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Outline of the thesis

A new era for radio astronomy is coming. The Square Kilometre Array, with its unprece-
dented capabilities will revolutionize our knowledge of the Universe, opening new challenges
to many fields of research: from astronomy to technology, passing by the big data problem.
As astrophysicists, to be ready for this revolution, we have to understand how to manage in
the best way the data that the SKA will collect.

The purpose of this work is to address what is the origin of magnetic fields in the Universe
and it is mainly focussed on the characterization of magnetic fields in galaxy clusters. These
are ideal systems to study the properties of large scale magnetic fields as well as the rel-
ativistic particles that populate the intracluster medium. Indeed, direct manifestations of
the aforementioned non-thermal components in clusters are given by the diffuse synchrotron
sources named radio haloes, relics, and mini-haloes. All of these sources present low-surface
brightness that makes them very elusive for the current radio telescopes. With the high sen-
sitivity level expected for the SKA, the number of detected diffuse synchrotron sources will
grow giving us the chance to characterize intracluster magnetic fields in a bigger sample of
clusters. Going to kpc scales, polarized discrete radio sources play a decisive role in deter-
mining the strength and the structure of large scale magnetic fields. The Faraday rotation
of the polarization plane of these sources, caused by the passage through a magneto-ionic
medium, depends on the medium itself and can be used to constrain the properties of the
magnetic field responsible for the rotation. So far, this approach has been applied in a limited
number of galaxy clusters but the expectations for the SKA are extremely promising.

To investigate how the study of the diffuse and discrete sources can help to shed light on
cosmic magnetism, I pursued a two approaches: on one side, I conducted and analysed radio
observations of galaxy clusters to infer the properties of their non-thermal component, on
the other side, I realized a framework to produce the polarized sky that the SKA will detect.
The combination of these two approaches let us understand what are the best strategies to
constrain large scale magnetic fields and it is the starting point to get prepared for the SKA.
During this thesis we used cosmological magneto-hydro-dynamical simulations performed
with the ENZO software package at the Los Alamos National Laboratories (USA) by the
group of Hui Li that we gratefully acknowledge.

This thesis is composed by 5 Chapters. The first consists in a general introduction with
an overview on the non-thermal phenomena. Chapter 2 is based on the published work “Ob-
servations of the galaxy cluster CIZA J2242+5301 with the Sardinia Radio Telescope” and
consists in a multi-frequency study of the discrete and diffuse radio sources hosted by this
galaxy cluster. In Chapter 3 we present the numerical simulations tool developed during
this PhD project, showing the accuracy of the simulations with respect to data. Moreover,
we show our predictions, based on these numerical simulations, of the confusion limits in
I, U, and QQ Stokes parameters at different beam resolutions. Chapter 4 is dedicated to the
application of the Rotation Measure Synthesis technique on simulated data. These data



arise from a cosmological magneto-hydro-dynamical simulation of a pair of merging galaxy
clusters where we include the diffuse and discrete radio sources with the FARADAY tool.
Finally, the conclusions are drawn in Chapter 5.

Throughout the thesis, if it is not differently specified, we adopt a ACDM cosmology
with Hy = 71km - s *Mpc~!, Q,, = 0.27, and Q, = 0.73.
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Introduction

The Universe is highly magnetized on all scales, from stars to planets, from galaxies to
clusters of galaxies. Even the cosmic web could host weak magnetic fields with characteristics
similar to those of primordial magnetic fields. Understanding the origin and the evolution
of these fields is one of the biggest open question of modern astrophysics. In this Chapter,
we make a brief summary of the objects that populate the large scale structure of the
Universe and we review the main properties of their associated radio emission. In addition,
we discuss the theories about the origin of the non thermal component in galaxy clusters
with particular attention to radio relics. We conclude the Chapter by shortly summarizing
the theory of the Faraday rotation effect and the Rotation Measure Synthesis technique, a
useful tool to constrain the properties of large scale magnetic fields.

1.1 The structure of the Universe: from the small to
the large scale

The gravitational force dominates the structure of the Universe over a wide range of spatial
scales, from planets and stars up to galaxies and clusters of galaxies. According to the
standard scenario of the hierarchical formation, these structures form in the gravitational
potential created by dark matter concentrations and grow through the union of small units.
In what follows, we shortly discuss the main characteristics of the objects that compose the
large scale structure of the Universe: the galaxies and the clusters of galaxies (see Fig. 1.1).

1.1.1 Galaxies

Galaxies contain 10! = 102 stars and can be observed isolated or as part of small or big
groups. Between the stars the space is filled by gas, dust, magnetic fields and charged particles
which form the so-called interstellar medium (ISM). In particular the main components
coexisting in the ISM are: clouds of molecular hydrogen (Hs regions), clouds of neutral
hydrogen (HI regions), warm plasma of ionized hydrogen (HII plasma), hot ionized plasma
(coronal HII plasma), cosmic rays and dust grains (Biskamp 2003). The stars and the ISM
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Figure 1.1 The large scale distribution of galaxies as it was between 5 and 8 billion years
ago obtained from the "VIMOS Public Extragalactic Redshift Survey" (VIPERS) program
(Scodeggio et al. 2016). Dots represent the observed galaxies with the colour of the domi-
nating star population and having a size proportional to their luminosity.

emit at optical and infra-red frequencies revealing different morphologies of the hosting
galaxy. Depending on the observed morphology, they are traditionally classified as spiral
and elliptical galaxies in the famous “Hubble sequence”. Each class includes a more complex
internal classification that takes into account other characteristics, such as the shape of the
disk (e.g., arms, bars, rings, or asymmetries), the bulge-to-disk ratio, and other factors like
the surface brightness, colour, and the presence of dust (Jarrett 2000). The X-ray emission
in galaxies arises from different kind of objects and phenomena: stars and their environment,
supernova explosion and remnants, accretion disk or jets of black holes, massive black holes
in galactic nuclei or neutron stars. The analysis of the rotation curves of stars reveals the
presence of an additional component in galaxies, namely the dark matter (Zwicky 1937).
This is an enigmatic component of the Universe which can account for the 70% of the total
mass of galaxies and it is thought to be responsible for the structure formation.

The radio continuum emission in galaxies originates from thermal and non-thermal processes.
The non-thermal emission is mainly due to the synchrotron process and consists in relativistic
particles with energies of ~1 GeV rotating around a magnetic field of ~ 107° G. The thermal
emission mostly arises from the bremsstrahlung emission produced by the ionized plasma in
HIT regions surrounding young stars. Elliptical galaxies are generally radio quiet although
about 10% of them present a strong radio counterpart, named a radio galaxy, with high
values of luminosity (~ 10*! —10%ergs™!) between ~100 MHz and ~10 GHz. Conversely, all
spiral galaxies are radio sources mainly thanks to the star formation process that provides
both the thermal component (through the ionizing uv flux from the young massive stars)
and the non-thermal synchrotron emission through the supernovae remnants. A typical star
forming galaxy has radio luminosities of the order of 10*"ergs™!. In addition to the radio
continuum, spectral line emission at radio wavelengths may be present in galaxies like e.g.
the 21-cm line originated by the neutral hydrogen or the maser emission from molecules in
the interstellar medium or the CO emission associated to molecular clouds..
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1.1.1.1 Morphology of radio galaxies

Radio galaxies can assume a large variety of shapes and sizes, from the most compact (few pc)
to the most complex structure covering hundreds of kpc. Traditionally, they are classified as
“Faranoff-Riley” (FR) type I and type II depending on the ratio Rpg between the separation
of the highest surface brightness on opposite sides and the total extent of the radio source.
Extended radio galaxies with Rpg < 0.5 are classified as FRI while those having Rggr > 0.5
are FRII radio galaxies. Examples of FRI and FRII sources are shown in the two panels on

acar Teml nmndy 48 Qin NGC 1265 4873 MHz
RSy, T 5oL, T T

39°09'20"

LN
1570900 20 42 4 [—
39°08'40°
39°08'20"" e
4174100~

39°08'00"

Declination (1950.0)

39°07°40"]

39°07°20"]

39°07°00")

39°06"40"

39°06°2"]

39°06'00"
39°0540°) 50 kpe

39°05°20"]

DECLINATION (B1080)

Declination (1950.0)

39°0500"|
39°04°40"|
39704207
39°04'00"
ot

Wyt - o

39°03'00"

39°02"40"

39°02°20"

| | 1 1 I | e |

40 ws ans 0.
AGHT ASCENSION (B1850)

2h9m100 8
i

Figure 1.2 From left to right: VLA 1465 MHz contours of the FRI galaxy 3C 449 with angular
resolution 4.8” x 3.4” (Perley et al. 1979), VLA 4.9 GHz contours of the FRII quasar 3C 47
Bridle et al. (1994) with 1.45" x 1.13" resolution, VLA 4873 MHz radio contours (top) of the
NAT radio galaxy NGC 1265 where the beam is shown in the bottom right corner (O’Dea
& Owen 1986) and GMRT 235 MHz radio contours (bottom) of the WAT radio galaxy 3C
465 with 17.1” x 11.4" resolution, overlaid on the POSS—2 optical image (Giacintucci et al.
2007).

the left of Fig. 1.2. In the first, a bright core with two opposite jets with decreasing brightness
from the centre to the outer edges indicates a FRI source; in the second, a bright core and
two opposite lobes hosting hotspots define a FRII source, where jets are hardly detectable.
It was noticed that when applying this classification, the majority of FRIs have luminosities
Lurar: <2 x 10%°h; W - Hz~! - st~ while FRII sources present higher luminosities. Many
radio galaxies present a distorted morphology due to the interaction of the radio plasma with
the surrounding medium. Indeed, these objects are typically found in dense environment such
as the intracluster medium (ICM) of galaxy clusters. Galaxies move across the ICM at typical
velocities of 1000 km/s thus the ram pressure exerted by the ICM may cause a distortion
of the radio galaxy morphology due to the bending of the jets. We refer to these sources as
tailed radio galaxy and in particular two types have been identified: narrow-angle tail (NAT)
galaxies, where the jets of a FRI have been evidently bent (in some cases the jets point in the
same direction and the source is called head-tail (HT)) and wide-angle tail (WAT) galaxies,
that represent an intermediate case between FRI and FRII because of the presence of both
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jets and hotspots and appear less bent than NAT galaxies with a typical “V” shape of the
tails. The prototype of NAT and WAT sources are NGC 1265 and 3C 465 respectively, and
they are shown in the right panels of Fig. 1.2.

There are also other radio galaxies which cannot be included in the previous classification
as their morphology is too complex and irregular or because they are compact sources.

1.1.1.2 Radio luminosity functions

Radio luminosity functions are important tools to characterize the different populations of
radio sources. Indeed, the determination of the luminosity functions is necessary to constrain
source physics, cosmological evolution, clustering and to evaluate the background contami-
nation of radio observations (i.e. the confusion) (Condon 1996).

Traditionally, two classes of sources are considered: the starburst and the star forming galaxy
on one side, and the FRI, FRII and all the source whose radio emission is triggered by active
galactic nuclei (AGN) activity, on the other.

Following Condon (1989), we define the comoving space density of sources p(L)dL in
Mpc~? as the number of sources in a given volume with luminosities L to L4-dL. The radio
luminosity function (RLF) of the local Universe, i.e. the source density per unit of log,, (L)
where m = dex(0.4) = 1 magnitude® is the logarithmic interval usually chosen, is py, (L)%

pm(L) = In(m)Lp(L) (1.1)

As we can see, the RLF is in mag~'Mpc™3. In order to obtain an estimate of p,, in the
local Universe we need radio flux densities or uniform upper limits for an optically complete
sample of nearby galaxies with known redshifts z. An example of local RLFs is given in Fig.
1.3 (Mauch & Sadler 2007). Here, two populations are considered: the star-forming galaxies
and the galaxies whose radio emission is triggered by an AGN. The first class presents a stable
and higher density of sources at low luminosities that decays rapidly from 102 W - Hz~! to
higher luminosities. The AGN class has in contrast a flatter behaviour from low to high
luminosities with a steepening from 10**'W - Hz L.

The contribution of the N radio-detected galaxies (if randomly distributed in space) in
the luminosity bin of width m and centred on L is given by:

pm(L) = i(%i) (1.2)

i=1

LAt visible wavelengths is common to measure the brightness of an object in magnitudes. In particular
two objects, one of which is used as a reference or baseline, whose intensities (brightnesses) measured from
Earth in units of power per unit area (W - m_2) are I1 and IL.¢¢, will have magnitudes m; and myes related
by:

mi1 — Myef = —2.5- 1Og11/lref
If mj — myef = 1 then I; = 10704 Tof.
2In order to derive Eq. 1.1 we can write the source density with luminosities L. between L; and Lo in
terms of p(L) and pp,(L):
Lo Lo
n=[ o= [ pu(Lyitios, (1)
L1 Ll

By using the logarithmic  properties we  know  that log, (L) =1In(L)/In(m).  Since
d(log,,(L)) = d(In(L))/In(m) and d(In(L)) = dL/L, we find:

1
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Figure 1.3 The local luminosity function at 1.4 GHz derived separately for the radio-loud
AGNSs (circles) and star forming galaxies (crosses) in the 6dFGS—NVSS sample (Mauch &
Sadler 2007).

where V.« is the maximum volume in which the galaxy could be detected in the optical
and radio bands.

The density n of the sources with luminosities between L, and L, is the integral of the space
density over this range of luminosity. Using the Eq. 1.1 we can obtain n in terms of the radio
luminosity function:

P L = [ paD) = L [ . 0md 1.3
n=[ oL = [ pu iy =51 )., en(10du (13)
where u = log L.
It is useful to introduce the wvisibility function (von Hoerner 1973):

6(L) = L*p(L), (14)

that can be expressed in units of Jy*? like the Euclidean-normalized differential source
counts S°/?n(S). Being in units of Jy, the visibility function do not depend on the Hubble
constant value. The RLF can be expressed in terms of the visibility function:

3
1Og[pm(L)[mag*1Mpc*3}] = log[gb(L)[Jy:”/?}] - 5 log[L[WHzfl}] + 28.43, (15)

where the numerical constant is an adjusting factor for the adopted units.

To generalize these definitions to the study of non-local sources, we need to include the
cosmological evolution that can characterize these functions. For simplicity, we can consider
two different evolutionary scenarios. The first is a pure luminosity evolution (PLE), described
as:

pulLs2) = pu(L/F(2),0) ¢>(L,Z)=ﬁLg/me(L/f(Z),O)f(Z)‘?’/Q, (1.6)

where f(z) reproduce the evolution with respect to the redshift. The second is a pure density
evolution (PDE):

pm(L, 2) = g(2) - pm(L,0) 5 ¢(L, 2) = ﬁLg/zpm(L,O)g(Z) =9(2)o(L,0),  (L.7)
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Figure 1.4 From left to right: optical, X-ray (red colour and black contours) and radio emis-
sion (green colour and contours) of the galaxy cluster A2255, adapted from Govoni et al.
(2005, 2006).

where g(z) reproduce the evolution with respect to the redshift. Given the local RLF and
assuming an evolutionary model, the comparison between the observed Euclidean-normalized
source counts and the visibility function ¢(L,z) can be used to constrain the cosmological
evolutionary functions f(z) and g(z) (Condon 1984).

1.1.2 Clusters of galaxies

Galaxy clusters are the largest virialized systems of the Universe. They contain a reservoir
of thermal plasma that surrounds thousands galaxies over typical volumes of few Mpc3.
Clusters have masses of the order of 10 solar masses, whose only 3—5% is due to the
luminous matter detectable in the visible band. 15—17% of it is constituted of thermal
plasma, having temperatures of the order of ~108K and densities of n,(0) ~ 1073 cm™ at
the cluster centre. If the system is in hydro-static equilibrium (Cavaliere & Fusco-Femiano
1976), the thermal density decreases as a function of the radius r:

P2\ “3P/2
ne(r) = n.(0) (1 + —) (1.8)

2
re

where r. is the core radius of the cluster defined as that distance from the centre where the
surface brightness has dropped to half of the central value. This component can be studied
through its bremsstrahlung emission in the X-ray band. Almost 80% of the clusters mass is
due to dark matter whose distribution can be constrained through gravitational lensing of
background galaxies.

Galaxy clusters emit at radio frequencies because of the presence of discrete cluster radio
sources but in a few cases it is possible to observe diffuse radio sources which will be dis-
cussed in the last paragraph of this Section. As an example of the multi-frequency emission
of galaxy clusters, we show in Fig. 1.4, from left to right, the optical, the X-ray (red colour
and black contours) and the radio emission (green colour and contours) of A2255 (Govoni
et al. 2005, 2006).
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1.1.2.1 Dynamical state

Clusters of galaxies form and grow due to the gravitational force that dark matter dominated
clumps apply on smaller structures. The accretion can either take place as aggregation of
small groups of galaxies and isolated galaxies or it can be an extremely energetic process
(~ 10% erg - s71, Sarazin 2002) as in the case of the merging of two massive clusters. In both
cases, the gravitational energy that drives the formation is released in the “new” cluster caus-
ing the heating of the thermal gas through shocks, turbulent and bulk motions. The energy
dissipates in times of some Gyr, and during this phase the cluster is defined as a merging
cluster. The physics of these systems is dramatically changed by the merging phenomena as
can be inferred from optical, X-ray and radio observations. In particular, shock waves pro-
voke pressure, and temperature jumps in the ICM that can be observed as surface brightness
discontinuities in the X-ray image. When one of the two clusters survives the merger we can
observe cold fronts as a sharp X-ray surface brightness discontinuity while the pressure is
continuous across it and the temperature and the entropy assume lower values inside the
edge (Markevitch & Vikhlinin 2007).

After the system reaches a stability, where no trace of the previous merger event is detected,
the cluster is defined a relaxed cluster. This dynamical state is characterized by the sym-
metry and the smoothness of the X-ray surface brightness profile that presents a central peak.
As the X-ray surface brightness depends on the square of the thermal density, we expect
gas cooling through the bremsstrahlung process faster in the centre than in the outer parts
of the cluster. In order to preserve hydro-static equilibrium, matter should flow toward the
centre. This is assumed in the cooling flow model (Fabian 1994), which predicts the so-called
cooling catastrophe: matter accumulates in the centre causing a more and more rapid cooling
of the gas. Temperature values as low as those predicted by the standard cooling flow model
have never been observed so that other mechanisms able to prevent the cooling are under
investigation. A promising explanation (see for example McNamara & Nulsen 2007) is the
so-called AGN feedback which assumes that the central AGN provides the energy necessary
to stop the cooling of the core.

1.1.2.2 Diffuse radio sources

Some galaxy clusters show a diffuse radio emission not associated with specific optical coun-
terparts or discrete radio sources. The observed properties of these radio sources reveal their
synchrotron nature and proof the existence of a non-thermal component in the ICM, made
by relativistic particles and large scale magnetic fields. Reviews on these sources can be
found in literature (see for example Feretti et al. 2012; Ferrari et al. 2008). Here, we list
the major observational characteristics of these sources while the origin of the non-thermal
component in clusters is discussed in Sect. 1.3.

Depending on their position and on the dynamical state of the hosting cluster, the diffuse
radio sources are classified in radio relics, radio haloes and mini-haloes:

- Radio haloes are found at the centre of merging clusters with a size of ~ 1 Mpc. They
are characterized by a low surface brightness (S, ~ 0.1 — 1 uJy/arcsec® at 1.4 GHz) and

a power-law spectrum:
v —
S, =50 | — , 1.9
0 ( VO) (1.9)

with a steep behaviour (v > 1). They are generally observed to be unpolarized but there
are a few cases where it has been possible to detect filaments of polarized emission (up
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to ~20% at 1.4 GHz), namely in the galaxy clusters A2255 (Govoni et al. 2005), MACS
JO717.5+3745 (Bonafede et al. 2009) and A523 (Girardi et al. 2016).

- Relics are elongated arc-like sources located in the periphery of merging clusters,
usually oriented perpendicularly to the merger axis but they can also assume a circular
shape. As radio haloes, relics present low surface brightness, steep spectra and Mpc-
sizes but differently, they exhibit high degrees of polarization (~ 20 — 30% at 1.4 GHz)
indicating that either the magnetic field in these sources is extremely ordered or it has
been confined in a thin layer.

- Radio mini-haloes are typically detected at the centre of relaxed clusters or minor
mergers (see Ferrari et al. 2011) around radio loud brightest cluster galaxies (BCGs).
They have typical sizes of 500 kpc, and as the previous sources, low-surface brightness
and steep spectrum. Some mini-haloes also present polarization levels of ~ 10% at
1.4 GHz.

The prototypes of radio haloes and relics are hosted by the Coma cluster (Giovannini et
al. 1991) while the one of mini-haloes is in the Perseus cluster (Burns et al. 1992). We show
in Fig. 1.5 the Coma cluster on the left (Giovannini et al. 1993) and the Perseus cluster on
the right (adapted from Sijbring 1993; Fabian et al. 2000).

Sijbring (1993)
e s = : TS ] Fabian etal, (2000)
= =?

DECLINATION (B1950)

S S S T i Relative RA. (arcvec)

- Fir s ) !
Hoh, (1950)

Figure 1.5 On the left: 327 MHz WSRT radio image of the Coma cluster with a resolution
(FWHM) of 55” x 125”. The radio halo is at the cluster centre, the radio relic 1253+275 is
at the cluster periphery. On the right: 327 MHz radio image of the mini-halo in the Perseus
Cluster with an inset showing radio contours overlaid on the X-ray image of the central
region of Perseus.

Up to now, diffuse radio sources have been observed in 95 galaxy clusters (this number is
based on the compilation of Feretti et al. (2012) and on the following detection which were
not included in the review Cantwell et al. 2016; Knowles et al. 2016; Martinez Aviles et al.
2016; Shakouri et al. 2016; Kale et al. 2015; Pandey-Pommier et al. 2015; Bonafede et al.
2014a,b; Giacintucci et al. 2014; Lindner et al. 2014; van Weeren et al. 2014b,a; Giacintucci
et al. 2013; Bagchi et al. 2011; Giovannini & Feretti 2000). Among them, 17 clusters show a
mini-halo, 52 clusters a central radio halo, 11 of which present a radio halo and a relic and 5 a
radio halo and a double relic system. There is also a case of a pair of two galaxy clusters both
hosting a radio halo. Finally, 26 clusters show a relic, 7 of them two relics, which are usually
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oriented in opposite direction with respect to the cluster centre and extended perpendicular
to the merger axis.

Observations of diffuse radio sources are in general performed with radio interferometers.
The advantages of interferometer are their sensitivity level which can favour the detection
of such low surface brightness objects on one side, and their angular resolution which is
extremely precious to distinguish between the emission of diffuse and discrete sources on the
other. Indeed, the majority of the diffuse sources hosted by galaxy clusters has been dis-
covered thanks to all-sky surveys performed for example with the Very Large Array (VLA),
i.e. the NRAO VLA Sky Survey (NVSS, Condon et al. 1998) at 1.4 GHz (see Giovannini et
al. 1999), or with the Westerbork Synthesis Radio Telescope (WSRT), i.e. the Westerbork
Northern Sky Survey (WENSS, Rengelink et al. 1997) at 327 GHz (see Kempner & Sarazin
2001; Rudnick & Lemmerman 2009).

However, at a given wavelength X if the angular size 6 of the source exceeds the angular size
corresponding to the minimum baseline B,,;, (minimum distance between the antennas) of
the radio interferometer:

A

6 >
- Bmzn

the instrument is not sensitive to the surface brightness of the diffuse source. It is common
to refer to this as the minimum baseline problem or the missing zero space problem. Under
this situation, the consequence is that from interferometric observations we cannot estimate
the full size of the diffuse source and its flux density or, in the worst case, we cannot detect
the source. An example of the missing zero space problem is the case of the Coma cluster
whose radio halo is not detected by WSRT and VLA observations at 1.4 GHz.

Single-dish telescopes do not suffer from this limitation and they can actually retain struc-
tures as large as the observed field-of-view. They can play a decisive role in the study of
diffuse radio sources especially when hosted by nearby galaxy clusters and observed at high
frequencies (Emerson 2002). Indeed, there are many examples of single-dish telescope inves-
tigations of diffuse radio relics and haloes in the literature (Farnsworth et al. 2013; Carretti
et al. 2013; Kierdorf et al. 2017; Loi et al. 2017b).

Nowadays, the two instruments, single-dishes and interferometers, are complementary for
the study of diffuse sources allowing us to characterize their spectral behaviour over a wide
range of frequency. However, next generation radio telescopes such as the Square Kilometre
Array (SKA) will solve the missing zero space problem of radio interferometers and the low
angular resolution of single-dish telescopes. Indeed, the SKA has been conceived to have a
very compact array core, which will guarantee an unprecedented u-v coverage essential to
probe very large angular scales. Moreover, its maximum baseline of ~150 km (in its first
phase, SKA1, Dewdney et al. 2015) will ensure a detailed mapping of the sky, giving us an
angular resolution higher than those achievable by most current radio interferometers.

1.2 Theory of the radio emission in galaxies and galaxy
clusters
Non-thermal processes are responsible for the radio emission of discrete radio sources and

also of diffuse radio sources in galaxy clusters. The associated theory is well established and
we refer to Rybicki & Lightman (1979) for a detailed treatment. In what follows, we review
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the main characteristics of the observed emission and we discuss the interpretation of the
associated spectra.

1.2.1 Synchrotron emission

A relativistic charged particle moving in a magnetic field is forced to undergo a helical
motion, a combination of a circular motion in the plane perpendicular to the magnetic field
lines and a linearly uniform motion in the direction of the magnetic field, as one can infer
from the equations of motion. The acceleration of such particle causes radiative losses and
in the relativistic case (¢ > mgc?, being e the particle energy, ¢ the light velocity and mj
the particle mass at rest) the radiation is beamed in a cone of half-angle ~ =1, where 7 is

the Lorentz factor, defined as v = (/1 — v?/c?, where v is the particle velocity. The radiative

loss is described by the Larmor formula:
de 2 ¢*

w3 dmd - €% - (Bsin0)? (1.10)

where q is the charge of the particle, 6 is the angle between the magnetic field direction
whose strength is B and the direction of the particle velocity. For an observer the radiation
is a pulse and results in a continuum spectrum in the frequency domain described by:

P,(e,0,B) = _djc;y =C,-B-sinf-F(v/v.) (1.11)

where C; is a constant and F(x) = x [[° K5/3(z) dz where Ks/3(z) is the Bessel function of
order 5/3. The spectrum extends toward the critical frequency v:

v, =Cy-B-sinf-é (1.12)

where C; is a constant and as C; only depends on fundamental constants of physics. The
spectrum of a population of relativistic electrons moving in a magnetic field can be derived
convolving Eq. 1.11 with the energy distribution of the particles. Assuming a power-law:

N
N(e, 0) = 706_6 sin 0

for the energy distribution of electrons with Lorentz factors between vin =~ 100 and Ypax ~ 10?,
and the index 0 variable in the range 2—4, we obtain the total intensity emissivity:

]V(e) - C(ainja 97 V/Vmin) : NO : BH_amj : V_amj (].]_3)

where ajy; = (0 — 1)/2 and:

i (S Q)2+ %inj (v /Uminsind Qinj—1
C<&inj797y/ymin):CI'CZWJ%/ < . ) F< ; >d< . )

V/Vmaz sin® \ Vmin Vimin Vmin

. . . 2
In the previous equation vy, = Co - B - €1,

chrotron emissivity follows a power-law like behaviour with respect to frequency between v,
and V... Due to the shape of the synchrotron kernel emission, above v, the emission spec-
trum cuts-off exponentially while below 14, assumes a power-law behaviour scaling as %3,

and vy = Co - B - €2 . We stress that the syn-

max*

10
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The synchrotron radiation is partially linearly polarized and the degree of polarization
of a single particle is:
G(V/Vmin)

F(v/Vmin)
where G(x) = x - Ky/3 and Ky/3 is the Bessel function of order 2/3. The associated polarized
emissivity of a particle distribution N(¢', 6’) is:

FPOL(V/Viin) = (1.14)

1, = /OO /W Cr- B -sing - G(v/vmm) - N(¢,0')dé b (1.15)
0 0

1.2.2 Inverse Compton losses and radiative ages

The Cosmic Microwave Background radiation permeates the whole Universe. It is character-
ized by a continuum spectrum, having a maximum at 160.23 GHz as shown in Fig. 1.6. The
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Figure 1.6 The intensity of the cosmic microwave background with respect to frequency.

CMB photon density u, is not constant but depends on the expansion of the Universe and

on the Doppler effect:
1

(14 2)*
The interaction between CMB photons and relativistic electrons is an inverse Compton

process, where the relativistic electron gives part of its energy to the photon. The power
emitted is:

U»Y:

de|
dt |,
which share the same energy dependence as the synchrotron losses (see Eq. 1.10). To include

this kind of radiative loss in the treatment of a synchrotron source, we sum the previous
equation and the Larmor formula:

_de
dt

Cy-u, € (1.16)

2
= - (32 sin 0% + gB?C) € (1.17)

tot
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where we expressed the CMB photon density u, which causes the inverse Compton in terms
of an equivalent magnetic field that depends on redshift Bic = 3.25(1 + z)? uG. Thus, the
spectrum of a relativistic particle population injected at a time t is a power-law that goes
to zero at a critical frequency, as described before.

It should be noted that the ratio between the synchrotron and the inverse Compton emission
of a radio source is related to the magnetic field strength:

_de
dt

_de
dt

s B?sin?0  Lyaaio(v)

u?, a LX,Tay(E)

c

Provided that we measure radio and X-ray luminosities originating from the same relativistic
electrons, one can use the previous relation to estimate B.

If we assume the continuous injection (CI) model (Pacholczyk 1970) relativistic par-
ticles are injected at any time t and we can integrate Eq. 1.17 to find how the energy varies
with time:

¢ de ¢ 2
Y - 01/ (B?sin26 + - B2.)dt
€0 62 to 3
To perform the integral over the time interval (t — t(), we can either assume that the magnetic
field strength B and the angle 6 to be constant with time or a constant B and 6 variable
over temporal scales «(t — tg) which will give us a factor of 2/3. Under the latter condition,

we find: . . 5
R — « — . 2 2 . J—

We can define the break energy ¢, as the inverse of the right part of the previous equation
and write the energy €(t) in the form:

€ 1

t) = ith t) =
e( ) 11 Ebe&) W1 Eb( ) C, - % . (32 +B%C’) . (t—to)

All the relativistic electrons with injected energies ey will lose their energy and at a fixed
time t their spectrum will evidence a break in frequency at:

v, = Cy - Bsin® - ¢}, (1.18)

that is moving toward lower frequencies as time evolves. Below the break frequency (where
radiative losses are negligible) particles accumulate, the source luminosity grows linearly
with time and the spectrum is still a power-law with index ai,j. Above the break frequency
a steady state is reached and the high-frequency spectrum stays unchanged with a spectral
index of:

ap = oupj + 0.5, (1.19)

since radiative losses are compensated by the freshly injected particles (Kardashev 1962;
Pacholczyk 1970).

By substituting the definition of ¢, in Eq. 1.18, we can derive the radiative age of a source,
i.e. the time elapsed since the first injection (happened at t = ty):

BO.5

ts = 1590 :
(B? + Bio)[(1+ 2)n]*?

(1.20)
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supposing that we know B here expressed in uG and ignoring adiabatic expansions. The
time is in Myrs, the observed break frequency is in GHz, and we multiply it by a factor of
(14z) to consider the redshift of the emitted break frequency.

It should be noted that the break frequency of the CI model corresponds to the spectral
break of the oldest electron population injected only if the particles are confined within
the volume of the radio source, and the radio spectrum is extracted from a region that
encloses the entire emitting region. If particles are not confined it is necessary to interpret
the spectrum differently.

Let us suppose that particles escape from the emitting region, where a magnetic field feeds
the synchrotron mechanism, before the radiative losses start to modify the spectrum. The
result would be a power-law of the injected particles, while the aged electrons moving outside
in a region with a weaker or without magnetic field cannot emit any more and thus do not
contribute to the steepening of the spectrum. Alternatively, particles can escape after their
aging start to influence the spectrum, causing the break at high frequencies. Incidentally,
the observed spectrum is not due to all the injected particles but only to those still present
in the emitting region. This means that the break do not indicate any more the age of the
source but it rather refers to the confinement time.

As part of this PhD project we observed the galaxy cluster CIZA J2242+5301 (Loi et al.
2017b) with the Sardinia Radio Telescope (Bolli et al. 2015; Prandoni et al. 2017). Combining
the collected data with interferometric data we determined the spectral behaviour of the
northern relic of this cluster. The results are presented in Chapter 2 where a discussion
similar to the previous can be found in Sect. 2.3.4.

1.3 On the origin of the large scale synchrotron emis-
sion

Several theories have been proposed to explain the origin of magnetic fields as well as the
acceleration of particles up to relativistic energies in the large scale structure of the Universe.
Up to now, there is not a uniquely established explanation for the non-thermal processes in
galaxy clusters. In this Section we want to summarize the most reliable scenarios about the
origin of magnetic fields and relativistic particles in clusters. Finally, we briefly analyse the
case of radio relics to understand how observations can be used to constrain their origin.

1.3.1 Models

The models invoked to explain the intracluster magnetic field origin are numerous and still
debated (Dolag et al. 2008).

Magnetic fields could have been produced at relatively low redshift, z~2—3, by galactic
winds (Volk & Atoyan 2000) or AGN ejecta (Ensslin et al. 1997; Furlanetto & Loeb 2001)
inside the proto-cluster region. This scenario is supported by the high metallicity observed
in the ICM which requires an enrichment mechanism which indeed can be identified in past
galactic wind and AGN ejecta. After the injection, the adiabatic compression of the proto-
cluster region as well as merging phenomena such as turbulence and shock waves should
amplify the magnetic field up to the observed puG-level.

Another scenario places the origin of magnetic fields in clusters at higher redshift, z>4,
where an early population of dwarf starburst galaxies or AGN (Kronberg et al. 1999) could

13
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have produced magnetic fields before the galaxy cluster formation. This model admits lower
values of magnetic field seeds with respect to the previous one because of the larger ampli-
fication time.

Because of their presence almost everywhere in the Universe, magnetic fields could have
been created in the early Universe (see the review by Grasso & Rubinstein 2001) during a
phase transition, at neutrino or photon decoupling, or during the inflation. The first hypoth-
esis is challenged by the predicted coherence length, which would be small enough to permit
the dissipation of the corresponding magnetic field, while in the second case the coherence
length could be large enough to guarantee a magnetic field at present time.

The Biermann battery effect (Kulsrud et al. 1997) assumes that magnetic fields of the
order of 1072! G are induced by thermionic electric currents that could have been generated
by merger /accretion shocks. Obviously, subsequent shocks and turbulence are needed to am-
plify the magnetic fields to the observed puG-level.

Attempts to put constraints on primordial magnetic fields can be found in the Planck
Collaboration et al. (2016), where four different imprints of a stochastic background of pri-
mordial magnetic fields on Planck data are predicted and analysed. The four methods gave
consistent constraints and suggest primordial magnetic fields amplitudes at nG level. This
can help to shed light on the origin of magnetic fields, while observations of galaxy clusters
can give us information about magnetic field structure and strength by comparing models
with data (Govoni et al. 2017; Vacca et al. 2012).

Since the direct manifestation of large scale magnetic fields is linked to the presence of
relativistic particles through the synchrotron emission, it is also important to investigate the
origin of such particles in the ICM. Regarding this aspect several models have been proposed
that can be identified in the framework of two main scenarios (Brunetti & Jones 2014):

e primary electron models (Jaffe 1977; Roland 1981): relativistic electrons are injected by
AGN and/or star forming activity in galaxies through supernovae explosions or galactic
winds. After the ejection they start to loose energy as described in Sect. 1.2. The associ-
ated radiative lifetime is 107 ~®yrs which implies that these electrons can cover distances
of ~10-100 kpc. Indeed, considering that they are travelling in a magnetized plasma, the
electron velocity is limited by the associated Alfvén speed vy = B/ {/ftop ~100km/s,
where B is the magnetic field strength, po the permeability of the vacuum, and p the
total mass density of the charged plasma particles. These models cannot explain the
large sizes of radio haloes therefore a mechanism of re-acceleration in situ has to be
included. This can be identified in the gas turbulences and shocks associated with
merger events.

e secondary electron models (Dennison 1980; Blasi & Colafrancesco 1999; Dolag & Enflin
2000): relativistic electron are the secondary product of hadronic collisions between
relativistic protons and thermal protons of the ICM. The hadronic interactions be-
tween protons are indeed responsible for charged and neutral pion production which
decay producing relativistic electrons and other particles. These models avoid the re-
acceleration problem, since relativistic protons, having radiative lifetime of the order
of the Hubble time, can produce relativistic electrons throughout the whole cluster
volume.

From the observational point of view the two scenarios predict radio haloes with different
characteristics: some are found to be in agreement with the first models and others with the
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second ones. First of all, assuming the first models, we should observe radio haloes only in
X-ray luminous clusters, where the energy is large enough to re-accelerate particles, while
according to the second ones, every cluster should host a radio halo. Primary electron models
predict a complex morphology for the radio haloes and a discontinuous spectral index map,
as the production and the re-acceleration of the particles is not uniform as in the case of
secondary models. Indeed, in secondary models, particles are continuously and uniformly
produced over the entire volume of the cluster because protons have a radiative lifetime long
enough to travel throughout the cluster. In addition, primary models predict a steepening
of the radio spectrum because the process is not enough efficient to compensate synchrotron
and inverse Compton losses. On the other side, the hadronic interaction assumed in the
secondary models predicts a large y—ray flux from neutral pion decay and neutrino emission
from the charged pion decay.

The presence of radio haloes in X-ray luminous clusters and the steepening of their spec-
tra cannot be considered as conclusive criteria of choice between the two scenarios because
the faintness of these sources limits their detection and we would need radio telescopes with
a better sensitivity to investigate this point. Nevertheless, the steepening of radio spectra,
when observed, cannot find an explanation in the context of secondary models. Moreover,
for what concerns radio haloes, turbulence is a quite inefficient mechanism and it can be
effective only during the most recent ongoing mergers leading to an irregular morphology of
the radio source. It should also be noted that only upper limits on the y—ray flux in galaxy
clusters have been derived (e.g. Reimer et al. 2003; Aharonian et al. 2009a,b; Aleksi¢ et al.
2010) and that these values are below the prediction of secondary models.

From these considerations we can conclude that the observations seems to be in better
agreement with the primary electron models, although the re-acceleration mechanism is not
yet clearly identified.

1.3.2 The case of radio relics

Observations of relics are consistent with the idea that they trace shock waves occurring
in merger events (Rottiger et al. 1999) and in particular Enflin et al. (1998) proposed a
diffusive shock acceleration mechanism (DSA, Drury 1983) to explain the re-acceleration of
relativistic particles in relics. This mechanism does not put constraints on the nature of the
injected relativistic particles which is still an open question in literature. In this respect,
recent observations are consistent with a scenario in which old electrons from nearby radio
galaxies are re-accelerated through the DSA mechanism (e.g., Bonafede et al. 2014a; van
Weeren et al. 2017). However, a single acceleration of thermal electrons by shocks or a
combination of acceleration and re-acceleration have been shown to produce quite similar
results in a number of specific cases (e.g., Kang & Ryu 2016). Radio observations of relics
are also important to understand the evolution of large scale magnetic fields. Shock waves
amplify the fields to uG-levels and align the magnetic field with the shock plane, as predicted
by the aforementioned models and observed in terms of strong linearly-polarized synchrotron
emission associated with relics.
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1.3.2.1 Association with shocks

Shock waves are usually observed in merger events as they constitute a way for the system
to dissipate the gravitational energy that drove the merger. In what follows, we consider the
case of an adiabatic shock and we will assume the shocked region to be filled by a perfect gas.

The theory of the shocks can be derived from the conservation laws, i.e. matter, momen-
tum and energy conservation. Indicating with uy, p;, p; the velocity, the matter density and
the pressure in the medium i, the conservation laws between the regions perturbed (1) and
unperturbed (2) by the shock wave are:

P1 UL = P2 - U2

p1tpueui = pa+po - ub (1.21)
u? w2
m'm<#*fﬁ+%g:=m-m<§+62+%>

where € is the internal energy per mass unit. From the equation of the momentum conserva-
tion, defining the density flux of matter through the discontinuity as J = p; - u; = ps - up and
the specific volumes of the upstream (perturbed) and downstream (unperturbed) regions,
T; and T5, as the inverse of the matter densities, we found:

BTt
which implies that the pressure and the density in the upstream region become larger than
in the downstream region as a consequence of the shock passage. The last equation also
holds in the opposite situation but we will see that the unperturbed medium moves toward
the discontinuity with a velocity larger than the recession velocity of the perturbed medium:
Uy > uy so that Ty > 1.
By combining Egs. 1.21, we can obtain the equation of Hugoniot-Rankine:

1
€r — €1 = 5(]71 —|—p2) . (Tl — Tg) (122)

that estimates the variation of the internal energy as a consequence of the shock passage.
The effect of the shock wave is a non reversible process so that we will assist to an increase of
the entropy in the perturbed region. From the Hugoniot-Rankine equation, it can be shown
that if S; > Sy then p; > po.

The sound speed in a given medium depends on its characteristics and in particular, for a
perfect gas with adiabatic constant ~:

which implies a higher sound speed in the perturbed medium, cg; > 2—1; > Cgo. By combining
the first two of Eqgs. 1.21, we find that:

— A
u§:<p2 pl)-@ = w2>Ls
pP2—pP1) P Ap

The shock wave moves toward the downstream medium with a velocity larger than the sound
speed. This implies that the shock waves are characterized by a Mach number M defined as:

M= (1.23)

Cs
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larger than 1.

It is possible to infer the Mach number of a shock wave from X-ray observations. Indeed, these
can be used to evaluate the jump in density, temperature and pressure between the upstream
and downstream region. Assuming we are dealing with a perfect gas, i.e. ¢ =p/(p(y —1))
and M? = u?p/(vp), the jump conditions can be found from Eq. 1.22 and they are related

to the Mach number by:
p1 _ (y=HMP+2

p2 ('y+1)M(12 oare

T v+

T~ [(7—1)M12+2][27Mll?—(7_1)] (1.24)
2 — y+1

p2  2yMi—(v-1)

1.3.2.2 The Diffusive Shock Acceleration mechanism

The DSA mechanism is a Fermi-I process based on the idea that as particles cross backwards
and forwards a shock discontinuity they are accelerated. The crossing of the discontinuity can
happen several times, since the medium in clusters is magnetized and it presents irregularities
that diffuse the particles.
We can think of this process as a head-on collision between a particle and a more massive
cloud. After the collision the particle will gain a velocity v':

,  (m—M)v+2Mu

— ~ — 2
v 4 M v+ 2u

where M is the mass of the cloud, u its initial velocity, m is the mass of the particle and v
its initial velocity. The corresponding energy gain will be:
m

€ = 5(—1} — 2Jul)?

In a given interval of time many collisions can take place so that the gain of energy for the
particle will vary with the time as:
< de > G
dt Fermi—I TF

where Tr = 1/u being | the free mean path of the particle between two consecutive collisions.
The energy of the particle at a given time can be found by integrating the previous equation:

e(t) = et/ Tr
When considering a particle population, we can use the continuity equation:

ON(e,t) O (de N(et)
— + §<£N(e,t)> + Fa— Q(e, 1)

where 7, is the confinement time of the particles, Q(e,t) is the injection rate of particles. A
stationary solution, in absence of injection (Q(e, t) = 0) is:

ON(e,t) 0

o

which implies N(e) = K- e (1+Te/7) o 79 je. a power-law of the energy distribution of
the particles. It should be noted that this energy distribution is necessary to obtain the
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synchrotron power spectrum j, o< v~ with a;,; = (0 — 1)/2, discussed in the previous
section. Moreover, Bell (1978) showed that:

2uy + uy
Uy — Uz

5 (1.25)

where u; and uy are the upstream and downstream velocities. The ratio between these
velocities defines the compression ratio r = 3—; so that:

_2+r
=1

J

(1.26)

Under the assumption of the previous paragraph, i.e. a perfect gas undergoing an adiabatic
shock, the compression ratio r is related to the Mach number as (see Blandford & Eichler
1987):

(v + 1) M? 4M?
(y—1)M2+2  M2+3’

where in the last part we also assume that the gas is mono-atomic (y = 5/3). By substituting
the compression ratio expression in Eq. 1.26 we obtain:

M? +1

§=2.—1-
M2 -1

and thus, using the relation between ¢ and aipy;:

M2 _ 20&2‘,1]' + 3 .
20[2‘”]‘ —1
If we assume that the particles experience radiative losses inside the emitting region, we can
use Eq. 1.19 to derive the relation between the Mach number and the spectral index a4, at
high frequency:
ap +1
ap — 1

M = (1.27)

1.4 Constraining the intracluster magnetic field

As explained in Sect. 1.2, the spectral behaviour of diffuse radio sources and their polarization
properties can give us information about the characteristics of the magnetic field which gives
rise to these sources. In what follows, we want to introduce the Faraday rotation effect which
affects polarized signals crossing a magnetic field immersed in a thermal plasma such as the
magneto-ionic plasma of a galaxy cluster. As it will be shown, from the Faraday rotation
effect it is possible to constrain the intracluster magnetic field (see Carilli & Taylor 2002;
Govoni & Feretti 2004, for a review on cluster magnetic fields).

1.4.1 The Faraday rotation

The Faraday effect consists in the rotation of the polarization plane of a linearly polarized
signal as it crosses a magnetized plasma (see Fig. 1.7). A linearly polarized wave is a su-
perposition of a right-hand and a left-hand circularly polarized wave. In a plasma these two
components propagate with different velocity generating a phase shift which is responsible
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Figure 1.7 A cartoon of the Faraday rotation effect of a background radio galaxy caused by
the magneto-ionic medium of a galaxy cluster.

for the rotation of the polarization plane. The rotation depends on the wavelength A of the
signal as:
U — Wy =\ x RM, (1.28)

where W and ¥, are the observed and the intrinsic polarization angles respectively and RM
is the Rotation Measure. This quantity is linked to the line-of-sight parallel component of
the magnetic field By (in 4G) and on the thermal plasma density n. (in cm™) as:

l
RM = 812/ Bynedl. (1.29)
0

The RM is in rad/m? and the integral is performed over the length 1 of the magneto-ionic
plasma crossed by the signal. If we observe at different wavelengths a polarized radio galaxy
located behind a galaxy cluster, we can evaluate the RM of the ICM for each line-of-sight
that intercepts the radio galaxy area. An example of this procedure is shown in Fig. 1.8 for
the galaxy cluster A2255 (Govoni et al. 2006). Moreover, if we have accurate X-ray obser-
vations which can give us an estimate of the thermal plasma density we can use Eq. 1.29 to
infer B although dedicated numerical codes are needed to extract the intracluster magnetic
field properties (Enflin & Vogt 2003; Murgia et al. 2004; Laing & Bridle 2008; Kuchar &
Enflin 2011; Bonafede et al. 2013). Indeed, only the comparison between data and mock RM
images generated from the measured thermal plasma density and different simulated mag-
netic fields, can reveal the magnetic field characteristics. This can be done by investigating
different values of the strength, the minimum and maximum scale of fluctuations in Fourier
space (i.e. the power spectrum) of a magnetic field model and it needs advanced numerical
approaches. Some examples of the determination of the intracluster magnetic field power
spectrum from very accurate RM images can be found in literature (Vogt & Enflin 2003;
Murgia et al. 2004; Vogt & Enfllin 2005; Govoni et al. 2006; Guidetti et al. 2008; Laing et
al. 2008; Guidetti et al. 2010; Bonafede et al. 2010; Vacca et al. 2012).

In the ideal case of a number of polarized background discrete radio sources such that the
entire area of the cluster is covered by these galaxies we can have a complete picture of the
magnetic field of the cluster and evaluate its strength and structure. Actually, from observa-
tions of individual clusters about 1-5 measurements per cluster can be made and statistical
studies can only yield crude estimates of the magnetic field characteristics. Indeed, the most
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Figure 1.8 Faraday rotation measure of a cluster-embedded radio galaxy. The background
image is the galaxy cluster A2255 Govoni et al. (2006) in optical (blue), X-ray (red), and
radio band (green) at high resolution. On the left: the two top images represent the polarized
signal orientation at 20 and 6 cm while the bottom panel is the fit of Eq. 1.28. On the right:
the top panel is the RM map inferred from the fit performed for each line-of-sight.

accurate all-sky RM map available now has an average density of ~1 RM per square degree
(Taylor et al. 2009). Nevertheless, important results have been achieved both on individual
clusters (Perley & Taylor 1991; Taylor & Perley 1993; Feretti et al. 1995, 1999; Taylor et al.
2001; Eilek & Owen 2002; Pratley et al. 2013) and on statistical samples (Clarke et al. 2001;
Johnston-Hollitt & Ekers 2004; Govoni et al. 2010). The Square Kilometre Array will dra-
matically improve this situation: Johnston-Hollitt et al. (2014) predict a grid of 230—450 RM
per square degree at the sensitivity of 4 uJy/beam with a resolution of 2”. In the future, the
RM grid will give us a more complete picture of large scale magnetic fields even if it is not
trivial to obtain magnetic field properties from RM images.

Polarized signals undergo Faraday rotation from each magnetized plasma they cross. For
instance, this means that we have to take into account the contribution of the Galaxy, which
has its own magnetic field, and this can be done using an accurate map of the Galactic RMga
(Oppermann et al. 2015). Moreover some radio sources, such as star forming galaxies, suffer
from an internal rotation: the polarized signal emitted by the source rotates because of the
presence of thermal plasma inside the galaxy volume. Apart from the Galactic RM, the ob-
served rotation in this case will be the sum of two contributions: one is the internal rotation
measure RM;,; of the radio source and one is due to the cluster RM. Several methods have
been set up to disentangle the two components based on sophisticated statistical approaches
such as Bayesian inference (Vacca et al. 2016).

Radio galaxies fed by an AGN do not suffer in general from internal rotation: the jets
launched by the AGN remove the surrounding plasma preventing Faraday rotation. In any
case, if we observe the linearity of Eq. 1.28 between the rotation and the wavelength squared

we can neglect the internal Faraday rotation and assume that the rotation is only due to the
ICM.
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Concerning observational limits, it is important to mention beam depolarization. Let us
suppose to have a radio telescope with a beam area A and that the projection of the beam on
the cluster encloses two structures of magnetic field with a different orientation and strength.
We observe a background radio galaxy with a strong polarized signal in the corresponding
beam area: as it crosses the cluster it will rotate differently depending on Bj; which assumes
different values for the two structures. Inside the beam area the two polarized structures
sum up decreasing the degree of polarization of the signal. This happens every time that
the beam area is bigger than the minimum scale on which the intracluster magnetic field is
homogeneous and we can use high resolution radio telescopes which have a small beam area
to reduce this effect.

1.4.2 Rotation measure synthesis technique

As well as background and cluster-embedded discrete radio sources, radio haloes can be
useful to constrain the characteristics of the intracluster magnetic field (Xu et al. 2012;
Govoni et al. 2013). Radio haloes cover almost the whole size of the cluster and thus they
could give us a complete picture of the cluster RM and therefore of the intracluster magnetic
field. However, these sources, except for a few cases, are observed to be unpolarized due to
internal depolarization: if we assume that along a given line-of-sight there can be different
polarized structures, each one will have its own rotation measure ¢(1) (see Eq. 1.29) which
depends on the portion 1 of magnetized plasma crossed by each signal. It is common to refer
to the ¢(1) as the Faraday depth. When we observe the radio halo, the polarized emissions
of all the structures along a line-of-sight sum up incoherently inside every single channel
causing internal depolarization.

To overcome this problem we can apply the so-called RM synthesis technique (Burn 1966;
Brentjens et al. 2005). The idea is to reconstruct, for each line-of-sight, the polarization as a
function of the Faraday depth ¢(1): starting from the spectra of U and ) Stokes parameters
(Stokes parameters are defined in Appendix A) we assume a value for the Faraday depth
and we de-rotate consequently the Stokes parameters and we compute the corresponding
polarization P. We repeat the procedure by assuming different values of the Faraday depth
inside a given interval and we finally obtain the variation of the polarization as a function
of the Faraday depth. This approach has been applied to a simulated radio halo in a work
presented by Loi et al. (2017a) and the results are shown in Fig. 1.9. The image refers to
the X-ray (red), the total (green), and polarized radio emission (blue) of a simulated cluster
composed by a thermal plasma and a radio halo. For a given line-of-sight the associated gas
density, and intracluster magnetic field, are shown in the first two central panels as a function
of the cluster length, while the bottom panel shows the polarized structure inside the halo at
associated Faraday depth. The right panels report, from top to bottom, the variation of the
polarized intensity (solid line) and the polarization angle (dashed) with respect to A* (top),
the transfer function (middle) and the recovered polarized signals along the line-of-sight
(bottom). The transfer function is the response of the RM Synthesis, namely the application
of the technique on a unitary polarized signal with RM=0, for each frequency channel of the
bandwidth, assuming different values of Faraday depth.
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Figure 1.9 The image (left) shows the X-ray signal (red), as well as the total (green) and
polarized (blue) radio emission of the simulated cluster. The central plots show the values of
the parallel and perpendicular components of the magnetic field along the cluster length for
a selected line of sight (top); the thermal plasma density and the RM values (middle); the
polarized signal along the line-of-sight, corresponding to each RM value (bottom). The right
plots show the results of the RM Synthesis technique: the variation of the polarized intensity
(solid line) and of the polarization angle (dashed) with respect to A (top); the transfer
function (middle) and the recovered polarized signal along the line-of-sight (bottom).
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The large scale magnetic field of the galaxy
cluster CIZA J2242+5301

Radio observations of galaxy clusters hosting diffuse radio sources give us hints on the char-
acteristic of the non-thermal component in clusters.

In this Chapter, we present a study of the galaxy cluster CIZA J2242+4-5301 focuses on the
determination of its spectral properties at high frequency. We conducted observations in
three frequency bands centred at 1.4 GHz, 6.6 GHz and 19 GHz, with the Sardinia Radio
Telescope resulting in beam resolutions of 14’, 2.9" and 1’ respectively. These single-dish
data were also combined with archival Westerbork Synthesis Radio Telescope interferomet-
ric observations at 1.4 and 1.7 GHz. From the combined images, we measured a flux density
of Sy4cm, = (158.3 £ 9.6) mJy for the central radio halo and Sy 4qn, = (126 + 8) mJy and
Stacnz = (11.74+0.7) mJy for the northern and the southern relic respectively. After spec-
tral modelling of the discrete sources, we measured at 6.6 GHz Sgean, = (17.1 +1.2) mJy
and Sgean, = (0.6 +0.3) mJy for the northern and southern relic respectively. Assuming
simple diffusive shock acceleration, we interpret measurements of the northern relic with a
continuous injection model represented by a broken power-law. This yields an injection spec-
tral index aj,; = 0.7 £ 0.1 and a Mach number M = 3.3 £ 0.9, consistent with recent X-ray
estimates. Unlike other studies of the same object, no significant steepening of the relic radio
emission is seen in data up to 8.35 GHz. By fitting the southern relic spectrum with a simple
power-law (S, o< v~%) we obtained a spectral index « /&~ 1.9 corresponding to a Mach number
(M =~ 1.8) in agreement with X-ray estimates. Finally, we evaluated the rotation measure of
the northern relic at 6.6 GHz. These results provide new insights on the magnetic structure
of the relic, but further observations are needed to clarify the nature of the observed Faraday
rotation.

2.1 The galaxy cluster CIZA J2242.845301

The galaxy cluster CIZA J2242.845301 was discovered from X-rays observations by Ko-
cevski et al. (2007) during a survey aiming at finding new cluster candidates at low Galactic
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2.1. THE GALAXY CLUSTER CIZA J2242.8+5301

latitudes (1=104.19 degrees, b=—5.11 degrees). They measured its redshift (z=0.1921) and
its luminosity (Lx = 4.0 x 10* erg - s71) in the energy band 0.1—2.4 keV. Its disturbed elon-
gated X-ray morphology suggested that this could be an example of cluster that underwent a
merger event. van Weeren et al. (2010) confirmed this scenario using observations taken with
the Westerbork Synthesis Radio Telescope (WSRT), the Giant Metrewave Radio Telescope
(GMRT) and the Very Large Array (VLA). In their work they presented the discovery of a
faint central halo and a double relic system with a northern relic having a length of ~2 Mpc,
a width of ~55kpc and located 1.5 Mpc from the centre of the cluster. The radio morphol-
ogy, together with the spectral index gradient of the northern relic toward the cluster centre,
have been interpreted as signatures of acceleration and spectral aging of relativistic electrons
due to the passage of a shock. Assuming the DSA model they found a Mach number M ~ 4.6
for the northern relic.

A reasonable scenario for this galaxy cluster is a collision in the plane of the sky (within 10°)
between two sub-clusters with a mass ratio of 2:1 (confirmed by Okabe et al. 2015 using grav-
itational lensing) and an impact parameter <400 kpc. The core passage of the sub-clusters
likely happened about 1 Gyr ago (van Weeren et al. 2011).

Association of the relics with shock fronts has been confirmed from Suzaku observations:
Akamatsu & Kawahara (2013) measured a drop in temperature at the position of the north-
ern relic, while the jump in the X-rays surface brightness was not detected, probably because
of resolution limits. However, even with the highest spatial resolution X-ray data available
(i.e. the Chandra data, Ogrean et al. 2014), the surface brightness discontinuity is still not
detected. This aspect is very peculiar since at these high Mach numbers (M~2-4) the dis-
continuity should be remarkable, as in the case of the cluster El Gordo (Botteon et al. 2016)
and A665 (Dasadia et al. 2016). Projection effects can be invoked but the optical analysis
by Dawson et al. (2015) points to the systems being in a nearly plane-of-the-sky merger
configuration. Evidence for shock compression east of the southern relic has been observed
with XMM-Newton by Ogrean et al. (2013). Recent estimates (Akamatsu et al. 2015) of
temperature drops from Suzaku observations suggest a Mach number M~2.7 and M~1.7 for
the northern and the southern relics respectively.

The tension between Mach numbers for the northern relic inferred from radio and X-ray
data was the first hint for physics beyond the DSA model. As a result there were several at-
tempts to find a consistent model for all observations of CIZA J2242.8+5301 using numerical
simulations (Donnert et al. 2017). However, new measurements of the radio flux injection
index resulted in a Mach number M~2.9 (Stroe et al. 2014), in better agreement with the
X-ray value inferred from the temperature jump detected by Suzaku. In recent years CIZA
J2242.8+45301 has been observed over several radio frequency bands. In particular, Stroe et
al. (2016) presented a study of the northern relic from 150 MHz to 30 GHz. They highlighted
the steepening of the integrated spectrum beyond 2.5 GHz (from a=0.90 to a=1.77), claim-
ing that the simple standard relic scenario could not hold for this galaxy cluster. Several
models have been proposed to explain the steepening such as a time variable magnetic field
in the relic area (Donnert et al. 2016), or an additional population of fossil electrons that has
broken out from the shock (Kang & Ryu 2016). However, interpretations based on the cur-
rently available high frequency data (at 16 and 30 GHz) have to be taken with care because
of their large uncertainties. These measurements are made from interferometric observations
that could have lost a significant fraction of the total flux and can also be noticeably affected
by the Sunyaev—Zel’dovich effect (see Basu et al. 2016). These aspects have been taken into
account in a recent work where the relic has been studied with single-dish observations con-
ducted with the Effelsberg telescope (Kierdorf et al. 2017). They inferred a relic spectral

24
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L-Band
Date Freq..cu,y FWHM, FOV OTF scan axis Calibrators TOS
08 Jul 2016 1.3-1.8 14 3°x 3% 2xRA+1xDEC 3C147 2.2
12 Jul 2016 1.3-1.8 14 3°x 3% 1xRA+2xDEC 3C147 2.2
C-Band
Date Freq.jqu,y FWHMp, FOV OTF scan axis Calibrators TOSp,
06 Feb 2016  6.0-7.2 2.9 1°x1° 2xRA+2xDEC 3C286, 3C84 2.3
01 Jun 2016  6.0-7.2 2.9 1°x1° 2xRA+1xDEC 3C48, 3C84 2.5
24 Jun 2016  6.0-7.2 2.9 30" x 300 9xRA+9xDEC 3C138, 3C48, 3C84 4.2
26 Jun 2016  6.0-7.2 2.9 30" x 300 9xRA+9xDEC 3C138, 3C48, 3C84 5

Table 2.1 Details of the observations of the galaxy cluster CIZA J2242.84-5301 at the SRT in
L and C-bands, acquired during the SMOG program. Columns report from left to right: the
date, the frequency range in GHz, the beam full-width-half-maximum (FWHM), the field-
of-view (FOV), the number of on-the-fly (OTF) maps carried out, the calibrators used for
the data reduction, the time spent on source (TOS).

index o = (0.90 4 0.04) between 150 MHz and 8.35 GHz and suggest that models describing
the origin of relics have to include effects beyond the DSA mechanism that requires o > 1,
in order to physically model the relic. Similar findings have been reported for the cluster
A2256 by Trasatti et al. (2015).

From this picture, it is clear how new, accurate high frequency observations and estimates

of the flux density of the northern relic are important to constrain the physical scenario of
CIZA J2242.8+5301.

2.2 Observations and data reduction

We observed the galaxy cluster CIZA J2242.845301 at the SRT in three frequency ranges:
L-band (1.3-1.8 GHz), C-band (6-7.2 GHz) and K-band (18-20 GHz). L-band and C-band
observations were centred at the J2000 coordinates RA 22" 42™ 53.0° and DEC +53° 01/
05", while K-band observations were centred on individual galaxies of the system. The details
of the observations are reported in Table 2.1 (L, C-band observations) and Table 2.2 (K-band
observations).

We acquired spectral-polarimetric data in full-Stokes parameters with the SArdinia Roach2-
based Digital Architecture for Radio Astronomy back-end (SARDARA, Melis et al. in prep.)
for the L and C-band observations, while for the K-band observations only total intensity
continuum observations were performed with the central feed. For the data reduction and the
imaging we used the proprietary software package Single-dish Spectral-polarimetry Software
(SCUBE, Murgia et al. 2016). In the following we describe, for each band, the observational
set up and the procedure adopted for the data reduction and imaging.

L-Band

We observed an area of 3° x 3° with the entire 1.3—1.8 GHz band of the L-band receiver.
We used the SARDARA back-end configuration with 1500 MHz bandwidth (the only option
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K-Band
Source RA [t ™ 9] DEC [°""] FOV Cross Scans Calibrators
A 22 43 38.027 453 09 19.47 6'x6’ 20 3C147
B 22 42 44.666 453 08 04.98 6'x6’ 21 3C147
C 2243 17.995 +53 07 19.84 6'x6’ 22 3C147
D 22 42 48.004 453 05 34.99 6'x6’ 23 3C147
E 22 42 53.000 +53 04 50.00 6'x6’ 11 3C147
G 22 42 51.338 +53 00 35.00 6'x6’ 23 3C147
H 22 42 04.820 452 59 34.39  6'x6’ 11 3C147

Table 2.2 Details of the observations of some discrete sources, in the field-of-view of the
galaxy cluster CIZA J2242.8+5301, at 19 GHz with a FWHM of 1 ’. Columns report from
left to right: the source name, the source J2000 coordinates, the field-of-view (FOV) of the
scans, the number of the cross scans, the calibrators used for the data reduction.

available to cover the entire 500 MHz band of the receiver) and 16384 channels of 92 kHz
each. The beam FWHM is about 14’ at a frequency of 1.55 GHz. We performed several On-
The-Fly (OTF) maps in equatorial coordinates along the two orthogonal directions of RA
and DEC. The telescope scanning speed was set to 6’ /s and the scans were separated by 3.5
to properly sample the SRT beam. We recorded the data stream by sampling at 10 spectra
per second thereby producing individual samples separated by 36" along the scanning direc-
tion.

For our purposes, we calibrated only the total intensity. Band-pass and flux density calibra-
tion were performed by observing 3C 147 assuming the flux density scale of Perley & Butler
(2013). Those frequency windows affected by persistent radio-frequency interference (RFT)
were flagged by hand. We also applied an automatic flagging procedure to excise the large
amount of RFI randomly spread in frequency and time. The flagged data were then used to
repeat the baseline subtraction, bandpass, and flux density calibration. At these frequencies,
the gain-elevation curve can be assumed to be flat and therefore we did not apply any cor-
rection.

We subtracted the baseline of the OTF maps of CIZA J2242.8+5301, scan by scan, by fitting
10% of the data at the beginning and at the end of each scan. We projected the data in
a regular 3-dimensional grid with a spatial resolution of 180”/pixel. We then applied the
automatic flag procedure on the target and we repeated the baseline subtraction and the
projection. In total, we discarded about 30% of the data. The total intensity image of CIZA
J2242.8+5301 is obtained by stacking all the calibrated OTF maps. In the combination the
individual image cubes were averaged and de-striped by mixing their stationary wavelet
transform (SWT) coefficients. Coefficients on a spatial scale below 2 pixels were omitted
in order to improve the signal-to-noise ratio without degrading the resolution. For further
details see Murgia et al. (2016).

C-Band

We decided to make a shallow and a deep map, over a field-of-view of 1° x 1° and 30" x 30/,
respectively. We used a 1.2 GHz bandwidth centred at 6.6 GHz. We acquired full-Stokes
parameters in a bandwidth of 1500 MHz with the SARDARA back-end, with 1024 channels
of 1.46 MHz each. The beam FWHM at 6.6 GHz is 2.9". We performed several OTF maps
setting a spacing between the scans of 0.7" using a scan rate of 6'/s for the shallow map and
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3’ /s for the deep map. We acquired 33 spectra per second, therefore, on the sky, the spatial
separation between individual samples along the scanning direction was 10.9” and 5.45", for
the shallow and the deep maps respectively.

We calibrated the band-pass and the flux density by observing 3C 286, 3C48 or 3C 138,
depending on availability for each observation, assuming the flux density scale of Perley &
Butler (2013). We removed RFI observed in a cold part of the sky and we repeated the
calibration and RFI-flagging procedure until all the obvious RFI was removed. Then, we
applied the gain-elevation curve correction to take into account the gain variations with
elevation due to the telescope structure’s gravitational stress change. For the polarization
we first corrected the delay between right and left polarization of the receiver by using 3C
286, 3C 138 or 3C48. Next we used 3C 84 to correct the instrumental polarization, and
finally we corrected the absolute position of the polarization angle using 3C 286, 3C 138 or
3C48.

We subtracted the baseline of each scan of the OTF map of CIZA J2242.8+5301. To take
into account the presence of bright sources at the edge of the images we decided to refine
the baseline removal from each image cube using a mask. The mask has been obtained from
the observation of CIZA J2242.84-5301 at 1.4 GHz with the NRAO VLA Sky Survey (NVSS,
Condon et al. 1998): after a convolution of the map with the SRT beam we blanked all
the pixels where the signal was larger than lo (0=0.5 mJy/beam), in order to keep just
the noise regions. We proceeded by fitting the baseline of our images with a second order
polynomial, excluding the blanked regions in the mask. In this way, we could evaluate and
subtract the noise more efficiently. We flagged the remaining RFI and then we repeated
the baseline removal. The fraction of flagged data is ~ 30%. We projected the data in a
regular 3-dimensional grid with a spatial resolution of 42”/pixel. Afterwards, we stacked
together all the RA-DEC scans to obtain full-Stokes I, U, and Q cubes. In the combination
the individual image cubes were averaged and de-stripped by mixing their SWT coefficients.
Coefficients on a spatial scale below 2 pixels were omitted to improve the signal-to-noise ratio
without degrading the resolution. The polarized intensity P and the observed polarization
angle U were obtained from the U and Q maps by applying the relation P = /Q? + U? and
U = 0.5 - arctan(U/Q). The polarization maps were corrected for the positive bias introduced
when combining U and ) images (see Appendix B in Killeen et al. 1986).

K-Band

At 19GHz, the diffuse emission of CIZA J2242.8+5301 is very faint because of its steep
spectrum. For instance, to detect the northern relic at 19 GHz with a S/N=3, we would
need to reach a sensitivity level of 0=0.1mJy/beam in the SRT images. Even with the SRT
K-band multi-feed, this would require more than 100 hours of exposure time, too much to
fit within the time allocated to the SMOG program.

Indeed, the K-band observations were aimed at characterizing the spectral behaviour of a few
discrete sources embedded in the diffuse emission of the galaxy cluster CIZA J2242.8+5301.
In this way we can have an accurate estimate of their flux densities at 6.6 GHz and disen-
tangle the discrete and the diffuse emission of CIZA J2242.845301 (see 2.3.3).

We performed total intensity continuum observations, using a total bandwidth of 2 GHz cen-
tred on 19 GHz, at which the FWHM is ~ 1". The coordinates of the cross-scans observations
and other details are reported in Table 2.2.

After the baseline subtraction from each cross scan we calibrated the flux density with 3C 147
corrected for the atmosphere opacity and the gain variation with elevation. We used sky-dip
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observations to infer the opacity 7. The opacity during our observations was 7 ~0.02. Finally,
we projected the data in a regular 2-dimensional grid with a cell-size of 15" /pixel and we
stacked all the cross scans together to improve the signal-to-noise ratio. We fitted the cross
scans with a 2-dimensional Gaussian to derive the high frequency flux density.

2.3 Total intensity results

2.3.1 L-Band
Image

The results obtained from the L-band observations of CIZA J2242.84-5301 are shown in
Figure 2.1 (top panel): contours start at 3¢ with c=20mJy/beam and colours refer to
the NVSS image of the cluster. The central emission belongs to the galaxy cluster CIZA
J2242.8+5301. In the SRT image we note two additional features. About one degree north of
CIZA J2242.8+5301 we see a diffuse arc-shaped structure which is likely due to a blending
of discrete radio sources. North-east of CIZA J2242.84-5301, at ~10Mpc from the cluster
centre, we detect an extended “L-shaped” structure which appears in the NVSS as a cluster-
ing of several point-like sources. In the bottom panel of Figure 2.1 we show a zoomed figure
including this extended structure and CIZA J2242.8+5301. Colours refer to the X-ray image
taken from the ROSAT All-Sky Survey (RASS, Tritmper 1993) in the 0.1-2.4 keV band,
corrected for the background, divided by the exposure map, and smoothed with a Gaussian
of 0 =90”. We overlaid the SRT contours in blue and those from NVSS in black. The SRT
L-shaped structure seems to connect a few spots of X-ray emission: (1) on the west side,
the closest to CIZA J2242.845301, hosts at its centre an NVSS source; (2) another source,
which is seen at the southern tip of the extended L-shaped structure, is somewhat fainter
and overlaps in projection with several NVSS sources.

We wondered if the spatial coincidence between the radio and X-ray emission may possibly
indicate the presence of one or more galaxy clusters, nearby to CIZA J2242.8+5301. The as-
sociation with high hardness ratios of sources in the ROSAT Bright Source Catalogue (BSC,
Voges et al. 1999) and in the Faint Source Catalogue (FSC), coupled with the presence of an
optical over-density or Sunyaev-Zel’dovich (SZ) signal, is a good indication of the presence of
a cluster (e.g. Ebeling et al. 2002; Planck Collaboration et al. 2013). A bright source with a
high hardness ratio, associated with optical over-density, is the selection criterion of the CIZA
catalogue itself (Kocevski et al. 2007, and references therein). This criteria can be extended
to faint sources (Ebeling et al. 2013). The source closest to CIZA J2242.8+5301 (labelled
S1 in Sect. 2.3.2) is associated with the FSC source 1RXS J224504.3+532800, which has a
hardness ratio of 0.934+0.09. This is also confirmed by the second RASS source catalogue
(2RXS, Boller et al. 2016) and the association with the source 2RXS J224454.9+532719
having a hardness ratio of 1.0£0.1. See also Section 2.3.2.

Combination of single-dish and interferometer data

We combined our single-dish map together with interferometric maps from Stroe et al. (2013),
available online!, taken with the WSRT at 1.4 and 1.7 GHz. Data were collected in the fre-
quency ranges between 1.303—1.460 GHz and 1.642—1.780 GHz. The beam sizes of the WSRT
images are 20.95” x 15.80” and 15.98” x 13.10” at 1.4 GHz and 1.7 GHz respectively. Their

Yhttp:/ /vizier.cfa.harvard.edu/viz-bin/VizieR?-source=J /A+A /555 /A110
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Figure 2.1 Top: NVSS image overlaid with the SRT total intensity contours of the galaxy
cluster CIZA J2242.84-5301 obtained with the L-band receiver in the frequency range 1.3-
1.8 GHz. The field-of-view of the image is 3°x3°. The FWHM beam is 14" and is shown in
bottom-left corner. The noise level is 20 mJy/beam. Contours start at 3o-level and increase
by a factor of /2 with negative contours (-3¢) drawn in orange. Bottom: A zoomed version
including the L-shaped structure (see text) and CIZA J2242.84-5301 is shown. The SRT
contours in blue and the NVSS contours in black are overlaid on the X-ray image taken from
the RASS in the 0.1-2.4 keV band.
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sensitivity is =40 puJy/beam at 1.4 GHz and =30 uJy/beam at 1.7 GHz.

As already mentioned in the introduction, the angular extent of the diffuse emission in CIZA
J2242.84-5301 (radio halo and relics) exceeds 15'. The maximum structure that can be re-
covered by the WSRT at L-band, given the minimum baseline of b,;;=36 m between the
antennas of the array, is about 16’ for a source at the zenith. As a result, a fraction of the
flux density from the radio halo and the relics could have been missed by the WSRT, due to
the lack of information in the inner portion of the (u, v)-plane. The single-dish SRT L-band
image does not suffer from this limitation, since structures as large as the angular scale of
the SRT image are retained (3 degrees).

Therefore we combined the SRT with the WSRT images to reconstruct the correct large
scale structure while preserving the angular resolution of the interferometric observations
(see e.g. Stanimirovic et al. 1999).

We did this in the image plane using the SCUBE software package, in a similar way as
the Astronomical Image Processing System (AIPS) task IMERG or the Miriad (Sault et al.
1995) task IMMERGE. In particular, we used the WSRT images which are already corrected
for the primary beam attenuation. These images consist of a single pointing and are blanked
outside a circular region of 55.3" and 45’ at 1.4 and 1.7 GHz, respectively. We extracted two
smaller sub-bands from the full SRT bandwidth (1.3—1.8 GHz), centred at the exact central
frequencies and with the same bandwidths as the WSRT data. We cropped the two SRT
images produced from these sub-bands in the same way as the WSRT images to contain the
same region of the sky. After that, we transformed the single-dish and the interferometric
images to combine them in Fourier space. The diameter of the SRT, 64-m, is larger than the
minimum baseline of the WSRT, therefore in the Fourier plane there is a region of overlap in
which both images share the same power spectral density. This annulus in the Fourier space
is used to cross-check the calibration of the two images and to calculate a scaling factor that
we then applied to the single-dish data. In order to account for the different resolution of
the two instruments, we deconvolved the images, by dividing both of them by the Fourier
transforms of the corresponding Gaussian beams, before calculating the scaling factor.

Due to the superior signal-to-noise ratio the scaling factor was calculated at 1.7 GHz. The
required adjustment resulted in a scaling-up factor for the SRT image of 1.23 that we also
applied to the SRT 1.4 GHz image. After this scaling the two power spectra were merged us-
ing a weighted sum of the Fourier transforms. For the single-dish observations, data weights
are set to 0 for all wave-numbers larger than the outer ring of the annulus, while they are
set to 1 in the inner portion of the Fourier plane. In the annulus the weights linearly vary
from 0 to 1. The interferometric data are weighted in a similar way but with swapped values
for the weights.

The combined Fourier spectrum was then tapered by multiplying by the transform of the
interferometer beam. The combined image, obtained by the anti-transform, has the same
angular resolution of the original WSRT image and includes the large scale structures de-
tected by the SRT.

Results are shown in Figure 2.2: at left we present the WSRT maps at 1.4 GHz (top) and
1.7 GHz (bottom) and on the right we show the WSRT and SRT combined maps. Contours
start at 3o-level. Thanks to the combination we can recover the flux density associated with
the diffuse sources of the galaxy cluster CIZA J2242.8+5301, revealing a greater extension
of the central radio halo, especially at 1.4 GHz. At 1.7 GHz we do not see a significant en-
hancement of the radio halo emission. This could be consistent with the fact that typically
these sources have a steep spectrum (a=1.3) such that at higher frequencies the associ-
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Figure 2.2 Results of the single-dish interferometer combination: on the left we show the
WSRT maps at 1.4 GHz (top) and 1.7GHz (bottom) taken from Stroe et al. (2013) and
on the right the WSRT and SRT combination maps. Contours start at 3o-level, where
0=40 uJy/beam at 1.4GHz and 0=30puJy/beam at 1.7 GHz, and increase by a factor
of v/2. Negative contours (-3c) are drawn in orange. The beam sizes of the images are
20.95” x 15.80" at 1.4 GHz and 15.98” x 13.10” at 1.7 GHz.
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ated flux could be lower than the rms of the map. Assuming the same size at the two
frequencies the mean surface brightness at 1.7 GHz should be (I} 7gu,) = (I1 4cnz) x 0.485, a
factor that takes into account the different beam areas of the two instruments. At 1.4 GHz,
(I1.4cHz) ~ 3.8 X 01.4cg1, that implies (I; 7gu,) ~ 0.074mJy/beam. Thus, in order to detect
the radio halo at 1.7 GHz, we would need a noise level of 0=25 uJy/beam, lower than the
rms of the image.

Flux density measurements of diffuse sources

We measured the flux density of the diffuse emission of the galaxy cluster CIZA J2242.8+-5301
at 1.4 GHz using the combination of SRT and WSRT data.
As we do not observe radio halo emission in the WSRT 1.7 GHz image of Figure 2.2 at the
3o-level we used this image to blank the strong sources in the field of CIZA J2242.8+5301
from the 1.4 GHz images. We ended up with an image where the discrete sources and the
relics are blanked as shown by blue contours in Figure 2.3.

In this image black represents the emission above the 3o-level of the combined map at

Figure 2.3 This image shows the area we considered to measure the flux of the diffuse sources
hosted by CIZA J2242.84-5301: red contours are drawn around the relic areas, while black
colour corresponds to the radio halo emission. Blue contour indicates strong sources that we
did not consider in the estimate of the halo mean surface brightness.

1.4 GHz. We assumed that this is the extent of the radio halo and that the relics are located
inside the red contours. We defined the northern relic region by taking all those pixels inside
the same area considered by Stroe et al. (2016) in Figure A1 with a flux density greater than
50, excluding obvious discrete sources. The southern relic emission is fainter than that of
the northern relic. Thus, to isolate the southern relic from the radio halo, we used a stronger
limit in flux by drawing a 8c-level contour around the relic. We used the black area outside
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the blue contours (equivalent to ~451 times the beam area) to evaluate a mean surface
brightness of the radio halo. Then, we multiplied this value by the total area (equivalent to
~869 times the beam area), as we assume that the halo extends even in the relic regions and
that of the discrete sources.

We found that the radio halo hosted by CIZA J2242.84-5301 has a total flux density of
SPETEWSET — (158.3 4+ 9.6) mJy. We noticed that if we measure with the same procedure
the radio halo flux from the WSRT 1.4 GHz image we find S|/ = (115 £+ 7)mJy. In
our estimates we included statistical and systematic (6% of the flux to include calibration
uncertainties) errors. The northern relic has a total flux density of SVZEL = (121 &+ 7) mJy
and SV ZHTHSET — (126 + 8) mJy as calculated from the interferometric and combined maps
respectively. Here we have subtracted the contribution of the extended radio halo in order
to take into account only the flux density of the northern relic. Finally, we found that the

southern relic has a flux density Sm%}fjs AT — (11.7 £ 0.7) mJy, a value consistent, within

errors, with that calculated from the interferometric map, SY;7%7 = (11.0 4 0.7) mJy.

For the radio halo we find an enhancement of the flux density of about ~ 38% when we com-
bine single-dish and interferometric images, whereas for the relics we obtain no significant
differences. This demonstrates how the interferometer has poor sensitivity to extended and

diffuse emission while it performs better with narrow structures such as the northern relic.

The statistical properties of radio haloes in galaxy cluster are important in order to
understand the nature of these sources. Thanks to our measurements, we can now compare
the properties of CIZA J2242.8+5301 with other clusters that host radio haloes. In Figure 2.4,
we plot the 1.4 GHz power of the radio halo versus the X-ray luminosity between 0.1—2.4
keV (top) and the 1.4 GHz power of the radio halo versus its largest linear size (bottom)
measured at the same frequency. Filled dots are observed clusters taken from the literature.
We added to the compilation by Feretti et al. (2012) new radio haloes in merging galaxy
clusters revealed through pointed interferometric observations at ~1.4 GHz (Govoni et al.
2012; van Weeren et al. 2012; Giovannini et al. 2013; Martinez Aviles et al. 2016; Shakouri
et al. 2016; Parekh et al. 2017). A red triangle marks the cluster CIZA J2242.8+5301 whose
properties have been obtained from single-dish and interferometric combined maps. The
radio halo of CIZA J2242.8+5301 appears as one of the largest and one of the brightest
radio haloes observed so far but this result can be significantly affected by the comparison
with interferometric measurement which could have lost a significant portion of source flux
density and estimated a smaller LLLS. However, it should be noted that there is not a standard
procedure to measure the flux density and the size of radio haloes therefore every comparison
have to be taken with care.

2.3.2 Shallow C-band

Image

In Figure 2.5 (bottom) we show the resulting total intensity contour map in the frequency
range between 6 and 7.2 GHz over a region of 1°x1°. We reached a noise level of o=1
mJy/beam with a beam size of 2.9' x 2.9". The radio contours at 6.6 GHz are overlaid on the
same X-ray image as Figure 2.1, taken from the RASS in the 0.1-2.4 keV band. The central
cluster is bright both in the X-ray and radio band and we detected the diffuse radio emission
associated with CIZA J2242.8+5301.

Among the external sources, marked with a letter in the image, the most interesting is S1.
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Figure 2.4 Radio halo power at 1.4 GHz versus the cluster X-ray luminosity in the 0.1-2.4 keV
band (top) and versus the largest linear size of the radio halo measured at 1.4 GHz (bottom).
Full dots are observed clusters taken from the literature. We added to the compilation by
Feretti et al. (2012) new radio haloes in merging galaxy clusters revealed through pointed
interferometric observations at ~1.4 GHz (Govoni et al. 2012; van Weeren et al. 2012; Gio-
vannini et al. 2013; Martinez Aviles et al. 2016; Shakouri et al. 2016; Parekh et al. 2017). A
red triangle marks the cluster CIZA J2242.845301.

As already pointed out in Section 2.3.1, the X-ray emission has the right hardness ratio to be
classified as a galaxy cluster candidate. We show in Figure 2.5 (top), contours of the 323 MHz
GMRT image of Stroe et al. (2013). These contours are drawn starting from 2 mJy/beam and
increase by a factor of 2. Thanks to the higher resolution of the GMRT we can appreciate
the head-tail morphology of the source which is further indication of the presence of a dense
external medium similar to what is typically found in galaxy clusters. The radio contours
are overlaid on an optical Canada-France-Hawaii Telescope (CFHT) image?, where two blue
crosses indicate the position of two optical galaxies: 2MASX J22445464+5328318, at less
than 0.2" from S1, and 2MASX J22445565+5327578, at less than 0.7. The galaxies have a
K-band magnitude of M=(13.54+0.1) mag and M=(12.67+0.06) mag, respectively, already
corrected for extinction (see Appendix in Schlafly & Finkbeiner 2011). By using the K-band
magnitude-redshift relations of Inskip et al. (2002) we found that these galaxies have a red-
shift z~0.1-0.2, similar to CIZA J2242.8+5301. We obtained a similar result (z ~ 0.15—0.2)
when considering the K-band magnitude-redshift relation for brightest cluster galaxies (see
Fig.5 in Stott et al. 2008).

Even if at the moment there are only two optical galaxies identified in the vicinity of S1,
this fact, together with its X-ray properties and the fact that S1 is an head-tail radio source,
corroborates the hypothesis of S1 as a cluster candidate.

2http://www.cadc-ceda.hia-iha.nre-cnre.ge.ca/en/search/
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Figure 2.5 Top: CFHT optical image of S1 with the two optical galaxies indicated by the
crosses and contours from the 323 MHz GMRT image that start at 2mJy/beam and increase
by a factor 2. Bottom: Shallow SRT total intensity contour image of the galaxy cluster CIZA
J2242.845301 at 6.6 GHz overlaid on the X-ray image taken from the RASS in the 0.1-2.4
keV band. The SRT image has been obtained from the spectral average of the data in the
frequency range 6—7.2 GHz. The field-of-view is 1° x 1°. The FWHM beam is 2.9" and is
shown in bottom-left corner. Contours start at 3o-level, with o=1mJy/beam, and increase
by a factor of v/2.
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Label Name S, S, a

S1 NVSS J224455+-532840  133+8 2842  1.00+£0.09
52 87GB 223927.94525526 138+£8 26+2  1.08+0.09
S3 4C +52.50 182411 2642 1.3£0.1
54 NVSS J224001+-524538  35+2 9+1 0.9£0.1
S5 NVSS J224234+523506 3242 61 1.1£0.2
S6 NVSS J224258+4-523912 1141 o+l 0.5£0.2
H NVSS J2242054-525931  99.6+0.6 144+2  1.3£0.2

Table 2.3 Flux measurements of the sources marked in Figure 2.5 obtained from the NVSS
1.4GHz (Condon et al. 1998) and the SRT 6.6 GHz images (this work).

Flux density measurements of discrete sources

In Table 2.3 we give the flux density of the sources identified in the field and marked with a
letter in Figure 2.5, measured from the NVSS 1.4 GHz and the SRT 6.6 GHz images (at their
original resolution). We also calculated the spectral index « of the sources assuming for the
flux density S, a power law behaviour with the frequency v (see Eq. 1.9). For source S1 we
found o = 1.00 £ 0.09 which is typical for head-tail sources as pointed out in the previous
Section.

2.3.3 Deep C-Band
Image

In Figure 2.6 we show the total intensity map resulting from all the observations at 6.6 GHz
in a field-of-view of 30" x 30 centred on the cluster centre. In this image we reached a noise
level of ¢ = 0.5 mJy/beam. Here the two relics are clearly detected.

Discrete sources modelling

We characterize the spectral behaviour of the discrete sources, at less than 15" from the
cluster centre, by using the following multi-frequency high resolution images of the galaxies:

1. from the NRAO archive we retrieved observations from the program AV312 presented
by van Weeren et al. (2010), which used the VLA in C configuration at 4835 MHz and
4885 MHz. We calibrated data following standard procedures using the AIPS software
package;

2. we used GMRT 323 MHz, 608 MHz and WSRT 1714 MHz, 2272 MHz images from
Stroe et al. (2013) available online?;

3. we included in our sample the Westerbork Northern Sky Survey (WENSS) at 325 MHz
(Rengelink et al. 1997) and the NVSS at 1400 MHz (Condon et al. 1998) maps;

4. we also added the SRT 19 GHz observations reported in Table 2.2.

We considered the nine sources marked in Figure 2.7 whose flux is mixed with the diffuse
sources at the SRT resolution. In this image colours represent the SRT total intensity image

3http://vizier.cfa.harvard.edu/viz-bin/VizieR ?-source=J /A+A /555/A110
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Figure 2.6 Deep SRT total intensity image of the galaxy cluster CIZA J2242.84-5301 obtained
from the spectral average over the frequency range 6—7.2 GHz. The field-of-view of the image
is 30’ x 30". The FWHM beam is 2.9" and is shown in bottom-right corner. The noise level
is 0.5 mJy/beam. Contours start at 3o-level and increase by a factor of /2.
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Figure 2.7 The image is the deep 6.6 GHz SRT total intensity map of the galaxy cluster
CIZA J2242.8+5301 with VLA contours at 5 o-level (0=0.03 mJy/beam). Each plot around
the image refers to the spectrum of the discrete source specified in the bottom left corner.
Black points are the flux density measurements from GMRT, WSRT, WENSS, NVSS and
VLA images, while red points indicate the 19 GHz SRT measurements (see text for details).
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at 6.6 GHz, and contours are from the VLA 4.8 GHz contours at 5 o-level. We measured
the flux density of each point-like source using a two-dimensional Gaussian fit, while for the
extended sources we integrated the radio brightness down to the first isophote above the
noise level.

In Table 2.4 we present the values obtained including a systematic error of 10% of the
source flux, to take into account the different calibration scales of the images. Figure 2.7
shows the resulting spectra: in each panel the corresponding source is indicated in the bot-
tom left corner with red dots indicating SRT 19 GHz measurements listed in Table 2.4
together with other measurements shown by black dots. Spectra are modelled by using the
software SYNAGE (Murgia et al. 1999). The continuous blue line is the result of the fit using
parameters as reported in the top right corner of each panel.

The spectra of A; B, C, D, E, G, and I are well described by a continuous injection (CI)
model (Pacholezyk 1970), where the sources are continuously and constantly replenished with
new relativistic electrons by the AGN and the power-law spectrum breaks due to energy losses
caused by the synchrotron radiation itself and inverse Compton scattering with the Cosmic
Microwave Background (CMB) photons. The CI model includes three free parameters: the
injection spectral index, aiyj, that characterizes the spectrum below the break frequency, w,,
and the normalization. Above 1, the high-frequency spectral index is «;, which is related to
the injected spectral index as shown in Eq. 1.19.

From these parameters we can evaluate the synchrotron age of the source tg, i.e. the time
elapsed since the start of the injection, by using Eq. 1.20 and adopting the equipartition
value B, for the magnetic field strength (see Appendix B). Since this value depends on the
source volume we derived B,,;, and hence the age only for the extended sources B, C, D, E
and G. The results of the spectral modelling and the source ages are listed in Table 2.5.

Source A: It is point-like, the spectrum is fitted by a Cl-model with asy; = 0.5, and
1, = 1.4 GHz. The observed spectrum includes SRT measurements at 19 GHz.

Source B: The spectrum for this source is described by a Cl-model, with as,; = 0.43
and 1, = 0.6 GHz. It is a small double of 164 kpc in size. Assuming a cylindrical volume
we calculated an equipartition magnetic field of B, ~ 8.1 uG, and we deduce an age of
ts=76 Myr.

Source C: This is a narrow-angle-tail source, seen in projection over the northern relic.
The tail, which has a linear size of 146 kpc, extends toward the north-east. We calculate for
this source an age of t;=70 Myr.

Source D: This source is seen in projection close to the cluster centre, and is slightly
extended at the resolution of the VLA 4.8 GHz image. The spectrum is well fit by a CI-
model. We estimate an age of 46 Myr.

Source E: This source is located in projection close to the cluster centre. Its morphology
shows two bright lobes and two faint tails extending in the N-S direction. The spectrum is
fitted by a Cl-model with 11, =22 GHz and has an estimated age of t;=45 Myr.
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Source SEHZL?I/\/IHZ Sg%?l,\/IHz ng)g\/mz SrlniéHz Sing(}i}Hz Sgng(}i}Hz Szné]Z}S/E)GHZ ST§§5GHZ SrlrggHz [S?g(}i}Hz]exp
A 56+6 53+5 - 17£2 1942 17+£2 6.1£0.6 6.0£0.6 3+£1 4.8

B 64+6 51+5 43+4 16£2 1842 1542 5.8+0.6 5.7£0.6 3%l 4.6

C 80+8 - 51+£5 - 26+3 22+£2 8.9+0.9 8.24+0.8 4+1 6.9

D 5445 - 35+3 - 17£2 1241 5.4+0.5  5.2+0.5 6+£3 4.0

E 357£36 - 248+£25 - 106+11 8248 39+4 39+4 11£1  31.0

F - 4445 - 13£2 11£1 8.2+0.8 2.4+£0.2 2.8+£0.3 - 1.4

G 50+£5 46+5 38+4 4244 1942 1842 14+1 6.8£0.7 3£2 5.4

H 102£10 - - 102£10 80+8 62+6 2442 2442 OE2 17.4

I 20+£2 - 13+£1 9+1 6.6+0.7 5.2+0.5 2.1£0.2 2.2+0.2 - 1.4

Table 2.4 Flux density measurements obtained from the following maps: GMRT 323 MHz (Stroe et al. 2013), WENSS 325 MHz (Rengelink
et al. 1997), GMRT 608 MHz (Stroe et al. 2013), NVSS 1400 MHz (Condon et al. 1998), WSRT 1714 MHz (Stroe et al. 2013), WSRT
2272 MHz (Stroe et al. 2013), VLA 4835 MHz and 4885 MHz (van Weeren et al. 2010), SRT 19 GHz (this work). We report the expected
flux density of each source at 6.6 GHz in the last column.
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Source Model Qling , [GHz] B [G]  ts [Myr]
A CI 0.5+0.1 1.4+£1.0 - -

B CI 0.4+0.1 0.6£04 8.1 7636
C CI 0.5+0.1 1.1£0.6 6.9 70+24
D CI 0.6£0.1 1.54+1.0 8.4 46+£22
E CI 0.7+£0.1 22414 10.2 45+16
F Clorr 0.5 3=£1 1.4 149460
G CI 0.4£0.1 0.9+0.5 3.6 166158
H SSA+PL  0.7+0.1 <0.54 - -

I CI 0.5+0.1 1.5+£0.6 - -

Table 2.5 Results of the spectral modelling and source ages.

Source F: This source is located at the Eastern tip of the northern relic. For this source
we added the flux density measurements we derived from the 150 MHz TIFR GMRT Sky
Survey (TGSS?) (Intema et al. 2017) and the WSRT 153 MHz (Stroe et al. 2013) images:
Sisomuz = (65 £ 6) mJy and Sys3ymu, = (67 & 2) mJy. The radio spectrum shows a sharp high
frequency exponential cut-off that cannot be explained by the smooth steepening of the
Cl-model. This source seems to be an example of a dying source where the central black
hole of the galaxy has stopped its activity (Murgia et al. 2011). Following these authors, we
fitted the radio spectrum using the Clppr model. This model assumes that the CI phase is
followed by a remnant (or dying) phase during which the radio jets are switched off. In the
absence of the injection of new electrons the sources spectrum develops an exponential high
frequency cut-off. By fitting the Clppr model we derived the break frequency which gives
the total source age, and topp/ts, which gives the relative duration of the dying phase. We
found a total source age of 149 Myr. The source has been in the active phase for 45 Myr and
in the dying phase for 104 Myr. The morphology is relaxed, as expected for dying sources,
but a weak point-like core is present. This weak core seems however to be disconnected from
the fading lobes as no jets are visible.

Source F could be a potential source of seed electrons for the northern relic (e.g., Bonafede
et al. 2014a; van Weeren et al. 2017). By looking at the top-right panel of Figure 2.2 we
see that the source is close to an arc-like feature which appears to be a secondary shock
or a possible extension of the northern relic, although a discontinuity between these two
structures is present.

Source G: This is a narrow-angle tail with a linear size of 174 kpc. The spectrum is well
described by a CI model, with v, ~0.9 GHz. The source age is 166 Myr from which we
deduced an advancing speed for the galaxy of v = d/t; = 1000 £ 400 - ﬁ km/s, where 7 is
the inclination of the source with respect to the line-of-sight.

Source H: For this source we added the flux density measurement derived from the 150
MHz TGSS image: Sisomm, = (5.6 & 2.3) mJy. This source exhibits a spectral turn-over at
low frequencies, that could be due to synchrotron self-absorption (SSA). In the optically
thick part of the spectrum we fixed the spectral index to apicc=-2.5, while we modelled the
optically thin regime using a power-law. The source is unresolved and could be intrinsically a
compact steep spectrum source where the break frequency is below the SSA peak: 1, «vgga.

4http:/ /tgssadr.strw.leidenuniv.nl/doku.php
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For this reason the observed spectral index in the optically thin part of the spectrum is
interpreted as o = ajy; + 0.5.

Source I: The spectrum of this source is well fit by a CI model with the break at 1.5 GHz
and ajy; ~0.5. The source is point-like.

From the fitted spectra we derived the flux density of the sources at v= 6.6 GHz and
report these in the last column of Table 2.4.

Flux density measurements of diffuse sources

As mentioned in the introduction, single-dish telescopes can be used to accurately infer the
size and flux density of diffuse sources. They are not affected by the missing zero spacing
problem that plagues radio interferometers, especially at high frequency where the primary
beam is usually smaller than the cluster size in the local Universe. Unfortunately, the typical
beam of single-dish telescopes is far larger than the beam synthesised by the interferometer,
so it is difficult to distinguish between diffuse and discrete sources.

Thanks to the spectral modelling of the discrete sources from the previous section we have
a firm prediction of their flux densities at 6.6 GHz (see last column of Table 2.4).

We modelled these sources with Dirac delta functions normalized to the expected fluxes. We
then convolved these functions with the SRT beam and finally we subtracted the resulting
image from our SRT 6.6 GHz image.

Figure 2.8 shows in grey-scale and magenta contours the total intensity deep image on the
right and, on the left, the image with the sources subtracted, where we expect to observe
the contribution of diffuse emission only. The noise is o= 0.5 mJy/beam. Both images show
yellow contours of the combined image at 1.4 GHz presented in Figure 2.2. At the 3o-level the
northern emission seems to extend beyond the strong galaxy C covering a total extension
of ~2.9 Mpc and a width of ~800kpc. However, the extra-component in the north-east
direction could be either due to a real extension of the northern relic or to the residual flux
from source F (see notes on Sect. 2.3.3). For these reasons, and to be consistent with the
other measurements (see Fig. Al of Stroe et al. 2016), we evaluated the northern relic flux
density inside the ellipse drawn with a dashed line in Figure 2.8. At the 5o-level (a cut
consistent with that of Kierdorf et al. 2017), we found Sg¢cm, = (17.1 £ 1.2) mJy.

From Figure 2.8 we can also give an estimate of the flux of the southern relic at 6.6 GHz.
We measured a flux density of S¢6cm, = (0.6 £0.3) mJy at the 3o-level.

2.3.4 Northern and southern relics

Our results regarding the flux of the northern relic are reported in Table 2.6 together with
flux density measurements at different frequencies taken from literature up to 8.4 GHz. We
included the value we inferred from the WENSS 327 MHz image after the subtraction of
sources A, B and C, using the flux densities predicted by our models at 327 MHz.

In Figure 2.9 we plot the values of Table 2.6. The red points represent our measurement
obtained with the SRT observations. We fit the spectrum of the northern relic with a contin-
uous injection model (blue line). This model takes into account the presence of relativistic
particles injected at early stages of the shock passage that have lost their energy resulting in
a break in the spectrum. From the fit we obtain a value of the injection spectral index ;.
This value is related to the spectral index a4, as already shown in Eq. 1.19.
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Figure 2.8 Left: The original SRT image at 6—7.2 GHz (colour-scale + magenta contours)
overlaid with the higher resolution WSRT+SRT 1.4 GHz contours (yellow). Right: The resid-
ual 6—7.2 GHz image of the diffuse emission after the subtraction of modelled discrete sources
(see text for details). Again the WSRT+SRT 1.4 GHz contours are overlaid in yellow.

v [GHz]

S, [mJy] Reference

0.15
0.325
0.327
0.61
1.2
1.4
1.7
2.25
2.3
4.85
6.6
8.35

780.4£80  Stroe et al. (2016)
315.7£32.4 Stroe et al. (2016)
446+21 This work, WENSS image
222.3+22.4  Stroe et al. (2016)
125.7£12.6 Stroe et al. (2016)

126+£8 This work, SRT image
91.249.2 Stroe et al. (2016)
61£3.6 Stroe et al. (2016)
54.34+5.6 Stroe et al. (2016)
3248 Kierdorf et al. (2017)
17.1£1.2 This work, SRT image
17+£5 Kierdorf et al. (2017)

Table 2.6 Flux density measurements of the northern relic of CIZA J2242.8+5301.
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Figure 2.9 Total flux measurements of the northern relic at different frequencies from Table
2.6. Red points are the new measurements from this paper obtained with the SRT obser-
vations. The blue line represents the continuous injection model fit whose parameters are
shown in the top-right corner of the image. Dot and a dashed lines have been drawn to show
the flux density decrement due to the SZ effect as predicted for the northern relic of CIZA
J2242.8+5301 by Basu et al. (2016) assuming M=2.5 and M=3.5 respectively.

From the fit we know that the spectrum breaks at v, = 1.87)"8 GHz and that ayy; = (0.740.1),
in agreement with van Weeren et al. (2010). In the high-frequency region of the spectrum
(v >> vb), where radiative losses are balanced by the injection of new particles, the result-
ing spectral index is ay, = (1.2 4+ 0.1). By applying the simple DSA model formula of Eq.
1.27 we inferred a Mach number M = (3.3 £ 0.9) in agreement within the errors of the value
M = 2.7757 presented in Akamatsu et al. (2015). However, we noticed that there is not yet
a clearly detected jump in the X-ray surface brightness as expected at these Mach numbers
(Donnert et al. 2017) (see discussion in Sect.2.1).

In the frequency range probed by our observations no significant evidence of steepening
in the radio spectrum is found beyond that predicted by the CI model. From our analysis
based on a wide frequency range (from 150 MHz to 8.35 GHz) we can exclude the steep-
ening found by Stroe et al. (2016) beyond 2.5 GHz. Moreover, we find that the continuous
injection model is consistent with the data. Thus, the physics of the northern relic of CIZA
J2242 845301 does not seem to require models beyond the standard DSA mechanism, al-
though only new accurate measurements at frequencies higher than 10 GHz can definitively
exclude alternative scenarios.

It should be noted that Stroe et al. (2016) presented interferometric measurements at
16 GHz and 30 GHz taken with the Arcminute Microkelvin Imager (AMI) and with the Com-
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bined Array for Research in Millimeter-wave Astronomy (CARMA). These measurements
are represented as open dots in Figure 2.9. We do not include them in our fit procedure
since these measurements are made with interferometers that could have lost a significant
fraction of the flux density from the extended structure. Nonetheless, we compare them with
the best fit of the CI model taking into account the SZ decrement. Extrapolating the CI
model at frequencies higher than 10 GHz we show as a dot and dashed lines in Figure 2.9
the SZ decrement as expected by Basu et al. (2016) for this relic assuming a Mach number
of M=2.5 and 3.5 respectively.

As we can see, the decrement is negligible, or at least within the flux calibration uncer-

tainties until ~16 GHz. Above this frequency the SZ decrement is increasingly significant,
but not enough to explain the measurements at 16 and 30 GHz.
The observed gap could be due to a missing flux problem, as previously mentioned, or it
could be real. In the latter case a modification from the basic CI model is required. Donnert
et al. (2016) showed that a non uniform magnetic field in the region of the relic could explain
the flux densities measured at 16 and 30 GHz. Future single-dish observations at frequencies
higher than 10 GHz, which could be obtained with the SRT 7-feed K-band receiver, could
help to shed light on the claimed high frequency steepening.

It should be noted that the break frequency of the CI model corresponds to the spectral
break of the oldest electron population injected only if the particles are confined within the
volume of the radio source, and the radio spectrum is extracted from a region that encloses
the entire emitting region. In this case, we can think at the CI model as the sum of all elec-
tron populations from the youngest to the oldest ones. Below the break frequency (where
radiative losses are negligible) particles accumulate and the source luminosity grows linearly
with time. Above the break frequency a steady state is reached and the high-frequency spec-
trum stays unchanged since radiative losses are compensated by the freshly injected particles
(Kardashev 1962; Pacholezyk 1970). If the magnetic field has been constant in time and uni-
form in space inside the radio source we can use Eq. 1.20 to estimate the time since the
start of the injection, provided that we know the magnetic field strength. This assumption
was used to estimate the ages of the discrete sources embedded in the diffuse emission in
Section 2.3.3. However, this basic scenario needs to be modified if the confinement time 7.
of the particles inside the source is finite which is likely the case for relics. We can make the
oversimplified assumption that the shocked region consists of a slab of enhanced magnetic
field strength of width l,q;.. Particles are accelerated in the outer rim of the slab at the edge
of the upstream region by the shock wave and then they flow and age backwards in the down-
stream region. As the particles exit the slab their radio emission rapidly disappears even at
low-frequencies due to the drop in the magnetic field strength. Indeed, the confinement time
is related to the relic width by 7. = lielic/Va, Where vq is the downstream velocity. Note that
a similar argument has been advocated in Carilli et al. (1991) to explain the spectra of the
hot spots in Cygnus-A, where particles are injected (or re-accelerated) at the termination
shock inside the hot spots and then they back-flow into the radio lobes. By definition, the
age of the oldest electrons still present in the relic region and that produce the spectral break
seen in the CI spectrum should be exactly 7.. The magnetic field strength inside the relic is
not known, however, from Eq. 1.20 it can be shown that the maximum age allowed for the
electrons is ty.x = 62 Myr, which is obtained for B = B¢/ V3~ 27 1G. We highlight that
this value is in agreement with the minimum energy field strength of B, = 2.4 uG esti-
mated by Kierdorf et al. (2017). Therefore, by assuming a relic width 1. ~ 200 kpe (Stroe
et al. 2016), we can derive a lower limit for the downstream velocity of v4 > 3145km/s or
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M > 3. We note that this lower limit is high but still compatible, within the measurement
errors, with the Mach number derived both from the X-rays and from the DSA model (see
Eq. 1.27). It is reasonable to assume (see Sect. 2.4.2) that the ambient magnetic field in the
proximity of the relic is of the order of 1 uG. Indeed, the average magnetic field strength
inside the relic region would be amplified by a factor > 2. This represents the average mag-
netic field strength in the compression region, while outside we suppose that the magnetic
field drops to the background level. The particles that flow in the de-compressed region dis-
appear rapidly, even at low frequencies, because of the drop in the spectrum normalization
due to the weaker magnetic field. We stress that, according to this simple scenario, the break
frequency of the CI model is not related to the time necessary to the shock to propagate
from the cluster centre to the observed position (~0.5 Gyr), but rather it refers to the much
shorter confinement time of the electrons inside the shocked region. Therefore, we cannot
infer the total age of the relic (that however, we can assume to be larger than 7.) since the
very first injected particles are not contributing anymore to the current observable radio
spectrum. We underline that in this calculation we assumed that the magnetic field strength
profile is described by a simple step function. A more detailed treatment of this issue is
beyond the scope of this work; we refer to Donnert et al. (2016) for a more sophisticated
modelling. These authors consider much smoother profiles for the magnetic fields after the
shock (resulting from their assumption of a small-scale dynamo in the downstream region),
which results in a curvature for the high-frequency spectrum more pronounced with respect
to that of the CI model.

In any case, it is important to point out that a steep-spectrum power-law behaviour is
expected only if the confinement time is so long that the break frequency of the oldest
population present in the relic region shifts below the lower end of the observed window.
Attempts to fit the spectrum with a single power-law have been presented in Kierdorf et al.
(2017). They found for CIZA J2242.84-5301 a = 0.90 £ 0.04 which is intermediate between
ainj and ay, in our fit. However, this value of spectral index leads to problematic results since
the Mach number expected by the DSA model diverges. We therefore opt for the CI fit,
under the assumption that the spectral curvature is real, since the missing flux problem is
negligible below 1 GHz. This is confirmed by the finding that the flux density of the relic
before and after the single-dish-interferometric combination is roughly the same at L-band.

Concerning the southern relic: we fitted our estimates of the flux density at 1.4 GHz and
6.6 GHz with a simple power-law as shown in Figure 2.10. Because only two experimental
points were available the fit of the CI model is not applicable. The southern relic has a
spectral index a ~ 1.9 corresponding to a Mach number of M ~ 1.8. Even in this case the
value is in agreement with that found by Akamatsu et al. (2015) (M = 1.7703).

It is worth noticing that in a recent work Hoang et al. (2017) presented Low-Frequency
Array (LOFAR) observations between 115.5 and 179 MHz of the diffuse sources of CIZA
J2242.8+5301. Assuming the DSA model and by evaluating the injection spectral index in
the upstream region, they find Mach numbers for the southern and the northern relics in
agreement with the ones obtained from X-rays by Akamatsu et al. (2015) and consistent
with our results.
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Figure 2.10 Total flux measurements of the southern relic obtained with the SRT observa-
tions.

2.4 Polarized intensity results

2.4.1 C-band

Figure 2.11 shows, on the left, the SRT 6.6 GHz linearly-polarized intensity image of CIZA
J2242.845301 in colours as detected from the deep observations (FoV=30" x 30"). Contours
refer to the total intensity image (Figure 2.6) and vectors indicate the electric-field polariza-
tion. In this image the noise-level is 0=0.35 mJy/beam.

We detect the polarized emission of the northern relic: its average fractional polarization is
of ~40%, reaching levels as high as ~70%. This could be a consequence of the shock passage
- the turbulent magnetic field is compressed and its component in the direction of the shock
is suppressed.

2.4.2 Rotation Measure Synthesis

We applied the Rotation Measure (RM) Synthesis technique (Burn 1966; Brentjens et al.
2005) on the linearly-polarized data presented in Figure 2.11 in order to recover the Faraday
depth of the relic.

In addition to the SRT data, for which the frequency band goes from 6.0 GHz up to 7.2 GHz
with a channel width ~1.46 MHz, we also included two more channels taken from the archival
VLA data at 4.835 and 4.885 GHz presented in Sect. 2.3.3. This helped us to improve the
reliability of the RM Synthesis technique by extending the A coverage. We smoothed the
VLA U and Q images to the SRT resolution. However, the resulting RM transfer function
has still a quite large FWHM (~4000rad/m?) since we are observing at relatively high
frequencies. We should also consider that the angular resolution of our polarized images
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Figure 2.11 Left: SRT linearly-polarized intensity image of the galaxy cluster CIZA
J2242.8+5301 obtained from the spectral average in the frequency range 6-7.2 GHz. The
field-of-view of the image is 30’ x 30’. The FWHM beam is 2.9" and is shown in bottom-
right corner. The noise level is 0.35 mJy/beam. Contours refer to the total intensity image
starting at the 3o-level and increasing by factors of /2. The vectors indicate the electric
field polarization with the orientation corresponding to the polarization angle and the length
proportional to the polarization percentage where 100% is shown in the top-left corner. The
vectors are traced only for pixels with a total and linearly-polarized intensity signal higher
than 30 and an error of the polarization angle below 10°. Right: Result of the application of
the RM Synthesis technique. The top panel represents the Faraday depth we obtained for
the maximum polarized signal. In the bottom panel we report the associated uncertainties
evaluated from simulations.

48



2.4. POLARIZED INTENSITY RESULTS

corresponds to a linear scale of ~550 kpc, which could be larger than the autocorrelation
length of the RM fluctuations. Indeed, it is hard to distinguish multiple components in the
Faraday depth space and as a consequence we cannot verify if the RM originates internally to
the radio relic or in an external Faraday screen. For these reasons, in what follows we assumed
that the RM originates entirely in the ICM between us and the relic and that the internal
Faraday rotation is negligible. In practice we considered just one polarized component in
Faraday space and we computed its RM from the RM Synthesis by measuring the Faraday
depth of the polarization peak.

Figure 2.11 shows, on the right, the results of the RM Synthesis applied on pixels with

a polarized S/N ratio larger than 3. The top-right panel shows the resulting Faraday depth
while the bottom-right panel shows the associated uncertainty.
These errors have been evaluated with a Monte Carlo simulation. We injected 30 different
components in Faraday depth, randomly distributed between —10000 and 10000 rad/m?,
with intensities ranging from 1mJy/beam up to 4mJy/beam to reproduce the S/N range
of the observed polarization intensity. From these values we produced simulated U and Q
data in the selected frequency band (SRT C-band plus the two VLA frequencies). We fixed
the relic spectral index to what found in Sect. 2.3.4 and we assumed a weight wg, for each
frequency channel (defined as wg, = 1/(0%) where oy, is the rms of the single channel), in
order to accurately reproduce the effect of the noise on data. We used wy, = 0 for those
channels that have been blanked due to RFI. We applied the RM Synthesis to the simulated
U and Q data and we compared the injected values with respect to the polarized signal and
the Faraday depth inferred from the RM Synthesis. We assumed for the RM uncertainty
the rms of the distribution of the difference between input and “measured” Faraday depth.
As expected, the higher the S/N ratio the lower the rms. For a S/N=3 the RM uncertainty
is about 25 rad/m?, but it decreases down to 7 rad/m? at the position with the brightest
polarized emission (S/N=10).

The Faraday depth image shows negative values with a gradient along the relic length
from about —150 at the east end to about —400 rad/m? at the west end. At the polariza-
tion peak we found RM = (—176 4 8) rad/m?. Our Faraday depth image is in good agree-
ment with the values obtained by Kierdorf et al. (2017), but we observe a RM gradient of
~250tad/m? over an angular scale of 10/, a factor of 2 larger than the gradient inferred from
that work.

We estimated the Galactic RM contribution in the position of CIZA J2242.8+5301 using
the reconstruction of Oppermann et al. (2015) that provides a RMg, = (=73 £ 70) rad/m?.
Therefore, despite the large uncertainties the Faraday depth shown in Figure 2.11 seems
to exceed the Galactic contribution by at least a factor of two. Furthermore one could
ask if the observed RM gradient is due to a gradient in the foreground Galactic RM since
CIZA J2242.8+5301 is very close to the Galactic plane (latitude b=—5.11 deg). Using the
map of Oppermann et al. (2015) we deduced that in general RM gradients as large as
1000 rad/m?/deg are possible along the Galactic plane. In order to explain the RM gradient
observed along the northern relic in CIZA J2242.8+5301 we would need a very high gradient
of about 1500 rad/m?/deg.

We therefore deduce that the RM gradient is not due to the Galactic foreground. Thus,
we can subtract the constant value of RMg, = —73rad/m?, and evaluate if the residual
RM could be caused by the magneto-ionic medium in the galaxy cluster itself. Following
Govoni et al. (2010) (see also Appendix C), and assuming a cluster magnetic field with
an autocorrelation length Ag << L, where L is the integration path along the gas density
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distribution, the observed RM along a line-of-sight is a random walk process that involves a
large number of cells with size Ag. The distribution of the RM will be a Gaussian with zero
mean and a variance:

L
o2, =< RM? >= (812)2A /0 (neBy)2dl (2.1)

Assuming that the cluster magnetic field follows a n-profile with respect to the density
distribution B(r) = By(ne(r)/ng)" and that the density distribution follows a [-profile
n(r) = no(1 +r%/r2)738/2 we obtain that the RM dispersion at a given projected distance
r is:

_ K(L)BoAy*ngr}/? |T[38(1+1n) — 1]
orm(ri, L) = (14 )\ TBA( ) 2 22)

where K(L) depends on the integration path along the gas density distribution. We assume
that the northern relic is located halfway the cluster so that K=441. By and ng are respec-
tively the central values of the magnetic field and thermal plasma density profiles, r. is the
core radius of the cluster and I' is the gamma function. The observed RM image is compatible
with a magnetic field tangled on a scale equal or larger than the RM structure of Figure 2.11,
so that we can assume Ag ~ 1300 kpc. If we subtract from the RM of the peak the Galactic
contribution the residual RM due to the ICM is RM = —103rad/m?. Assuming reasonable
values for the parameters of the hot ICM (ng = 1073 cm™3, 3 = 0.6, and r. = 500 kpc), we
would need a magnetic field of By = 4.5 4G at the cluster centre with n = 0.5 to generate
an RM distribution with a ogy ~ 107 rad/m? at the relic, where we expect B = 1.6 uG. We
note however that even if the central magnetic field strength is in line with what typically
found at the centre of galaxy clusters (Feretti et al. 2012), the magnetic field autocorrelation
length is much larger than what expected for the turbulent ICM. We also note that the
condition Ag << L could not be verified in our case, since the scale of the magnetic field
would be comparable with the size of the cluster.

Another possibility is to consider that the Faraday rotation is occurring in a cosmic web
filament which includes CIZA J2242.845301. As suggested by Planck Collaboration et al.
(2016) the primordial magnetic fields have a strength not larger than a few nG. Even as-
suming a thermal density of n, = 10~%cm ™ and a magnetic field tangled on a scale of 1300
kpc, the resulting RM would be only ~0.1rad/m?, making the filament contribution irrele-
vant. Moreover we notice that magnetic fields of the order of ~ 0.1 uG in filaments should
be reached only in the presence of small-scale dynamo amplification in excess of what can
be presently resolved by simulation (Vazza et al. 2015). This may be verified in the pres-
ence of small-scale vorticity and/or plasma instabilities of various kinds (e.g. Mogavero &
Schekochihin 2014), which would however make the magnetic field tangled on much smaller
scales than what is inferred by our observations.

For this analysis it is clear that high resolution polarized observations are needed to
clarify the nature of the observed Faraday rotation in CIZA J2242.8+5301. For instance
the forthcoming Westerbork Observations of the Deep APERTIF Northern-Sky (WODAN,
Rottgering et al. 2011) project will give us a polarized image of the northern sky. The high
resolution and sensitivity of this survey will make it possible to better investigate the RM
observed in the region covered by the galaxy cluster CIZA J2242.8+5301 and will help to
constrain the properties of the intracluster magnetic field.
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Full-Stokes simulations of the radio sky

The advent of the Square Kilometre Array will have an unprecedented impact on the study
of the cosmic magnetism. An all-sky survey at 1.4 GHz will be proposed for the SKA with
the aim to produce an accurate map of the RM based on a enormous number of radio sources
spread over cosmological distances. The spatial density of these radio sources will be such
that we will obtain a RM grid with several hundreds of sources per squared degree. In order
to be prepared to use this RM grid, we need to understand if and how we will be able to
invert the information encoded in the grid to reconstruct the strength and the structure of
intracluster magnetic fields. To this purpose, we first develop a numerical approach that is
able to produce a realistic image in full-Stokes of the radio sky. As a second step, we use these
realistic images of the radio sky, in combination with numerical model of the intracluster
medium, to produce synthetic radio observations similar to the images of galaxy clusters that
will be obtained with the SKA. Finally, these mock spectral-polarimetric cubes are used to
determine the precision of the RM Synthesis technique in reconstructing the properties of
the intracluster magnetic fields.

In this Chapter we describe the procedure and the models developed to produce simulated
full-Stokes images of the radio sky. The predictions of our modelling will be compared with
the radio source counts both in total intensity and polarization available from the literature.
Finally, we present the estimates of the confusion limits of I, U, and Q Stokes parameters
versus different values of beam resolutions obtained from our simulations.

3.1 Modelling the radio sky

The physical characteristics of intracluster magnetic fields are encoded in the polarization
properties of the radio sources located within and in the background of galaxy clusters.

As explained in Chapter 1, a linearly polarized signal suffers the Faraday rotation effect as
it crosses a magneto-ionic medium. When we observe a polarized radio source located inside
or in the background of a galaxy cluster, the rotation of the polarization plane (see Eq. 1.28)
is equal to its wavelength squared times the Rotation Measure (RM). The RM is defined as
the path integral of the intracluster magnetic field component parallel to the line-of-sight
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times the thermal density where the integral is performed throughout the portion of plasma
crossed by the signal (see Eq. 1.29). Thus, it should be clear that the RM is crucial in
determining the intracluster magnetic field properties provided that we have enough radio
sources to cover the galaxy cluster area (see e.g. Sect. 1.4). Note that so far the majority
of RM studies have been based on discrete radio sources, but thanks to its unprecedented
sensitivity the SKA will permit to investigate also the Faraday rotation effect using diffuse
sources, like radio haloes (Govoni et al. 2015, 2017).

In this thesis, we use the FARADAY software package (Murgia et al. 2004) which has been
specifically designed for the study of the intracluster magnetic fields. This tool was already
able to predict the polarization properties of the large scale diffuse emission associated
to radio haloes (see Sect. 3.1.1 below). We further developed the FARADAY package to
include the possibility to simulate a synthetic population of cluster-embedded discrete sources
and also a synthetic population of background and foreground discrete sources distributed
over cosmological distances (see Sect. 3.1.2). FARADAY is now able to produce full-Stokes
spectral cubes that can be further analysed as if they were real observations of discrete
radio sources. We use these new features to predict the distribution of the radio sources
cosmological population with respect to redshift which is very important to understand the
effectiveness of the RM grid for a galaxy cluster at a given distance. Finally, we present
simulated I, U and Q images of the cosmological population of discrete radio sources in
order to evaluate the confusion limit at different angular resolutions.

3.1.1 Radio haloes’ simulations

In order to produce the signal of a radio halo we need a model for the ICM properties, namely
the intracluster magnetic field, the thermal plasma density and the relativistic electron den-
sity. By using the FARADAY software package we can model a 3-dimensional distribution of
the magnetic field and the thermal plasma density in a physical cube. FARADAY is able to
reproduce specific physical properties like e.g. a particular power-spectrum for the magnetic
field fluctuations or a given f—model for the thermal gas density. The software package is
also able to accept physical cubes produced by external numerical magneto-hydro-dynamical
(MHD) simulations. In both cases, once a given intracluster magnetic field is included in the
physical cube we can illuminate it with a relativistic electron population. For the simula-
tions presented in this thesis the energy of the relativistic electrons is set according to the
equipartition condition (see Appendix B). FARADAY is able to compute full-Stokes spectro-
polarimetric cubes. The total intensity emissivity resulting from the interaction between the
relativistic electron population and the intracluster magnetic field is computed from the
synchrotron formulas presented in Sect. 1.2. The total intensity will be the integral of the
emissivity throughout the line-of-sight:

I(v) = i /0 "l (3.1)

where L is the dimension of the physical cubes of the ICM properties. It is worth to mention
that FARADAY includes the k-correction factor (1 + z) 73~ to take into account the Doppler
effect and the cosmological dimming of the brightness.

To compute the intrinsic polarized intensity P and angle U we take into account both the
internal depolarization effect and the variation of the magnetic field direction along the line-
of-sight. We first evaluate the rotation which affects the intrinsic linearly polarized signal

52



3.1. MODELLING THE RADIO SKY

Pint(v,1) emitted in a cell located at depth 1:

2
AW (v, 1) = RM(l) % (3) (3.2)
v
where the RM(1) (in rad/m?) is defined in Eq. 1.29. Hence, we compute the contributions to
the Stokes parameters U and () from the polarized signal emitted inside the cell by inverting
the relations:

P(w,1) = \JUW, D2 + Q(1,1)?

o -1 U(”? l)
U(v,l) = 0.5 x tan (Q(I/),l)

The final images of U and Q are obtained by summing up all the contributions along a given
line-of-sight incoming from every point inside the radio halo.

3.1.2 Discrete radio sources simulations

For this PhD project, the capabilities of FARADAY have been upgraded to reproduce the
emission of a population of discrete radio sources.

The simulation begins with a catalogue of radio sources which is generated by integrating
the selected luminosities functions over a large “conical” volume of space: the catalogue
contains all the discrete radio sources inside the slice of Universe whose angular aperture
is set by the field-of-view of the target cluster and that extends in depth from a redshift
z=0 up to z=zy.y. This list is used to store the basic radio source properties i.e.: type, size,
position (with respect to the cluster), redshift, coordinates, luminosity. In addition, to each
source of the list we attach a model which is extracted from a dictionary and consists of
four images: total intensity, spectral index distribution, fractional degree polarization, and
intrinsic polarization angle. These images are derived from real observations of radio sources.
Some examples are shown in Fig. 3.1 where the colour represents the total intensity and the
vectors the electric field polarization direction and strength. Furthermore, with FARADAY
it is possible to divide the population into different types of radio sources (i.e. radio-loud,
radio-quiet, star forming galaxy, quasar etc.). For simplicity, we decided to opt for two main
families depending on the mechanism that triggers the radio emission: star forming galax-
ies (SFG) and active galactic nuclei (AGN). To the AGN class we associate powerful and
polarized radio sources with different morphologies (FRI, FRII, Head-Tails..), while for the
SFG class we use maps of spiral galaxies. The radio source models are all derived using
high-quality high-resolution images. Indeed, the images of fractional polarization and angle
of the radio sources included in our dictionary are derived from VLA images at C and X
bands at arcsecond resolution so that they can be considered very closed to the intrinsic
values. The SFG and AGN sizes are assigned, according to their luminosity and redshift,
consistently with the prescriptions of Wilman et al. (2008).

For each source, the total intensity of the model I,(x,y) randomly extracted from the dic-
tionary is rescaled such that the total luminosity:

LV:/EIV(x,y)dxdy (3.3)

matches to that required by the catalogue, where the integral is performed over the radio
source area ..
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Figure 3.1 Models of radio galaxies where the colour represent the total intensity (normalized
to one) and the vectors the intrinsic polarization strength.

From an operative point of view, the generation of the catalogue is generally based on a
Monte Carlo extraction. However, there are some differences between the cluster-embedded
and the cosmological population.

For what concerns the cluster-embedded radio sources, we follow these steps:

we choose a value for rogg, defined as the distance within which the cluster density is
200 times the critical density of the Universe;

for numerical purposes, we define the cluster volume as a cubical box of few Mpc?;

we assume that the spatial distribution of the radio sources follows a Navarro-Frank-

White profile (Lin & Mohr 2007);
we assume as radio luminosity function (RLF) that proposed by Lin & Mohr (2007);

we normalize the Navarro-Frank-White distribution such that it yields the same number
of sources per Mpc? provided by the RLF;

the total number of cluster sources N is computed from the integration of the spatial
distribution over the cubical box;

we select the relative fraction of AGNs and SFGs depending on the ratio between the
RLF of one specific type (AGN or SFG) with respect to the total RLF;

by using a Monte Carlo approach we randomly extract the position (x,y,z), the lumi-
nosity, and the size of each source;

a model for the radio source is extracted from the dictionary according to the luminosity
and type.
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3.2. COMPARISON WITH DATA

The distribution of the non-cluster radio sources is computed starting from a “cosmolog-
ical” RLF. First, we set the field-of-view and the maximum redshift up to which we populate
the simulated portion of the Universe. We split the slice into sub-volumes of Az = 0.01 in
width. We choose the local RLF of Condon (1984) evolved at higher redshifts with a the
pure luminosity evolution represented by a power law: L(z) = L(0) - (1 + z)"*. Following
Condon (1989), we set 71, = 4.7 for both the AGN and the SFG RLFs letting the RLFs
evolve from the local Universe until z=3. We perform the integral of the AGN and SFG RLF
throughout the solid angle of the simulated observation sub-volume by sub-volumes: the
result is the total number of “cosmological” AGN and SFGs respectively. The radio source
redshift of each specific type is assigned through a Monte Carlo extraction depending on the
corresponding RLF evolution. We populate each sub-volume, by randomly extracting the
(x,y) coordinates, the size, the luminosity, and the model by following the same procedure
adopted for the cluster-embedded radio galaxies.

At this point we have a list that contains cluster, foreground and background radio
sources and all their properties. Starting from this information, FARADAY is able to create
a spectral-polarimetric cube with the given pixel size over a given bandwidth at the speci-
fied spectral resolution for each of the Stokes parameters I, U, and Q. In this process, the
algorithm considers the right spectral index for each pixel according to the dictionary.

By multiplying the intrinsic total intensity for the fractional degree polarization maps we
obtain the intrinsic polarized intensity of the selected radio galaxy. We neglect the effect of
the Galactic RM and we assume that no other magnetized plasma are inside the simulated
slice of Universe, except those associated to the simulated galaxy clusters. Therefore, the
polarized intensity of foreground radio sources corresponds to the intrinsic one, while the
polarized intensity of a background or a cluster radio source depends on the amount of the
magneto-ionized plasma crossed by the polarized signal. In the case of a background radio
source, the intrinsic polarized signal is rotated as shown in Eq. 1.28 where the RM integral
is performed over the full path length of the cluster magneto-ionic plasma. For cluster-
embedded radio sources the depth of the magneto-ionic plasma crossed has to be calculated
case by case depending on the source position with respect to the cluster centre.

3.2 Comparison with data

To double-check the reliability of our simulations we make some comparisons with total
intensity and polarization source counts available from the literature.

In Fig. 3.2, we plot the differential source counts of our simulated radio source population
together with those estimated from data. The counts are euclidean normalized! and the data
refers to counts taken at 1.4 GHz (White et al. 1997; Prandoni et al. 2001; Bondi et al. 2003,
2008; Kellermann et al. 2008; Hales et al. 2014; Vernstrom et al. 2014). The flux density is
evaluated taking into account the k-correction:

L,

1/:—'1 11—«
47rD% (1+2)

where Dy, is the luminosity distance, z the redshift and « the spectral index of the radio
source. As showed in the plot, the simulated differential counts (black points) are in quite

Ithe source counts are normalized with respect to an Euclidean Universe, i.e. the number N of source
depends on their flux densities S as logN = S$2/%log S
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Figure 3.2 Euclidean-normalized source counts at 1.4 GHz: the red points represent the data
(White et al. 1997; Prandoni et al. 2001; Bondi et al. 2003, 2008; Kellermann et al. 2008;
Hales et al. 2014; Vernstrom et al. 2014) while the black ones show the values obtained from
a simulation with the FARADAY software package.
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3.3. PREDICTED SOURCE NUMBER DENSITY AND FILLING FACTORS AS A
FUNCTION OF CLUSTER REDSHIFT
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Figure 3.3 Cumulative counts of polarized sources with respect to the polarization. The red
points refers to the data of the GOODS-N field (Rudnick & Owen 2014) while the black
points represent the results of a simulation obtained with the FARADAY software package.

good agreement with data, although we can appreciate differences especially at . Moreover
these kind of simulation gives us the chance of explore the sub-mJy region, that will be
accessible with the next generation radio telescope like the SKA over larger field-of-views.
In Fig. 3.3, we show the cumulative counts of polarized sources with respect to the polariza-
tion. The red points are the results of the GOODS-N field presented by Rudnick & Owen
(2014) while the black points are the cumulative counts obtained from a simulation obtained
with the FARADAY software package. We appreciate a good match between the data and
the simulation.

3.3 Predicted source number density and filling factors

as a function of cluster redshift
In Figure 3.4, (top panel) we plot the predicted number density (per deg?) of foreground and
background sources as a function of the cluster redshift. We take into account only sources

with flux densities Sq4qm, > 20 uJy. The red and the blue colours are used to represent the
background and foreground sources respectively, the dotted lines and the triangles refers to
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Figure 3.4 Top panel: the simulated number per deg? of radio sources with density flux
S1acuz > 20 uJy for cluster at different redshifts. Bottom panel: percentage of the field-
of-view covered by the radio source area with density flux S;sgn, > 20 uJy for cluster at
different redshift values. Both panels use the same code colours and symbols: the red and
the blue colours are used to represent the foreground and background sources respectively,
the dotted lines and the triangles refers to SFGs while the dashed line and the empty points
are used for the AGNs, the solid lines indicate the total contributions of the two radio source
populations.
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3.4. SIMULATIONS OF CONFUSION LIMITS IN TOTAL AND POLARIZED
INTENSITY

SFGs while the dashed line and the empty points are used for the AGNs. The solid lines are
the total contributions of the two radio source populations.

As we expect, foreground sources are negligible for low redshift clusters and become relevant
for cluster at higher redshift. Vice versa, the background population dominates for clusters
at low redshift and it is less important for high redshift clusters.

This expectations can be used to draw some statistical considerations about intracluster
magnetic fields investigations. For instance, we infer from the top panel that an observed
image will be dominated by the contribution of foreground galaxies for clusters placed at
redshift z > 1.5 . Indeed, at z=1.5 the foreground component is equal to the background one
and at larger redshift values it prevails. If we want to study the magnetic field with the RM
we need a high number of background sources and few foreground sources. Thus, from a
statistical point of view it appears that we can best recognize the cluster contribution to the
observed RM, if its redshift is z < 0.015.

However, also the field-of-view source filling factor depends on redshift and this also has
an impact on RM studies. As we show in the bottom panel of Fig. 3.4, the intersection
between the percentage of field-of-view coverage of foreground and background sources takes
place at z ~ 0.15 for the overall population, at z ~ 0.25 for AGNs and, at z ~ 0.06 for SFGs.

From the above considerations we can state that the RM grid of an all-sky survey
should statistically give reliable cluster RM contributions for clusters with redshift lower
than z ~ 0.06 or at least lower than z ~ 0.15. This holds assuming a detection threshold
of S14cn, = 20 uJy while for different sensitivity levels the redshift values can significantly
change.

3.4 Simulations of confusion limits in total and polar-
ized intensity

The possibility to simulate all the radio sources that are present in a given field-of-view let
us explore an important observational limit known as confusion limit.

When we observe a “cold” part of the sky we still detect a residual noise even if we observe
for a long time which can significantly reduce the thermal noise of our observations. The
residual noise is due to the faint unresolved radio sources whose signal enters inside the beam
of the telescope and we refer to this as confusion. While we can reduce thermal noise by ex-
tending the exposure time, the confusion is a physical limit that we cannot overcome and it
is important to have a precise estimate of its statistical properties. The distribution of the
confusion source densities as a function of flux densities is obviously not Gaussian-like but it
presents a long tail at high flux densities due to bright sources. It is important to stress that
in total intensity the spatial distribution of confusion sources over a large region of the sky
would form a plateau characterized by a mean different from zero. However, this base level
cannot be observed in the interferometric images due to the missing short space baselines in
the u-v plane. Also in single—dish images the plateau is hardly observed since it is removed
by the baseline subtraction. Thus, what we observe in general is the fluctuating component
of the confusion. In any case, the distribution of these fluctuations is highly non-Gaussian
because of the presence of the high luminosity tail.
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In total intensity the properties of the confusion noise have been extensively studied in
literature, and we refer to the seminal works by Condon (1974, 2002), and Condon et al.
(2012). However, the polarization confusion noise is less studied probably because it requires
a numerical approach to evaluate the net polarized flux density within a Gaussian beam.
The simulation framework developed in this thesis allows us to explore this issue.

Here, we simulate the Stokes parameters of a radio source population in a computational
grid of 3074x3074 pixels with a cell size of 1”. The data are produced in a bandwidth of
810 MHz divided in 512 channels and centred at 1.355 GHz, i.e. the SKA1-MID band 2. The
radio source population is composed only by external radio sources, no galaxy clusters are
simulated and thus we are not reproducing the signal of cluster-embedded radio sources or
radio haloes. Moreover, we do not reproduce the effect of a magnetic field. The resulting
images have been convolved with different beam sizes. In particular we consider FWHM=1",
26", 107, 20", 45", 60", 120", 900"

Fig. 3.5 shows from left to right the I, U, and QQ images convolved, from top to bottom, with
a FWHM=1", 45", and 60”. To estimate the confusion we measure the average and the rms
with an iterative procedure: considering a box centred in the images centre and with a width
of 2800 pixels we evaluate the rms by clipping iteratively all the pixels having an intensity
larger than 5xrms, until the statistic reaches a convergence. In practice, we consider that the
“confusion noise” is related only to the sources fainter than a signal-to-noise ratio q=S/N<5,
where N is evaluated numerically by clipping the tail of the distribution as described above.
The bottom panel of Fig. 3.5 reports from left to right the rms measured in the I, U, and Q
images with respect to the FWHM. The blue solid line are the fit of the data whose equations
are indicated in the right bottom corner. As reference we trace with a red line the confusion

noise in total intensity expected on the basis of the simplified formula provided by Condon
(2002):

a . 2
o ( v ) (FWHMmmeWHMmM) (3.4)

GHz

assuming o = 0.8 and v = 1.355 GHz. We note that for what concerns the total intensity
there is a remarkable agreement (to within 40%) between the predictions of our simulations
and the formula by Condon (2002) widely used in literature. Indeed, we are confident of the
reliability of our calculations and we can go further and try to infer the confusion limit in
Stokes U and Q. We report in the following the best fit equations showed in the plots:

mJy/beam =0 aremin

U#LJy/beam = 0.096 - (FWHMarcmin)Q.OQ (35)
02 1y beam = 0-003 + (FW H Myyemin)® (3.6)
U%Jy/beam = 0.004 - (F’VV]—Ij\4a7"cmin)2.17 (37)
(3.8)

As expected the confusion limits of the U and Q Stokes parameters are 30 times lower than in
total intensity. This result is of paramount importance since it implies that we can perform
much deeper observations in polarization than in total intensity provided that we have a
high sensitivity instrument like the SKA.
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Figure 3.5 From left to right, simulated images of the I, U and (Q Stokes parameters of radio
galaxies in a field-of-view of ~ 0.7 deg?. The images from top to bottom have been convolved
with a FWHM=1", 45" and 60" respectively. The bottom plots show the confusion noise of
the I, U and Q Stokes parameters calculated from the convolved images with respect to the
FWHM and the fit of the measured points in blue. The fitted relations are reported in the
bottom left corner. For the confusion in total intensity we also show the formula proposed

by Condon (2002). -
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Constraining magnetic fields in a simulated
pair of merging galaxy clusters

Cosmic magnetism is one of the main science drivers of the SKA. So far, the determination
of magnetic fields in galaxy clusters has been performed from the analysis a few radio sources
per cluster. With the SKA, it will be possible to increase the number of radio sources up to
hundreds of objects, covering the entire cluster volume. In addition, the SKA will be able
to detect the polarization of radio haloes which has been proven to be extremely difficult
with the current instruments. However, how accurate the SKA will be in reconstructing
the RM images associated to the magneto-ionic medium of galaxy clusters? Answering to
this question is not trivial since it requires the simulation and then the analysis of a huge
amount of synthetic data, as it will be for the case of the real SKA observations. By using
the numerical simulations described in the previous Chapter and state-of-the art cosmolog-
ical magneto-hydro-dynamical simulations of the ICM properties we tried to address this
challenging question.

In this Chapter, we show the simulated observations of a pair of two merging galaxy clusters
as it would be observed by the SKA1-MID at ~ 1.4 GHz with a resolution of 2.5”. In addition
to the discrete radio sources we also simulate two radio haloes. We apply the RM synthesis
technique on the simulated data at 2.5” and also on the data convolved at a resolution of
10” to show the impact of beam depolarization.

4.1 Features of the simulation

A realistic simulation must include the following fundamental features:
i) a cosmological population of radio sources;
ii) a population of cluster-embedded radio sources;

iii) a cluster wide radio halo.
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The polarization properties of all these sources are modified by the Faraday rotation effect
as the radio waves cross the magneto-ionic intracluster medium. Indeed, it is fundamental
to determine if and how we are able to reconstruct the input (the theoretical RM from mock
data).

We decided to consider a pair of merging galaxy clusters whose ICM properties have been
taken from a cosmological magneto-hydro-dynamical simulation. We use FARADAY to il-
luminate the magnetic fields of the clusters with relativistic particles and to include the
discrete radio sources. The details of the simulations are explained in the following Sections.
Here, we assume a ACDM cosmology with Hy = 73 km - s~ 'Mpc™!, Q,, = 0.27, and Q, = 0.73.
At z=0.205, 1” corresponds to 3.24 kpc.

4.1.1 The cosmological magneto-hydro-dynamical simulation

Cosmological magneto-hydro-dynamical (MHD) simulations are powerful tools to investi-
gate large scale magnetic fields and we can found many examples of such studies in literature
(Bonafede et al. 2011; Briiggen et al. 2005; Dolag et al. 2002; Dubois & Teyssier 2008; Dubois
et al. 2009; Donnert et al. 2009; Xu et al. 2009, 2010, 2011, 2012).

The cosmological MHD simulation presented here has been obtained with the ENZO code
(Collins et al. 2010) with adaptive mesh refinement (AMR) by the group of Hui Li at the Los
Alamos National Laboratories, USA. It is a small part of a bigger cosmological simulation
realized in a volume of (256 - h™* Mpc—?) which encloses several forming structures. Indeed,
the evolution of the dark matter, of the baryonic matter and of magnetic fields are produced
during the simulation. An adiabatic equation of state with the ratio of specific heat I' = 5/3
has been used, while heating and cooling physics or chemical reactions were not included.
The simulation runs from redshift z=30 to z=0. We focus on a pair of galaxy clusters with
similar masses that undergoes to a merging process that will result in a single system at
z=0.073 with a total mass of M = 1.9 x 10'M,,. The collision lasts for about 2 Gyrs. The
magnetic fields are injected by AGNs at z=2-3 and then are amplified and spread over Mpc-
scales during the late stages of the merger.

For the purposes of this thesis work, we used a single snap-shot of the MHD simulation at
z=0.205. At this particular instant the clusters are still separated by about 4.5 Mpc. The sim-
ulation consists in a set of 3-dimensional cubes of ~ (6.4 Mpc)? with a cell size of ~ 10.7 kpc
containing the ICM physical parameters: the temperature, the thermic plasma density, and
the intracluster magnetic fields. The physical configuration is very similar to that observed
for the pair of galaxy clusters A399-A401 where both the systems host a diffuse radio halo
(Murgia et al. 2010).

From the MHD simulation, we reproduced with the FARADAY tool the X-ray surface
brightness between 0.1—2.4keV, which is shown in Fig. 4.1 (top left). The two clusters are
found to be very bright in the X-ray band with surface brightness values of the order of
~ 25 x 10* erg/s/Mpc? at their centres. In the same Figure (bottom left) we plot the den-
sity profiles of the two clusters which have been fitted with a f—model (blue dotted and red
dashed lines for the galaxy cluster C1 and C2 respectively). The parameters of the 5—model
are reported in the bottom left corner.

We also performed the integral which defines the RM (see Eq. 1.29) obtaining the “theoret-
ical” RM image shown in the top right of Fig. 4.1 together with the intracluster magnetic
field profiles of the two galaxy clusters (bottom right). The RM image is indicative of the
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Figure 4.1 Top left: X-ray surface brightness of the two galaxy clusters between 0.1—2.4 keV.
The field-of-view is ~(6.4 Mpc)? and the resolution is ~10.68 kpc. Bottom left: the density
profiles of the two galaxy clusters fitted with a § model whose parameters are reported in
the bottom left corner. Top right: the Rotation Measure image of the system. Bottom right:
the intracluster magnetic field profiles of the two galaxy clusters. The ICM properties have
been simulated with the ENZO software package while the X-ray surface brightness, the
Rotation Measure images and the profiles have been reproduced with the FARADAY tool.
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turbulent structure of the intracluster magnetic fields and it decreases going from the centre
to the outskirts of the clusters, a behaviour which reflects the intracluster magnetic field
profiles shown in the bottom plot.

4.1.2 The FARADAY simulation

Following Govoni et al. (2013), we adopt the intracluster magnetic field of the MHD simu-
lation to create with FARADAY the radio haloes in equipartition condition (see Appendix
B). In particular, we illuminate the magnetic fields with two relativistic particle populations
with a power-law energy distribution with index p=3.6 and minimum and maximum Lorentz
factors of Ymin = 300 and Ymax = 1.5 x 10* while the normalization factor is defined so that
the radio halo is in the minimum energy condition.

According to the MHD simulation, the redshift of the clusters’ pair is z=0.205 while we set
r200=2.23 Mpc for both systems (rago is the distance within which the cluster density is 200
times the critical density of the Universe). The cluster-embedded radio sources are simulated
inside a volume of ~(6.4 Mpc)3. The external discrete radio sources are produced all over the
slice of Universe identified by the field-of-view of the synthetic observation 6.4x6.4 Mpc?.
This corresponds in the adopted cosmology to ~ 0.3 deg?. The simulated cosmological radio
source population consists of 293841 radio sources. In output, we simulate the I, U, and
Q Stokes parameters within cubes of 1024x1024x512 pixels where the first two axis corre-
spond to the right ascension and declination while the third dimension is the frequency. The
synthetic data are reproduced considering the band 2 of the SKA1-MID, having a starting
frequency of 950 MHz and a bandwidth of 810 MHz. The frequency channels have a spectral
resolution of ~1.46 MHz. We assume SKA1-MID observations long enough that the I, U, and
Q Stokes images are dominated by confusion noise (¢! = 0.15 uJy/beam, oV = 4nJy/beam,
and 0@ = 5nJy/beam from our estimates presented in Sect. 3.4). Clearly, this is an ideal
case since while in total intensity the SKA1-MID will reach this noise level after ~25 hours
of observations, in U and @ Stokes parameters it will need years of integration time (calcu-
lations based on the SKA1 System Baseline Design v2, see Dewdney et al. 2015). However,
we decide to do not add the thermal noise in the images in order to understand if the RM
Synthesis applied on the simulated data can give us precise estimates of the cluster RM.

We take into account only radio sources with a flux density greater than 1nJy. With this
cut 220524 sources are left and among them 2042 are foreground SFGs, 218426 background
SFGs, none foreground AGNs and 56 background AGNs. Mapped on sky the images have
a pixel resolution of 2.5” and a field-of-view of ~ 0.3 deg?. We produced separately the
simulations related to the radio haloes, the background sources, the foreground sources,
the cluster-embedded radio sources and then we put all of them together. Simulations have
been performed using the Cybersar computer cluster hosted at the Cagliari Astronomical
Observatory. They required a computational time of several months on 16 nodes having 8
cores each.

4.2 The simulation results

The resulting total intensity images are shown in Fig. 4.2: in the top images, from left to
right, we can see the emission of the “cosmological” radio sources (background plus fore-
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ground sources), of the radio haloes, and of the cluster-embedded radio sources, while in
the bottom image we show the total intensity of the all components. The field-of-view is of
~ 0.3 deg? while the beam FWHM=2.5".

The radio haloes present a notable filamentary structure with a decreasing surface brightness
going from the centre to the outskirts. We can observe an enhancement of the surface bright-
ness in a region north from the centre of cluster C1 which we can identify with a possible
roundish relic. The image associated to the background plus the foreground sources appears
bright and the sources cover uniformly the entire field-of-view. We can appreciate the wealth
of details of these simulated images: from the fine structure of the discrete radio sources to
the large scale filaments of the radio haloes.

Fig. 4.3 shows the linearly polarized emission (same order as in Fig. 4.2). The polarized
sky appears bright and rich of discrete radio sources but also the radio haloes shine in
polarization.

We note that at the sensitivity limit of these simulated images it would be hard in some

cases to distinguish between fragments of the radio halo emission and nearby discrete radio
sources.
The simulated radio haloes have characteristics similar to the radio haloes known in literature
as shown by the radio halo power at 1.4 GHz versus the cluster X-ray luminosity in the 0.1-
2.4 keV band (left) and versus the largest linear size of the radio halo measured at 1.4 GHz
(right) in Fig. 4.4. Here, blue dots are the radio haloes taken from the compilation of Feretti
et al. (2012) plus other measurements (Govoni et al. 2012; van Weeren et al. 2012; Giovannini
et al. 2013; Martinez Aviles et al. 2016; Shakouri et al. 2016; Parekh et al. 2017; Loi et al.
2017b) while the two red triangles indicates the values associated to our simulated radio
haloes.

4.3 RM Synthesis at 2.5"

As explained in Chapter 1, the RM synthesis technique (Burn 1966; Brentjens et al. 2005)
aims to reconstruct, for each line-of-sight, the polarization with respect to the Faraday depth
¢(1): starting from the spectra of U and Q Stokes parameters we assume different values for
the Faraday depth inside a given interval and we rotate consequently the Stokes parameters.
From the de-rotated U and Q we compute the corresponding polarization P to obtain the
variation of the polarization inside the Faraday depth interval.

A background radio source or a cluster-embedded discrete radio source will appear as a single
component in Faraday space and assuming as RM value the Faraday depth of the maximum
polarized signal this technique is equivalent to the A>-fit of Eq. 1.28. For the radio halo
emission the situation is different since the synchrotron and the thermal plasma are mixed.
In this case, we expect multiple components in Faraday space along the same line-of-sight
(see Fig. 1.9). In general, it is not obvious to associate directly one of these components to
a specific physical depth. Thus, in the following, we assume for the RM the Faraday depth
of the maximum peak.

We decided to apply the RM Synthesis technique to each component of the simulation
and for simplicity we focus on a zoom centred on the galaxy clusters centres. The inter-
val in Faraday depth explored in our analysis goes from -5000 rad/m? to 5000 rad/m? with
a spacing of 10rad/m?. The resulting transfer function has a full-width-at-half-maximum
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Figure 4.2 Total intensity simulated 1.4 GHz observation of a pair of galaxy cluster at
z=0.205. The top images show, from left to right, the total intensity of the “cosmological”
radio galaxies, of the radio halo, and the emission of the cluster-embedded radio galaxies,
while in the bottom image we can see the total intensity of the all components. The field-
of-view is equal to ~ 0.3 deg? with a pixel resolution of 2.5”. Images have been obtained by

averaging all the spectral channels.
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Figure 4.3 Polarized intensity simulated 1.4 GHz observation of a pair of galaxy clusters
at z=0.205. The top images show, from left to right, the linearly-polarized intensity of the
“cosmological” radio galaxies, of the radio halo, and the emission of the cluster-embedded
radio galaxies, while in the bottom image we can see the linearly-polarized intensity of the all
components. The field-of-view is equal to ~ 0.3 deg? with a pixel resolution of 2.5”. Images
have been obtained by averaging all the spectral channels (i.e. assuming RM=0).
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Figure 4.4 Radio halo power at 1.4 GHz versus the cluster X-ray luminosity in the 0.1-2.4 keV
band (left) and versus the largest linear size of the radio halo measured at 1.4 GHz (right)
of known radio haloes (blue dots) and of our simulated radio haloes (red triangles). See text
for references.

(FWHM) of 40 rad/m?. To perform the RM Synthesis we used a work station with 40 cores.
The production of the RM Synthesis cubes of U and Q lasts for 12 hours for each data set.

The results are presented from Fig. 4.5 to Fig. 4.12: the top right images indicate the RM
values corresponding to the polarization peak in the Faraday synthesis space, we blanked
all the pixels where the polarized signal is zero due to the lack of sources; the top left
images show the theoretical RM computed from the MHD simulated data following Eq.
1.29 and blanked as the corresponding RM Synthesis images. We also plot the radial profile
(middle left) of the ory of the theoretical RM images computed in annuli of ~ 40kpc of
width from the cluster centres (black line) in order to compare it with those computed
from the RM Synthesis images (coloured dots). The radial profile of ogy is one of the most
fundamental diagnostic to estimate the strength and the radial decline of the intracluster
magnetic field (see Appendix C). The middle right panels compare point-to-point the values
of RM Synthesis obtained for several lines-of-sight versus the corresponding theoretical values
of RM and show the relative histograms. The values of this last plots have been calculated
for all pixels in an annulus centred at 225 kpc from the cluster centres and having a width
of 50 kpc. Finally, in the bottom panel we plot the RM structure function defined as:

S(dr) = ([RM(r) — RM(r + dr)]?), (4.1)

where 1 is the distance in kpc and S(dr) is in rad?/m?. We calculate the function for the
theoretical RM image (solid line), for the theoretical image blanked as the RM Synthesis
image (dotted line) and for the RM synthesis image (coloured dots). The structure function
is the other fundamental diagnostic to estimate the structure of the intracluster magnetic
fields. This important observable allows us to estimate the magnetic field auto-correlation
length A.. This parameter is essential to measure the strength of the field since it enters
directly in the Felten formula (see Appendix C).
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Fig.s 4.5, 4.6, 4.7 and 4.8 shows the results for the cluster-embedded discrete radio sources,
the background radio sources, the radio halo, and the radio halo plus the cluster-embedded,
background and foreground radio sources respectively for the galaxy cluster C1.

In the same order, Fig. 4.9, 4.10, 4.11 and 4.12 show the results concerning the galaxy
cluster C2.

From the above images and plots several consideration can be drawn:

(i)

the cluster-embedded discrete radio sources do not accurately reproduce for each line-
of-sight the theoretical values of RM as they are placed at different depths and thus
they cross different portion of the magneto-ionic plasma of the clusters. For instance,
according to the Felten formula (see Appendix C), if the cluster-embedded radio sources
are located at half-way the cluster their ogy would be reduced by +/2; we also notice
that the structure function which can be inferred from the blanked theoretical RM
presents higher values with respect to the full theoretical RM image. This may be due
to the fact that in the case of the blanked RM image the structure function is calculated
in regions with high values of RMs which give us high values of S(dr). However, the
v/2-suppression due to the Felten formula with respect to the S(dr) computed from
the theoretical RM blanked image can be noticed from the comparison between the
dotted lines and the coloured points;

the density of background radio sources is enough to cover the entire cluster area for
both the clusters; indeed, the image, the ogy profile and the S(dr) computed from the
RM synthesis well reproduce the theoretical values;

the RM synthesis images of radio haloes present micro-structures with respect to the
theoretical images; this may be due to the fact that the RM synthesis gives us the RM of
the polarized peak of the radio halo filaments and their position along the line-of-sight
could be different for close lines of sight which share the same theoretical RM value.
The ory profiles as well as the structure function present slightly higher values at
less than 500 kpc from the cluster centres. Moreover, the RM Synthesis versus the RM
theoretical plots let us appreciate a peculiar behaviour. The trend of the correlation
becomes super-linear with respect to the 1:1 correlation (black line). This could be
related to the fact that the polarized peak of radio haloes is generated where the
component of the intracluster magnetic field perpendicular to the line-of-sight presents
high values in strength. It is possible that this signal will then cross a cell where also
the parallel component of the magnetic field is strong and so it gives rise to a high
RM values along that line-of-sight. Therefore, the RM values inferred from the RM
Synthesis applied to radio haloes would give us higher values of RM. This picture
may explain why, instead of observing the v/2-suppression as for the case of cluster-
embedded discrete radio sources, the RM and the ogry present higher values with
respect to the theoretical ones. Whatever is the origin of the super-linear relation, the
histograms show similar values of gy even if their distribution is evidently different: for
the theoretical RM histogram we observe a Gaussian distribution while the histogram
of the RM Synthesis seems the sum of two different Gaussians;

for what concerns the case of radio haloes plus the discrete radio sources we observe a
similar behaviour as for the case of radio haloes; this is due to the fact that the radio
halo emission dominates the number of line-of-sights over the fainter discrete radio
sources.
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Figure 4.5 Results of the RM Synthesis technique on the C1 cluster-embedded radio sources
(right) compared to the theoretical RM image (left) blanked as the right image. The middle
left panel shows the radial profile of ogy computed from the theoretical RM image (black
line) and from the RM synthesis image (green dots). The middle right panel compares the
values of RM Synthesis obtained for each line of sigh versus the corresponding theoretical
values of RM and the relative histograms calculated for all the pixels in an annulus centred at
225 kpc from the cluster centres and having a width of 50 kpc. The bottom panel shows the
structure function computed for the full theoretical RM image (solid line), from the blanked
theoretical RM image (dotted line), and from the RM Synthesis image (green dots).
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Figure 4.6 Results of the RM Synthesis technique on the background radio sources of cluster
C1 (right) compared to the theoretical RM image (left) blanked as the right image. The
middle left panel shows to the radial profile of ory computed from the theoretical RM image
(black line) and from the RM synthesis image (red dots). The middle right panel compares
the values of RM Synthesis obtained for each line of sigh versus the corresponding theoretical
values of RM and the relative histograms calculated for all the pixels in an annulus centred at
225 kpc from the cluster centres and having a width of 50 kpc. The bottom panel shows the
structure function computed for the full theoretical RM image (solid line), from the blanked
theoretical RM image (dotted line), and from the RM Synthesis image (red dots).
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Figure 4.7 Results of the RM Synthesis technique on the radio halo of cluster C1 (right)
compared to the theoretical RM image (left) blanked as the right image. The middle left
panel shows the radial profile of ogy computed from the theoretical RM image (black line)
and from the RM synthesis image (blue dots). The middle right panel compares the values
of RM Synthesis obtained for each line of sigh versus the corresponding theoretical values
of RM and the relative histograms calculated for all the pixels in an annulus centred at 225
kpc from the cluster centres and having a width of 50 kpc. The bottom panel shows the
structure function computed for the full theoretical RM image (solid line), from the blanked
theoretical RM image (dotted line), and from the RM Synthesis image (blue dots).
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Figure 4.8 Results of the RM Synthesis technique on the radio halo plus the cluster, back-
ground and foreground radio sources of cluster C'1 (right) compared to the theoretical RM
image (left) blanked as the right image. The middle left panel shows the radial profile of ogy
computed from the theoretical RM image (black line) and from the RM synthesis image (ma-
genta dots). The middle right panel compares the values of RM Synthesis obtained for each
line of sigh versus the corresponding theoretical values of RM and the relative histograms
calculated for all the pixels in an annulus centred at 225 kpc from the cluster centres and
having a width of 50 kpc. The bottom panel shows the structure function computed for the
full theoretical RM image (solid line), from the blanked theoretical RM image (dotted line),

and from the RM Synthesis image (magenta dots).
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Figure 4.9 Results of the RM Synthesis technique on the C2 cluster-embedded radio sources
(right) compared to the theoretical RM image (left) blanked as the right image. The middle
left panel shows to the radial profile of ogy computed from the theoretical RM image (black
line) and from the RM synthesis image (green dots). The middle right panel compares the
values of RM Synthesis obtained for each line of sigh versus the corresponding theoretical
values of RM and the relative histograms calculated for all the pixels in an annulus centred at
225 kpc from the cluster centres and having a width of 50 kpc. The bottom panel shows the
structure function computed for the full theoretical RM image (solid line), from the blanked
theoretical RM image (dotted line), and from the RM Synthesis image (green dots).
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Figure 4.10 Results of the RM Synthesis technique on the background radio sources of cluster
C2 (right) compared to the theoretical RM image (left) blanked as the right image. The
middle left panel shows the radial profile of ogy computed from the theoretical RM image
(black line) and from the RM synthesis image (red dots). The middle right panel compares
the values of RM Synthesis obtained for each line of sigh versus the corresponding theoretical
values of RM and the relative histograms calculated for all the pixels in an annulus centred at
225 kpc from the cluster centres and having a width of 50 kpc. The bottom panel shows the
structure function computed for the full theoretical RM image (solid line), from the blanked
theoretical RM image (dotted line), and from the RM Synthesis image (red dots).
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Figure 4.11 Results of the RM Synthesis technique on the radio halo of cluster C2 (right)
compared to the theoretical RM image (left) blanked as the right image. The middle left
panel shows the radial profile of ogy computed from the theoretical RM image (black line)
and from the RM synthesis image (blue dots). The middle right panel compares the values
of RM Synthesis obtained for each line of sigh versus the corresponding theoretical values
of RM and the relative histograms calculated for all the pixels in an annulus centred at 225
kpc from the cluster centres and having a width of 50 kpc. The bottom panel shows the
structure function computed for the full theoretical RM image (solid line), from the blanked
theoretical RM image (dotted line), and from the RM Synthesis image (blue dots).
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Figure 4.12 Results of the RM Synthesis technique on the radio halo plus the cluster, back-
ground and foreground radio sources of cluster C2 (right) compared to the theoretical RM
image (left) blanked as the right image. The middle left panel shows the radial profile of ogy
computed from the theoretical RM image (black line) and from the RM synthesis image (ma-
genta dots). The middle right panel compares the values of RM Synthesis obtained for each
line of sigh versus the corresponding theoretical values of RM and the relative histograms
calculated for all the pixels in an annulus centred at 225 kpc from the cluster centres and
having a width of 50 kpc. The bottom panel shows the structure function computed for the
full theoretical RM image (solid line), from the blanked theoretical RM image (dotted line),

and from the RM Synthesis image (magenta dots).
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4.4. RM SYNTHESIS AT 10"

As a general result, we can confirm that the Band 2 foreseen for the SKA1-MID is potentially
very well suited for this kind of studies. For clusters without a radio halo, the population of
background radio sources composing the RM grid will permit a very precise reconstruction
of the cluster magnetic fields. Moreover, we notice that radio haloes are conceivably useful in
the determination of the RM of galaxy clusters through the RM Synthesis technique. Never-
theless, this represent an ideal case since the observed time necessary to reach the confusion
levels in U and Q predicted by our model (see Sect. 3.4) is too long (of the order of years).

4.4 RM Synthesis at 10”

In the previous Section we show that the application of the RM Synthesis on the U, QQ data
acquired over the Band 2 of SKA1-MID is potentially able to reconstruct the theoretical RM
values and thus to constrain the intracluster magnetic fields.
Here, we consider the same images of the previous Section but convolved with a beam FWHM
of 10”. This is a resolution provided by future surveys performed with SKA precursors and
pathfinders like e.g. ASKAP (Norris et al. 2011). We applied the RM Synthesis technique
on the convolved data obtaining the results shown from Fig. 4.13 to 4.20.

For what concerns the results on cluster-embedded sources we can observe the same be-
haviour as before.
On the other hand, background sources seem to suffer from beam depolarization as we can
see from the comparison between the theoretical and the RM synthesis images point-to-point
values, although the ogy profiles and the structure functions are more stable indicators.
Radio haloes show a different behaviour with respect to the results regarding the higher
resolution images. Indeed, here we can observe the lack of micro-structure in the RM images
and lower values in the ogy; profiles and in the structure functions. We can suppose that
beam depolarization suppresses the enhancement we observed at higher resolution.
Same consideration can be made for the case of radio haloes plus radio galaxies.

To summarize, we can state that even at 10” of resolution with the band 2 of the SKA1-
MID we can obtain reliable estimates of the RM of galaxy clusters if the exposure time is
such that we reach the confusion level on data. Based on Dewdney et al. (2015), in order to
reach the confusion levels of ol = 2.6 uJy, 0@ = 83 nJy, and o} = 81 nJy at 10” of resolution
the integration time should be ~6 minutes and ~90 hours in U and Q Stokes parameters. The
number of background radio sources forming the RM grid is enough to permit us a precise
reconstruction of the RM properties in the majority of galaxy clusters. The presence of radio
haloes could significantly help in determine the RM values although the interpretation of
the RM Synthesis results is not trivial, as discussed before.
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4.4. RM SYNTHESIS AT 10"

THEORETICAL RM RM SYNTHESIS
[T T Z ] = . Z 1
-1000 -500 0 500 1000 1500 -1000 -500 0 500 1000 1500
rad/m/m rad/m/m

—_

500 kpc

800 ———————————T———T—T——— T
I C1 1 | RM;=-48.54 rad/m? 7
1 | 0q=200.57 rad/m® 7
600 |- theoretical - i /'
from CL °E 1000 - L, E
at FWHM=10" > 3 .
T - 3 g
E = F .
> 1 [} i /,
s 400 — B | P
=3 o .’
2 E £ o f—vuhe. . i
° | PR .ot
F B - -M}/
200 i z 1
| e RM,=-63.77 rad/m®
I L 0y =303.52 rad/m? |
1 -1000 - 7 e E
P I Y M AR U | L
0 500 1000 1500 -1000 0 1000
Distance from the centre [kpc] RM theoretical [rad/m?)]
TTTTTT T T T TTTTT T T T TTTTT T T T TTTTT T TT
— 105 E o /
E : . : :
S 104 L ]
v 10% g E
© E =
o r 7
] - N
1000
—~,1000 £ 3
= o 3
Z - ) T
»n 100 E : a
||||||| 1 1 ||||||| 1 1 ||||||| 1 1 |.|||||| 1 | I |
dr, [kpc]

Figure 4.13 Results of the RM Synthesis technique on the C1 cluster-embedded radio sources
at FWHM=10". See Fig. 4.5 for the details.
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4.4. RM SYNTHESIS AT 10"

THEORETICAL RM RM SYNTHESIS
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Figure 4.14 Results of the RM Synthesis technique on the C1 background radio sources at
FWHM=10". See Fig. 4.6 for the details.
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4.4. RM SYNTHESIS AT 10"
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Figure 4.15 Results of the RM Synthesis technique on the C1 radio halo at FWHM=10".

See Fig. 4.7 for the details.
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Figure 4.16 Results of the RM Synthesis technique on the C1 radio halo plus the cluster,
background and foreground radio sources at FWHM=1(". See Fig. 4.8 for the details.
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Figure 4.17 Results of the RM Synthesis technique on the C2 cluster-embedded radio sources
at FWHM=10". See Fig. 4.9 for the details.
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Figure 4.18 Results of the RM Synthesis technique on the C2 background radio sources at
FWHM=10". See Fig. 4.10 for the details.
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Figure 4.19 Results of the RM Synthesis technique on the C2 radio halo at FWHM=10".
See Fig. 4.11 for the details.
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Figure 4.20 Results of the RM Synthesis technique on the C2 radio halo plus the cluster,
background and foreground radio sources at FWHM=1(". See Fig. 4.12 for the details.
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Summary and conclusions

The main motivation of this thesis was to address the origin of cosmic magnetism with par-
ticular focus on magnetic fields in galaxy clusters. These systems form at the intersections of
cosmic web filaments and they represent unique laboratories to investigate the processes by
means of which the primordial magnetic fields are spread and amplified to the levels observed
in the local Universe.

There is a general consensus that magnetic fields are present in every galaxy cluster: they
are a naturally occurring component in the intracluster medium unavoidably linked to the
hot thermal plasma which shines in the X-rays (see Chapter 1). Although these fields are too
weak to dramatically influence the dynamical state and evolution of galaxy clusters, they
trace turbulent motions in the ICM, they alter the thermal conduction, and, perhaps more
importantly, they reveal the presence of a still enigmatic non-thermal component composed
by relativistic electrons with GeV energies distributed over Mpc-scales. This non-thermal
component, whose origin is still debated, interacting with the intracluster magnetic field
manifests itself through huge diffuse synchrotron sources known as radio haloes and periph-
eral arc-like sources known as relics. Radio haloes and relics are a direct evidence of the
presence of a magnetic field in the intracluster medium, however these low-surface bright-
ness sources are elusive and they have been observed only in a fraction of galaxy clusters. It
has been proposed that these radio sources are powered by the energy released by merging
phenomena through which galaxy clusters form and grow.

In Chapter 2, we presented the study of one of the most spectacular example of these
systems: CIZA J2242-+5301. In this galaxy cluster we can observe simultaneously a double-
relic system connected by a giant radio halo of 2.7 Mpc in size. We collected new radio data
with the Sardinia Radio Telescope in three frequency bands centred at 1.4 GHz, 6.6 GHz, and
19 GHz. These single-dish data were compared with interferometric observations taken with
the WSRT, the GMRT, the VLA, as long as X-rays images obtained with the ROSAT satel-
lite. Our observations permitted to study the radio spectrum of the relics up to 6.6 GHz, and
to compare the measurements with models proposed to explain the acceleration mechanism
of the relativistic electrons and the distribution of magnetic fields in these sources. Assum-
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ing simple diffusive shock acceleration, we interpret measurements of the northern relic with
a continuous injection model. This yields an injection spectral index aj,; = 0.7+ 0.1 and a
Mach number M = 3.3 £ 0.9, consistent with recent X-ray estimates. Unlike other studies
of the same object, no significant steepening of the relic radio emission is seen
in data up to 8.35 GHz. By fitting the southern relic spectrum with a simple power-law
(S, ox v~%) we obtained a spectral index a & 1.9 corresponding to a Mach number M ~ 1.8 in
agreement with X-ray estimates. Finally, we evaluated the rotation measure of the northern
relic at 6.6 GHz. These results provide new insights on the magnetic structure of the relic,
but further observations are needed to clarify the nature of the observed Faraday rotation.

Radio haloes and relics are dramatic manifestations of intracluster magnetic fields. How-
ever, these elusive sources are rare, while magnetic fields are likely to be ubiquitous. Indeed,
magnetic fields themselves are not directly observable but we can infer their presence by the
indirect effect that they cause on the polarized radio waves that cross the hot plasma in
which they are contained. The position angle of the polarization plane rotates by an amount
proportional to the Rotation Measure (RM), the path integral of the parallel magnetic field
times the thermal plasma density through the intracluster medium. This is the so-called
Faraday rotation effect. If the distribution of the thermal electron is known, from X-rays or
SZ observations, we can invert the RM equation to reconstruct the strength and structure of
the underlying magnetic field. This is however not a trivial task even for very simple mag-
netic fields and gas density distributions and in general it requires a numerical approach.
In addition, in order to successfully apply this technique we need a large number of radio
sources embedded or in the background of a galaxy cluster.

The advent of the Square Kilometre Array will have an unprecedented impact in the study
of Faraday rotation. An all-sky survey at 1.4 GHz will be proposed for the SKA with the aim
to acquire an accurate map of the RM based on a enormous number of radio sources spread
over cosmological distances. The spatial density of these radio sources will be such that we
will obtain a RM grid with several hundreds of sources per squared degree. In this thesis,
we developed an original numerical approach that is able to produce realistic
images in full-Stokes of the radio sky very close to the images of galaxy clusters
that will be obtained with the SKA. Moreover, these synthetic spectral-polarimetric
cubes can be used as a tool to determine the precision of the RM Synthesis technique in
reconstructing the properties of the intracluster magnetic fields. In Chapter 3, we described
the procedure and the models we developed to produce simulated full-Stokes images of the
radio sky. The predictions of our modelling have been compared with the radio source counts
both in total intensity and polarization available in literature. In addition, we presented
the estimates of the confusion limits of I, U, and QQ Stokes parameters versus
different values of beam resolutions obtained from our simulations.

As already pointed out, with the SKA it will be possible to accurately study the intra-
cluster magnetic fields with the observation of hundreds of radio sources per squared degree,
which will cover the entire cluster volume. In addition, the SKA will be able to detect the
polarization of radio haloes which has been proven to be extremely difficult with the current
instruments. In Chapter 4, we explored the potentialities of the SKA in reconstructing the
RM images associated to the magneto-ionic medium of galaxy clusters. This required the
simulation and then the analysis of a huge amount of synthetic data, as it will be for the case
of the real SKA observations. By using the original numerical approach developed in this
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thesis and state-of-the art cosmological magneto-hydro-dynamical simulations of the ICM
properties we tried to address this challenging question.

We presented the simulated observations of a pair of two merging galaxy clusters
as it would be observed by the SKA1-MID at 1.4 GHz with a beam resolution of
2.5". These simulations include the discrete radio sources and two radio haloes. We apply
the RM synthesis technique on the simulated data at 2.5” and also on the data convolved
at a beam resolution of 10” to show the impact of beam depolarization. According to our
results, we can state that at both the resolutions we can obtain reliable esti-
mates of the RM of galaxy clusters if the exposure time is such that we reach
the confusion level on data. The number of background radio sources forming the RM
grid is enough to permit a precise reconstruction of the RM properties in the majority of
galaxy clusters. The presence of radio haloes could significantly help in determine the RM
values although the interpretation of the RM Synthesis results is not trivial.
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e Govoni, F., Murgia, M., Vacca, V., Loi, F., et al. 2017, “Sardinia Radio Telescope
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in A6A, 603, A122

e Murgia, M., Govoni, F., Carretti, E., Melis, A., Concu, R., Trois, A., Loi, F., et al.
2016, “Sardinia Radio Telescope wide-band spectral-polarimetric observations of the
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The Stokes parameters

The Stokes parameters described the polarized emission coming from a radio source. In
particular:

e [ is the total intensity of the signal;
e () and U are related to the elliptical polarization;
e V represents the circular polarization.
Actually, just three of them are independent parameters, because it results:
I>Q*+U*+ V2 (A1)

The polarized emission of the source is given by

P= Q2 +U2+V? (A2)

therefore, the degree of polarization of the source is:

W
L (A.3)

while the polarization angle is defined as:

U= %arctg (%) . (A.4)

For the sources considered in this thesis the circular polarization is null, that is V'=0.
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The equipartition condition

The intensity of a synchrotron source is related to the magnetic field energy density and to
the relativistic electron energy density. The same intensity can be obtained from a different
combinations of these two physical quantities. However, there is a particular combination
that minimized the total energy content of the source. This condition is achieved for a partic-
ular value of the magnetic field strength that we indicate with B,,;,. Incidentally, it is found
that for this particular value of B, the energy density of the magnetic field and also of the
particles are very similar and thus, we often refer to this particular magnetic field strength
as to the equipartition magnetic field.

To the total energy Uy, of the radio source two elements contribute, i.e. the magnetic
field energy Ug and the relativistic particles one (1 + k) - Uy:

Uit = (1+ ) - Ua + U (B.1)

where k is the ratio of the heavy particle to electron energy densities. The magnetic field

energy is:
BZ
Up=0¢- V- -— (B.2)
8T

where V' is the volume of the radio source and ¢ is the filling factor that is the fraction
of the volume of the source occupied by the magnetic field. The total energy of relativistic
electrons is:

T/2  [femax inf 1-2a0 _ 12«
Uel:v/ / N(e.8) e de. B0 ~d0:V'No~[M] (B.3)
—7/2 J €min 1 -2«

The source luminosity Ly, is related to the emissivity j, as:
Lon =V - (u(0))20s = V - (Cleing)) Los - No - B mi -y ma,

where (- )10s indicates the average along the line-of-sight while (C(aiy;))10s is a constant
related to the spectral index of the source. By substituting in the relativistic electron energy

95



V' - Ny with respect to the luminosity:

6172a _ E17.204 1 L
Ue _ _max min . syn B4
: 1 -2« C,v—a PBlita’ (B-4)
the total energy becomes:
el-2o _ (lo2a 1 Lgyn B?
Utot = (1+/‘€) LS e Y +¢V -_—. (B5)

1—-2a Cov—a " Blta 8T

This function has a minimum for a magnetic field given by (Brunetti et al. 1997; Beck &
Krause 2005):

A7 617204 o 617204 L 3Fa
Buin = [ o2& . fmax = Cmin g 4 )L )0 )T B.6
(fr St ) ) o L) (B5)

When a=1, this value of the magnetic field guarantees a perfect equipartition of the energy
between the magnetic field and the relativistic particles. The magnetic field in this condition
is the equipartition magnetic field.

Under the previous assumptions we can to derive a value for the intracluster magnetic field
strength and this is a quite common way to derive it in literature. Obviously, the resulting
values are affected by the assumption made and they have to take with care.
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Single scale magnetic field model

A magnetic field tangled on a single scale A¢ randomly oriented from cell to cell results in
a Gaussian-like RM distribution with zero mean (RM) and dispersion ogry given by:

o2y, = (RM?) = 8122A¢ / (neBy))2dl, (C.1)
if A, << L where L is the thermic plasma length along the line-of-sight. The observed RM
is indeed the result of a random walk over N cells along the line-of-sight where N = A% and
RMceH is:

By
RMcell = 812—7161\0 (CQ)

V3
where By = /B2 + B2 + B2 e assuming an isotropic magnetic field (By = V3B,).

If the thermal gas density is supposed to decrease with the distance from the cluster
centre according to a S-model (Cavaliere & Fusco-Femiano 1976):

r2 —3p/2
Ne = Ng (1 + r_§> , (C.3)
and the magnetic field strength radial profile to be a function of the thermal gas density:
"
B =B, <"—> (C.4)
o

with 7 in the range 0.5—1, the integral in Eq. C.1 becomes:
2

122 ) 122 ) —358(1+n)
o2y = 83 AC/O B2n2dl = 83 BgACng/o (1 + T—) dl

2
re

812 o 1
= 22 B2Acn? / di

T

—_

8122 o0
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2

where % = 2 + [?. By using the Beta function:

a+1l—bc

/Ooo( ladi m= [F(ﬂbl)r(c—ﬂbl)]; ( +1)

= a>—-1,b>0m>0c>——

m+P)x b ING) b
we obtain:
8122 o0 dl
2 2
(7 e)

1-6B8(1+mn)

122 1 2 2 1.T[35(1 -1
oM g 2 <1+ %) r()IBA £ m) = o]
TC

2 5 27 T[38(1+mn)]
1-68(1+n)
e 2\ 1.TB3(L+n)— 1]
= ——BiAcngre <1 i 72) M) T a+ ) -
,3( +n)
8122, ri L35 ) — 3
B SAcnire VT (1 + ﬁ) T[33(1+n)]

So, the dispersion is:

1
O'RM<TJ_) KB()ACHOTC

I'[35(1 —1
! 68(14n)—1 \J [ B( +n) 2] (C5>

(1472 /r2)==\ TBAA+n)]

where K is a constant which depends on the integral path of the density distribution (K=624
for background sources, K=441 for sources lying in the middle of the cluster).

The single-scale model is a good way to determine the magnetic field strength provided
that we have reliable values of all the other parameters which define the ogy in Eq. C.5 and
an accurate measure of the ogy. Nevertheless, a more realistic model requires a magnetic
field tangled on a range of scales. In this case the appropriate scale to use for Ag is the
magnetic field auto-correlation length Ag.
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