rybicki & Lightman 1986):

B V3e2Bsin

Ps(v) meC?
€

Fv/ve) (2.2)
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Fv/ve) = V// Ks/3(y)dy
3

V. = 51/3 sin 0

where K5/3(y) is the modified Bessel function of order 5/3. By integrating the Eq. (2.2), the
specific emissivity is:

S() / " P BN () (2.3)

min

Assumed a power law energy distribution for the emitting electron population:

N('Y) = K7_67 Ymin <Y < VYmaz

the synchrotron total intensity spectrum is given by:

Sv) xv™ @

for v < Vmaz, @ = (0 — 1)/2 is the radio spectral index. The total electron population
spectrum can be seen as a superposition of the single particles emission, which radiate typically
at their own characteristic frequency.

The energy distribution is modified over the electron population lifetime. Energetic particles
lose more energy according while the injection of new energetic electrons can repopulate the
energy distribution in the high frequencies domain. In addition to the synchrotron emission,
relativistic electrons lose energy via IC emission, due to the interactions with CMB cool photons.
The characteristic lifetime, ¢,.,4, of electrons with energy < 100 MeV in the ICM, deduced taking
into account both synchrotron and IC energy losses, is:

B1/2

m[(l + 2)v] 2 [y] (2.4)

trad = 3.2 x 1010

where Boyp = 3.25(1 + 2)? 4G is the CMB equivalent magnetic field due to IC process

at redshift z, and v is the observing frequency of the synchrotron radiation produced by these
electrons (expressed in MHz).

As a consequence of Eq. (2.4), the high-energy particles age faster than the low-energy ones,
the power-law spectrum becomes steeper beyond a break or cutoff frequency, v,. The break
position provides then a method to infer the radiative age of the emitting particles.

For electrons with energies < 100 MeV in the ICM, the energy losses are dominated by
Coulomb collisions (Sarazin 1999):

75

- In(vy/mun) ]

de [
— X N¢p 1—|—

where ny, is the number density of the thermal protons in units of cm™2 and + is the Lorentz
factor. The combination of radiative and Coulomb losses gives a lifetime of relativistic electrons
in the ICM of (Brunetti & Jones 2014):

4 L~y Blua) ’ 1 4
e~ 35 (50) [(0) +a+2)

3.2
that has a maximum at:

-1
() () [tz dym (2]} 1
(2.5)
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where ns3 is the number density of the thermal medium in units of 1072 cm™3, and 3 =
(Biuc)/3:2)* + (1+ 2)*. Th particles lifetime is shown in Figure 2.1.
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Figure 2.1: The lifetime of CRp (red line) and CRe (blue line) in the ICM at z=0, compared with the
CR diffusion time on Mpc scales (magenta line). The most relevant channels of particles energy losses
are indicated. The solid lines represent the lifetimes for a magnetic field of 1 4G and the dashed lines for
a magnetic field of 3 uG. From Brunetti & Jones 2014.

Radio source energy budget

Here we summarize the main concepts of energy budget of relativistic plasma. The total energy
of a synchrotron radio source is due to relativistic particles (electrons and protons) and magnetic
field energy contributions:

Utot = Uel + Upr + UM

The protons contribution to the total energy is assumed proportional to the electrons energy:
Upr = kUy, since their emission is not detected, there is no information about their energy.
The energy provided by the magnetic field within a volume V is:

B2
Uy = —o¢V
8w

where ¢ is the fraction of the volume effectively occupied by the magnetic field. Both
components, electrons and magnetic fields, contribute to the synchrotron luminosity, Lgyn:

Loy, =V x / " Py(v)N(e)de

that in the case of a power-low particle energy distribution is:

Emazx
Lgyn x (Bsin H)QVNO/ e 02 ge

Emin
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The electron total energy in the interval between &,,;, and €4, is:

Emazx Emax
Ug =V x / N(e)ede = VN / et de

Emin Emin

It can be then described as a Ly, function, by eliminating V Ny:

—3/2
Ueg = Cu(Oé, Vmin, Vmaz)LsynB /

where, following the Eq. (2.1), the energies €y, and e;,q, are expressed in terms of vpn
and Vp,q,. Finally the total energy becomes:

BZ
Utot = (1 + k)cl2LsynB_3/2 + gﬁbv (26)

Assuming the condition of minimum energy, it can be inferred how the energy is distributed
between particles and magnetic field. The total energy reaches a minimum (shown in Figure 2.2)
when the two components contributions are approximately equal:

3
Up = 1(1 + k)Uel

The Eq. (2.6) in its minimum results:

. 3\
Utot(min) = c13 (471) (1+ k)4/7L§$/,,7L¢3/7V3/7

and then the minimum energy density is:

Usop (i 5 \3/7
N ténvzm) ey <477> (1+ k:)4/7L§§,71 —4/Ty,-4/7 (2.7)

/

The constants c19 and ci3 = 0.921011127 depend on the spectral index « and on the particles
energy range. They have been calculated by Pacholczyk 1970. An useful expression of the Eq.
(2.7) in terms of observed quantities is derived assuming ¢= 1 and including the k-correction:

erg }

cm3

= &(a, vy, v2)(1+k)YT(1+ z)(12+4a)/7(V0[MHz])4a/7(10[ mJy ])4/7(d[MpC])74/7

arcsec?

where z is the redshift; vy is the observation frequency; d is the source depth and I is its
brightness measured at 1y and inferred from the radio image. The constant &(«, Vpmin, Vmaz) can
be found in Govoni & Feretti 2004.

The magnetic field in the equipartition condition is:

24 1/2
Beq = <77rumzn> (28)

It provides a commonly adopted approach to estimate the magnetic field strength within
a synchrotron source. Nevertheless this method is still rather uncertain because of the lack of
details about the filling factor ¢, together with the inadequate knowledge on the ratio between
protons and electrons energy, k. The latter value is related to the poorly known processes which
originate relativistic particles. Moreover the source extension along the line of sight, d, must be
assumed. Usually, the value of ¢ is set equal to 1, that of k£ equal to 1 or 0.

The Eq. (2.8) is obtained following the Pacholczyk 1970 argument. According to this, the
synchrotron radio luminosity is evaluated in the 10 MHz and 100 GHz frequency range, impling
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Figure 2.2: Representation (in arbitrary units) of the total energy, Un, within a synchrotron source
(Govoni & Feretti 2004). It is due to contributions of magnetic field energy, Uy, and relativistic particles
energy, Ue + Up, .

constrains on the emitting particles energies. As pointed out by Brunetti et al. 1997, it does not
exist any physical explanation that justifies the absence of lower energies electrons. Moreover the
synchrotron radiation frequency depends simultaneously from both magnetic field strength and
particles energy. Consequently, by fixing the frequency range, different values of B, determine
the energy range of the emitting electrons.

To avoide these biases, Brunetti et al. 1997 proposed the “revised” method to derive the
minimum energy conditions. The low-frequency cutoff in the synchrotron spectrum is replaced
by a low-energy cut-off in the electron energy distribution. It leads to an energy ratio between
particles and magnetic field of:

Uel 2

73_1+a

resulting in a perfect energy equipartition condition if @ = 1. Following this approach, the
magnetic field Béq, expressed in terms of the one obtained in the “classical” method, is (for
a>0.5):

1—2a 7
By~ 119,87 Beg” [

where the particles energy, indicated by the Lorentz factor =y, is assumed to be Yimin < Ymaz-

One of the main issues of the equipartition argument is whether equipartition between rela-
tivistic particles and magnetic fields can be reached in a physical system. The two components
exchange energy via a number of mechanisms, including wave-particles coupling (Melrose 1980).
However equipartition takes time and in general particles have mechanisms of energy losses that
may be faster than the mechanisms of dissipation of magnetic field (or vice versa). Radio galax-
ies have dynamical lifetimes that are similar to the lifetime of relativistic electrons, in this case
equipartition is possible in principle and indeed it has been measured in several cases (Hard-
castle et al. 2002). For this reason in Chapter 6 we will use equipartition formulae in the case
of the head tail radio galaxy in Abell 1622 cluster. In general equipartition is more difficult to
understand in clusters scale radio sources, radio halos, relics and mini halos (described in the
next Sections). In these cases the dynamical lifetime of the radio sources and the magnetic field
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dissipation time-scale in the ICM are much longer than the lifetime of relativistic electrons and
for these reasons in the clusters studied in this Thesis we will not apply equipartition.

2.1 Radio Galaxies

GCs host radio galaxies. Relativistic particles and magnetic fields in radio galaxy are generated
near the supermassive black hole of the central AGN and/or along relativistic jets and hot spots
(G. Miley 1980).

Radio galaxy morphology is characterized by extended or compact shapes and a wide range
of sizes, from few pc to Mpc-scale. They exhibit an optical counterparts, generally a giant
elliptical galaxy. Collimated jets transport radiation, particles and magnetic field, outwards
from center. The interaction between jets and the external medium can produce the hotspots,
regions where the plasma is re-accelarated by the shock wave produced in the encounter. The
particles population ages in the lobes, extended structures surrounded the hotspots. Radio
emission from these sources is typically described by a flat spectrum (a ~ 0) in the compact,
central region, which steepens towards jets and hotspots (a ~ 0.5 — 0.7). The oldest emitting
particles of the lobes has o > 1.

Based on the morphology and radio power, Fanaroff & Riley 1974 classified radio glaxies in
the two Fanaroff-Riley classes: the FRIs (Figure 2.3a) are the weakest radio galaxies: the major
part of the emission comes from the nucleus, lobes are not well defined and there are no hotspots;
the FRIIs (Figure 2.3b) are the strongest radio galaxies: the emission is dominated by lobes
and hotspots, jets are more collimated than in the FRIs. Radio galaxies with a 1.4 GHz band
luminosity of Ly 4, < 10%2° WHz ! are typically FRIs, while those with higher luminosity are
classified as FRIIs.

(a) (b)
Figure 2.3: VLA radio images of (a) FRI radio galaxy 3C31 and (b) FRII radio galaxy 3C175.

Although there is still some debate, it is currently thought that FRIs are found in GCs, while
FRIIs are commonly isolated or located in low-density environment, such as groups.

Interestingly the interaction between relativistic plasma and the ICM affects the morphology
of radio galaxies. Thus their morphology is also a probe of the external medium and of feedback
mechanisms that operate in GCs. In rich GCs, radio galaxies typically present asymmetric
morphology, with bent jets, due to the interplay with the dense ICM (e.g. Owen et al. 1985).
On the basis of the angle between the two jets, they are classified as wide-angle tails (WATS),
with jets weakly deflected (Figure 2.4a), and narrow-angle tails (NATs), also known as head-
tail (HTs), with tightly packed jets (G. K. Miley et al. 1972, Figure 2.4b). Such differences in
morphology are in part result of the different speeds with which the galaxies hosting WATs and
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(a) (b)
Figure 2.4: VLA radio images of (a) WAT radio galaxy 3C465 and (b) NAT radio galaxy 3C175.

NATs move under the action of the GC potential well (G. Miley 1980). The in-falling galaxies
undergo to the “ram-pressure” given by the surrounding ICM: P4, = proarv?, where v is the
velocity of the galaxy respect to the environment and proas is the density of ICM.

The WAT sources are observed in central region, where the hosting galaxy is almost at rest
with a velocity of the order of 100kms™! or less. They are usually associated with the cD
galaxy of the cluster. On the other hand, the NAT hosting galaxies move with higher velocity
(v ~ 1000 kms™1). Since in some cases the only ram pressure effect fails to explain the WATs
and NATSs characteristics, it has been more recently proposed additional interpretation which
involves ongoing sub-structures mergers (e.g. Bliton et al. 1998; Sakelliou & Merrifield 2000).

Multi-frequency analysis comparing radio to X-ray data are generally carried out to constrain
the HTs interplay with thermal ICM. The confinement of the radio source by the external
environment can be quantified measuring the thermal pressure, inferred from X-ray analysis,
and the non-thermal pressure, derived from radio observations (discussed in Section 6.3). In
absence of information about the radiating electrons and magnetic field energy fraction in the
radio source, an estimation of the non-thermal pressure is usually obtained by assuming the
equipartition condition.

2.2 Diffuse radio emission from galaxy clusters

Diffuse radio emission on 100-1000 kpc scale is observed in a significant fraction of massive GCs.
The diffuse radio emission in GCs has low surface brightness (~ pJy arcsec™2 at 1.4 GHz) and
steep spectra (S, o« v~%, with a > 1 — 1.3). Based on their morphology, their location in the
cluster, dynamical state of the hosting system (merging or cool-core clusters) and their radio
properties, these objects are classified in giant halos, relics and mini halos (e.g. Feretti et al.
2012; van Weeren et al. 2019 for reviews).

2.2.1 Radio Halos

Large scale diffuse emission in the form of radio halos (RHs) is detected in about 30 percent of
the massive GCs. These giant structures with typical sizes of 1-2 Mpc are located in the central
volume of the cluster and show a quite regular morphology. The radio emission generally follow
the thermal gas distribution, as also revealed from the point-to-point correlation between radio
and X-ray brightness distributions (Govoni et al. 2001; Rajpurohit et al. 2018), suggesting a
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tight connection between the two components.

The prototype of RH emission, Coma C, is fuound at the center of the Coma cluster (Fig-
ure 2.5). After the first detection carried out by Large et al. 1959, it have been studied in
detail as its closeness (z = 0.0231) makes it the ideal laboratory to explore the RHs properties
(Giovannini et al. 1993; Thierbach et al. 2003; S. Brown & L. Rudnick 2011).

Figure 2.5: RH at the center of Coma cluster (image from S. Brown & L. Rudnick 2011). Radio contours
are overlapped to the X-ray emission (colors).

The great majority of RHs have been found in clusters which show complex dynamical
properties underlying ongoing mergers (Cassano et al. 2010a; Cuciti et al. 2015); this connection
suggest an interplay between mergers and the mechanisms of acceleration of relativistic electrons.
RHs are more common in massive GCs with high X-ray luminosity and high ICM temperature
(Giovannini et al. 1999; Cassano et al. 2010b, Cuciti et al. 2015); this also suggest a role of
the cluster mass and gravitational potential well as reservoir of the energy that is necessary to
activate non-thermal phenomena. Their emission is generally unpolarized, except few peculiar
cases'. The lack of observed polarization is partially due to the beam depolarization? suggesting
that the emission sites are mixed in the ICM and that magnetic fields are turbulent.

To date, about 65 extended radio sources in GCs are classified as RHs, the most distant of
which is in El Gordo observed at z=0.87 (Lindner et al. 2014; Botteon et al. 2016b). The majority
of the sources have been historically detected in the NRAO VLA Sky Survey (NVSS, Condon
et al. 1998) and the WEsterbork Northern Sky Survey (WENSS, Rengelink et al. 1997). The 1.4
GHz radio luminosity of currently observed RHs spans from 10?3 to 1026 WHz~!. The typical
spectral index is a ~ 1.3 (Venturi et al. 2013). Since the great majority of radio observations
in the past has been carried out at high (GHz) frequencies the measured spectra may be biased
and RHs with steeper spectrum may be lost in past observations. In fact RHs with steeper
spectrum, with o 2 1.6 (up to o ~ 2), do exist (e.g. Wilber et al. 2018; Brunetti et al. 2008;
Giovannini et al. 2009 Dallacasa et al. 2009, this case is shown in Figure 2.6) and are called Ultra

IThree RHs seems to exhibit an appreciable level of polarization: Abell 2255, MACS J0717.54+3745, and Abell
523 (Govoni et al. 2005;Bonafede et al. 2009; Girardi et al. 2016).

2This effect occurs when it is observed an extended source not uniformly polarized and the beam size is larger
than the angular scale over which the magnetic field of the source is coherent.
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Steep Spectrum Radio Halos (USSRHs). More recently the Giant Metrewave Radio Telescope
(GMRT) survey (Venturi et al. 2008; Venturi et al. 2009) and the low frequencies surveys such
as the GaLactic and Extragalactic All-Sky MWA Survey (GLEAM, Wayth et al. 2015) and the
LOFAR Two-metre Sky Survey (LoTSS, Shimwell et al. 2019 described in the next Chapter)
increased the amount of cataloged RHs.

Thanks to the improved observational capabilities at low frequencies with GMRT and now
LOFAR, several USSRHs have been discovered in the last years (Macario et al. 2010; Bonafede
et al. 2014a; Shimwell et al. 2016; Venturi et al. 2017; Wilber et al. 2018; Savini et al. 2018)
suggesting that these RHs are fairly common. The significant spread in the observed spectrum
of RHs and the presence of spectral curvature in some cases suggests that these radio sources are
generated by electrons with a complex spectrum, possibly with a break in the energy distribution
at higher, few GeV, energies (Brunetti & Jones 2014 for a review).
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Figure 2.6: Synchrotron spectrum of the RH detected in A521. The spectrum is obtained at 74, 240,
330, 610 MHz by Brunetti et al. 2008 from the GMRT observations, and at 1.4 GHz by Dallacasa et al.
2009 from the VLA follow up.

RHs Origin

The main question in explaining the RHs origin concerns the mechanism which provides a pop-
ulation of relativistic particles which radiates over RHs-scale distances. The emitting particles
lifetime is considerably shorter compared to the time-scale on which electrons diffuse on dis-
tances L ~ Mpc (Figure 2.1). The first is defined in Eq. (2.4) while the latter is the diffusion
time, tg; 7, and it is:
L2
Laiff ~ 1D
where D is the spacial diffusion coefficient. With typical values of GCs it is of the order of
10 yr thus resulting much longer t,.q < 108 yr (van Weeren et al. 2019). The idea that particles
propagate within the cluster volume after they have been locally accelerated must be replaced
by some mechanism acitve on sizes comparable to that of clusters. This fact gives rise to the
so-called slow diffusion problem (Jaffe 1977). Over the past years two main scenarios have been
proposed.
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Hadronic model (or secondary model) Inelastic hadronic collisions between ICM ther-
mal protons and CR protons (CRp) generate the energetic radiating particles, i.e. secondary
electrons (Dennison 1980; Blasi & Colafrancesco 1999; Pfrommer & Enflin 2004). Such kind
of interactions lead to CRp decay in neutral pions (my) which in turn decay in 7-rays and in a
cascade of secondary particles (including relativistic electrons, CRe). Thermal protons in ICM
are found everywhere in the cluster and, since CRp have a longer radiative life-time respect to
the electrons one, even they can spread and accumulate in the cluster (Berezinsky et al. 1997).
This would explain why RHs emission spatially matches the ICM morphology.

The strongest observational constrain against this model as the only mechanism involved in
the production of energetic particles is given by the current upper limit into the «-ray emission
from GCs, set by Fermi-Large Area Telescope (LAT) observations (Atwood et al. 2009). If the
model is correct y-ray unavoidably must be detected as products of CRp decays (T. E. Jeltema &
Profumo 2011; Brunetti et al. 2012; Brunetti et al. 2017; Zandanel & Ando 2014). Furthermore,
RHs emission should be observed in any type of clusters because theoretically CRp are stored in
both dynamically disturbed and relaxed cluster. Indeed sources of particles injection are common
to all GCs, such as radio galaxies, supernovae, galactic winds (Brunetti et al. 2007). As well
ICM thermal protons are present in every clusters, irrespective of the dynamical state. Moreover
well-known spectrum of Coma cluster with the most recent observations of USS sources, provides
a further evidence not in accordance with the model (Brunetti & Jones 2014; van Weeren et al.
2019).

Leptonic model (or re-acceleration model) Particle acceleration is triggered by large
scale turbulence dissipated in thermal ICM. This is injected in the plasma as a consequence of
merger events that channel a fraction of the kinetic energy into turbulent motions (~ 15% —20%
according to numerical simulations, Vazza et al. 2006). Particles undergo Fermi IT mechanisms in
which they are accelerated stochastically interacting with magnetic field inhomoginities induced
by turbulence. Due to the nature of the process, model requires pre-existing energetic particles,
which have to be re-accelerated through Fermi II processes (Brunetti et al. 2001; Petrosian
2001). The seed particles come from AGN outflows, starburst events and galactic winds. The
clear correlation between dynamical disturbed structures and RHs occurrence is in agreement
with this scenario. The diffusion problem is solved since the mergers involve cluster-scale regions
and then particles can be re-accelerated “in-situ” on these scales. Being related to merger events,
the RHs emission is not a permanent phenomenon. Its existence lasts as far as the dynamical
effect perturbs the gas. Taking into account the time-scale on which turbulence dissipate energy
and the cluster crossing time, the predicted RHs lifetime is about 1-2 Gyr, inferred by merger
numerical simulations.

The following statistical results corroborate the predictions of this model, which represents
the preferred scenario of RH origin to date.

RHs scaling relations

A well-established connection exists between the RHs luminosity at 1.4 GHz and the X-ray
luminosity of the ICM in the 0.1-2.4 keV energy range (Feretti 2003; Enflin & Rottgering 2002;
Figure 2.7a). The P 4gn, — Lx actually reflects the relation between RHs power to the cluster
mass. Since the X-ray mass (inferred by X-ray luminosity) can be biased by an eventual cool-core
at the cluster center, it is recently preferred to relate the P; 4 gu, to the mass measured with the
integrated SZE signal. Adopting SZE as mass-proxy reduces the relation scatter (Figure 2.7b).
The mass parameter is connected also with RHs occurrence in GCs: it have been observed that
RHs detection increase significantly in systems with higher X-ray luminosity (and then mass).
Recent study carried out by Cuciti et al. 2015 on a cluster sample with M > 6 x 10 Mg,
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confirms the mass-RHs occurrence relation: about ~ 60% — 80% of halos are found in clusters
with M > 8 x 104 M, the fraction become of the order of ~ 20% — 30% in lower mass clusters.

The previous relations in combination with the fact that RHs are not common in all clusters
support the re-acceleration scenario (Cassano et al. 2007; Cassano et al. 2008). Furthermore,
improved instruments with higher sensitivity, are employed in the investigation of large scale
diffuse radio sources in GCs. Particularly in the 610 MHz frequency, the GMRT contribution
to set deep upper limit in the detectable diffuse emission flux (Venturi et al. 2008), lead to find
out a “radio bimodality” of GCs (Brunetti et al. 2009). In the P 4gu, — Lx diagram, clusters
split in two populations: (i) clusters without diffuse radio emission lie below the correlation and
(ii) clusters with RHs emission follow the correlation (Figure 2.7a).

28/ r — r — 10“:
e
o
o S ]
s — ﬁ./| 102 |
: E _
% al . e ] = o |
& Ty i
S LR
% M«M W
B s s T T s 102 &

Log[lyy yzaper €¥8/s]

(a)

Figure 2.7: Left panel: Distribution in the P 4gu; — Lo.12.4kev diagram of RHs in GCs, sampled
with GMRT (blue) and taken from the literature (filled black symbols). The clusters lacking of halos
detection are marked with the arrows. These upper limits are set on the basis of GMRT capabilities.
The solid line outlines the best fit of the correlation (Brunetti et al. 2009). Right panel: Distribution
in the P14 gu, — Ms00 diagram of samples of clusters from GMRT surveys (in blue points and blue and
magenta arrows) and RHs from the literature (black points). With green asterisks are marked USSRH.
The clusters are part of the Planck SZ (PSZ) cluster catalog (Planck Collaboration et al. 2014), from
which are taken mass measures within Rs509, measured through SZE (Cassano et al. 2013).

Thermal gas and galaxies within unrelaxed cluster exhibit recognizable features of the dy-
namical activity. Measures of the galaxies velocity distribution in optical band, for example,
and characterization of thermal gas morphology, are used to infer the clusters dynamical state
(some studies in optical wavelengths are reported in Ferrari et al. 2003 and Boschin et al. 2004,
while X-ray studies are Feretti et al. 2000 and D. Buote 2001). Particularly, the estimation of
cluster morphological parameters from the X-ray surface brightness, such as the centroid shift,
w, and the concentration parameter, ¢, is commonly adobted. Basically, the w expresses the
displacement of the X-ray surface brightness from its peak and c gives the fraction of the X-ray
emission in the central region of the cluster respect to the emission from larger size (D. Buote
2001). Other parameters are the dipole power ratios Py/Py, P/ Py, P3/FPy. 1t has been found
that the cool-core clusters have low values of w and high values of ¢ while the opposite condition
is observed for merging clusters. The link between RHs and the hosting cluster dynamical state
is suggest by the fact that in the c-w plane the clusters with halo are found in merging system
as shown in Figure 2.8 (Cassano et al. 2010b).
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Thus the bimodality separates the different dynamical states of hosting clusters: the ones
showing diffuse radio emission are merger systems while those in which halos are absent, are
typically relaxed structures. In re-acceleration context, the radio bimodality can be interpreted
as a sequences of different phases of the RHs evolution, driven by the progress of the merger in
the hosting system. Higher synchrothon emission evolves from higher efficiency in the early stage
of the dynamical activity, to lower values, as turbulence proceed to extinguish. In agreement
in the course of the merger event, RHs moves from the correlation zone in the diagram to the
upper limit region.
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Figure 2.8: Distribution in the c-w plane of a GCs sample selected from the ROSAT-ESO Flux-Limited
X-ray (REFLEX; Bohringer et al. 2004) and the extended ROSAT Brightest Cluster Sample (eBCS;
Ebeling et al. 1998; Ebeling et al. 2000) catalogs. The radio sampling of the clusters are carried out
by the GMRT RH survey (Venturi et al. 2008; Venturi et al. 2009). The symbols mark: RH (red filled
dots), no RH (black open dots), MH (blue open dots). The vertical and horizontal dashed lines denote
the median value of parameters, c=0.2, w=0.012. The diagram highlights the anti-correlation between
the parameters and the clear separation between the radio emitting GCs and the radio quiet ones. The
distribution trend evidences that the presence of RHs is connected to a disturbed dynamical state of the
hosting cluster (Cassano et al. 2010b).

2.2.2 Radio Relics

Radio relics are diffuse synchrotron sources generally found in the peripheral regions of GCs.
They are characterized by arc-shape morphology, extended on Mpc-scale.

Relics show low surface brightness and steep spectrum with average integrated spectral
index of aw ~ 1.2 — 1.3 (Feretti et al. 2012; van Weeren et al. 2019). Opposite to halos, relics are
strongly polarized, with linear polarization levels up to the 30% are typically measured. The
high polarization in radio relics and their peripheral (Mpc distance) position (where Faraday
depolarization is smaller) allows to constrain the magnetic field and its topology (Figure 2.9).

Relics origin is likely due to particles acceleration (Ensslin et al. 1998; Roettiger et al. 1999),
or re-acceleration (Markevitch et al. 2005; Kang et al. 2012), triggered by shock waves crossing
the ICM. The shocks occur as a consequence of merger phenomenon, the dynamical effects on
the plasma depend on the energy involved in the event. The hypotesis that links the relics
origin with the accelaration of particles by shocks is well-established (e.g. Brunetti & Jones
2014 for a review). First of all in many cases a shock coincident with the radio relic is found
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Figure 2.9: Polarization electric field vector map of the northern radio relic in CIZA J2242.8+5301. Radio
contours are from the high resolution 610 MHz image obteined with the GMRT (van Weeren et al. 2010).

from X-ray observations (Akamatsu & Kawahara 2013, Botteon et al. 2016a). The magnetic
field orientation, inferred from the polarization analysis, results aligned with the relics long axis,
suggesting that the magnetic field is compressed by the shock passage in that region. Also,
studies on the spectral index show a steepening of the spectrum along the relics minor axis,
toward outside of cluster. This suggest that electrons population is accelerated in the shock
front, and lose energy downstream. Furthermore, as evidence of the connection with merger
shocks, some remarkable systems with double radio relics have been discoverd (i.e. Bagchi
et al. 2006). The observation of these arc-like emission, symmetrically located respect to the
cluster center, is in accordance with the predictions on merging events inferred from numerical
simulations (Roettiger et al. 1997). The prototypical example detected in the cluster A 3667 is
shown in Figure 2.10.

Figure 2.10: The double radio relics (contours) observed in the cluster A 3667 matched with the ICM
X-ray emission (colors) (Rottgering et al. 1997).

Unfortunatly, the mechanism of emitting particles acceleration is still unclear. A suitable
description is given by the diffusive shock accelaration (DSA) theory (e.g. Krymskii 1977; Bell

1978). According to this the acceleration occurs through Fermi I processes. Basically particles
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scatter up and downstream the shock front and gain energy in each shock crossing.

However since shocks in cluster mergers are characterized by low Mach numbers, the particles
energy spectra predicted by the DSA model are very steep and in tension with observations
of the synchrotron spectrum of radio relics (e.g. Brunetti & Jones 2014; van Weeren et al.
2019 for reviews). Then to explain the radio relic emission, the re-acceleration models predict
a preexisting population of relativistic electrons lying in clusters that can be efficiently re-
accelerated by low Mach number shocks (van Weeren et al. 2017).

As RHs are linked to the hosting GC properties, a correletion between thermal X-ray lu-
minosity and relics radio luminosity have been observed (Feretti et al. 2012). It is likely a
consequence of the less-biased scaling relation between cluster mass and radio luminosity, more
recently studied (de Gasperin et al. 2014). Even relics morphology and location reflect thermal
properties of the gas: the radio relics with larger linear size (LLS) are assosiated with more
massive clusters (de Gasperin et al. 2014, Bonafede et al. 2012).

2.2.3 Mini halos

Mini halos (MHs) are another class of diffuse radio sources in GCs. They are similar to giant
RHs but extend on smaller scales, 100-500 kpc, and are generally confined to the cores of galaxy
clusters. They have radio powers at 1.4 GHz in the range of 10?3 — 10%® WHz ™! and, as their
giant versions, are centrally located, with round-shaped and characterized by steep spectra. The
prototype of these sources is detected in the Perseus cluster, shown in Figure 2.11. As the giant
halo Coma C, this MHs is well studied due to its vicinity (z = 0.0179).

Observationally MHs are more difficult to study than giant RHs. In several cases the emission
of the MHs is not much more extended than the lobes of the central BCG. The detection of
diffuse radio emission from MHs is then challenging, as it must be disentangled by the emission
from the bubbles (Baum & O’Dea 1991; Mazzotta & Giacintucci 2008). This circumstance
requires high resolution images to separate the contributions. Additionally, since MHs are very
faint compared to AGN radio emission, observations with high dynamic range are necessary to
overcome the gap between the surface brightness levels of the two sources.

Contrary to giant RHs, the MHs are observed exclusively in cool-core clusters which are
dynamically relaxed, without any evidences of cluster major mergers (Giacintucci et al. 2017).
Further discrepancy is in the synchrotron volume emissivity which is generally higher in MHs
(Murgia et al. 2009). These differences suggest that the mechanisms that generate giant RH
and MHs are different.

Despite the MHs sizes are smaller than those of giant halos, they are still more extended than
the scale covered by the diffusion of relativistic electrons in a radiative lifetime. This excludes
the possibility that MHs are generated by relativistic electrons injected from the central AGN.
To date the mechanism which supplies synchtrotron emitting CRs on large scale is still rather
unclear. The debate is divided on two possible models, basically the same proposed for the RHs
origin, i.e. the hadronic or secondary model (Pfrommer & Enflin 2004), and the turbulence or
re-acceleration process (Gitti et al. 2002). According to the latter, in MHs case, the turbulence
motions are generated by the cold gas sloshing in the cluster potential well (ZuHone et al. 2013;
ZuHone et al. 2013). In fact a connection with cold fronts is verified in a series of studies (i.e.
Mazzotta & Giacintucci 2008). Even in the sloshing-driven turbulence scenario a population
of seed supra-thermal electrons is requested since the turbulent acceleration is inefficient in
extracting electrons directly from the thermal ICM. In this context, the central AGN likely
provides the necessary fossil plasma. Contrary to RHs current gamma ray upper limits do not
challenge secondary models for MHs (Taylor et al. 2006).
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Figure 2.11: Radio diffuse emission (red) of the MH in Perseus cluster superimposed on the SDSS optical
image (Abolfathi et al. 2018). White contours delineate the X-ray surface brightness (From van Weeren
et al. 2019).

2.3 The importance of low frequency radio observation

All the classes of sources described above are characterized by a steep spectrum being much
more luminous at lower frequencies. For this reason deep observations at low frequencies are
ideal to unveil the population of these sources.

EnBlin & Rottgering 2002 explored the potential of radio surveys at low frequencies for the
study of RHs. They combined the clusters X-ray luminosity functions with the radio luminosity
- X-ray Luminosity correlation (see Section 2.2.1) to estimate the radio luminosity function of
RHs in the Universe (RHLF). The calculation was carried out assuming that 1/3 of all clusters
host a RH with o = 1 and, in the simplest case discussed, this fraction is independent on cluster
size and redshift. In this way they obtained the RHLF (Figure 2.12a) and, they deduced the
correspondent flux density distribution (Figure 2.12b). The latter provided the predictions on
the detectable RHs by the new generation of low frequency interferometer like LOw-Frequency
ARray (LOFAR), Allen Telescope Array (ATA), Expanded VLA (EVLA), Sky Kilometer Array
(SKA), and, at that time already operative, GMRT. With the LOFAR capabilities at 120 MHz
it was expected that ~ 800 — 1200 RHs would have been uncovered in just one year.

In the last decade several observational evidences provided support to the scenario based
on turbulent acceleration (see Section 2.2.1). These models predict a population of USSRH
emerging at lower frequencies. In particular, Cassano et al. 2010a obtained RHLFs in different
frequencies (Figure 2.13) in order to explore the potential of LOFAR surveys in searching for
RHs. One of the main results of the study is the prediction that about 350 RHs would be
observable at z < 0.6 and about 55% of these would exhibit a spectral index > 1.9 in the
250-600 MHz range. Low frequency surveys thus provide crucial test of current models.

In general, low frequencies observations of synchrotron sources provides information on the
lowest energy population of emitting particles. These particles have longer lifetimes (see Section
2, Figure 2.1) and thus are probes of the life-cycle of relativistic plasma in the ICM. This life-
cycle is still poorly explored and has a potential impact on the mechanisms of feedback in the
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Figure 2.12: The RHLF and the RHs predicted flux density distribution as derived by Enflin & Rottgering
2002. Left: RHLF. Different lines indicate the assumptions underlying the calculation. The thick lines
represent the RHLF obtained with the observed X-ray luminosity function and the fraction of cluster
hosting RHs equal to 1/3 (simplest case). The thin solid lines describe the RHLF deduced taking into
account the evolution of the cluster X-ray and radio properties with the redshift. Right: Flux density
distribution. Different lines marks the models of X-ray luminosity function and P; 4 an, — Lx correlation
steeps adopted to infer the distribution.

ICM and on the origin of cluster scale radio emission.

Remarkably LOFAR observations have recently discovered a radio galaxy tail with very steep
spectrum (a ~ 4) in the Abell 1033 cluster (de Gasperin et al. 2017). The tail is invisible at
high frequency (Figure 2.14). The analysis of the spectral behavior of the synchrotron emission
along the tail has demonstrated that gentle mechanisms of particle acceleration in the tail affect
the evolution of particles making their lifetime significantly longer than expected from standard
aging arguments. This discovery has the potential of fundamental implications on the life-cycle
of relativistic plasma in the ICM .

In conclusion the new instruments operating in the low frequency band are entering an
uncharted territory with the potential of a strong impact on our understanding of the physics of
radio sources in the ICM. We anticipate that large part large part of this Thesis work involves
LOFAR data.
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Figure 2.13: Left: The RHLFs at different frequencies and redshift. The dominating solid black line is
referred to v = 120 MHz for clusters at redshift 0-0.1, while the black dashed lines is deduced for cluster
redshift of 0.5-0.6. The contribution from halos with 120 MHz < v < 600 MHz is represented with the red
lines and with > 600 MHz with the blue lines. Right: Number of RHs as a function of redshift detectable
with LOFAR surveys sensitivity. The black lines is referred to the prediction at v > 120 MHz and the
red lines give the numeber of RHs at 120 MHz < v < 600 MHz (Cassano et al. 2010a).
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Figure 2.14: The tail of the radio galaxy in A1033 cluster as seen at 608, 323, 148, and 142 MHz. Only
at lower frequencies it is detected a peculiar radio emission. Due to the high resolution (10.3” x 4.9")
LOFAR image at 142 MHz the two trails of the GReET can be separete (de Gasperin et al. 2017).
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Chapter 3

The LOFAR era

3.1 The LOw-Frequency ARray

The International LOw-Frequency ARray (LOFAR, van Haarlem et al. 2013) is a new generation
radio telescope representing the state-of-art of the highly sensitive low-frequency receivers. The
project started thanks to the Netherlands Institute for Radio Astronomy (ASTRON) and cur-
rently involves astronomical institutions of several European countries. The array is composed
by a large and growing number of stations spread on a wide area across Europe. Working in the
10-240 MHz band, LOFAR. provides the opportunity to explore the low-frequency part of the
electromagnetic spectrum with an unprecedented sensitivity and angular resolution. Further-
more, due to its remarkable technological network and complex software infrastructure for the
data acquisition, transport and analysis, LOFAR is the largest and most important pathfinder
of the Sky Kilometer Array (SKA)!.

The separations between the international LOFAR stations provide very extended baselines
which in turn allow to obtain sub-arcsecond resolution over the LOFAR operational frequency
band. On the other hand the closer stations give an excellent surface brightness sensitivity and
provide shorter baselines that allow the observation of large-scale emission. LOFAR improves
the sensitivity and angular resolution of past facilities observing at low radio frequencies by
almost 2 orders of magnitude. For this reason LOFAR is expected to open a new observational
window of the Universe and promises important discoveries in different areas of astrophysics and
cosmology. The main research area for which LOFAR have been designed are summed in the
six Key Science Projects (KSPs). These regard: (i) Epoch of reionization, (ii) Cosmic rays, (iii)
Solar physics and space weather, (iv) Transients, (v) Cosmic magnetism of the nearby universe
and (vi) Surveys for the investigation of different targets. Particularly one of the main goals of
the the latter KSP is the study of the diffuse radio emission in GCs. This Thesis is based on
LOFAR observations of three clusters using data from the Survey KP.

3.1.1 System overview

At the time of this Thesis writing, LOFAR consists of a network of 51 stations spread in major
part in the north of Europe (Figure 3.1). Particularly in Netherlands are located 38 stations.
The remaining ones are distributed in Germany (6), the UK (1), France (1), Sweden (1), Poland
(3) and Ireland (1), Latvia (1). In the near future they will be added another station in Italy
(planned for the 2021).

The stations main properties are summarized in Table 3.1. They are arranged in the array
in the following way:

Thttps://www.skatelescope.org/
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Figure 3.1: The map of the LOFAR stations distribution over the European continent. They are included
the forthcoming station in Italy. (Credit: ASTRON).

e 6 closely situated stations within a diameter of 320 m, the so-called “Superterp”, provide
the shortest baselines.

e 24 stations inside a radius of 2 km near the town of Exloo, in the Netherlands, form the
dense core.

e 14 stations in the Netherlands constitute the remote stations. These follow an approximate
logarithmic spiral distribution, reaching 180 km in diameter with center in Exloo.

e 14 international stations are spread over Europe without a planned pattern. Their location
is determined by existing facilities and infrastructures.

While the core and the remote stations position in Netherlands have been planned to optimize
the uv-coverage for the KSPs success, the international stations position are decided on the basis
of accords with the host countries. Then the longest baseline distribution is not specifically
designed to maximize the achievable uv-coverage.

Table 3.1: Summary of the LOFAR stations and antennas (from van Haarlem et al. 2013).

Stations Number of LBA dipoles HBA tiles Min. Max.
configuration stations baseline (m) baseline (km)
Superterp 6 2 x 48 2 x 24 68 0.24

NL Core Stations 24 2 x 48 2 x 24 68 3.5

NL Remote Stations 15 48 48 68 121
International Stations 13 96 96 68 ~ 20007

Notes. The 6 Superterp stations are a sub-array of the core stations. TThe longest baseline
extension will increase due to the additional future station.

The fundamental element of a LOFAR station is the antenna. Each station hosts two types
of antenna: the High Band Antennas (HBA, working in the range 110-240 MHz) and the Low
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Band Antennas (LBA, working in the range 10-90 MHz). In total about 8.000 elements are
disseminated over Europe. Due to this large amount, the antennas are designed to be small
and relatively low-cost. The number of antennas in each LOFAR station depends on its con-
figuration (Table 3.1). The different configurations determine the effective area, the full-width
half-maximum (FWHM) and the field of view (FoV) of the observation. These parameters vary
in each frequency band. Then the configuration adopted for the observation is driven by the
project goal. Details on the different configuration can be found in van Haarlem et al. 2013.

Single antenna elements are connected to the electronics via coaxial cables. The electronics
is placed in each station within a dedicated cabinet. The hardware for the first data processing
performed directly at the station is contained in this cabinet. The signal is digitalized and the
datastreams enter the digital electronics section, that is the main responsible for the beam-
forming. Further processing is done in the remote station. Once concluded the beam-forming
step, the data packets are sent in the wide-area network to the correlator at the Central Process-
ing (CEP), located at the Centre for Information Technology (CIT) of the Groningen University.
Here the datastreams are processed resulting in a wide variety of data products.

Low Band Antenna

The lowest frequencies are explored through the LBAs operating between 10 MHz up 90 MHz.
Since the strong radio frequency interference (RFI) affects the lowest frequencies and the FM
band is near to the highest frequency end, the actual operative range is limited to 30-80 MHz
(Figure 3.2, right). A LBA design is relatively simple, sturdy (allowing an operative life time of
at least 15 years), and relatively low-cost. It is made by a dipole able to detect two orthogonal
linear polarizations. The copper wires which receive each polarization are combined with a
low-noise amplifier (LNA) into a molded lid at the top of a PVC pipe. On the other side, the
wires are connected to a a metal mesh on the ground (Figure 3.2, left). The antenna structure is
elementary as much as performing. The capability of observing all-sky simultaneously allows to
a fast production of all-sky images on short time-scales. This properties is particularly significant
for the aim of detecting transients and for the study of the large-scale Galactic structure from
the Milky Way.

Log-Spectral Power [AD0U]
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Figure 3.2: Left: A LOFAR LBA consisting of the two copper wires, a vertical shaft and a molded head.

A zoom of this is shown in the top-left panel together with a wires attachment point. Right: The median

spectrum averaged on all LBA dipoles in an exemplar station (CS003). They are visible either the RFI

in the lowest frequencies (< 30 MHz) and the disturbances of the FM band above 80 MHz. The peak of

the dipoles response is near 58 MHz (from van Haarlem et al. 2013).
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High Band Antenna

The HBAs work in the range of 110-250 MHz. Due to the strong RFI near the higher-end of the
band, the actual operative range is restricted to 110 MHz (Figure 3.3, right). At these higher
frequencies, the appropriate design to minimize the contribution of the electronics to the system
noise (with a low budget) given a cluster of 16 dual dipole antennas grouped into squares of 4 x 4
elements, forming a “tile”. Tiles have incorporated amplifiers and an analogic beam-former. A
single “tile beam” is given by the combination of the signals from each 16 antenna elements in
phase for a given direction on the sky. A polystyrene structure supports the aluminum antenna
elements within each tile. This is covered by polypropylene foil layers to avoid damages from
the weather conditions (Figure 3.3, left).

As in the case of LBAs, the signal collected is transported with coaxial cables to the receiver
unit in the electronics cabinet.

10
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Figure 3.3: Left: The close-up of a LOFAR HBA tile. The dipole device and the surrounded structure
covered by protective layers have been partially exposed. Right: An example of HBA median spectrum
averaged for all the HBA tile in a station (CS003). It is affected by several RFI together with a strong
peak near 170 MHz due to an emergency pager signal (from van Haarlem et al. 2013).

The data analyzed in this Thesis work are part of the LOFAR Two-metre Sky Survey.
These observations use HBA antenna. In the following we describe the main characteristics of
the survey.

3.2 The LOFAR Two-metre Sky Survey

The LOFAR Two-metre Sky Survey is the main effort of the Survey KP (Shimwell et al. 2017).
It is designed to observe the northern hemisphere in the 120 - 168 MHz range providing a never
reached deep view of the radio sky in this spectral range. The LoTSS started on 2014 May
23 within the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX, Hill et al. 2008)
Spring Field region (10"45™00° < right ascension < 15"30™00° and 45°00'00” < declination
< 57°00”00”, shown in Figure 3.4). The region was chosen since it represents a vast and high
elevation contiguous area for LOFAR and it matches with the Sloan Digital Sky Survey (SDSS,
York et al. 2000) leading to imaging and spectroscopic information.

The survey is still ongoing, and almost 1/2 of the norther sky has been already observed.
A first run of analysis has been carried out for the 350 square degrees in 63 pointings of the
HETDEX region and the data products for this region have been recently released (Shimwell
et al. 2019). That area is just the 2% of the survey total field, however about 325000 new radio
sources have been detected in this area.
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Figure 3.4: LoTSS pointings grid (in black). Highlighted in blue is the region of the HETDEX Spring
Field. The red points marks the pointings observed and presented in Shimwell et al. 2017 from which
this image is taken.

The LoTSS data are suitable to many area of research in the low frequency radio regime.
The main goal of the survey is to investigate the formation and evolution of massive black holes,
galaxies and large-scale structures including GCs. These aims are driven by the predictions of
precedently studies carried out by Wilman et al. 2008 about radio galaxies; and by Enflin &
Rottgering 2002 and Cassano et al. 2010a about diffuse radio emission in GCs. In this context,
in the previous Chapter we outlined the significant progresses which can be carried out on the
study of large-scale synchrotron emission in GCs thanks to observation at low frequencies.

In addition to the scientific drivers, the survey probes the highly performing technical LOFAR
capabilities. The LoTSS is carried out by the HBA antennas of LOFAR. The primary intents are
to realize high-fidelity images with a sensitivity of less than 0.1 mJy - beam™' and an angular
resolution of ~ 5” at the central frequency of 144 MHz.

Whit these purpose LoTSS will sign a turning point in wide-area surveys (Figure 3.5). It
is much deeper than the first HBA LOFAR survey, the Multifrequency Snapshot Sky Survey
(MSSS, G. H. Heald et al. 2015) and it exceeds in sensitivity others surveys in the same low-
frequency radio band such as, GaLactic and Extragalactic All-sky MWA (GLEAM, Wayth et al.
2015), and the TIFR GMRT Sky Survey alternative data release (TGSS-ADRI1, Intema et al.
2017) as shown in Table 3.3. In particular the sensitivity of the survey is less than 5 juJy - beam !
at 1.4 GHz considering a spectrum of RH of o > 1.3, thus provides most sensitive observations
-in the next decade- for the study of RH.

At the time of the preliminary data release (Shimwell et al. 2017) the imaging requirements
were not achieved, since only the direction-independent calibration (together with the direction-
dependent calibration in the next Chapter) was performed on the data. Then the errors in
the beam model and the varying ionospheric distortions were not corrected allowing to reach
just 500 pJy - beam™! at an angular resolution of 25”. Instead the first full-quality public data
release (Shimwell et al. 2019) provides a sensitivity of less than 100 uJy - beam ™! thanks to the
development of efficient imaging pipelines, totally automated, dedicated to direction-dependent
calibration (Figure 3.6).

The amount of sources detected in HETDEX field implies that the source density is about
10 times higher than the most sensitive wide-area radio-continuum surveys performed to date.
Williams et al. 2019 and Duncan et al. 2019 provide the optical identification and the photometric
redshift estimates of the sources detected in the first data release. The spectroscopic redshifts
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Figure 3.5: The comparison between different complete (grey) and ongoing (blue) radio surveys on the
basis of their image rms, frequency and angular resolution (corresponding to the radius of the markers).
The lines represent an equivalent sensitivity to LoTSS for compact radio sources with spectral indices of
0.7 (green), 1.0 (blue), and 1.5 (red) (Shimwell et al. 2019).

Table 3.2: Properties of recent wide-area low-frequency surveys (from Shimwell et al. 2017).

Survey Resolution Noise Frequency Area
@ mJy -beam™!  (MHz)

VLSSr (Lane et al. 2012) 75 100 73-74.6 6> —30°
MSSS-LBA (G. H. Heald et al. 2015) 150 50 30-78 d>0°
MSSS-HBA (G. H. Heald et al. 2015) 120 10 119-158 d>0°

GALEM (Wayth et al. 2015) 150 5 72-231 o > +25°
TGSS ADR (Intema et al. 2017) 25 3.5 140-156 6 > —35°
LoTSS 5 0.1 120-168 6> 0°

Notes. The sensitivity and resolution are reference values to make possible a comparison
between surveys. Actually these characteristics vary within each survey.

for the LOFAR targets will be possible in the next years with the WEAVE spectrograph (Dalton
et al. 2012), part of the WEAVE-LOFAR survey. The latter will allow to obtain spectra of about
10° sources observed with LOFAR (Smith et al. 2016).

The parameter of the observations (Table 3.3) are decided taking into account the principal
goals of the survey. Amongst the HBA LOFAR possible configurations, the LoTSS utilizes
the HBA_DUAL_INNER (more informations about LOFAR configurations in van Haarlem et al.
2013). This is chosen in order to preserve a reasonable number of short baselines and to avoid
additional calibration problems due to non-uniform beam shapes. The primary beam for this
configuration is: FWHM = 1.02)\/D, where ) is the wavelength of the observation and D is the
HBA _DUAL_INNER stations diameter that is 30.75 m (van Haarlem et al. 2013). The station beam
FWHM is 4.75° at 120 MHz and 3.40° at 168 MHz. On the basis of the experience from the
previous interferometeric survey, it has been decided a separation between pointing of ~ 2.58°
which provides a nearly uniform sensitivity coverage, a reasonable number of pointings, and a
good sampling of the sky area (Shimwell et al. 2017).
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Figure 3.6: Image of the noise in the first LoTSS data release. The median noise level is 71 pJy - beam™!.
Such low noise level can be obtained with the direction-dependent calibration (Shimwell et al. 2019).

Table 3.3: Properties of LoTSS (from Shimwell et

al. 2017).
Number of pointings 3170
Separation of pointings 2.58°
Integration time 8h
Frequency range 120-168 MHz
Configuration HBA_DUAL_INNER
Angular resolution 5"
Sensitivity 100 pJy - beam™!
Time resolution 1s
Frequency resolution 12.2 kHz

Notes. The sensitivity and resolution are
estimations because they vary within the
different pointings. The sensitivity may de-
crease at low declination due to the station
beam enlargement.
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Chapter 4

Data analysis

This Chapter describes the X-ray and radio data processing that we performed to achieve the
final targets images. From these, we inferred some measures in each band, such as flux density
and luminosity. Both images and first results will be employed afterward in the multi-frequency
analysis (discussed in the next Chapter), to investigate the correlation between the non-thermal
emission and the thermal gas dynamical conditions in GCs. Similar processes are adopted for
the data reduction of each clusters in both X-ray and radio band. Then we summarize the
general steps of the analysis.

4.1 LOFAR data

Data calibration

We briefly delineate the calibration method applied to the LOFAR HBA observations of LoTSS
(see previous Chapter) fields. This step was carried out by the LOFAR Surveys KSP Team
while reimaging was performed during the Thesis.

The calibration aim is to produce high-fidelity images taking advantage of the high quality
of LOFAR data. The procedure consists of two phases: the non-directional calibration and the
directional calibration.

First one flagging of bad data due to the RFI in the flux calibrator data takes place. This is
done with AOFlagger (Offringa et al. 2012). In addition, the contribution of the side lobes due
to the bright sources Cassiopeia A and Cygnus A is also subtracted in this step. The influence of
these sources becomes significant in the wide field of view (FoV) observation as those carried out
by LOFAR. The data are then partially averaged in time and frequency. Complex gains for each
antenna stations are obtained through modeling the primary calibrator according to the flux
density-scale of Scaife & George H. Heald 2012. Since each remote station is equipped with its
clock and all of them are not perfectly synchronized with the clock of the core stations, they have
to be re-aligned periodically. This leads to clock offsets, that appears as time-dependent delays
in the phase recorder by each station, proportional to the frequency (Figure 4.1a). Moreover, a
varying refractive index across incoming signal path introduces a propagation time and direction-
dependent delays in the phase, which is inversely proportional to the frequency. At the first
order the refractive index depends only on the density of free electrons integrated along the
line of sight, called total electron content, TEC (Figure 4.1b). This effect represents one of the
most severe challenges of observations with large array. In fact distant stations are affected by
different layers of the ionosphere in which the TEC can significantly change. However the two
kinds of phase delays can be separated if the full-bandwidth calibration solutions cover a large
enough frequency range as in HBA observations. These effects are corrected with the Clock-TEC
separation method outlined by van Weeren et al. 2016 with which the effects are handled and
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Figure 4.1: Ionospheric effects on the phases for four stations (RS106, brown; RS508, green; RS509
purple; and CS302, blue): in (a) clock delays and in (b) delays due to TEC along the line of sight. The
phases are derived with respect to the core station CS002. The CS302 does not show significant delays
and the phase is about zero since all the core stations referred to the same clock. The RS508 and RS509
TEC trends are similar because they are close each other. The TEC unit (TECU) is set to the value
typically observed at zenith during the night, that is 10'®m?2. The jumps in the data are due to the
flagging of time intervals (de Gasperin et al. 2019).

The time-independent amplitude and clock solutions are applied to the target data which
were previously flagged as done for the calibrator. Also the target data are averaged in time and
frequency. At this point it is implemented a phase calibration using a sky model generated from
the sources detected in several surveys (the VLSSr, Lane et al. 2012; the WENSS, Rengelink
et al. 1997; and the NVSS Condon et al. 1998). The solutions are provided with a time interval
of 32 s. The final step is to identify and remove the time periods in which the target phase
solutions show rapid large variations. The phase solutions of each station vary smoothly as a
function of time with respect to the closest one. Then if it is found a time interval where the
phase solutions compared to the same solutions smoothed in time differ significantly, this time
period it is flagged due to the poor ionospheric conditions (Figure 4.2).

Now amplitude and phase self-calibration process on the direction-independent calibrated
data is implemented within frequency sub-bands (SBs). The self-calibrated data are then imaged
at low and medium resolution in each SBs. The extended and compact sources respectively are
detected and then removed from the images. The sources detection is carried out through the
software PYthon Blob Detector and Source Finder! (PYBDSF, Mohan & Rafferty 2015). The tool
is able to detect portion of the image in which the signal is higher than a given threshold. The
final products of the procedure are new sky models made of the subtracted sources and residual
datasets for each SB.

The direction-dependent calibration is now performed to correct the data for direction de-
pendent effects (DDEs): due to the large primary beam of the LOFAR array, beam model errors
and ionospheric distortions, variations across the FoV are not negligible. The method adopted
consists in the fragmentation of the filed into regions, called “facets”. In each of these, phase
and amplitude are calibrated. The calibrators are bright sources lying in the facets. On the

Thttps://www.astron.nl/citt /pybdsf/
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Figure 4.2: The red points show phase solutions for two nearby HBA core stations for an example of
LoTSS dataset. The time periods of poor ionospheric conditions which cause the rapid large fluctuations
of the phase solutions are flagged (Shimwell et al. 2017).

basis of their positions, the FoV is divided following the Voronoi diagram (Okabe et al. 2000),
which allows to achieve gain solutions reasonably corrected for all points within every restricted
area of the FoV considered. An example of the facet layout for a small region of the FoV of a
LoTSS observation is shown in Figure 4.3.

Each calibrator facet undergoes to self-calibration cycles. The gain solutions found are used
to calibrate the fainter sources. The clean components of such sources are added back from the
previously created sky models. The subsequent facet is processed as well after that the improved
clean components of the previous facet are subtracted from the uv-data. So the gain solutions
are found for each facet. The procedure results into a reduction of the noise and it allows to
obtain nearly thermal-noise limited images. An example of the improved quality of the images
obtained from DDEs correction with direction-dependent calibration is shown in Figure 4.3.

All the previous steps are performed by an automated pipeline designed in order to make
the calibration procedure efficient and functional (Shimwell et al. 2019).

Data imaging

The LOFAR data available for this Thesis work were previously calibrated by the LOFAR
Surveys KSP Team through the processes outlined above. Starting from the calibrated uv-data,
we produced radio images at different angular resolution, to recover both compact and extended
sources.

The LOFAR data are imaged with the WSclean Software, an innovative imager implemented
to manage the challenging data from new generation interferometers. Basically, the WSclean
algorithm is designed to image the visibility data for large areas of the sky. In addition to the
multi-scale and multi-frequency deconvolution, it is able to perform the w-stacking tecnique
which takes into account the deviation of the array by a perfect plane during the cleaning (see
Offringa et al. 2014 for the details of the software).

The goal of this Thesis work is the study of the diffuse large scale emission of the sampled
clusters, therefore we created medium and low-resolution (~ 15” and ~ 25", respectively) images
of each of them. The small-scale structures are instead highlighted in high resolution images
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Figure 4.3: Zoom of few facets of the LoTSS. The comparison of two figures show the effect of direction-
dependent correction on the data. The black lines delineate the facets region (Shimwell et al. 2019).
Left: Only time-independent calibration is applied on the data. Right: The same image after the DDEs
correction.

(~5") to determine the individual sources morphology. Finally, to point out the halo emission,
we subtracted the discrete sources from the low resolution maps.
The imaging parameters are:

e The pixel size in arcseconds unit and the image size in pixel unit. Because of the
Nyquist—-Shannon sampling theorem, a reasonable part of the signal information is pre-
served if the main lobe of the beam of the image is sampled with a number of pixels from
3-3.5 to 5. The sizes (in arcseconds unit) of the FoV of interest? and the pixel sizes together
determine the size of the image.

e The uv-cut. The resolution of the image is given by the inverse of the longest baseline of
an array while the shortest baseline determine the largest recoverable scale. Using longer
baselines allows to achieve high resolution image, but with lower sensitivity. This is the
ideal case for the study of compact sources. With shorter baselines it can be detected the
large scale diffuse emission. In this case the signal-to-noise ratio increases due to a denser
sampling of the uv-plane as can be seen in Figure 4.4. On the other hand, the resolution
results lower. In the creation of radio images, we can manipulated these effects by selecting
the uv-cut parameter combined with the weights parameters (described above). This has
implications on both resolution and sensitivity of the image.

We set a value of uv-cut of 80\ for each image, ensuring that the large-scale emission
(essentially from the Galaxy structures) does not contaminate the images.

e The weighting scheme. The visibilities are weighted in order to fiddle the non-uniform
sampling of the uv-plane. In Figure 4.4 it can be appreciated the poorer sampling of
the uv-plane from the remote stations of LOFAR. The robust parameter can be set
adopting the so-call Briggs weighting scheme to give different weights to the baselines of

2The dataset are extracted from the HETDEX field of the LoTSS. The pointings dedicated to each cluster
encompass an area of the order of degrees. Since the clusters cover a smaller area in the sky, the data for the
imaging are reduced to a region which includes the cluster extension. We ran the imaging of the data within this
area. The sources outside have been subtracted.

48



60

40

20

v (kA
=]
v (ki)

-20

- 40,

=B0)|

~60 —40 =30 0 20 an B0 ] 1o -05 00
ufkn) ulkA)

Figure 4.4: The typical uv-plane coverage of an 8h LoTSS observation excluding the international stations:
in (a) it is shown the full uv-coverage while in (b) it is a zoom in the core. The different point colors
marks the staton which recovers those uv-data (black for core stations, red for remote stations and green
for a combination of the two). In (b) the denser uv-coverage allows a deep surface brightness sensitivity
(Shimwell et al. 2017).

the interferometer and thus achieve different resolutions. The visibilities collected by the
longer baselines are overweighted in order to take into account their lower density, and this
leads to an increase of the resolution. Also the uv-tapering is fixed in the low resolution
images to shape the dirty beam with a Gaussian function of a selected FWHM. This
improves the sensitivity of the diffuse emission imaging process but reduces the resolution
of the images.

We obtained the most suitable combination of these parameters to our aims after running
WSclean several times. In each step, a new image is produced considering the previous output
after have properly adjusted the parameters. An example for one of the targets is shown in
Figure 4.5.
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Figure 4.5: Two intermediate outputs of the imaging procedure of the RXC J1115.24-5320 cluster. The
different combinations of parameters gives resolutions of 17" x 14" (on the left) and 8’ x 5" (on the right).
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In order to obtain high quality images, clean components were searched inside source masks
provided as input to WScalen. In order to produce these masks, the sources are detected with
the PYbdsm software in the image that we previously created without any box constrain. Once
regions are acquired, they are stored in a mask. We manually edited masks to add eventually
discrete sources undetected by PYbdsm. The manual inspection is performed using the viewer
of the Common Astronomy Software Applications® (CASA).

In the two low resolution final images, we executed a subtraction of the discrete sources that
allows to better characterize the diffuse radio emission from the ICM. The procedure consists of
the following steps:

1. A very high resolution image is produced to detect the points source (Figure 4.6). It is
produced excluding the baseline shorter than 3000-5000\ (depending on the case), sensitive
to the diffuse emission and using, in particular, the information of the longest spacings
corresponding to small angular sizes, namely to sources unresolved or marginally resolved
with a beam of about 5”.

This is created by setting the clean algorithm with the uv-cut parameter to operate with
the visibilities of longer baseline and then to exclude those of the diffuse emission. As done
before, a first time the clean algorithm runs on the whole image and a second time it is
employed a mask created with PYbdsm to clean only within boxes.
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Figure 4.6: The high resolution image of the RXC J1115.24-5320 cluster realized to subtract the discrete
sources visibilities from the dataset. The image has a resolution of 7" x 4” and it is obtained with an
uv-cut of 5000k which corresponds to a largest recoverable scale of 41" (~ 240 kpc at the cluster redshift).

2. A column of the clean components stored in the model of the previous image is added
in the original observations datasets. This is done with the predict option in WSclean,
which allows to write in the MODEL_DATA column to an observation file.

3. Finally, the DATA column of the observation files is replaced with the DATA-MODEL DATA
column. The update of a data column (and the subtraction between visibilities) are allowed
by the taql task.

4. The subtracted dataset are suitable to produce images containing the diffuse emission from
RH only.

An example of the sources subtraction one of the targets is shown in Figure 4.7.

3https://casa.nrao.edu/
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Figure 4.7: Abell 1550: on the left the sources are not subtracted, on the right the image is produced
with the sources-subtracted dataset.

4.2 VLA data

The VLA data have been processed using the NRAO Astronomical Image Processing System?
(AIPS)software. The pointings dedicated to the target together with those of the primary and
secondary calibrators are selected and downloaded from the multi-sources dataset In the VLA
data archive®. The data reduction consists of two phases: the a-priori calibration and the self-
calibration. Once these are completed the imaging can be performed to realize the final radio
images.

The a-priori calibration begins with the flagging of calibrators and target bad uv-data. This
is interactively done through the tasks WIPER, TVFLG and UVFLG. Then, from the known flux
density of the primary calibrator set with SETJY, the task VLACALIB measures the correction
for all the antennas and the amplitude gain for both calibrators. Since the secondary calibrator
flux density is unknown, the gains are found for a simulated flux density of 1 Jy and then
a proportion is done through the task GETJY to found the proper value. The corrections are
applied to calibrators and to the target with CLCAL.

At this point the a-priori calibration is completed and we split the calibrated uv-data of
the target into a new uv-file. The radio images in AIPS are produced with the task IMAGR,
which executes the clean algorithm. Also for VLA data imaging we set the proper fundamental
parameters. After the first clean cycle, the self-calibration can be performed. In the a-priori
calibration, only the phase-variations on time-scales of the order of the interval between two scans
of the secondary calibrators are considered. That phase-solutions found and applied to uv-data,
represent a first order approximation of the necessary corrections. In the self-calibration, the
phase-solutions are calculated on the model given by the image produced by each clean cycle and
are computed on the shorter time scale possible (allowed by the signal-to-noise ratio). Then a
new image is produced with the task IMAGR. This procedure is performed iteratively, each times
the self-calibration adopts as model the output of the previous clean cycle. When the data
are self-calibrated the final imaging can be executed. Often, more than a single observation is
available in the archive. It is possible than, combine them all in order to get a better image.
The task used for the combination of the uv-data is DBCON.

In order to highlight the diffuse halo emission we subtract discrete sources to the dataset.
Following the same procedure outlined for the LOFAR data, we produced an initial high reso-

“http://www.aips.nrao.edu/index.shtml
Shttps:/ /archive.nrao.edu/archive/advquery.jsp
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lution image which detects the compact sources by setting the suitable uv-range. In our case
we used the same uv-range adopted for the LOFAR data. We carried out imaging and self-
calibration routines, employing again the IMAGR and CALIB tasks. The clean components are
collected within boxes defined interactively in the cleaning. Once the high resolution image
has been created, its model, which contains the clean components of the discrete sources, was
subtracted from the original dataset, and then the cleaning algorithm was run again to produce
the final images with enhanced sensitivity to the extended emission.

Radio data analysis

The final images of the targets have been analyzed by means of the CASA viewer. We measured
the 0pmsS of the images and determine the flux density, S, of the RHs in a region within 3¢,
contours. The area in which the RH emission is covered by central bright sources is initially
excluded in the total flux density measure. The signal lost from these regions is calculated
assuming the mean flux density measured from the diffuse emission. These flux density is
rescaled to the missed area. This is added to the initial uncontaminated measure. The error on
S, is given by:

ASV = \/(Urms X ]\/vbeam)2 + (Ucal X SI/)2 (4.1)

where Npeqm 18 the number of beams of the diffuse emission and o, derives from the errors
in the calibration procedure.

In order to examine the radio/X-ray connection in the clusters, if any data are available for
1.4 GHz frequency range, we get the flux density in this band from that at 144 MHz with:

S, =S, (2) .

If not observations exist at 1.4 GHz we assume a typical spectral index value for radio halos
to compute the expected flux density at higher frequency. Finally the radio power at 1.4 GHz
is given by:

Piycu, = 4781 4cu, DI (1 + 2)* 1

where Dy is the luminosity distance of the source, calculated according to the cosmology
adopted.

4.3 Chandra data

For all the three targets are available X-ray observations of the Chandra X-ray telescope. The
X-ray data reduction is carried out with the software CIAO v4.117 and with the calibration
files contained in the Calibration DataBase CALDB v4.8.4.1. If more than one observation
ID (obsID) could be retrieved for the target, we carried out the calibration and the imaging
processes for each dataset separately and then we merged them with the merge_obs task.
Following the automatic procedures®, the event data were recalibrated. The time interval
affected by flares from soft protons were removed through the extraction and inspection of the
light curves. These are created with the tool dmextract in the 0.5 - 7.0 keV energy range, from

5We assume the o,ms as the average of flux density values taken in several background (that is free from
discrete sources) areas.

7 . .

http://cxc.harvard.edu/ciao/

Shttp://cxc.harvard.edu/ciao/threads/createl.2/
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background regions (excluding sources). The flares and periods of anomalous levels of count
rates were filter out with the lc_clean routine, designed by Maxim Markevitch.

In order to evaluate the proper background contribution, we adopted the blank-sky back-
ground data®, re-scaling them to the current observation count-rates in the 9.0-12.0 keV band,
where the effective area of the instrument is nearly zero, to take into account the changed par-
ticle background. The background templates are matched to the corresponding event files with
the reproject_events. Images of the thermal emission are produced in the 0.5-2.0 keV band.
To take into account the instrument effective area relative to each sky position, we corrected
the images to the exposure map.

In the case of just one obsID available, we detected the point sources by running directly
on this dataset the wavedetect tool. The selection was performed on the basis of a threshold,
set to the default value of 107%. Furthermore, to characterize properly the discrete sources, the
algorithm needs a point spread function (PSF) map, that is the size of the PSF at each pixel
of an image. The output of wavedetect was inspected by eye to reject false detection and to
add eventual sources which have not been identified by the software. The collected point-like
emissions will be then excluded from the further analysis. In the cases of more obsID, the source
detection was performed by using the combination of the PSF and exposure maps of each obsID
to create an exposure-corrected PSF maps of the combined dataset. When the wavedetect
runs on the merged images, it takes into account these maps. The missed discrete sources were
identified by eye as before. All the sources were then removed to the final images.

The X-ray spectral analysis was performed with Xspec 12.10.1 (Arnaud 1996). The spectra
were extracted within circular regions over the cluster emission. When possible, the radius of
the extraction region was ~ Rsqp, which represents the ideal size for the our scientific analysis
purpose (see Section 6.2.2). The spectral data were fitted in the 0.5-7.0 keV band with an
absorbed thermal model for the ICM. We adopted the PHABS model to reproduce the galactic
absorption at the source position, starting from the hydrogen column density averaged in the
clusters direction. This has been retrieved with the tool!® designed by Willingale et al. 2013.
The thermal ICM is interpreted as a collisionally ionized and optically thin plasma, represented
by the APEC model. This thermal bremsstrahlung emission model is defined by metallicity and
temperature of the plasma, and by a normalization factor, which account for the angular distance
to the source and the proton and electron number density of the gas. Initially we set the redshift
and the hydrogen column density relative to each target, and the metallicity to a typical value
of 0.3Zg, equal in the three cases. In a second fit, the latter was a free parameter and thus
inferred from the spectral fit.

The temperature of the best-fit is adopted as global property of the plasma, under the
assumption that it is constant within the region considered. Finally the X-ray luminosity is
calculated from the best-fit model.

In addition to the spectral analysis we extracted surface brightness profiles. We use the
software PROFFIT v1.4. Other than the calibrated (and merged) data images, the software
requires the correspondent background and the exposure maps. The latter is necessary to
correct the data for vignetting and to convert the surface brightness in physical units. The
background maps allow to excluded from the data the background contribution.

The surface brightness profile was extracted within circular or elliptical regions through
the profile or ellipse routine and it is given in photon/cm?/s units. Once the profile was
extracted, we re-bined the data to a minimum of 20 counts per bin in order to achieve a sufficient
statistic in each bin. Then we fitted the data with a S-model, available in PROFFIT, described
by (Cavaliere & Fusco-Femiano 1976):

http://cxc.harvard.edu/ciao/threads/acisbackground,/
Ohttps:www.swift.ac.ukanalysisnhtotindex.php
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S(r) = S.[1 4 (r/r.)2]2T0% & const (4.2)

where the 7. is the core radius and S, is the surface brightness within the r. radius. A
deprojected profile can be obtained through the deproject routine. The algorithm assumes
spherical symmetry and calculates the 3D surface brightness on a series of concentric shells
centered in the same pixel of the 2D profile. The deprojection step is preparatory to extract
the 3D density profile starting from the surface brightness in each shell. It is achieved by the
density task in units of proton number density profile. From the parameters of these, we easily
deduce the electron one, since in a fully ionized plasma it is n, = 1.21nyg. Finally, under the
assumption of isothermal ICM, it was performed the pressure density profile from:

P(r) = 2n.(r)kT.
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Chapter 5

Targets selection and analysis of
radio and X-ray observations

5.1 Targets selection

We selected a sample of clusters detected in SZ (Section 1.1.2) and already observed with
LOFAR at the time of the Thesis. The reason for the SZ selection is related to fair the estimate
of the cluster mass, available for the great majority of these clusters and which is an essential
parameter in the physics of non-thermal components (Section 2.2.1). The selection started with
the sample contained in the SZ Meta-Catalogue SZ-database! which consisting of 2690 clusters or
candidates. The catalogue matches microwave observations of the South Pole Telescope (SPT),
the Atacama Cosmology Telescope (ACT) and the Planck satellite Telescope (PT); in addition,
minor contributions come from the Combined Array for Research in Millimeter-wave Astronomy
(CARMA) and the Arcminute Microkelvin Imager (AMI). The clusters in the catalogue are
detected through the SZ effect observed in the CMB spectrum. The cluster masses are derived
following the Y509 — Ms0o correlation (see Section 1.6).

The position of the SZ-detected clusters, downloaded from the website, was superimposed
to the LoTSS observation through the software Aladin, an interactive visualization tool that
allows to display multi-wavelength data. 164 clusters out of the initial 2690 ones in the sample
fall in the region observed from the LoTSS at the time when the Thesis work started. Among
these, we initially excluded those for which the SZ-catalogue did not provide redshift and mass
measurements.

We verified the presence of VLA archival data at 1.4 GHz that could be useful to derive the
spectral properties of the radio sources. We also checked if the GCs were already studied in the
radio band and if the extended emission, possibly present, was classified as relic, RH or radio
MH. To this, we employed a recent database, GalaxyClusters.com?, designed at the Observatory
of Hamburg, which collects the information of almost all the diffuse sources in galaxy clusters
available in the literature.

The X-ray data of clusters have been searched in the High Energy Astrophysics Science
Archive Research Center (HEASARC), which collects data of high energy observations carried
out with different instruments. In our case, we restricted the search to observations performed
with the Chandra, XMM-Newton and Rosat satellites. If there were no data for the candidates
or, if the data are available, the exposure time is less than 5 ks, the GC have been excluded.

After the search, the final sample was reduced to less than 60 members with known mass
and archived X-ray observations. 12 of them are high priority targets being in the HETDEX

 http:szcluster-db.ias.u-psud.frsitoolsclient-userSZCLUSTER_DATABASEproject-index.html
2https://galaxyclusters.hs.uni-hamburg.de/
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Spring Field of the LoTSS. For this Thesis we selected 3 out of these targets (Table 5.1): two
targets, Abell 1622 and RXCJ1115.24+5320, were never studied in the radio band while in Abell
1550 a radio halo was previously published in Govoni et al. 2012. All of them were observed
through the Chandra X-ray telescope. Only for Abell 1550, VLA data at 1.4 GHz are available.

Table 5.1: Summary of the targets characteristics.

Name z M;500 Coordinates kpc/”
(101 M) R.A. Dec.

Abell 1550 0.254  5.887075 12h28m53.760s 47°36/44.283"  3.956

RXCJ1115.24+5320 0.4699  7.55702 11h15m10.800s 53°19”38.998' 5.901

Abell 1622 0.283  4.38702)  12h49m41.279s  49°52'18.478"  4.276

Notes. The mass and the redshift are taken from the SZ-database (Planck Col-
laboration et al. 2016). The angular to linear conversion is obtained assuming a
flat cosmology with Hy = 70 kms™'Mpc™!, Q3 = 0.3, Qp = 0.7.

In the following we describe the three targets and main results obtained from the radio and
X-ray measurements.

5.2 Abell 1550

Abell 1550 is a dynamically disturbed cluster located at z = 0.254. The X-ray observation of the
cluster in the ROSAT All-Sky Survey (RASS) revealed a gas distribution which extends roughly
in NS, but with some emission in perpendicular direction (Govoni et al. 2012, Figure 5.1). The
X-ray luminosity measured in the 0.1 - 2.4 keV is 3.51 x 10* erg/s (Bohringer et al. 2000).
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Figure 5.1: Abell 1550 X-ray image in 0.1-2.4 keV energy range from RASS, with overlaid the radio
contours at 1.4 GHz from VLA in D configuration. The beam size of the radio image is 53" x 53”. The
X-ray image is smoothed to a resolution of 45” (From Govoni et al. 2012).

An extended low surface brightness radio emission in the central region of the cluster was
discovered by Govoni et al. 2012 and classified as RH. A central radio galaxy contributes to

a large fraction of the emission from the cluster making the definition of the properties of the
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diffuse emission rather difficult. An optical image from the SDSS, shown in Figure 5.2, reveals
the optical counterpart of the central radio source.

Figure 5.2: The SDSS image of the Abell 1550 field. The radio contours taken from the LOFAR image
in Figure 5.4 are overlaid on the optical image (the radio image parameters are reported in Table 5.2).

In order to separate the contribution of discrete sources from the RH we reprocessed the
VLA archived data at 1.4 GHz analyzed by Govoni et al. 2012. The main goal was the analysis
of the cluster scale emission in the low frequency radio band with the 144 MHz LOFAR data
from the LoTSS and its comparison with the higher frequency images. Further we analyzed the
X-ray emission of the cluster observed with Chandra to study the radio to X-ray connection.

5.2.1 Radio data analysis

LOFAR The calibrated LOFAR datasets of Abell 1550 consists of 4 pointings. From the
total area of the observation, a region of ~ 43/ x 43’ containing the cluster emission was extracted
and re-calibrated as outlined in Section 4.1. Each LoTSS pointing consists in a 8hr observation
bookended by 10 minutes scans on the flux density calibrator. Following the procedure described
in Section 4.1, we first produced the total flux density images of the cluster at three resolutions.
The imaging parameters adopted are reported in Table 5.2 and the relative images are shown in
Figure 5.3, Figure 5.4 and Figure 5.5. The inner uv-cut of 80\ provides a largest angular scale
of 43" at the cluster redshift and allows to reduce the sensitivity to the large-scale (foreground)
Galaxy emission.

Table 5.2: Imaging parameters adopted for the Abell 1550 images.

Figure Beam size Im. size Pixel size Robust Taper Orms

(" x "y (pixel xpixel) (" (") (uJy -beam™!)
Figure 5.3 27 x 23 560 x 560 5.0 -0.25 15 95
Figure 5.4 20 x 18 700 x 700 4.0 -0.25 10 140
Figure 5.5 10 x 6 1870 x 1870 1.5 -0.25 n.a. 73

Sources subtraction

27 x 23 560 x 560 5.0 -0.25 15 152

Figure 5.6 20 x 18 700 x 700 4.0 -0.25 10 121

Notes. N.a. is “not applied”.

The second step of the imaging process consists of the discrete source subtraction. After
producing the very high resolution image and subtracting the model of this to the original
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Figure 5.3: Abell 1550 LOFAR image at the low resolution. The contour levels are spaced of a factor 2
from 30,,s. See Table 5.2 for the image parameters.

42"
41"
40"
39
35"

37

J2000 Declination

g
35
34!

47%33

12N29Mz0° 10° oo®  28MH0DT 4aC® 307 207
42000 Right Ascension

Figure 5.4: Abell 1550 LOFAR image at the medium resolution. The contour levels are spaced of a factor
2 from 30,,s. See Table 5.2 for the image parameters.
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Figure 5.5: Abell 1550 LOFAR image at the high resolution. The contour levels are spaced of a factor 2
from 30,,s. See Table 5.2 for the image parameters.

datasets (described in Section 4.1), we created the subtracted images. The first time we ran this
procedure, both low and medium resolution image showed several artifacts, mostly in the central
region of the FoV. This was due to the clean components of the central bright source that were
initially subtracted out of the datasets. For this reason, we chose to include these components:
the correspondent region was excluded in the mask with which we made the 3000\ image. When
sources like the HT radio source in Figure 5.5 are in the field, the subtraction of point source
is often difficult, since the emission continuously cover a very wide range of spatial frequencies
in the visibility domain. Despite trying a number of combination of parameters for the source
subtraction, we could not obtain a fair image, since sidelobes of the partially subtracted tail
corrupted the quality of the final image. Therefore, we decide to preserve the HT emission in
the point source subtracted dataset. This allowed to obtain a fair image. In the subsequent
analysis, the sky region covered by the HT emission was masked out, and the contribution to
the halo emission was corrected by extrapolating the surface brightness of adjacent regions.

The parameters of the imaging are defined in Table 5.2. We show in Figure 5.6 the sources-
subtracted image at the medium resolution, which is taken as reference for the major part of
the subsequent analysis.

VLA We re-analyzed the VLA archival data at 1.4 GHz. The observations have been
carried out in C and D configurations. The two configurations differs in the distribution of the
antennas in the interferometer: extended configurations (A, B) provide the highest resolution
but are insensitive to diffuse emission while compact configurations (C, D) provide shorter
baselines that are ideal to detect extended sources, although they have lower resolutions. The
frequency range of both the observations are centered at 1.4 GHz (that is the L-band of the
VLA interferometer) and involves the frequency range from 1.365 GHz to 1.435 GHz. The main
characteristics of the observations are reported in the Table 5.3.

Following the procedure outlined in Section 4.2 we downloaded the dataset of target and
calibrators pointings. The primary calibrator, common for both the observations, is 1331+305.
The secondary calibrators are 12194484 in the D dataset and 1400+621 in the C dataset . We
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Figure 5.6: Abell 1550 radio emission subtracted at 144 MHz. The image has a beam size of 20" x 18",

The contour levels are spaced of a factor 2 from 30,,,s where o,,,s = 121 pJy - beam™1.

Table 5.3: Summary of the VLA observations at 1.4 GHz on the target Abell 1550.

Conf. Obs.Time Pointing center Date Program
(min) RA DEC

D 15 12h29m19.2s  47°37'58.0" 1995-Mar-15 AMO0469

C 75 12h28mb57.7s  47°37'58.0"  2003-Jan-03  AMO0702
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processed the data with the a-priori calibration, the self-calibration and a preliminary imaging
for both the C and D datasets.

The data from the two array configurations were combined to achieve longer integration time
and increase the sampling of the uv-plane that corresponds to gain sensitivity. Due to the offset
between the pointing directions we did not run the task DBCON directly on the datasets. To
bypass the displacement, we used another approach. For each dataset we imaged two exactly
overlapping fields: in the first, the clean was performed in the central region only, while in the
second field all the confusing sources were cleaned. The second image only was subtracted (with
task UVSUB) out of each dataset. This allowed to overcome the different flux densities measured
in the two datasets owing to different primary beam attenuation for sources out of the central
region of the pointing, arising from the forementioned offset (see also Table 5.3). Once the
subtraction has been performed, the two datasets were combined with the task DBCOM, applying
in this phase the offset correction with the task UVFIX. In the resulting concatenated dataset,
only the visibilities of the central field are stored. This box corresponds to the central observation
region for both the array configuration. Since in this direction the instrument reaches its best
performance, the correction of the offset does not cause significant lack of signal.

This dataset was used to create images of the diffuse emission only. The compact sources
identified in C configuration data were subtracted. We produced the 3000\ image by manually
selecting the boxes in which clean components have to be searched for. In order to accurately
recognize all the sources which contaminate the halo emission, we took into account the optical
SDSS and the high resolution LOFAR images of the same area. The tail of the central radio
galaxy is also included in these boxes. The final subtracted image is shown in Figure 5.7.

J2000 Deslination

47°34

12M2g™1 88 De* oD 2ET548 42%  FF 3pf
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Figure 5.7: The Abell 1550 image at 1.4 GHz. The map has a 0,5 of 83 uJy - beam™! and a beam size
of 40" x 33”. The contours are drawn at 30, 60, 120 spaced by a factor 2.

The flux density within 30,,,s measured in the 20” x 18’ LOFAR image (Figure 5.6) is
Staammz = 174 + 24 mJy (calculated removing the bright sources contributes, see Section 4.1),

while the one obtained from the VLA image is S14cn, = 4.95 £ 1.3mJy. From the latter we
infer a power radio of (8.54 + 2.77) x 10*® W/Hz at 1.4 GHz. The spectral index « is easily

deduced with:
_ log <%> 1 \/ o5\, (05
“ log <£) . log <%) ( Sll) i <S22>
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where v; and vy are 144 MHz and 1.4 GHz respectively. With the values of S, reported
above it turns out that the extended emission has o = 1.6 &= 0.2. This qualifies Abell 1550 as
a candidate ultra-steep spectrum RH. So far only about 10 RH with very steep spectrum are
known (van Weeren et al. 2019). As discussed in Section 2.2.1 the discovery of RH with very
steep spectrum is crucial because they are important tests for re-acceleration models. Indeed
a radio spectrum a = 1.6 would require a spectrum of the emitting electrons § = 4.2 implying
that an untenable energy budget (dominated by electrons at lower energies) is associated with
these particles. In order to circumvent this problem a break (at energies ~ GeV) is required
in the spectrum of electrons population and this is interpreted as the evidence for the interplay
between radiative losses and turbulent re-acceleration (see Brunetti & Jones 2014 for a review).
Re-acceleration models predict that a large fraction of the RH associated with clusters with
Msogg = 4 — 7 X 1014M® should be steep spectrum and indeed Abell 1550 has a mass in this
range.

5.2.2 X-ray data analysis

The Chandra data of Abell 1550 (obsID 11766) were taken with ACIS-S operating in VFAINT
mode. The ACIS-S configuration consists of one chip pointed in the direction of the cluster.
Unfortunately the cluster emission covers a projected area larger than the CCD area then part
of the cluster emission is undetected.

We calibrated the data and produced the image in the 0.5-2.0 keV band (Figure 5.8) following
the prodecure outlined in Section 4.3.

Figure 5.8: Abell 1550 LOFAR contours superposed on the Chandra 0.2-5.0 keV image. The X-ray image

is convolved with a Gaussian of 0 = 15”. The LOFAR image has a resolution of 20" x 18”. Radio contour

levels are distanced of a factor 2, starting from 30,5, Where o, is 121 pJy - beam™!.

To infer the ICM properties, the spectrum was extracted in a region within a radius of 4
arcmin from the cluster center, that is the maximum area that can be reached with the size of
the CCD. The radius of 4 arcmin corresponds to ~ 0.8 R59p for Abell 1550 cluster, where Rsq
is ~ 1.24 Mpc (5.22 arcmin at the cluster redshift).

Following the method outlined in Section 4.3 we modeled the spectrum as an absorbed
thermal plasma. The resulting best-fit parameters are reported in Table 5.4 and shown in
Figure 5.17. For this cluster the measure of the metallicity from the spectral analysis have not
been performed, given the poor statistics of the data.
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Figure 5.9: X-ray spectral fitting of Abell 1550 (the parameters are reported in Table 5.4). The best-fit
model is shown with the blue lines. In the bottom panel are shown the residual.

Table 5.4: Best-fit parameters from the
spectral analysis of Abell 1550 cluster.

PHABS*APEC

Npp (10729 cm—2) 1.07

T (keV) 6.017023
Abundance 0.3
Redshift 0.254
norm (107%) 3.0810 0%
L (10* ergs™?) 3.7270 06
x%/d.o.f 0.98

Notes. The luminosity values
are measured in the 0.1- 2.4 keV
band. All the measures has a
confidence level of the 68%.

We extracted the surface brightness profile from a circle with radius of 3.58 arcmin (850 kpc)
from about the cluster center (RA=12°29'02.18", DEC= 47°37'43.58"). In order to obtain a good
statistics we rebined the data to 25 counts per bin. The surface brightness profile is fitted with
a B-model defined by the Eq. (4.2). We found (with a 68% confidence level): 3 = 0.8015S,
a central surface brightness of 2.1370%? ctss~'arcmin? and a core radius of r. = 1.0591502
arcmin, the relative model is shown in Figure 5.10.

In order to determine the P, 4 — Lx relation consistently with the previous studies, we need
to infer the X-ray luminosity inside a radius of Rsgp (while we achieved the one within 0.8 R50
from the spectral analysis). For the purpose, we extrapolated a flux estimation until Rso0 with
the flux task of PROFFIT. This value is computed assuming a model (in our case the S-model)
and it is given in counts/sec unit. To convert this flux in physical units and to report the value
to the effective area of Chandra, (the one relative to the obsID 11766 was the cycle 11 )3
used the PIMMS v4.9* tool. The resulting flux is given in erg/cm?/s. Finally, the luminosity

3Tt is necessary to take into account the observation cycle number since the effective area and then the quantum
efficiency of the CCD decrease with time due to sedimentation of material on the detector.
“http:cxc.harvard.edu/toolkit /pimms.jsp
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Figure 5.10: X-ray surface brightness profile of Abell 1550 in the 0.5 - 2.0 keV band. It is extracted in a
circle with a radius of 3.58 arcmin. The fit has x?/d.o.f = 1.06. The best-fit model is shown with the
blue line. The bottom panel reports the residuals.

is ~ 4.2 x 10* erg/s. Since the luminosity represents a global property of the cluster, the
estimation derived from a detector unable to recover all the cluster emission may be inaccurate,
and represent a lower limit.

5.3 RXC J1115.24-5320

No detailed studies of this cluster in the radio and X-rays have been published so far. It is
located at a redshift z = 0.4699 and has a mass Msgg ~ 7.55 X 1014M@ (Planck Collaboration
et al. 2016). In Figure 5.11 it is shown the SDSS image of the area covered by the cluster.

Figure 5.11: The RXC J1115.2+5320 optical image observed in the SDSS. The overlaid radio contours are
taken from the medium resolution image (Figure 5.13, the image parameters are summarized in Table 5.5)
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5.3.1 Radio analysis

We carried out the imaging of RXC J1115.2+5320 following the procedures in Section 4.1. The
target involves two pointings of the LoTSS. The extracted field covers a region of ~ 43’ x 43'.
The survey operative mode provides 8 hr of observation for the target and 10 minutes for the
calibrator. The central frequency of the observation is 144 MHz. The parameters indicated in
Table 5.5 have been used for the final images. The resulting images are shown in Figure 5.12,
Figure 5.13 and Figure 5.14. At the redshift of the cluster, the uv-cut set to 80\ determines a
largest angular scale of 43’ ensuring the exclusion of the contribution from the Galactic emission.

Table 5.5: Imaging parameters utilized for the RXC J1115.245320 images.

Figure Beam size Im. size pixel size Robust Taper rms
(" x ") (pixel xpixel) (" "y (uJy-beam™1!)
Figure 5.12 20 x 19 360 x 360 4.5 -0.25 10 167
Figure 5.13 15 x 10 540 x 540 3.0 -0.25 5 111
Figure 5.14 8 x5 1080 x 1080 1.5 -0.5 n.a. 90
Sources subtraction
Figure 5.15a 15 x 10 540 x 540 3.0 -0.25 5 104
Figure 5.15b 20 x 19 360 x 360 4.5 -0.25 10 150

Notes. N.a. is “not applied”.
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Figure 5.12: RXC J1115.2+5320 cluster 144 MHz image at the low resolution obtained with the imaging
parameters reported in Table 5.5. The contours are spaced by a factor 2 starting from 30,,s.

The very high resolution image produced to carry out the source subtraction has been ob-
tained with an inner uv-cut of 5000\ corresponding to a recoverable scale of ~ 240 kpc at the
cluster redshift, suitable for the detection of the discrete sources. The low and the medium
resolution images after the subtraction are shown in Figure 5.15. The subsequent analysis of the
radio emission is carried out on the medium resolution sources-subtracted image (Figure 5.15b).
The 144 MHz images of the cluster reveal a low surface brightness source which extends on
large scales. It embeds individual extended radio sources, like a HT emission whose projected
linear size reaches about 700 kpc (inferred from the high resolution LOFAR image shown in
Figure 5.14).
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Figure 5.13: RXC J1115.24-5320 cluster 144 MHz image at the intermediate resolution obtained with the
imaging parameters reported in Table 5.5. The contours are spaced by a factor 2 starting from 30 ,.,s.
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Figure 5.14: RXC J1115.24-5320 cluster 144 MHz image at the high resolution obtained with the imaging
parameters reported in Table 5.5. The contours are spaced by a factor 2 starting from 30,,s.
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Figure 5.15: The point sources-subtracted images of RXC J1115.2+5320. On the left the low resolution
image and on the right the intermediate resolution image. The parameters are indicated in Table 5.5.
The contour levels in both are drawn starting from 30,.,s and spaced by a factor 2.

The flux density at 144 MHz of the diffuse emission measured from the 30,,,s contour levels
of the medium resolution image (Figure 5.15b) is Si4amm, = 63 £5 mJy. The presence of the
bright central object was taken into account by masking its emission and replacing the flux
density in this area with a mean flux density as outlined in Section 4.1. Since there are no
literature studies about RXC J1115.24-5320 at other radio frequencies, we assumed a spectral
index of o = 1.3 to estimate the radio power at 1.4 GHz. This results (2.8740.97) x 10** W/Hz.

5.3.2 X-ray analysis

The archival Chandra data of RXC J1115.2+5320 consist of three observations ID (3253, 5008
and 5350). The target was observed for a total exposure time of 35 ks with the ACIS-I instrument
in VFAINT mode. The datasets are processed as outlined in Section 4.3, and merged together
to produce a single image of the cluster. From the images obtained in the X-band with the
Chandra data (Figure 5.16) the cluster appears as a dynamically active system. The X-ray
emitting gas presents a slightly elongated morphology in the SE-NW direction.

Figure 5.16: RXCJ1115.24+5320 Chandra smoothed image in the 0.2-5 keV band overlaid with the radio
contours. The radio contours are taken from the medium resolution image with a beam size of 15" x 10",

they are spaced of a factor 2 from 30,5, where 0,5 is 111 puJy - beam™!.
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Figure 5.17: X-ray spectral fit of RXC J1115.24-5320. The spectral analysis is carried out on the three
obsID simultaneously. The best-fit model and the data of each obsID dataset are highlighted in a different
color. In the bottom panel are shown the residual.

We carried out the spectral analysis into a region of Rsg, which extends over ~ 1.36 Mpc
(3.84 arcmin) at the cluster redshift. The best-fit parameters of the model which characterize
the ICM emission are reported in Table 5.6. A measure of the ICM temperature of the cluster
have been previusly inferred by Cavagnolo et al. 2009, who found an averaged temperature of
~ 8.03 keV from the same X-ray data analyzed in this work. We also infer a metallicity of the
cluster gas, which turned out to be ~ 0.24.

Table 5.6: Best-fit spectral analysis parameters measured in
the RXC J1115.245320 cluster.

PHABS*APEC (1) PHABS*APEC (2)

Nur (1072 ecm—2) 0.888 0.888
KT (keV) 9.48%053 9.55 051
Abundance 0.3 0.24f8118
Redshift 0.4699 0.4699
norm (1073) 3-13t8:82 3161—8:8?
L (10*ergs™!) 8.0470 0 8.050 699
X/ dof 0.98 0.98

Notes. The luminosity is referred to the 0.1-2.4 keV
energy range. The (2) best-fit is obtained with a free
metallicity parameter. All the measures has a confi-

dence level of the 68%.
We choose to extract the surface brightness profile within an elliptical region which seems to
follow the gas distribution better than a circular region (Figure 5.18a). The best-fit parameters

of the S-model are 8 = ().52J_r8:8%, the core radius r. = 0.51J_r8:824 arcmin and a normalization of
0.076 7099 ctss~tarcmin? (68% confidence level). This model has a y?/d.o.f of 1.21.

5.4 Abell 1622

No radio and X-ray studies of this cluster have been published so far. The SDSS optical field is
shown in Figure 5.19. The cluster is located at a redshift of 0.283.
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Figure 5.18: Left: The elliptical region, drawn on the smoothed X-ray image, from which is extracted
the surface brightness profile of RXC J1115.24+-5320. The major axes is set at 800 kpc and the minor one
is set at 600 kpc. Right The surface brightness profile fitted with a S-model (best-fit in blue line). The
bottom panel shows the residuals.

5.4.1 Radio analysis

The dataset of Abell 1622 includes 2 pointings. We produced three images from the LOFAR
data with the parameters in Table 5.7 adopting the procedures in Section 4.1. In the images
no diffuse emission is detected at the cluster center. However, several discrete bright sources
are observed in the cluster environment. The most remarkable feature in the radio images is a
luminous HT radio galaxy in the cluster outskirts. We decided to examine in more detail the
ICM dynamical interaction on such object, taking advantage from the high resolution LOFAR
image (Figure 5.20). Since the large scale emission is absent, the imaging was carried out without
performing the discrete sources subtraction to the dataset. The images obtained are shown in
Figure 5.20, Figure 5.21a and Figure 5.21b.

Table 5.7: Imaging parameters for the Abell 1622 cluster.

Figure Beam size Im. size Pixel size Robust Taper rms

(" x ") (pixel xpixel) ) (" (wpJy-beam™1)
Figure 5.21a 22 x 19 540 x 540 4.0 -0.5 15 150
Figure 5.21b 17 x 13 618 x 618 3.5 -0.5 10 120
Figure 5.20 8% 5 1800 x 1800 1.2 -0.5 n.a. 74

Notes. N.a. is “not applied”.

5.4.2 X-ray analysis

Abell 1622 was observed twice (obsID 11763 and 17154) with Chandra ACIS-I for a total ex-
posure time of 26.78 ks. Following the procedure outlined in Section 4.3 we obtained the X-ray
image in the 0.5-2.0 keV band (Figure 5.22).

The field in which Abell 1622 is detected appears as a lively environment in the X-ray band.
Different X-ray clumps of emission are detected (labelled as A1622-1, A1622-2, and A1622-3 from
the larger one to the smaller one, respectively, Figure 5.23). The predominant system, A1622-1,
can be distinguished among these as the most massive clump which represents the principal
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Figure 5.19: Radio contours from the LOFAR image of Abell 1622 overlaid on the SDSS opti-
cal observation. The red cross indicates approximately the center of cluster (RA=12°49'41.067";

DEC=49°52/24.250").
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Figure 5.20: The bent radio source observed in Abell 1622 cluster, shown in the high resolution (8” x
5”) LOFAR image. Radio contours are spaced of a factor 2 starting from 30,5, where o5 is 74

puJy - beam™!.
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Figure 5.21: The low (left) and the medium (rigth) resolution images of Abell 1622 from the LOFAR
data. The contour levels are separated by a factor 2 starting from 30,,,s. The images parameter are

indicated in Table 5.7.

Figure 5.22: LOFAR contours of Abell 1622 overplotted on the smoothed Chandra image in the 0.2-5.0
keV band. Radio contours of the 8" x 5” image are spaced of a factor 2 from 30,5, where o, 18 74

uJy - beam~1.
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contribution to the cluster emission and mass. In the next Chapter we will refer to A1622-1 as
Abell 1622. We focused the X-ray analysis on this; however we inferred the temperature of the
gas also for A1622-2 and A1622-3 clumps.

Figure 5.23: Chandra X-ray image of Abell 1622. The image is realized in the 0.5-2.0 keV band and
convoluted with a Gaussian of o = 10”. The white regions highlighting the clump of the field are set for
the energy spectrum extraction. These main X-ray clumps are labelled.

The spectra have been extracted within a region of about 650 kpc (corresponding to 2.53
arcmin) for the A1622-1, and inside ~ 300 kpc (1.17 armin) and ~ 260 kpc (1 arcmin) for A1622-
2 and A1622-3, respectively (Figure 5.23). A model of absorbed thermal ICM (see Section 4.3)
applied on A1622-2 and A1622-3 provides temperatures of the gas of ~ 2.83 keV and ~ 2.16
keV respectively. The best-fit parameters of A1622-1 spectral fitting are reported in Table 5.8.
For this cluster we found a metallicity value of ~ 0.32 which is a value typically observed in the
ICM of clusters.

Table 5.8: Best-fit parameters for the A1622-1 spectral analy-
sis.

PHABS*APEC (1) PHABS*APEC (2)

Ny (107 ecm—2) 1.15 1.15
kT (keV) 5.201993 5171098
Abundance 0.30 0.327017
Redshift 0.283 0.283
norm (1073) 1.0670:53 1.0510-68
L (10% ergs™!) 1.2310-07 1167015
X%/ d.o.f 1.04 1.05

Notes. The luminosity value are taken in the 0.1-2.4
keV band. The (2) column is referred to the case in
which the metallicity parameter is not set by us but
inferred from the fitting. The measures are reported
with a confidence level of 68 %.
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Figure 5.24: Spectral best-fit model obtained for Abell 1622 (main cluster). Two different colors are
referred to the two obsID data. The bottom panel reports the residuals.

In order to be consistent with the previous studies on the Lx — P; 4 correlation, the X-ray
luminosity of A1622-1 within a radius of Rs5qp is measured. Contrary to the case of Abell 1550,
the FoV of the Chandra observation of Abell 1622 recover an area which includes the Rggg of
A1622-1, that is ~ 1.02 Mpc (correspondent to 3.9" at the redshift of the cluster). Then we
extracted the spectrum from a region of such radius and inferred the X-ray luminosity, which
resulted of 1.78J_r8:%g x 10* ergs™!. Since in this region is also included part of the emission
of A1622-2, we subtracted its contribution from the A1622-1 X-ray luminosity. To this we
measured an X-ray luminosity of 3. 67+8 %g x 10?3 ergs™! in A1622-2. Then the X-ray luminosity
of A1622-1 results 1.4170%2 x 10* ergs ™.

We extracted the A1622-1 surface brightness profile within a circular region of 500 kpc.
This region includes the entire cluster emission reaching the peripheral HT. So this radius size
represents a suitable choice for the analysis of the interplay between the HT and the external
gas (discussed in Section 6.3). The [-value from the best-fit is 0.76J_r8:?§, the core radius r.
is 1. 44+0 040 arcmin and the central surface brightness is 8.78 8?2 x 1073 ctss~larcmin? (all of

them has a confidence level of 68 %). The model has a x?/d.o.f of 0.98.
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Figure 5.25: The S-model best-fit of the Abell 1622 surface brightness profile. The blue line shows the
best-fit model. Bottom are shown the residuals.
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In the analysis of this target, we used the deprojected density and the S-model fit of the
data to extract the electron density profile. From this we obtained the pressure profile assuming
an isothermal ICM. All the procedures are outlined in the Section 4.3. This profile will be used
in the comparison between the thermal and the non-thermal pressure comparison in the HT.
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Chapter 6

Connection between thermal and
non-thermal plasma in galaxy
clusters

As discussed in Section 2.2.1 non-thermal particles and magnetic fields in galaxy clusters show a
connection with the thermal ICM. The morphology of RHs broadly follows that of the underlying
thermal ICM and several scaling relations exist between the non-thermal emission of RH and
several thermal properties of the hosting GC including mass, temperature and X-ray luminosity.
The thermal - non-thermal connection provides important information on the origin of the non-
thermal components in GCs. In this Chapter we explore the connection between thermal and
non-thermal emission in our clusters and compare them with other RHs in the literature.

6.1 Point to Point analysis

The RHs emission is generally found to spatially follow the spatial distribution of the thermal
ICM emission, suggesting a connection between these two components. In order to quantify this
correlation Govoni et al. 2001 and Feretti et al. 2001 performed the combined analysis of the
radio and X-ray surface brightness on of clusters with RHs. These studies and their follow-up
found that RHs have in general a sub-linear scaling between radio and X-ray brightness, in the
form Ip x Ig( with b < 1. This behavior has been interpreted against a secondary origin of RHs
(Section 2.2.1).

Following their idea we carried out a “point-to-point” analysis on the two targets showing
RH emission, Abell 1550 and RXC J1115.24-5320. In Table 6.1 are reported the properties of
these clusters.

Table 6.1: Observations properties of the RH hosting clusters.

Radio X-ray
Cluster name Frequency Beam size Orms Tot. exposure time
(MHz) (" x "y (uJy-beam™1) (ks)
Abell 1550 144 20 x 18 121 7
RXC J1115.24-5320 144 15 x 10 104 35

Basically the idea consists in measuring the radio surface brightness, Ir, and the X-ray
surface brightness, Iy, in each point of the region covered by the RH emission. The surface
brightness measurements were done on the Chandra X-ray images in the 0.5 - 2.0 keV band
and on the LOFAR radio images at 144 MHz. The images used in the procedure should be
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source-subtracted in order to avoid contamination from discrete sources. Alternatively discrete
sources should be masked. For the analysis is adopted a Python script designed by relying on
the CASA software (Ignesti et al. in prep.; Ignesti et al. 2018).

Procedure A grid is generated on the images selecting regions where the radio flux density
results higher of a certain threshold (2-3¢ that is the region including the halo). The grid
is designed to avoid emission from the central bright source (examples of grids are shown in
Figure 6.1a and Figure 6.2a). The cell size of the mesh has to be larger than the beam size of
the radio image. The Chandra images have resolution of ~ 0.5” then the limit is set always on
the basis of the radio images which have lower resolution.

The radio and X-ray surface brightness are calculated in each cell with the relative errors.
The Ix is measured by subtracting the background emission and correcting for the exposure
map and the error is computed assuming that the counts are Poisson-distributed. In the radio
images the error is assumed as equal to Eq. (4.1). The measurements allow to search for radio
- X-ray correlations in the form Ip o [ f( In the code used in this Thesis the correlation is
computed with the BCES (Bivariate Correlated Errors and intrinsic Scatter) method (Akritas
& Bershady 1996).

The presence of correlation is also checked with a Spearman test. This is a statistical test
which analyzes a rank correlation coefficient, p,, of data arrays. The ps value can span from 0,
when there is any correlation to 1, in the case of a perfect correlation.

To avoid statistical biases due to the particular structure and position of the grids, we also
carried out Monte Carlo simulations. This procedure generates a set of random grids (avoiding
discrete sources) that are used to re-evaluate the index of the correlation and the Spearman
coefficient in an iterative way. The ky;¢c and its dispersion oy, are evaluated at each cycle and
a value of kpsc is extracted from a Gaussian distribution using a bootsraping procedure. Finally
the index of the relation is given by k = kyeo £ Ok Where ke and Ok are the mean and
the standard deviation of the distribution of bootstrapped k obtained at the end of each cycle.
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Figure 6.1: Left: The 144 MHz image of RXC J1115.2+5320 with superimposed the mesh adopted for a
single point-to-point analysis. The contour levels of the image are drawn at 2 and 3 times ¢,,s. The cell
size of the mesh is 18" x 18" and it is obtained with a threshold of 20,.,,s. Right: The correlation found
with the sampling of the halo emission shown on the left. Each point of the correlation corresponds to a
cell of the grid. The blue line represent the best-fit power-law. The analysis gives a k = 0.71 0.1 and a
ps = 0.69.
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Figure 6.2: Left: The LOFAR image of the Abell 1550 cluster sampled with the mesh built giving a
threshold of 20,.,s and a cell size of 40” x 40” . The contour levels are referred to 2 and 3 oyms.
Right: The best-fit power-law obtained with the mesh on the left. It is found a correlation index of
k = 0.88 +0.09. The best-fit has a Spearman coefficient of 0.56.

Analysis on the targets and results We performed simulations with 100 iterations of the
single point-to-point analysis in Abell 1550 and RXC J1115.24+5320.

Two example of single analysis for each cluster are shown in Figure 6.1 and Figure 6.2. The
histograms which summarize the results of the Monte Carlo simulations are shown in Figure 6.3
and Figure 6.4. The values of k and the Spearman coefficients, ps, are reported in Table 6.2,
together with the parameters employed in the analysis.

We found clear trends between the radio and X-ray brightness in both clusters. Specifically
the radio brightness scales linearly with the X-ray brightness in Abell 1550, whereas a sub-linear
trend is observed in the case of RXC J1115.2+5320.

The trends show a significant dispersion that is likely contributed by intrinsic dispersion.
This is clear also from the analysis of the Spearman tests that find evidence for correlations that
are not particularly strong (ps ~ 0.5) although higher values ps ~ 0.7 are obtained in single
trials of the Monte Carlo.

We tested different cell size in the sampling of the images, in order to find a good compromise
between the signal-to-noise ratio in each cell and the number of the cells. Larger cell size
gives higher constrained value of surface brightness but lower points available for the fitting.
Specifically, we used squared cell of sides of 15, 18 and 21 arcseconds for RXC J1115.24-5320
(the radio image has a beam size of 15” x 10”), and 28 and 40 arcseconds for Abell 1550 (the
radio image has a beam size of 20” x 18”). Even the threshold used to create the mesh is varied
from 2 to 3 times the g,.,,s for each Monte Carlo analysis with different cell size. The resulting
values for k are always consistent with the ones in Table 6.2.

Table 6.2: Best-fit parameters of the Monte Carlo analysis.

Cluster name k Ps Mesh cell size Mesh threshold
(") (Orms)

Abell 1550 0.97+0.08 0.43 +£0.08 40 2

RXC J1115.2+5320 0.52+0.13 0.45£0.16 18 2

Radio to X-ray brightness in giant RH are generally linear or sub-linear (Figure 6.5).
In general, a connection between thermal and non-thermal radio emission is expected in the
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Figure 6.3: The histogram showing the distribution of the ky;c for RXC J1115.24-5320 found with the
Monte Carlo simulation. The k of the correlation Ir o I% is shown in the legend, other details of the
simulation are reported in Table 6.2.
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Figure 6.4: The kj;¢ occurrence in a Monte Carlo simulation of the Abell 1550 point-to-point analysis.

The k of the I oc I% correlation is shown in the legend, other details of the simulation are reported in
Table 6.2.
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Figure 6.5: Observed scalings k of the RHs analyzed in this work (red) compared with the values observed
in previous works (blue).

scenario in which the dark matter driven kinetic energy in mergers is dissipated on both the
thermal ICM (heating) and non-thermal electrons (acceleration). For this reason the connection
of radio and X-ray brightness provides important information on theoretical models.

In particular the surface brightness Ix and Ir correspond to the emissivity in that band
of line-of-sight. The thermal emissivity is described by jx o n2(kT.)'/?, where n, and T, are
density and temperature, respectively, of the electrons in ICM. Assuming an isothermal gas, the
emissivity is proportional to the energy density squared, given by e;, = 3n.kTe, so it becomes
jx o< &% (KT,)~3/2.

Assuming that the relativistic particles energy is distributed according to N(¢) de = Npe 9 de,
the radio emissivity results: jp oc NogBOTD/2,=(0=1)/2 where v is the emission frequency and
B the magnetic field in the ICM.

Assuming for simplicity a spectral index a ~ 1 (i.e. § ~ 3), jr o< ecreepr ™', where
ecre = [ €N(e)de is the energy density of relativistic electrons and e = B? /87 is the magnetic
field energy density. In the case where the temperature of the plasma in the region where
correlations are extracted to be the same, a scaling ecre.ep X &4, implies a linear scaling between
the synchrotron and X-ray brightness, whereas a sub-linear scaling between brightness implies
that the spatial distribution of electrons and/or the magnetic field is broader than that of the
thermal plasma.

In the case of hadronic models (see Section 2.2.1) is valid ecre X €cRrpeth, Where ecpry is
the energy density of primary relativistic protons in the ICM. It implies that linear correlations
between radio and X-ray brightness in these models can be explained under the assumption
that the energy density of magnetic field B and CR in the cluster does not decline with radius;
sub-linear correlations require that the energy density of CR increases with radius. Both these
assumptions are not physical and for this reason finding linear or sub-linear scalings between
radio and X-ray brightness challenges these models (Brunetti & Jones 2014).
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6.2 Cluster dynamical state-RH connection

6.2.1 Morphological parameters

Over the past years, several studies confirm the tight connection between clusters dynamical
activity and the occurrence of RHs within them (D. Buote 2001; Venturi et al. 2008; Govoni
et al. 2005).

Cassano et al. 2010b carried out the first statistical analysis of the correlation between cluster
dynamics and RH. They studied 32 clusters with and without RHs, demonstrating that systems
in a disturbed dynamical state generally host a RH while the RH is absent in relaxed clusters.

Follow-up studies in this direction basically confirmed these findings with different samples
and approaches (e.g. Kale 2013; Cuciti et al. 2015; Birzan et al. 2019), with only few cases of
systems with more relaxed morphology hosting a RH (e.g., Bonafede et al. 2014b). The statistical
connection between dynamics (mergers) and RH supports the re-acceleration scenario where
mergers inject the energy that power relativistic plasma, for example via turbulent acceleration
(Brunetti et al. 2009).

The dynamical activity imprinting in the cluster gas can be detected in the X-ray surface
brightness analysis. This has been investigated also through numerical simulations where the
impact of mergers on the X-ray morphology of clusters can be studies (Poole et al. 2006).

A method widely adopted to recognize the merger activity consists in the measure of mor-
phological parameters. This approach was utilized by Cassano et al. 2010b in their study. They
measured the degree of disturbance of a sample of clusters through three parameters: the power
ratios (e.g. D. A. Buote & Tsai 1995; Tesla E. Jeltema et al. 2005), the centroid shift of X-ray
emitting gas (e.g. Mohr et al. 1993; Poole et al. 2006), and the surface brightness concentration
(e.g. Santos et al. 2008). As mentioned in Section 2.2.1, higher values of the concentration pa-
rameter (c¢) and lower of the centroid shift (w) are found in relaxed clusters and the opposite is
seen for unrelaxed clusters. The main result of Cassano et al. 2010b was that RHs are observed
exclusively in merging clusters (with low ¢ and high w) as shown in Figure 2.8. We studied the
morphological parameters of our 3 targets and compared them with the observed radio prop-
erties and with the statistical behaviors observed in other clusters samples. The morphological
analysis was carried out on the X-ray images in 0.5-2.0 keV band. The parameters are defined
as follows.

e The centroid shift, w, is defined as the standard deviation of the projected separation,
A, between the surface brightness peak and the centroid taken from circular aperture of
radius Rgp. It is indicated in unit of R, (Poole et al. 2006; Maughan et al. 2008):

1 OV 1

The centroid is comupted starting from R,, = 500kpc decreasing each time of 5% until
0.05R,;, (following Cassano et al. 2010b). The A, is referred to the distance between the
peak and the centroid in the the i-th aperture. Since it is measured a projected surface
brightness, the centroid shift method is poorly sensitive to the presence of substructures
(and thus mergers) along the line of sight.

e The concentration parameter, c, is defined as the ratio between the central region
(r < 100kpc) surface brightness and the larger region surface brightness (r < 500kpc)
(Santos et al. 2008):

S(r < 100kpc)
S(r < 500kpc)”
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This parameter provides an indication of recent merger activity which spreads the gas
concentrated in the compact core over larger area.

Following Cassano et al. 2010b, we deduced the cluster dynamical state by computing the
w an ¢ parameters and by finding their position in the ¢ — w diagram. In Cassano et al. 2010b
the representation of the segregation between cool-core and merging systems is defined by the
following values: w = 0.012 and ¢ = 0.2. Merging clusters have w > 0.012 and ¢ < 0.2 and
relaxed clusters (without RHs) show w < 0.012 and ¢ > 0.2. We used these as reference.

Results The parameters obtained for the targets are reported in Table 6.3. The three clusters
sit in the “disturbed region” of the ¢ — w diagram, shown in Figure 6.6. The presence of a RH
in Abell 1550 and RXC J1115.24-5320 is thus not surprising. On the other hand Abell 1622 is
an example of dynamically disturbed system without RHs and deserve further consideration in
next Section.
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Figure 6.6: The distribution in the ¢ —w plane of a sample of clusters from the Cassano et al. 2013 work.
They are included Abell 1550, RXC J1115.245320 and Abell 1622 clusters (in blue). Clusters hosting
giant RH and USSRH are marked with red points and green asterisks, respectively while clusters without
RH are shown with black open dots. The vertical and horizontal dashed lines are referred to ¢ = 0.2 and
w = 0.012, following Cassano et al. 2010b.

6.2.2 RH scaling relations

The scaling relations between the radio power of RHs in clusters and the gas properties, are
important to constrain the origin and evolution of these sources. Cassano et al. 2007 proposed
a simple scenario in which, in a quasi-stationary condition, the turbulence energy is dissipated
accelerating particles that in turn reradiate the energy via synchrotron and IC mechanisms. The
turbulence generated during a merger in the RH volume is injected with a rate estimated as:
Eturb X PH -vf [Teross, where ppr is the ICM mean density within the RH, v; is the impact velocity
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Table 6.3: Morphological parameters of the clusters.

Cluster c-parameter w-parameter
Abell 1550 0.0857001  0.0117700
RXC J1115.24+5320  0.133*9%13  0.014+3:9%3
Abell 1622 0.079%0088  0.01475:003

Notes. The measures are reported within the
68% confidence level.

between the systems, and 7.-0ss is the cluster crossing time. Under the assumption that the
ratio between the energy densities in thermal and non-thermal components is independent from
cluster (hosting RH) mass, the synchrotron radio power of the emitting particles results v P,
(Mo3)/F(z, M, Bg), where M is the cluster total mass, o is its velocity dispersion and B? is the
average magnetic field strength within the RH size while F'(z, M, By) = [1+ (3.2(1+ 2)?/Bpy)?]
is a function constant for B?{ > Bfmb. These conditions lead to the relation between the radio
power and the cluster mass. According to the relations M o R%‘,”, where Ry is the RH size
and Ry x Rgblo (derived by Cassano et al. 2007 and Basu 2012 respectively) the relation can be
expressed in terms of Msgo:

vP, o< Mz, (6.1)

The re-acceleration is expected to produce a significant dispersion around the scaling relation
due to a variety of spectral shapes of RH and the different type of mergers (major or a sequence
of smaller mergers) that inject the energy in the ICM. Current observations find a relation
between the mass of the hosting clusters and radio luminosity of the RH in the form:

Py B M0
log <1024_5 WHz_l) = Blog <1014-9M@> + A. (6.2)

The best-fit slope is B = 3.77 £ 0.57 adopting a BCES-bisector method and B = 4.51 +0.78
with the BCES- orthogonal method (Cassano et al. 2013). Similar to the correlation with mass
also a correlation with the X-ray luminosity is found (Cassano et al. 2013) in the form:

Py _ Lx

The best-fit slope is B = 2.1 £0.2 adopting a BCES-bisector method and B = 2.2+ 0.2 with
the BCES- orthogonal method. In the context of the re-acceleration scenario a radio bi-modality
is also expected. Mergers generate RHs that follow the correlation (6.2 or 6.3) and more relaxed
systems are underluminous in radio. Clusters evolve between the two populations as a result
of the hierarchical grow of these systems and from the separation between the two classes of
clusters it is possible to infer crucial information on the time scale of RHs, on the physics of
particle acceleration, and more in general on the way energy is transported from large scales to
the micro-scales in the ICM. The relation are widely confirmed by the observations (as described
in Chapter 2) and they can be explained by admitting that the RHs are transient phenomenons
linked to the merging events. Massive clusters undergoing merger events populate the P; 4 — Lx
correlation during the turbulence dissipation over the merger development. When the cluster
reaches a relaxed state, it migrates in the upper limit region of the plane.
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Results We obtained radio and X-ray luminosities of our clusters following the Chapther 5.
These properties are reported in Table 6.4 with the masses of Abell 1550 and RXC J1115.2+5320
taken from the SZ-catalogue (Planck Collaboration et al. 2016). In the case of Abell 1622 we
faced a problem for the measure of the mass. The mass obtained from Planck is contributed by
the complex chain of subclusters that is observed in the X-rays (see Section 5.4). In order to
separate this contribution from the mass of the main cluster (A1622-1) we used the Mso9 — T
relation of GCs found by Lovisari et al. 2015. More specifically we scaled the mass ratio of the
different components with the temperature ratio obtained from our X-ray analysis and obtained
a mass of 3.2f8:‘;’ X 1014M@ for Abell 1622 cluster.

The Pj4 is inferred starting from the flux at 144 MHz and assuming o = 1.3 for RXC
J1115.24-5320 while the value of Abell 1550 is measured directly from the image at 1.4 GHz.
In the case of Abell 1622, it is reported an upper limit to the radio luminosity (derived and
discussed below). The X-ray luminosity are measured in the 0.1-2.4 keV energy range within
Rs00, coherently with the Cassano et al. 2013. In the case of Abell 1550 the luminosity is
obtained assuming the S-model for the surface brightness profile.

Table 6.4: Thermal and non-thermal properties of the clusters.

Cluster P1.4 M500 L500
(103 WHz™!)  (10Mg) (10** ergs™)
Abell 1550 8.54+2.77  58870% > 4.2
RXC J1115.245320  28.7+23  7.557049  g04702
Abell 1622 <0.89 3.2155 141702

Notes. The P4 reported for Abell 1622 represent the upper
limit inferred by us.

The positions of our clusters in the Cassano et al. 2013 diagram are shown in Figure 6.7a and
Figure 6.7a. Both RXC J1115.24-5320 and Abell 1550 are consistent with the scaling relations.
The case of the upper limit in Abell 1622 is discussed in more details.

Upper limit for Abell 1622

We did not find a RH in the cluster Abell 1622. The question is wether this is due to the lack
of sensitivity of our LOFAR observations (the cluster has a mass significantly smaller than the
other two clusters) or because the radio emission from this system is intrinsically underluminous
(no RH or fainter RH). We thus attempted to obtain a reliable upper limit to the RH emission
in Abell 1622. We followed the approach adopted by Hoang et al. 2018.

We assumed that a putative RH in Abell 1622 extends like the RH in Abell 1550. Then
following Hoang et al. 2018 we estimated a flux upper limit from S = A X 0ypms, Where A is
the area of the diffuse emission and 0,5 ~ 150 #Jy - beam~!. The corresponding limit at 1.4
GHz (assuming o = 1.3) is 8.9 x 10?2 WHz~!. We also note that this limit is conservative.
According to Cassano et al. 2007 and Murgia et al. 2009, the size of RHs scales with cluster
mass with smaller halos being in less massive systems. If we had assumed a size of the halo in
Abell 1622 taken from Cassano et al. 2007 scalings (Ry ~ 310 kpc) the limit would have been
about 2 times deeper (i.e. about 5.3 x 1022 WHz!). We concluded that the RH in A1622 is
likely underluminous or absent.

This result is interesting for a number of reasons. First of all it should be stressed that
the observation of RH in clusters with mass < 3.5 — 4 x 10! M, was challenging with previous
instruments. Thus LOFAR is entering into a poorly explored territory. From a theoretical point
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Figure 6.7: The RH scaling relations reported in Cassano et al. 2013 in which are added the clusters
analyzed in this Thesis work (red points). The Abell 1622 upper limit lies under the correlation. In
both the diagram black and blue dots rapresent clusters from the Cassano et al. 2013 sample and from
literature, respectively. With the green dots are marked USSRHs or candidate USSRHs. Left: The
P4 — Lx plane. The best fit for the giant RHs only is outlined with the black line. Right: The
Py 4 — M50 plane. The best-fit relations are referred to giant RHs only with the black line and the
shadowed area (95% confidence region), and to all RHs (including USSRH) with the green line.

it is clear that the occurrence of RHs in clusters depends on cluster mass (and dynamics) because
the mass actually sets the energy budget that becomes available to the acceleration of particles
and amplification of magnetic fields in the ICM. In Figure 6.8 we show the expectation of RH
occurrence from re-acceleration models (from Cassano et al. 2010a) as a function of virial mass
(that is essentially 2 x Msqg for our clusters). At virial masses < 6 x 104 My, (Ms0o < 3x 104 M)
the occurrence of RHs becomes very small also at low frequencies. As a consequence we might
speculate that the absence of a RH in Abell 1622 is due to the smaller amount of energy that is
available in these less massive systems.

6.3 The head-tail confinement

The interplay between the ICM and the non-thermal plasma in GC is a fundamental task
with strong consequences on the feedback mechanisms in the ICM and on the physics of the
non-thermal plasma, including radio galaxy. The asymmetric radio galaxies indeed are likely
shaped by the ICM thermal action on non-thermal components of relativistic particles and
magnetic field. A simple consideration is that radio plasma in radio galaxies and the ICM
should be in pressure balance. From this balance it is possible to infer important information
on the composition of radio lobes and on the energy of the ICM (e.g. Feretti et al. 1992).
The available method to deduce the non-thermal pressure in a synchrotron emitting source is
through the energy equipartition condition (described in details in 2). According to this, it is
assumed that relativistic particles (protons and electrons) and magnetic field contribute with
approximately the same amount of energy to the total budget of the source. The ICM pressure
can be constrained from X-ray observations that measure density and temperature.

In this contest Abell 1622 represents an ideal case of study. An HT source is indeed detected
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Figure 6.8: The fraction of RH hosting clusters as a function of the cluster virial mass. The RHs have
a spectra steepening at frequency higher than the observation frequency. The simulation is carried out
within a redshift range of 0 - 0.1. The different color lines are referred to the observation frequencies.
These are 1.4 GHz, 240 MHz, 150 MHz, 120 MHz and 74 MHz, from bottom to top (from Cassano et al.
2010a).

in this cluster outskirts. The high resolution image in the radio band and the X-ray image allow
to infer the non-thermal and thermal pressure profiles, respectively.
According to equipartition the internal pressure is (Feretti et al. 1992):

Py = (13/21)tmin.

where Ui, 1S:

er —
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el
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where z is the redshift, d is the source depth and Ij is its brightness inferred in the radio image
at the observational frequency vy. The (o, 11, 12) is a constant dependent by the frequency range
and the synchrotron spectral index. For the u,,;, calculation we set the filling factor, ¢, and k
equal to 1 while the &(«, v1, 1) is taken in the 10 MHz and 100 GHz range with a spectral index
of the HT of 0.9. To assume this frequency range implies find the minimum energy density with
the classical approach (Chapter 2).

Additionally, we carry out the analysis with the “revised” method, making use of the relations
described in Chapter 2. In this approach it is assumed a energy particles cut-off instead of the
limits in the frequency range. In our revised analysis we assume “,;, = 100.

The radio surface brightness, Iy, along the tail and the depth of this, d, are obtained from
the LOFAR 144 MHz high resolution (8" x 5”) image managed with the viewer of CASA. The
head of the radio galaxy is not included in the pressure profile because it is expected that only
the tail is in equilibrium with the environment. Iy and d are calculated in two different way,
explained above.

1. we divide the tail in polygonal regions approximately involving all the tail emission (Fig-
ure 6.10a). In each region it is measured a mean value of the surface brightness, given
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by the total flux divided for the area from which it is taken. Unknowing the shape of
the radio galaxy, we assumed a cylindrical morphology, where the depth d is equal to the
longitudinal side of the polygons.

2. we measure the surface brightness from the peaks across the tail (Figure 6.11a). Each
surface brightness measurement is spaced by about 1.5-2 pixels. The flux in each pixel is
divided for the beam area of the image. The depth of the source d is taken equal to the
longitudinal extension of the tail within 30 contours correspondent to that pixel.

This method provides more reliable values of the surface brightness compared to the mean
value of the method 1) which can underestimate the actual emission of the tail.

In Figure 6.9 it is shown the P, profile measured with the 2) method assuming the classical
equipartition. The profile is obtained along the tail, and it is plotted against the distance from
the head. The non-thermal pressure decrease moving away from the head which likely represents
the source of acceleration for the particles. In the most external part is detected a clump of
higher flux density (and then surface brightness) which provides a slight growth of the pressure
in that region. At large distance from the head, the lower surface brightness could be due to the
aging of the emitting particles. Further the projection effect are not taken into account in this
study. We indeed consider that the entire structure is perpendicular to the line of sight, which
can lead to an inaccurate estimation of the source pressure.
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Figure 6.9: The non-thermal pressure profile inferred assuming the equipartition of the energy between
particles and magnetic field. In this case it is adopted the classical equipartition approach.

The comparison between the thermal and non-thermal pressure profiles leads to an unbal-
anced condition. In this case the X-ray pressure results about 10 times higher, by adopting
the revised expressions to infer the energy density, and 20-30 times higher assuming a classical
approach. This is consistent with what is found by several studies (Feretti et al. 1992, Killeen
et al. 1988, Morganti et al. 1988).

The possible explanations of such ratio between the two components pressure can be found
in the deviance from the equipartition conditions. In particular higher or lower magnetic field
strength would imply a regime where the internal energy (magnetic or particles dominated) is
much larger than that in equipartition conditions providing a balance with the external ICM.
However this scenario is challenged by the fact that inverse Compton emission in radio galaxies
in general agrees with quasi-equipartition conditions and rule out strong departures from this
condition (e.g. Hardcastle et al. 2002). Another possibility is the presence of a dominant
component of relativistic protons in radio lobes. The poor knowledge about the actual content
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of protons in the source can add an important factor of uncertainty on the non-thermal properties
estimation, reminding that P., o (k+1)%/7 (where k is the ratio between protons and electrons
energy). We adopted the ratio between proton and electron equal to 1 but there are not observed
evidences to justify this condition. The source can be lie in the gas with a certain angle respect to
the line of sight. Feretti et al. 1992 carried out a statistical study of the radio tails confinement in
the cluster hot gas and they found that neglecting projection effects results in underestimation of
the radio pressure of factors between 5-10. A final argument is the possibility of entrainment of
part of the ICM within the radio structure due to fluid instabilities that form at the boundary of
radio galaxies and jets. In this cases a significant part of the internal pressure is also contributed
by thermal gas (e.g. Croston 2007).
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Figure 6.10: Left: The tail in Abell 1622 sampled with polygonal regions, They are drawn the 10c
contours level to highlight the tail morphology. Right: The ratio between non-thermal and thermal
pressure as seen from the distances of the cluster center. They are reported both the cases in which the
non-thermal pressure is obtained with the classical and revised equipartition condition.
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Figure 6.11: Left: The surface brightness measurement along the tail in Abell 1622. In this approach the
flux density is taken in the pixel and divided for the beam area. Right: The ratio between non-thermal
and thermal pressure as seen from the distances of the cluster center. They are reported both the cases
in which the non-thermal pressure is obtained with the classical and revised equipartition condition.
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Chapter 7

Conclusions

RHs in GCs are Mpc-scale diffuse synchrotron sources which prove the presence of non-thermal
components, namely relativistic electrons and magnetic fields, spread over the whole cluster
volume. The existence of non-thermal components in GCs raises important questions on their
origin and on their impact on the microphysics of the ICM and, further, on the evolution of
the hosting clusters themselves. The energy involved in clusters mergers is dissipated in shocks
and turbulent motions in the ICM. This merger events thus can provide the energy to produce
magnetized relativistic plasma and then trigger the observed non-thermal phenomena. To date
the widely accepted scenario on the RHs origin is given by the re-acceleration models, in which
the RH emission is lighting up by (seed) relativistic particles in GCs and magnetic fields, re-
accelerated in merger events (see e.g. Brunetti & Jones 2014 for a review). The connection
between the occurrence of RHs and the cluster dynamics is testified by the fact that RHs are
statistically found in merging systems.

In order to understand the circumstances of the RH phenomenon in GCs it is thus crucial
to constrain the connection of RHs with the X-ray emitting gas. Since the mechanism under-
lying the microphysics of the particles re-acceleration in merger events is largely unknow yet,
significant observational test of the theoretical predictions are provided by a statistical study on
RHs. Scaling relations have been found between the X-ray and the radio properties of the RH
hosting clusters, suggesting a connection between their thermal and non-thermal components.
Moreover, the discovery of a growing number of ultra steep spectrum (USSRH) in less massive
GCs supports the predictions of the re-acceleration scenario. These sources are expected to
be found in relatively low-mass merging systems as the lower energy involved in these events
generate particle distributions with steep spectra. Due to their steep spectrum, the USSRH are
more easly found in the low-frequency end of the radio band.

In this prospective the LOFAR interferometer represents a turning point for the study of
the clusters in the radio band. This radio telescope allows high resolution and high sensitivity
observations of RH in a still poorly explored low-frequency window, providing new and/or more
stringent constrains for theoretical models.

The present work is bringing a contribution to the progress in the understanding of RH
phenomenon and its link with the dynamics and evolution of relativistic plasma in GCs.

Results

We analyzed three targets from the LoTSS survey at 144 MHz, together with their X-ray and
1.4 GHz band follow-up. The results of analysis can be summarized as follows:

e For Abell 1550 we combined the observation from the VLA and LOFAR interferometers, at
1.4 and 0.144 GHz respectively, in order to provide the spectral behavior of the hosted RH.
The integrated radio spectrum between the two frequencies turned out to be a = 1.6 +0.2
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suggesting that this RH can be classified in the USSRH class. The discovery of RH with
spectrum significantly steeper than the typical a = 1.2—1.3 support reacceleration models.
The RH scaling relations P; 4 — Lx and P; 4 — M350, and the dynamical state (inferred by
the X-ray morphological parameters) of the Abell 1550 cluster are in line with the previous

studies that prove the link between merging systems and the RH occurrence (Cassano et
al. 2010Db).

e In RXC J1115.2+5320 we discovered a new RH. Its linear size exceeds the Mpc, and its
structure is partially contaminated by the presence of a HT radio galaxy. No other radio
data are available for this cluster, and therefore the radio spectrum of the RH could not
be determined. The RH scaling relations between the X-ray emitting gas and the non-
thermal components of this clusters follow the trend of previous results (Cassano et al.
2013). Also for this cluster we derived the X-ray morphological parameters confirming that

this is a dynamically active/merging system as in the great majority of clusters hosting
RH (Cassano et al. 2010b).

e In Abell 1622 the morphological parameters of the X-ray emitting gas reveal that the
cluster is a dynamically active system. Abell 1622 is the less massive system in our
sample, with a mass of about 3.2 x 10*M. In the Abell 1622 no evidence of extended
emission could be found in the LOFAR observation. On the basis of the sensitivity of
the observation studied here, we could set only an upper limit to the RH emission at 144
MHz, which is translated to a radio power at 1.4 GHz assuming a spectral index of & = 1.3
(conservative approach). This cluster lies below the correlations. Following the current
theoretical picture we propose that the absence of a RH in this cluster (or the possible
presence of underluminous cluster scale radio emission) is due to the lower energy budget
available to electrons and magnetic fields in these lower mass systems.

e We performed the point-to-point correlation between the X-ray and radio surface bright-
ness for the Abell 1550 and RXC J1115.2+5320 RH. The analysis in the clusters confirms
a spatial connection between the non-thermal and thermal emission in GCs hosting RHs.
This result is in agreement with previous studies (e.g., Govoni et al. 2001; Feretti et al.
2001).

e In the outskirts of Abell 1622 we found an extended and distorted HT, presumably dis-
turbed by external gas dynamics. We studied the confinement of the tail under the action
of the ICM by testing the equilibrium between the internal and external pressure. The
X-ray thermal pressure resulted unbalanced by the radio non-thermal one. The same be-
havior was found by previous studies on HT sources in GCs (e.g., Feretti et al. 1992).
This fact can be due to the assumption underlying the equipartition condition, adopted to
infer the non-thermal pressure. Furthermore, projection effects play a very relevant role
and the 3-D geometry of the radio plasma along the tails is difficult to establish. Finally
a significant contribution to the internal pressure can be provided by thermal material
accumulated in the radio lobes and jets via entrainment from the surrounding ICM. The
thermal material due to instabilities at the boundary of the HT would provide a dominant
contribution to the internal pressure.

The USSRH sources represent a crucial support to the turbulent re-acceleration models.
After the discovery of the prototype in Abell 521 (Brunetti et al. 2008), the number of USSRHs
is continuously growing, thanks to the availability of low frequency surveys, like the one carried
out with LOFAR. In this respect, the USSRH found in Abell 1550 is a further step in this
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direction. Further radio observations at decimetric wavelenght are necessary to determine the
spectrum of RXC j1115.24+5320.

More in general, LOFAR observations reach a sensitivity that is much better than that of
other radio telescopes. Our results on Abell 1622 provide a clear example of that. The radio
upper limit derived for the RH is a factor 5 deeper than those obtained with VLA or GMRT for
clusters at similar redshift. This allows to explore the occurrence of RH in galaxy clusters with
masses that are significantly smaller than those explored so far with the potential to carry out
clear tests of the theoretical models.

The work carried out for this Thesis is part of a major project, termed HETDEX field,
which is a strip of sky, surveyed by the LOFAR telescope and in which several clusters have
been investigated. The results are currently analyzed and a paper is planned to appear very
soon (van Weeren et al. in preparation). Within this Science Key Project, papers are published
for individual clusters in case new discoveries are made. This is the case for Abell 1550, for
which a paper is in preparation, based on the results obtained during this Thesis work.
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