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1
Introduction

1.1 Clusters of galaxies

Galaxy clusters are the most massive bound objects in the universe, with a typical
mass of � 1014 � 1015 h�1 M� and size � 1 � 3 h

�1 Mpc. Their mass budget consists
on dark matter (�75%, on average), hot diffuse intracluster plasma (' 20%) and a
small fraction of stars, dust, and cold gas (� 5%), mostly locked in galaxies. In the
hierarchical scenario of structure formation in the universe, clusters of galaxies are
located at the nodes of the filamentary large-scale structure of the cosmic web and
form by subsequent merging of smaller structures and inflow of matter along the
supercluster filaments (e.g. Evrard & Gioia 2002).

Merger events drive shock waves in the cluster environment. They release a con-
spicuous amount of energy (� 1063 � 1064 erg) into the Intra Cluster Medium (ICM),
which is heated up to 107 � 108 K, thus able to emit high-energy radiation. The
most convincing evidence of cluster mergers is, in fact, provided by deep X-ray ob-
servations. The morphology, temperature, and surface brightness distribution of the
thermal plasma give important information of the dynamical state of the host cluster.
The merger shocks are also responsible for the (re-)acceleration of relativistic parti-
cles in the ICM. In recent years, the improved capabilities of radio interferometers
increased the detection of filaments of radio emission and extended diffuse features
in clusters, which are the direct result of such acceleration processes.

The goal of this introduction is to give an overview of the current knowledge of
the non-thermal components of the ICM, summarizing both the observational and
the theoretical status. This chapter is organized as follows. In Sect. 1.2 we introduce
the properties in total intensity and polarization of synchrotron radiation, which
is the main process at the origin of the radio emission in radio sources. Sect. 1.3
presents RM-synthesis, an important technique that we have used to analyze our po-
larimetric data. In Sect 1.4 we give an overview of the main observational properties
of halos and relics, presenting the models which explain their origin and evolution.
Other important cluster radio sources, the radio galaxies, are discussed in Sect. 1.5.
The Westerbork synthesis radio telescope (WSRT), which has been used for the ob-
servations of this project, is presented in Sect. 1.6. Sect. 1.7 discusses the main issues
related to low-frequency radio observations, which have been faced during the data
reduction. The galaxy clusters studied in the thesis are introduced in Sect. 1.8, where
we also summarize the main results that have obtained.
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1.2 Synchrotron radiation

The main process at the origin of the radio emission in the universe is the syn-
chrotron process. Its spectral and polarization properties give important information
on the physics and evolution of the radio sources.

1.2.1 The synchrotron spectrum and polarization

The synchrotron emission is produced by relativistic electrons spiraling in a magne-
tic field. An electron with energy E = mec

2, where  is the Lorentz factor, moving in
a region with a magnetic field B experiences a v � B force and emits radiation into a
cone of half-angle � �1 about its instantaneous velocity. Given the large number of
relativistic electrons in radio sources, the radiation received by the observer will be
a continuum signal, with a spectrum peaked near the frequency

�syn =
3e

4�m3e c
5
(Bsin�)E2 ; (1.1)

where � is the pitch angle between the electron velocity and the magnetic field direc-
tion. The synchrotron power emitted by a relativistic electron is

�
dE

dt
=
2e4

3m4e c
7
(Bsin�)2E2 : (1.2)

Substituting in equations 1.1 and 1.2 the values of the constants in practical units, we
obtain

�syn[MHz] � 16:1 � 10
6(B[G]sin�)(E[GeV])

2

� 4:2(B[G]sin�)
2 ; (1.3)

�
dE

dt

�erg

s

�

� 6:0 � 10�9(B[G]sin�)
2(E[GeV])

2

� 1:6 � 10�15(B[G]sin�)
22 : (1.4)

From equation 1.3, we derive that electrons with  � 103 � 104 in � 1 �G magnetic
fields radiate in the radio domain.
In astrophysical environments, one assumes a homogeneous and isotropic popu-

lation of relativistic electrons with a power-law energy distribution, i.e. with particle
density between E and E + dE given by

N(E)dE = N0E
�ÆdE : (1.5)

In this case, the total intensity spectrum in regions which are optically thin to their
own radiation varies as (Blumenthal & Gould 1970):

S(�) / �� ; (1.6)
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where the spectral index � is related to the index of the electron energy distribution
Æ through � = (1 � Æ)=2.
Below the frequency where the synchrotron emitting region becomes optically thick,
the total intensity spectrum is described by:

S(�) / �+5=2: (1.7)

The synchrotron emission produced by a population of relativistic electrons in a
uniform magnetic field is linearly polarized. In the optically thin case, the degree of
intrinsic linear polarization is:

mInt =
3Æ + 3

3Æ + 7
; (1.8)

with the electric (polarization) vector perpendicular to the projected magnetic field
onto the plane of the sky. For typical values of the particle spectral index of Æ � 2�3,
the intrinsic polarization degree is � 70 � 80%. In reality, radio sources show frac-
tional polarizations lower than this, due to magnetic fields with random topologies
either within the source or over the angular size of the beam (see Sect. 1.2.4).

1.2.2 Time evolution of the synchrotron spectrum

By integrating expression 1.2, we derive that, because of their synchrotron emission,
the electrons decrease their energy with time as:

E =
E0

1 + b(Bsin�)2E0t
; (1.9)

where E0 represents the electron energy at t = 0 and b = 2e
4=(3m4e c

7) = 2:37 � 10�3

in c.g.s. units. The electron energy halves after a time t� = [b(Bsin�)2t]�1, which
we identify as the particle lifetime. Similarly, one defines a characteristic energy
E� = [b(Bsin�)2t]�1, such that a particle with energy E0 > E

� will lose most of its
energy at a time t�.
For an ensemble of electrons, the overall particle energy is affected by the energy

of each particle and consequently the resulting synchrotron spectrum is modified.
Since the electrons with an energy E0 > E� lose most of their energy at a time t�,
in the spectrum one observes a break frequency ��, such that for � < �� the spec-
trum is unchanged, while it steepens for � > ��. Under the assumption that the
particles were produced in a single event with a power-law energy distribution,
N(E; 0)dE = N0E

�ÆdE, the spectrumwill fall rapidly to zero after the break frequency.
On the other hand, if new particles were produced and continuously injected in the
radio source, the final spectrum will show a steepening of –0.5 above ��. These sce-
narios are displayed in Fig. 1.1.
Due to the processes discussed above, every spectrum showing a cut-off is indica-
tive of ageing of the radio emitting particles. At the same time, a spectrum showing
no cut-off, but having a steep spectral index (� . �1), also indicates ageing, since it
refers to a frequency domain higher than the break frequency.
There are mainly two models that describe the steepening of the radio spectrum

above ��:
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Figure 1.1: Synchrotron spectra shown by a standard electron population (left panel) and by
an aged electron population with (right panel) and without (central panel) injection of new
particles.

� the Kardashev-Pacholczyk model (KP model, Kardashev 1962; Pacholczyk 1970), in
which the electrons maintain the same pitch angle with respect to the B lines.
The particles will loose a different amount of energy depending on the value
of this parameter;

� the Jaffe-Perola model (JP model, Jaffe & Perola 1973), where one considers an
electron population with an isotropic distribution of pitch angles. This results
in a sharp energy cutoff in the energy electron distribution, with a synchrotron
spectrum showing an exponential drop at high frequency.

The knowledge of the break frequency is crucial, since it gives information on the
lifetime of the emitting particles. For the JP model, this is given by (Slee et al. 2001)

t� = 1590
1

B2 + B2
CMB

r
B

(1 + z)��
[Myr] ; (1.10)

where B is the magnetic field in �G, the frequency � is in GHz and
BCMB = 3:25(1 + z)

2 �G and represents the equivalent magnetic field of the cosmic
microwave background. For the KP model, instead, we have (Slee et al. 2001)

t� = 1060
1

B2 + 23B
2
CMB

r
B

(1 + z)��
[Myr] : (1.11)

1.2.3 Equipartition magnetic fields

The total energy content of a synchrotron source is due to the energy in relativistic
particles (Uel in electrons andUpr in protons) plus the energy in magnetic fields (UB):

Utot = Uel +Upr +UB : (1.12)
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The magnetic field energy contained in a source of volume V is given by

UB =
B2

8�
�V ; (1.13)

where � represents the fraction of the source volume filled with the plasma and
magnetic fields and is called the “filling factor”.
It is possible to demonstrate that

Uel = Lsyn(Bsin�)
� 32 f (Æ; �1; �2) ; (1.14)

where Lsyn is the synchrotron luminosity of the source observed between two fre-
quencies �1 and �2, and f (Æ; �1; �2) is a function of the index of the electron energy
distribution and of the observing frequencies (Pacholczyk 1970). If we assume that
the energy in protons is proportional to the energy in electrons (i.e. Upr = kUel),
equation 1.12 becomes

Utot = (1 + k)LsynB
� 32 f (Æ; �1; �2) +

B2

8�
�V : (1.15)

The function defined by equation 1.15 has a minimumwhen the contributions of the
magnetic field and the relativistic particles are approximately equal:

UB =
3

4
(1 + k)Uel : (1.16)

For this reason, the minimum energy is known as the “equipartition value”.
By assuming the same volume in particles and magnetic field (� = 1), and after

applying the K-correction, the total minimum energy density umin (= Umin=V�) of
the source is expressed by

umin

� erg

cm3

�

= �(�; �1; �2)(1 + k)
4=7(�0[MHz])

�4�=7(1 + z)(12�4�)=7 �

�

�

I
0
h
mJy

arcsec2

i
�4=7
(d[kpc])

�4=7��4=7 ; (1.17)

where �(�; �1; �2) is a constant which is tabulated in Govoni & Feretti (2004) and d
is the source depth. The latter formula is mainly used for significantly extended
structures. In the case of compact features, equation 1.17 is expressed by

umin

� erg

cm3

�

= �(�; �1; �2)(1 + k)
4=7(�0[MHz])

�4�=7(1 + z)(12�4�)=7 �

�
�
I0[mJy]

�4=7�
V[kpc3]

��4=7
��4=7 : (1.18)

The magnetic field calculated in the minimum energy condition is known as the
“equipartition magnetic field” and is given by

Beq =
�
24�

7
umin

�1=2
; (1.19)
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By knowing umin of a source, it is possible to derive the minimum internal pres-
sure due to magnetic field and particles. This is given by

Peq � (� � 1) umin =
1

3
umin ; (1.20)

where � is the adiabatic index of the plasma. Equation 1.20 holds in the case of
relativistic plasma, for which � = 4=3.
In the standard approach presented above, the computation of the equipartition

parameters is based on the integration of the synchrotron radio luminosity between
two fixed frequencies �1 and �2 (usually one adopts �1 = 10 MHz and �2 = 100 GHz).
The electron energies corresponding to these frequencies depend on the magnetic
field value (see equation 1.1), thus the integration limits of the synchrotron radio
luminosity are variable in terms of the energy of the radiating electrons. This aspect
is particularly relevant for the lower limit, owing to the power-law shape of the
electron energy distribution and to the expected presence of low-energy electrons in
cluster extended features. It has been therefore suggested to derive the equipartition
parameters by integrating the electron luminosity over an energy range (min � max)
(Brunetti et al. 1997). For min << max and � < �0:5, the new expression for the
equipartition magnetic field is

B0eq � 1:1
1+2�
3��
min
B

7
2(3��)
eq ; (1.21)

where B0eq and Beq are expressed in Gauss. Typically, for Beq � 1�G, min � 100, and
� � �0:75��1, this new approach gives magnetic fields which are 2 to 5 times larger
than those obtained through the standard method.
It is worth noting that the equipartition values are approximated estimates. The

main uncertainty results from the various assumptions adopted for their determina-
tion. The fraction of the radio source filled with particles and magnetic fields (�) is
very uncertain. Also the value of k, which depends on the mechanism of generation
of relativistic electrons, is to date poorly known. Values usually assumed in the li-
terature for clusters are k = 1 or k = 0. However, recent studies of radio sources in
galaxy clusters have pointed out that this parameter must vary widely from approxi-
mately unity to 4000 (Dunn & Fabian 2004; Dunn et al. 2005; Bı̂rzan et al. 2008). Such
high values could account for the discrepancy between minimum internal pressure
and that of the external plasma observed for cluster radio sources (Giovannini et al.
1985; Morganti et al. 1988; Feretti et al. 1990; Giovannini et al. 1991, 1993).

1.2.4 Faraday rotation and depolarization

The polarized signal is described by the polarization vector p, whose intensity (P)
and angle (�) are given by

P =
p
Q2 +U2 + V2 ; (1.22)

� =
1

2
tan�1

U

Q
; (1.23)
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where Q, U, and V are the Stokes parameters.
The presence of a magnetized plasma between the observer and a radio source

changes the properties of the polarized signal. The polarization vector rotates while
crossing a magnetized and ionized plasma according to

�obs(�) = �int + �2 � RM ; (1.24)

where �int is the intrinsic polarization angle of the signal, �obs is the polarization
angle observed at a wavelength �, and RM is the plasma Rotation Measure.
The RM depends on the plasma magnetic field (Bk) and electron density (ne) along
the line of sight through

RM [rad m�2] = 812

Z L[kpc]

0

ne [cm�3]Bk[�G]dl ; (1.25)

where L is the distance of the source from the observer. By convention, RM is positive
for magnetic fields pointing towards the observer.
By computing the position angle of the polarization vector �obs at different wave-

lengths, the RM of radio sources can be obtained through a linear fit of the measure-
ments (1.24). The observations have to be performed at least at three wavelengths in
order to remove the n� ambiguity.
If Faraday rotation leads to a decrease of the polarized flux of the radio signal, we

talk about Faraday depolarization. The observed degree of polarization mobs(�)
1 of a

signal coming from a radio source can be significantly lower than the intrinsic value,
mint, if differential Faraday rotation occurs. The scenarios for which depolarization
is observed can be different:

� external Faraday depolarization is induced by the limitations of the instrumen-
tal capabilities and is due to beam depolarization or bandwidth depolariza-
tion. Beam depolarization is caused by magnetic field and/or electron density
fluctuations in a foreground screen on scales smaller than the observing beam.
Bandwidth depolarization occurs when the observations are carried out within
a wide frequency band, so that the polarized vector rotates by a large amount
within it;

� internal Faraday depolarization is due to the spatial extent of the source itself
along the line of sight and it takes place even if the crossed media are com-
pletely homogeneous. The emission from individual electrons within a source
arises from different depths and suffer different Faraday rotation depending on
the path length. This causes a reduction of the source polarization degree. In
the simple case in which the source is modeled as an homogeneous, optically
thick slab, the fractional polarization varies as

mobs(�) = mint
sin(RM0�2)

RM0�2
; (1.26)

where RM0 is the RM internal to the source (Burn 1966).

1m is defined as the ratio between the polarized and the total intensity flux.
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The distinction between internal and external Faraday depolarization requires high
resolution and sensitive polarization data at multiple frequencies. While the latter
is strongly dependent on the resolution of the observations, the former should be
present also with an infinitely small beam.

1.3 RM-synthesis

RM-synthesis is an important tool to analyze and interpret polarization data. This
technique works with a series of Q and U images of the target sources as a input and
it produces a final RM-cube as a output. This cube displays the polarized emission as
a function of Faraday depth. RM-synthesis was already mentioned by Burn (1966)
and is also used by the pulsar community (Mitra et al. 2003; Weisberg et al. 2004),
but only recently it has been applied to large datasets. A full description of how this
technique works is presented by Brentjens & de Bruyn (2005). In the following, we
give a short overview.
RM-synthesis avoids bandwidth depolarization by averaging the complex pola-

rization P(�2) = Q(�2) + iU(�2) of many narrow-band channels after de-rotating all
P(�2) to a common wavelength �0, assuming a certain Faraday depth �. The result
is the Faraday dispersion function (Burn 1966):

F̃(�) = F(�) � R(�) = K

NX

i=1

wiPie
�2i�(�2

i
��2
0
) ;

R(�) � K

NX

i=1

wie
�2i�(�2

i
��2
0
) ; (1.27)

K =

0
BBBBB�

NX

i=1

wi

1
CCCCCA

�1

;

where �2
i
is the average �2 of channel i, �2

0
is the weighted average �2, Pi = P(�

2
i
),

and wi is the weight of the data point. R(�) is the rotation measure spread function
(RMSF). The RMSF depends on the setup used for the observations, i.e. on their �2

coverage.
Due to the sparse sampling in �2 of the observations, the RM-cubes often show

sidelobes which are a significant fraction of the main peak. To attenuate them one
can apply a one-dimensional deconvolution, which is an extension of the Högbom
(1974) CLEAN to the complex domain. The procedure, first described in Brentjens
(2007), proceeds as follows:

1. In each spatial pixel, the complex (Q(�);U(�)) spectrum is cross-correlated
with the complex RMSF and the location of the peak in Faraday space (�m)
is determined;

2. if P(�m) is greater than the cutoff defined by the user, then a shifted and scaled
version of the RMSF is subtracted from the complex (Q(�);U(�)) spectrum;



Halos and Relics 17

3. the complex scaling factor is stored as a “clean component”;

4. steps 1–3 are repeated until one reaches the cutoff value;

5. finally, the clean components are restored with a restoring beam with a speci-
fied FWHM and added to the residual F(�).

1.4 Halos and Relics

Observations at radio wavelengths of clusters of galaxies revealed the presence of
large-scale diffuse radio sources, which cannot be obviously associated with any
individual galaxy. They have been classified as halos and relics (Feretti & Giovannini
1996) and their properties have been reviewed by Feretti & Giovannini (2008). The
number of cluster with halos and relics is presently around 50 and it is continuously
growing. Halo and relics indicate the existence in clusters of relativistic particles
with Lorentz factor >> 1000 and magnetic fields of the order of � 0:1 � 1�G over
the cluster volume. The knowledge of the physical properties of these radio sources
has enormously increased in recent years, due to higher sensitivity radio images and
to the development of theoretical models. Since halos and relics are related to other
cluster properties in the optical and X-ray domain, their study is very important for a
comprehensive description of the ICM and for our deep understanding of the history
and the evolution of clusters.

1.4.1 Radio halos

Radio halos are extended (� 1Mpc), diffuse, low-surface brightness (� 1 �Jy arcsec�2

at 20 cm), and generally unpolarized radio features located at the cluster center. The
prototype of this class is the diffuse source COMA C at the center of the Coma clus-
ter (A1656), first classified by Willson (1970). Other well studied and well known
halos belong to A665 (Markevitch & Vikhlinin 2001), A2219 (Giovannini et al. 1999),
A2255 (Feretti et al. 1997a), A2319 (Feretti et al. 1997b), A2744 (Giovannini et al.
1999), 1E0657-56 (Liang et al. 2000), and to the distant cluster CL0016+16 (Giovan-
nini & Feretti 2000). All these clusters are non cooling core systems showing signs
of past merger activity. Radio halo sources of small size (� 1Mpc) have also been
detected in clusters of galaxies with similar properties: A401 (Burns & Ulmer 1980),
A1300 (Reid et al. 1999), A2218 (Giovannini & Feretti 2000), and A3562 (Venturi et al.
2003).
Unlike the thermal X-ray emission, the presence of diffuse radio emission is not

common in clusters of galaxies: the detection rate of radio halos, at the detection
limit of the NRAO VLA Sky Survey (NVSS) is 5% in a complete sample (Giovannini
et al. 1999). The detection rate increases for clusters with high X-ray luminosity; the
35 % of clusters with X-ray luminosity larger than 1045 erg s�1 (in the ROSAT band
0.1-2.4 keV, computed assuming H0 = 50 km s

�1 Mpc�1 and q0 = 0:5) shows a giant
radio halo (Giovannini & Feretti 2002).
Typical radio powers of halo sources are of the order of 1024 � 1025 W Hz�1 at

1.4 GHz. Halos with a higher radio power are more extended, but no strong corre-
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Figure 1.2: Contour map of the radio halo of the Coma cluster (Coma C) at 90 cm overlaid on
the DSS optical image (Feretti 2002)

lation between these two quantities has been found. Equipartition magnetic fields
are of the order of �0.1 - 1 �G. Minimum energy densities are between � 5 � 10�14

and 2 � 10�13 erg cm�3, making the energy content in radio halos about 2-3 order of
magnitude lower than that of the thermal gas.
Studies of radio halos at frequencies above 300 MHz have shown that their total

radio spectra are steep (� � �1), as typically found in aged radio sources. Only for
a few radio halos detailed determinations of the integrated spectrum are available.
The best studied radio halo is COMA C, which is characterized by a steepening at
high frequencies. The spectrum in A1914 is also very steep, with an overall slope of
� � �1:8. In A754, Bacchi et al. (2003) estimate �0:3GHz

0:4GHz � �1:1, and �1:4GHz
0:3GHz � �1:5,

and infer the presence of a possible spectral cutoff. Indication of a high frequency
steepening is also inferred in A2319 (�0:6GHz

0:4GHz � �0:9 and �1:4GHz
0:6GHz � �2:2, Feretti et al.
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1997b).
For the few clusters where radio spectral index maps are available, like Coma (Gio-
vannini et al. 1993), A2163, A665 (Feretti et al. 2004), A3562 (Giacintucci et al. 2005),
A2744 and A2219 (Orrú et al. 2007), the radio spectrum steepens radially with increa-
sing distance from the cluster center or it is patchy over the halo surface. In addition,
there is evidence in some clusters for a flattening of the spectral index in regions in-
fluenced by merger processes (A665 and A2163). From the spectra of radio halos it
is derived that the radiative lifetime of the relativistic electrons, due to synchrotron
and inverse Compton energy losses, is of the order of � 108 yr (Sarazin 1999). This
raises important questions about the possible origin of these structures. Since the ex-
pected diffusion velocity of the relativistic electrons through the cluster volume is of
the order of the Alfvén speed (�100 km s�1), their lifetime is far too short to diffuse
throughout the halo volume. In fact, to cover a distance of just 500 kpc would re-
quire to them 5� 109 yr. Therefore, the particles cannot have been produced at some
localized position in the cluster, but they must undergo in situ acceleration, acting
with an efficiency comparable to the energy loss processes (Petrosian 2001). Recent
cluster mergers are thought to favour this process (see Sect. 1.4.1.1).

Radio and X-ray properties of halo clusters are morphologically related. Halos
show a close similarity to the X-ray structures, suggesting a connection between non-
thermal and thermal components of the ICM. This similarity was first quantitatively
confirmed by Govoni et al. (2001a), who compared the point to point brightness
surface of the radio and X-ray emission in four clusters and found a nearly linear
relationship for A2255 and A2744, and a power-law relation with index < 1 for Coma
and A2319. A power-law correlation is also found for A2163 (Feretti et al. 2001).

The most powerful radio halos are detected in the most X-ray luminous clusters.
This is confirmed by the correlation shown in Fig. 1.3 between the monochromatic
halo radio power at 20 cm and the bolometric X-ray luminosity of the hosting cluster
(Liang et al. 2000; Giovannini & Feretti 2002). The bottom panel of Fig. 1.3 shows the
correlation between the average surface brightness of the radio halo and the clus-
ter X-ray luminosity. Since the brightness is an observable, this correlation can be
used to set upper limits to the detectability of radio halos in merging clusters. The
above correlation implies that clusters with LX � 10

45 erg s�1 would host halos with
a power of a few 1023 W Hz�1. With a typical size of 1 Mpc, they would have a
radio surface brightness lower than current limits obtained in the literature and in
the NVSS. New generation radio interferometers will allow the detection of low-
brightness/low-power large radio halos, clarifying whether they are present in all
merging clusters or in the most massive ones only. Since cluster X-ray luminosity
and mass are correlated (Neumann & Arnaud 1999, 2001), the above result implies a
dependence of the radio power on the cluster mass (P1:4GHz / M

2:3, where M is the
total cluster gravitational mass within a radius of 3h�1

50
Mpc, Govoni et al. 2001b).

Cassano et al. (2004) showed that the correlation is steeper if one considers the clus-
ter mass within the virial radius. This result suggests that the cluster mass might
be a crucial parameter in the formation of cluster radio halos, as also suggested by
Buote (2001).
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Figure 1.3: Top panel: Monochromatic radio power at 20 cm vs cluster bolometric X-ray
luminosity. Bottom panel: average surface brightness of the radio halos vs cluster X-ray lumi-
nosity. Filled and open circles refer to halos whose size is > or <1 Mpc, respectively (Feretti &
Giovannini 2008).
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1.4.1.1 Models for radio halo formation

Several theories have been developed to explain the origin of the relativistic parti-
cles in radio halos and for the mechanisms transferring energy into the relativistic
electron population.

The observations reveal that clusters hosting extended radio emission are charac-
terized by a strong dynamical activity, related to merging processes. These clusters
in fact show: (i) substructures and distortion in the X-ray brightness distribution
(Schuecker et al. 2001); (ii) temperature gradients (Markevitch et al. 1998) and gas
shocks (Markevitch et al. 2003); (iii) absence of a strong cooling core (Schuecker et al.
2001); (iv) larger distance from the nearest neighbors, compared to clusters with simi-
lar X-ray luminosity (Markevitch et al. 1998). The fact that they appear more isolated
supports the idea that recent mergers lead to a depletion of the nearest neighbors.

The relativistic electrons responsible for the diffuse radio emission can be either
primary or secondary electrons.

1.4.1.2 The primary models

The primary models explain the halo emission as due to the diffusion of the relati-
vistic electrons throughout the cluster volume. These models were first suggested
by Jaffe (1977) and Rephaeli (1977) and used by Valtaoja (1984) to explain the spa-
tial radio intensity distribution of the Coma cluster halo at 430 MHz. Although they
were improved by including ionization and bremsstrahlung losses (Rephaeli 1979),
it was clear that, because of the severe energy losses suffered by the electrons due
to synchrotron and inverse Compton emission, they needed in-situ re-acceleration to
justify the required long particle lifetimes (Jaffe 1977). For this reason, the primary
models are also referred to as “re-acceleration models”.

Primary electrons are injected into the cluster volume by AGN activity (quasars,
radio galaxies, etc...) or by star formation in normal galaxies (supernovae, galactic
winds, etc...) during the cluster dynamical history. Harris et al. (1980) suggested
that the shocks and turbulence necessary for the magnetic field amplification and
the particle acceleration to high energies is provided by merger events. This hypo-
thesis was supported by Tribble (1993), who showed that the energetics involved in
a merger are enough to power radio halos. In this framework, halos are expected
to be transient phenomena, since the relativistic electrons lose energy on time scales
of � 108 yr and the typical time interval between cluster mergers is of the order of
� 109 yr (Dunn et al. 2005). This argument was used to explain why radio halos are
rare.

On the observational point of view, the primary models predict that the accele-
rated electrons have a maximum energy at  < 105, resulting in a high frequency
cut-off in the final spectrum (Brunetti 2004). Therefore, a high frequency steepening
of the integrated spectrum is expected, as well as a radial steepening and/or a com-
plex spatial distribution of the spectral index between two frequencies, the latter due
to different re-acceleration processes acting in different cluster regions. Moreover, as
discussed above, these models predict a tight connection between radio halo forma-
tion and cluster mergers.
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1.4.1.3 The secondary models

To avoid the energy loss problems of the radiating electrons during their diffusion
through the cluster, Dennison (1980) suggested that the radio emission in halos could
be produced from a population of secondary electrons. These derive form inelastic
nuclear collisions between the relativistic proton and the thermal ions of the am-
bient ICM. Due to their negligible energy losses, the protons have long lifetimes,
allowing them to diffuse over large cluster volumes. At different cluster locations,
they can then produce in-situ electrons, distributed throughout the cluster volume
(Blasi & Colafrancesco 1999). The secondary models reproduce the basic properties
of the radio halos, provided that the strength of the magnetic field, averaged over
the emitting volume, is larger than a few �G. They predict synchrotron power-law
spectra which are independent on the cluster location, i.e. no radial steepening of the
spectral index is expected in this case. Moreover, they predict spectral index values
lower than � � �1:5 (Brunetti 2004). The profiles of the radio emission should be
steeper than those of the X-ray gas (e.g. Govoni et al. 2001a). Since the relativistic
electron derive from protons accumulated during the cluster formation history, no
correlation with recent mergers is expected, but halos should be present virtually in
all clusters. Gamma-ray and neutrinos emission is also predicted.
The spectral properties of known radio halos, their connection to merger pro-

cesses and the fact that they are not present in all clusters, support the primary re-
acceleration models.

1.4.1.4 The particle re-acceleration

As mentioned above, cluster mergers play a major role in the energetics of the rela-
tivistic particles in the primary models. The mechanisms that can transfer energy to
the electrons are:

� acceleration at shock waves (Sarazin 1999; Keshet et al. 2004);

� resonant or non-resonant interaction of electrons with magneto-hydrodynamic
(MHD) turbulence (Brunetti et al. 2001, 2004; Petrosian 2001; Fujita et al. 2003).

Shock acceleration is a first-order Fermi-I process of crucial importance in astro-
physics. It occurs diffusively, with the relativistic particles scattering back and forth
across the shock, gaining an amount of energy which is proportional to their own
energy. The acceleration efficiency is mostly determined by the shock Mach number.
For radio halos, there are a few arguments which disfavour an origin related to
shocks, as (i) the detected shocks with X-ray observations in cluster centers have
inferred Mach numbers in the range of � 1 � 2:5, which seems too low to accelerate
the radio halo electrons (Gabici & Blasi 2003); (ii) the halo radio emission is spread
over a large cluster volume and it is difficult to associate it to localized shocks; (iii)
the comparison between radio and high resolution X-ray data shows that some clus-
ters exhibit a spatial correlation between the radio halo emission and the hot gas
regions (Govoni et al. 2004). However, this is not a general feature and there are
cases in which there is no radio emission associated with the hottest gas regions; (iv)
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The spectral index distribution in A665 (Feretti et al. 2004) does not show a flattening
at the location of the hot shock detected by Chandra (Markevitch & Vikhlinin 2001).
Current observations favour cluster turbulence as the mechanism at the origin of

the electrons re-acceleration in radio halos. Numerical simulations show that cluster
mergers are able to produce turbulence on scale of 0:1 � 1 Mpc. In this case, the ac-
celeration is rather inefficient compared to the shock acceleration. The time window
in which the process is effective lasts for a few 108 yr, so that the radio emission is
expected to correlate with the most recent or ongoing mergers.

1.4.2 Radio relics

Relics are diffuse extended radio sources located at the cluster periphery. As the ra-
dio halos, they also have a steep spectrum (� � �1) and a big size (� 1 Mpc), but they
generally show an elongated morphology (with the major axis perpendicular to the
direction of the cluster radius) and are strongly polarized (�20–40%). The available
data and knowledge about radio relics are still poor. Sizes and flux densities of relics
could be underestimated, due to the lack of deep high resolution observations. Very
few spectral index maps have been published so far, because multi-frequency ob-
servations are still missing. Moreover, many relics lying at the cluster periphery are
located in the external regions or outside the available X-ray images. In these cases,
a comparison between radio and X-ray data is difficult or not possible.
Currently, in �30 galaxy (rich Abell) clusters at least one relic source was detected

(Giovannini & Feretti 2004). The most extended and powerful sources are found in
clusters hosting also a radio halo (see right panel of Fig. 1.4). A few galaxy clusters
show the presence of multiple extended relics lying symmetrically with respect to
the cluster center. In these cases, they have a typical elongated structure. In the
parent cluster, no halo source is detected. The best known example of this class of
relics is observed in A3667 (see left panel of Fig. 1.4, Röttgering et al. 1997).
The detection rate of relics in a complete sample of clusters is �6% at the detec-

tion limit of the NVSS (Giovannini et al. 1999). They are detected in clusters with
and without cooling flow, suggesting that they may be related to minor or off-axis
mergers, as well as to major mergers. Several models have been proposed to explain
their origin (see Sect. 1.4.2.2).
The radio power of relics correlates with the cluster X-ray luminosity (Feretti

2002; Giovannini & Feretti 2004), as also found for halos (see Sect. 1.4.1), although
with a larger dispersion. The existence of this correlation suggests a connection be-
tween thermal and non-thermal components of the ICM also in the peripheral cluster
regions.
The steep spectra of radio relics are typical of old radio sources. Taking into ac-

count synchrotron and inverse Compton losses, the radiative ages of their relativis-
tic particles are of the order of 108 years. The detailed spectral index distribution is
known for the relics of A3667 (Röttgering et al. 1997), the Coma cluster (Giovannini
et al. 1991), S753 (Subrahmanyan et al. 2003), A2744 and A2219 (Orrú et al. 2007), and
A2345 and A1240 (Bonafede et al. 2009). Apart from one of the two relics of A2345,
in all these other examples the spectral index flattens going from the regions closer
to the cluster center to the outer rim. This is consistent with the presence of electron
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Figure 1.4: Left panel: Contour map of the radio emission of A3667 at 36 cm overlaid onto
the grey-scale ROSAT X-ray image (Röttgering et al. 1997). Right panel: 1.4 GHz VLA image
of the halo and the relic source in A2744 (Govoni et al. 2001b).

re-acceleration in an expanding merger shock (see 1.4.2.2).

1.4.2.1 A morphological classification

Depending on their morphology, relics can be classified as follows:

1. Classic giant relics. To this class belong the elongated and peripheral diffuse
radio sources. The prototype is represented by 1253+275 in the Coma cluster
(Giovannini et al. 1991). Other examples can be found in A2255, A2744, A1367,
and A115. Most of these sources have a size ranging from 400 kpc to 1.5 Mpc.
The radio emission is usually polarized.

2. Circular peripheral relics. Two clusters (A548b and A1664) host a relic which
shows an extended circular shape (Govoni et al. 2001b; Feretti et al. 2006). This
peculiar morphology (see Fig. 1.5) could suggest that the relics might be ex-
tended 2-dimensional disk-like features seen in projection. However, this is
obviously not the case because of the large number of extended relics known
in the literature. It is moreover evident that, when observed at high resolution,
the relic in A1664 hosts substructures (Govoni et al. 2001b).
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Figure 1.5: 1.4 GHz VLA map of the relic source in A1664 superimposed onto the grey-scale
cluster X-ray emission detected by ROSAT PSPC (Govoni et al. 2001b).

3. Relic sources near the first ranked galaxy. In a few cluster, extended relics are
found near the central first ranked galaxy (FRG, usually a cD galaxy), but not
coincident with it. These extended sources are still classified as relics, although
they do not lie at the cluster periphery, since their connection with the FRG is
not clear (but see Fujita et al. 2002, for A133). Their distance from the cluster
center ranges between 50 and 350 kpc. It is worth noting that if these sources
derive from a past activity of a central galaxy, they should present a double
structure, which is not observed.
These relics are generally small (< 100 kpc in A133, A2063, A4038), but ex-
amples of large ones are also reported, as in the case of A85 (�360 kpc) and
A13 (�650 kpc). They have very steep spectra (� < �1:5), with evidence of
high-frequency steepening. The radio emission is highly polarized and shows
a regular shape with evident filaments inside (see Slee et al. 2001).

4. Relics at large distance from the cluster center. Member of this sub class are the
relics 0917+75, possibly belonging to A786, and that of A2069. The first one
(Dewdney et al. 1991; Harris et al. 1993) is located at �3.8 Mpc from the near-
est rich clusters of galaxies, while the second one (Giovannini et al. 1999) at
�4.6 Mpc from the cluster center. Given their large distance from the cluster
center, a connection between these relics and their clusters is difficult to under-
stand.
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5. Filaments. Extended radio emission has been detected in some cases in between
galaxy clusters. This could be classified as “filamentary radio emission”, which
was already observed in a few clusters as a bridge connection between halo and
relic. Examples of relics of this class are provided by Coma, A2255, and A2744.
Radio emission from filaments imply the existence of magnetic fields on a
super-cluster scale, raising questions about the origin of the relativistic par-
ticles.

1.4.2.2 Models

Peripheral cluster regions do not host a sufficiently dense thermal proton population
which is required as the target for the efficient production of secondary electrons.
Therefore, secondary models cannot account for the origin of relics. Given their
morphological and spectral properties, relics could be associated with shock waves
traveling into the ICM and produced by the flows associated with cosmic large-scale
structure formation. Because of the short radiative lifetimes of the electrons, radio
emission is produced close to the location of the shock, which is consistent with the
geometry of the observed relics, showing an elongated shape perpendicular to the
merger axis. The shock wave can accelerate the electrons to the required energies
through:

� Fermi-I diffuse shock acceleration of thermal ICM electrons (En�lin et al. 1998);

� Adiabatic energization of relativistic electrons confined in fossil radio plasma,
released by a former active radio galaxy (En�lin & Gopal-Krishna 2001; En�lin
& Brüggen 2002; Hoeft et al. 2004).

Both processes predict that the magnetic field within the relic is aligned with the
shock front, and that the radio spectrum is flatter at the shock edge, where the radio
brightness is expected to decline sharply. It is suggested, however, that these two
mechanisms create relics with different observational properties in clusters.
Giant radio relics are most likely originating from Fermi-I diffuse shock accel-

eration of ICM electrons. The morphology and location of most relics belonging
to this class are in agreement with this hypothesis and suggest an association to
shocks resulting from major cluster mergers, which should produce arc-like sym-
metric extended features at the cluster periphery (Schindler 2002). Based on some
observational results, however, a clear association between shocks and giant radio
relics is not always straightforward, especially in the case of relics with circular mor-
phologies and filamentary structures cited above (Sect. 1.4.2). Additionally, Feretti
& Neumann (2006) did not detect a shock wave at the location of the relic of Coma.
They suggested that the formation of this structure could be related to turbulence in
the ICM.
The moderate size radio relics, on the other hand, are most likely originated

by adiabatic compression of fossil radio plasma (“ghosts”), released by an AGN
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whose central engine has ceased to inject new plasma � 1 Gyr ago. The old non-
thermal electrons, which would be undetectable at high (� GHz) frequencies, are
re-energized by the shock through adiabatic compression. These sources require the
presence of both shocks and relic plasma in the same regions of the cluster. One
prerequisite for this mechanism to be effective is that the electron population is not
older than 0.2-2Gyr (En�lin & Gopal-Krishna 2001). The time-scale depends on the
conditions in the surroundings, mainly the external pressure. In high-pressure envi-
ronments, such as in cluster cores, the synchrotron losses are expected to be higher
than in regions of lower pressure because the magnetic field in the pressure-confined
plasma is higher. This leads to a shorter synchrotron cooling time for the fossil radio
plasma and a reduced probability of flaring up during the passage of a shock. These
arguments justify the detection of this class of relics in the cluster external regions
only.
The shocks responsible for the relic formation could have different origins. They

can be grouped in two main classes:

� merger shocks, deriving from the merger of sub-clusters (Bykov et al. 2008);

� accretion shocks or large-scale structure (LSS) shocks, which derive from the accre-
tion of diffuse , unprocessed (cold) matter on gravitationally attracting nodes.

While merger shocks produce relic sources confined within the cluster environ-
ment, LSS shocks give rise to relics at large distance from the cluster center (Hoeft
et al. 2008).

1.5 Cluster radio galaxies

Other important cluster members in the radio domain are the radio galaxies. Their
emission often extends well beyond the optical boundaries of the host galaxy, out to
hundreds of kpc. Simulations show that the ICM is dynamic, filledwith shocks , high
winds, and turbulence. Therefore, it can interact with a radio source by modifying
its morphology via ram pressure, confining the radio lobes and possibly feeding the
active nucleus.
Tailed radio sources are the most dramatic example of the interaction of the ICM

with the radio galaxies. These are law-power radio sources (FRI type, Fanaroff &
Riley 1974) where the large-scale radio emission is bent towards the same direction,
giving rise to a structure similar to a tail (Miley et al. 1972). These so called head-tail
radio sources are classified as (i) narrow angle tail (NAT, Rudnick & Owen 1976)
radio galaxies, characterized by a U-shape, with the two tails forming a small an-
gle, and (ii) wide angle tail (WAT, Rudnick & Owen 1976) radio galaxies, showing
a V-shape with a larger angle between the tails. The standard interpretation for this
morphology is that the jets produced in the nucleus of the high-velocity galaxy mo-
ving through the dense ICM are curved by ram pressure.
Most tailed radio sources were detected in clusters of galaxies and they have been

the target of numerous investigations. Their size, from the nucleus till the end of the
tail, is on average about 200-300 kpc (Vallee & Roger 1987). This is comparable with
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the extent of the more common double radio sources, which have a straight mor-
phology, with the parent galaxy located at the centroid. However, a few examples
of tailed radio galaxies with uncommonly long tails are reported in the literature.
Among them, the most well known objects are IC 711 in Abell 1314 (�650 kpc, Vallee
& Roger 1987; Vallee 1988) and NGC 1265 in the Perseus cluster (> 500 kpc, Sijbring
& de Bruyn 1998).
The long tails offer a unique opportunity to test ageing models for the radiating

electrons, allowing the determination of the radiative age of the radio source. At the
same time, they can be used to probe large-scale turbulence in the ICM due to the
expected distortion generated by any turbulent motions or winds in clusters.

1.6 The WSRT

The observations for this thesis project were carried out with theWesterbork Synthe-
sis Radio Telescope (WSRT). The WSRT has proved to be one of the best telescope
to study the extended diffuse features in clusters, because of its excellent dynamic
range (related to equatorial mount, E-W array configuration, excellent data reduction
software and superior back-end) and wide field full polarimetric imaging capabili-
ties.
TheWSRT is an aperture synthesis array that consists of 14 antennas arranged on

east-west baseline. The antennas are equatorially mounted 25-m dishes with a fixed
orientation of the receiving linear dipoles with respect to the sky. The geometry of
the array is displayed in Fig. 1.6. Ten of the telescopes (labeled 0 to 9) are on fixed
mountings, 144 meters apart; the four (2 � 2) remaining dishes (labeled A, B, C, and
D) are movable along two rail tracks: the former, 300 m long, is adjacent to the fixed
array and the latter, 180 m long, is located 9 � 144 m eastwards. The movable dishes
can observe at any position on the rail tracks (minimum distances 9–A = 36 m). In
the array, the baselines can extend from 36 m up to 2.7 km.

1.6.1 Configurations

The WSRT can observe in different configurations (Morganti 2004). The choice of a
particular configuration depends on the characteristics of the observations. For this
project, we performed observations with 6 � 12h, 4 � 12h, and 1 � 12h integration
sessions.
If a target needs to be observed for 6 � 12h, the best uv sampling is obtained by using
the so called “traditional” configurations, which are based on the principle that the
uv sampling is acquired with a uniform radial sampling increment. This is moti-
vated by the need to achieve high dynamic range imaging over a limited angular
field of view (FOV, i.e. the area free of self confusion due to gratings lobes) with
minimal deconvolution. The distance 9–A is typically 36, 48, 60, 72, 84, or 96 m,
while the two pairs of movable telescopes, A and B, as well as C and D, are at a fixed
separation of 72 m. The C/D pair lies at a distance from the fixed telescopes such
that the separation 9–C is (9 � 144 m) plus 36, 48, 60, 72, 84, or 96 m.
When a 4 � 12h is requested, the best uv coverage is realized by stepping the 4 mo-
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Figure 1.6: The layout of the 14 WSRT dishes. The possible configurations of the array are
realized by locating the movable telescopes (A–D) at specific locations relative to the fixed
array (0–9). The shortest baseline is 9–A = 36 m.

vable telescopes at 18 m increments, from 36 to 90 m.
For a single 12h session, the observations are usually performed with the so called
Maxi-Short configuration, which provides the best performance for the detection of
extended sources. In this case, the distance 9–A = 36 m, while A–B = 54 m and
C–D = 72 m.

1.6.2 Observing bands and datasets details

TheWSRT is equipped withMulti Frequency Front Ends (MFFE), which have cooled
receivers at 3.6, 6, 13, and 18+21 cm, and uncooled receivers at 49 and 85 cm, in
addition to the uncooled UHF high (700-1200 MHz) and UHF low (260-460 MHz)
systems. The WSRT was equipped in 2004 also with low-frequency front end (LFFE)
receivers for 115-175 MHz observations.

For our project, we performed continuum observations at central wavelengths of
18, 21, 25, 85, and 200 cm. In each case, the receivers are sensitive to a wide range of
frequencies. This range is covered by eight tunable slightly overlapping sub-bands
centered at particular frequencies. Each sub-band is divided into 64 channels in 4
cross-correlations to recover all the Stokes parameters. The maximum bandwidth
for each band is 20 MHz. For bandwidth less than this we can use the technique of
recirculation to increase the number of channels within a band from 64 to 128, 256,
or 512. The technical details of the observations carried out for this thesis project are
reported in Table 1.1.

The size of the final datasets obviously depends on the characteristics of the ob-
servations. For a single 12h run at 21 cm, with 64 spectral channels per band and 60 s
integration time, this is about 1.7 GB. For observations in the 115–175 MHz band, an
integration time of 10 s is important to limit the loss of data due to time variable RFI
and fast ionospheric phase fluctuations. In this case, the total volume of data for a
single 12h dataset (with 8 � recirculation) is �80 GB.
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Table 1.1: Observations overview.

� Frequency range ��a �b0 Nc
chns

(cm) (MHz) (MHz) (MHz)

1659, 1677, 1695,
18 1650–1795 20 1713, 1731, 1749, 64

1767, 1785

1320, 1339, 1359,
21 1310–1470 20 1379, 1401, 1419, 64

1437, 1459

1169, 1186, 1203,
25 1159–1298 20 1220, 1237, 1254 64

1271, 1288

315, 324, 332,
85 310–380 10 341, 350, 359, 128

367, 376

116, 121, 129,
200 115–175 2.5 139, 141, 146, 512d

156, 162

a Bandwidth.
b Central frequency of each sub-band.
c Number of channels.
d For the Coma observations we used 4 � recirculation (i.e. 256 channels).

1.7 Low-frequency radio observations

1.7.1 The ionosphere

The ionosphere is a shell of electrons and electrically charged atoms and molecules
that surrounds the Earth, stretching from a height of about 50 km to more than
1000 km. It shows density fluctuations on a large range of lengths and scales, a phe-
nomenon called “non isoplanaticity”. Such fluctuations can seriously affect wide
field low-frequency observations (Cohen & Röttgering 2009). Different areas of the
sky will be seen through regions of the ionosphere with different properties. Con-
sequently, the final maps will show artifacts associated with the strongest off-axis
sources. These errors cannot be simultaneously solved by the available self cal algo-
rithms, which determine and apply one solution to the all synthesized field.
To improve the quality of the maps, one has to perform a direction-dependent self
calibration and remove each problematic off-axis source from the dataset, together
with its own set of corrections. This technique is called “peeling” and works using
the following recipe:
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� subtraction of all but the brightest source from UV data, using the best model
and calibration available;

� several rounds of phase only self calibration and imaging on the brightest
source;

� subtraction of the brightest source from the original UV data, using model and
calibration from the previous step.

The ionosphere affects also the polarization results because of the ionospheric
Faraday rotation. Being related to the ionospheric electronic content during the ob-
servation, this time-variable phenomenon rotates the polarized vector of the crossing
radio signal by several turns in the QU plane and by different amounts during the
day. The radio signal can be significantly depolarized by this effect especially at long
wavelengths, where the Faraday rotation is more effective. A reliable estimate of
the polarization of the target source can be obtained by modeling the ionospheric
contribution to the rotation measure of the target source.

1.7.2 Issues related to low-frequency observations

Low-frequency observations require particular care to be analyzed, due to the pre-
sence of several effects, which affect the total intensity and polarization results.
For polarization studies, they can be summarized as follows:

� beam depolarization: when the magnetic field is tangled on scales smaller than
the resolution of the observations, the original signal depolarizes inside the
observing beam. This effect plays an important role in the observations of ra-
dio halos and relics. Their low surface brightness requires low resolution ob-
servations and their steep spectra makes them more easily detectable at low
frequency, where the resolution is usually poorer;

� bandwidth depolarization: the signal depolarizes within a frequency band de-
pending on the RM of the emission;

� internal depolarization: when thermal and non-thermal plasma coexist within
the radio source, the final signal depolarizes because of differential Faraday
rotation along the line of sight;

� the Galactic foreground: at low frequencies (� 350 MHz), the Milky Way can
dominate the polarized emission in the observed fields at intermediate and
low Galactic latitudes, making it difficult to study the polarization of the back-
ground radio sources. Together with the ICM, the IGM (intergalactic medium),
and the ionosphere, it contributes to rotate the polarization angle of the signal
coming from the target source, making it difficult to derive the intrinsic value;

All the discussed phenomena have to be taken into account when interpreting the
polarimetric data. Each of them affects the observations with a different incidence,
depending on the characteristics of the observations, the physical properties of the
target, and its position in the sky.
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Figure 1.7: The structure of the NEPSC, hosting, among the other galaxy clusters, A2255
(Mullis et al. 2001).

In total intensity, one of the main issues is due to the presence of strong off-axis
sources within or outside the field of view. The low-frequency radio sky is very
bright and populated by strong radio sources, such as Cas A, Cyg A, Vir A, and
Tau A, whose flux densities vary in the range 1000-10000 Jy. Even far from the field
center, the (relatively) high distant sidelobe levels of the primary beam (“only” –30
to –40 dB) keeps these sources very bright, giving rise to significant side lobes in
the final images. Solar flares can also affect the data, causing interference on the
short baselines and/or grating rings in the imaged central field. Manual flagging
and additional care during the deconvolution and self calibration steps are required
in order to obtain good quality maps.

1.8 This thesis

This thesis is aimed at studying the total intensity and polarization properties of the
galaxy clusters Abell 2255 and Coma. Previous studies conducted by other authors
revealed important properties of the non-thermal components of the ICM of these
two clusters, which needed further investigations to be understood.
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1.8.1 A2255

A2255 is a nearby (z=0.0806, Struble & Rood 1999) rich cluster, which has been stu-
died at several wavelengths.
Optical studies of the cluster revealed that its brightest galaxies are arranged in a
chain (see Fig. 1.8), whose orientation coincides with the major axis along the east-
west direction. The cluster has an unusually high velocity dispersion of�1200 km s�1,
with the systemic velocities of the two brightest galaxies separated by 2600 km s�1.
Deep multi-color photometry in a large field around the cluster revealed the pre-
sence of kinematical substructures in the form of several associated groups orbiting
at radii > (10 � 15)0 (Yuan et al. 2003). This result indicates a non-relaxed system.
At X-ray wavelengths, ROSAT observations indicate that A2255 does not host a cool-
ing core and has recently undergone a merger (Burns et al. 1995; Feretti et al. 1997a;
Davis et al. 2003). This is suggested by the morphology of the X-ray emission, which
is elongated along the east-west direction (Burns et al. 1995; Feretti et al. 1997a). Re-
cent XMM-Newton observations revealed temperature asymmetries of the ICM and
suggested that the merger happened �0.15 Gyr ago (Sakelliou & Ponman 2006). The
signs of the interaction between A2255 and other nearby cosmic structures is ex-
pected, since this cluster belongs to the North Ecliptic Pole supercluster, which hosts
at least other 21 galaxy clusters (see Fig. 1.7, Mullis et al. 2001).
At radio wavelengths, A2255 hosts a diffuse radio halo and a relic source, together
with a large number of embedded head-tail radio galaxies (see Fig. 1.9, Harris et al.
1980; Miller & Owen 2003). High resolution radio observations at 21 cm revealed
that the radio halo has a rectangular shape and a surface brightness increasing from
the center to the edge (Feretti et al. 1997a). At this location 3 highly polarized (�20%–
40%) bright filaments perpendicular to each other are detected (Govoni et al. 2005)
(see Fig. 1.10). The distribution of their polarization angles indicates that the magne-
tic field is ordered on scales up to 400 kpc. This result appeared to represent the first
detection of a polarized halo in the literature.
To investigate the uncommon polarization of the radio halo and study its physical
properties, as well as those of the relics, we performed deep WSRT multi-frequency
observations of the cluster.

In chapters 2 and 3 we present the total intensity results. Thanks to the good
sensitivity of our data, we imaged and studied in detail the halo, the relic, and the
radio galaxies belonging to the clusters. The spectral index maps of halo and relic
are presented.
New extended features are detected around the halo. Two of them lie at large pro-
jected distance form the cluster center and are suggested to be related to LSS-shocks.
Another extended feature is detected nearby the radio halo. It has a very steep spec-
tral index (� � �2:6) and physical properties which make it quite unique in the
literature. We investigate its possible origin.
One cluster radio galaxy (the Beaver) doubles the length of the tail to almost 1 Mpc
between 25 cm and 85 cm. This suggests very steep spectral index values for the
ending part of the tail and allowed us to test the ageing models for the relativistic
electrons in the tail.

Chapter 4 focuses on the polarization results. By performing a deep multi-
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Figure 1.8: Optical DSS image of the central concentration of galaxies of A2255.

frequency RM tomography of the cluster using RM-synthesis (Brentjens & de Bruyn
2005), we investigate the polarimetric properties of the cluster radio galaxies and of
the filaments. The results suggest the 3-dimensional location of the radio filaments
within the cluster, providing important constrains on their nature.
The 85 cm RM-cube shows a considerable amount of polarized emission in the

field of A2255 which is associated with our Galaxy. We analyze and interpret its
properties in Chapter 5.

1.8.2 Coma

The Coma cluster (z=0.0232, Struble & Rood 1991) has been one of the most studied
galaxy clusters since the first determination of its mass by Zwicky (1933). Its high
richness (richness class 2) and smooth appearance (see Fig. 1.11) made it the proto-
type of well relaxed cluster. Further studies revealed that Coma is in a perturbed
dynamical state. This is shown by the X-ray images provided by ROSAT, where the
X-ray emission in the cluster core is elongated along the line joining the two central
dominant galaxies, NGC 4874 and NGC 4889. A second peak of emission is also de-
tected around the group of galaxies centered on the cD galaxy NGC 4839, 400 to the
SW of the cluster core (Briel et al. 1992; White et al. 1993).
Studies of the galaxy distribution around Coma showed that the cluster is nested
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Figure 1.9: Radio morphology at 1.4 GHz (VLA) of the extended radio galaxies belonging
to A2255 (Miller & Owen 2003). Their morphology led Harris et al. (1980) to assign them the
names Original Tailed Radio Galaxy (TRG), Sidekick, Double, Goldfish, Beaver, Embryo, and
Bean . The radio contours overlay on the optical DSS image. The resolution of the radio maps
is 500:9.
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Figure 1.10: Top panel: radio contours of A2255 overlaid on the ROSAT X-ray image (Govoni
et al. 2005). The resolution of the radio map is 1500 � 1500. The contours are at 0.05, 0.1, 0.2,
0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2 mJy beam�1. Bottom panel: radio contours of A2255
overlaid on the polarization vectors. The length of the vectors is proportional to the fractional
polarization, while their orientation represent the electric field direction. The resolution is
2500 � 2500. The contours are at 0.07, 0.14, 0.28, 0.56, 4.48 mJy beam�1. In both images “R” is the
relic, “F1”, “F2”, and “F3” are the 3 bright polarized filaments at the borders of the halo and
“B” is the radio bridge connecting halo and relic.
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Figure 1.11: Optical DSS image of the Coma cluster.

in an even larger super-cluster of galaxies, whose plane appears to be defined by
the Coma cluster itself and Abell 1367, located about 40 Mpc farther west (Tifft &
Gregory 1976).

At radio wavelengths, Coma was extensively studied by many authors. The ex-
tended radio emission associated with Coma was first imaged by Large et al. (1959).
It covers a large area of the cluster, giving rise to the well known radio halo Coma C
and to the relic source B1253+275 (see Fig. 1.12). Both structures have been studied
at several radio frequencies during the past three decades (Valentijn 1978; Giovan-
nini et al. 1985; Schlickeiser et al. 1987; Kim et al. 1990; Giovannini et al. 1991, 1993;
Deiss et al. 1997; Thierbach et al. 2003), allowing a good determination of their radio
spectra.

Deep low frequency observations have shown that the halo and the relic are con-
nected by a bridge of diffuse radio emission (Kim et al. 1989; Giovannini et al. 1990),
in the direction of the galaxy cluster A1367. This is evidence for the existence of
magnetized intergalactic medium on an inter-cluster scale (Kim et al. 1989; Giovan-
nini et al. 1990). The presence of even large-scale diffuse emission around Coma
has been recently suggested by Kronberg et al. (2007), who detected patches of dis-
tributed radio “glow” beyond the scale of halo, relic, and bridge.

We performed WSRT observations of Coma at 2 m to study the physical proper-
ties of its known non-thermal components. This gave us the opportunity to image a
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Figure 1.12: WSRT image of the extended emission associated with the Coma cluster at 90 cm
(Giovannini et al. 1993). The resolution is 5500 � 12500. The grey-scale ranges between 2 and 30
mJy beam�1. The contours are at 3, 5, 10, 30, 50 mJy beam�1.

wide field of view, with good sensitivity to low-surface and steep-spectrum features.
The study of the polarization of these features is important to investigate their origin
and that of the cluster magnetic field, which is to date not completely understood. At
the same time, we investigated the presence of additional steep-spectrum features,
recently detected also in other active clusters at such a low frequency.

We present the results of the Coma observations in chapter 6. In the final map,
the halo, the relic, and the radio bridge are detected. By combining our results with
previous studies in the literature, we determine the integrated spectrum of Coma C
and B1253+275.

Thanks to the good sensitivity of our data, two new extended features are de-
tected around the halo. One of them shows the typical physical properties of relic
sources, while the other is reminiscent of the very steep-spectrum feature detected
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around the halo of A2255. No polarized emission is detected in the final RM-cube.
We investigate whether the depolarization of the relic between high and low fre-
quency is internal or due to a foreground screen.
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