
Exploring the nature of

radio relics and halos in galaxy clusters

through GHz radio observations

Dissertation

zur

Erlangung des Doktorgrades (Dr. rer. nat.)

der

Mathematisch-Naturwissenschaftlichen Fakultät

der

Rheinischen Friedrich-Wilhelms-Universität Bonn

vorgelegt von

Monica Trasatti

aus

Popoli, Italien

Bonn, 2014



Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der

Rheinischen Friedrich-Wilhelms-Universität Bonn

1. Gutachter Prof. Dr. Ulrich Klein

2. Gutachter Prof. Dr. Marcus Brüggen
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Abstract

This project has been developed in the framework of the DFG Research Unit 1254 titled Mag-

netization of Interstellar and Intergalactic Media. The Research Unit involves eight different

institutions spread over Germany and has the aim of studying magnetic field properties on

different scales and environments making use of both observations and numerical simulations.

In particular in this thesis we study these properties on the largest scales, that of clusters of

galaxies. Galaxy clusters are, indeed, the largest gravitationally bound systems in the Uni-

verse. We focused on the study of diffuse Mpc-scale synchrotron emission (referred to as

radio halos and radio relics) in galaxy clusters not related to any particular discrete source but

rather with the diffuse medium. The emission from these sources helped in unambiguously

prove the presence of weak magnetic fields (∼ µG) and relativistic electrons in the intra-cluster

medium (ICM) in galaxy clusters, together with the hot thermal plasma emitting X-rays.

Radio halos permeate the central Mpc3 of galaxy clusters and the radio emission usually fol-

lows the roundish X-ray emission from the thermal gas. Radio relics are more irregularly

shaped and are located at the cluster’s periphery. Both kinds of sources have steep radio spec-

tra (α > 1, Sν ∝ ν−α), but relics exhibit a higher surface brightness than halos, and a high

degree of polarization (up to 40%). Even though the existence of radio relics and halos has

been known for three decades, their origin is as yet debated. The main difficulty in explain-

ing such extended emissions arises from the combination of their Mpc size and the relatively

short radiative lifetime of the emitting electrons that require some form of in-situ production

or (re-)acceleration. Both phenomena are mostly present in un-relaxed clusters, suggesting

that cluster mergers, manifesting the formation of cosmic structure in the bottom-up scenario,

play a key role in producing them. However the underlying physical mechanisms are thought

to be different for the different classes of sources.

All these ingredients make the study of these sources not only relevant in terms of their physics,

but also crucial for a comprehensive description of the composition and dynamics of the ICM,

for the study of particle-acceleration mechanisms as well as for a global understanding of the

mechanisms at play during the processes of cluster assembly in the Universe.

The proposed formation mechanisms, for both relics and halos, differ in the predictions of the

morphological and spectral characteristics of the different classes of sources and can be tested

through multi-wavelengths observations. In general, according to these models, the statistic

of such sources is expected to increase with the advent of the new generation low-frequencies

radio telescopes. The currently known radio relics and halos are, therefore, the most energetic

cases, for which high frequency observations (e.g. L, S, C bands) are necessary to constrain

the shape of the spectra in order to test the models expectations. To date, the integrated spectra

are only in few cases obtained with more than three flux density measurements at different

frequencies and for most sources the highest available frequency is 1.4 GHz. These extended

sources are usually contaminated by numerous discrete sources, which need to be carefully

subtracted from the total diffuse emission. This task requires high-resolution imaging at many

frequencies proper of radio interferometers. However, at high frequencies, interferometers en-
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counter the technical problem of the missing short spacings, that makes them ”blind” to very

extended structures. It is therefore necessary to complement high-resolution interferometric

observation with single-dish data, which are optimal to catch all the emission from a field,

although they lack in angular resolution.

In this Thesis we focus on the spectral and polarization properties of these diffuse sources

at GHz frequencies, and their connection with the properties of the thermal gas in clusters of

galaxies in order to test the current models. With this aim, we present the results from high-

frequencies observations of extended emissions from galaxy clusters, performed with both an

interferometer (WSRT) and a single dish (Effelsberg). The Thesis is structured as follows:

• In Chap. 1 we review the general properties of clusters of galaxies at different wave-

lengths. The thermal and non-thermal phenomena taking place in the ICM and their

inter-connection are described, as well as the theory of structure formation.

• In Chap. 2 we review the current knowledge on radio relics and halos from both an

observational and theoretical point of view.

• In Chap. 3 we present new results from high-frequency observations of the radio relic

in the Coma galaxy cluster performed in the L and S bands with the WSRT and the

Effelsberg-100m telescope. We describe theory and application of a method for the com-

bination of single-dish and interferometric data that allows to study with high resolution

the properties of these extended sources at GHz frequencies. We moreover present the

results from a collaboration on the analysis of SZ Planck data used to investigate whether

a pressure discontinuity is directly visible at the position of the Coma radio relic.

• In Chap. 4 we present new high-frequency total intensity observations of the galaxy

cluster Abell 2256 performed at 2.3 GHz (S band) with the WSRT and at 2.64 (S band)

and 4.85 (C band) GHz with the Effelsberg-100m telescope. Combining our new ob-

servations with images available at other frequencies, we constrain the radio integrated

spectrum of the diffuse emission in Abell 2256 over the widest frequency range collected

so far for this kind of objects (63 -10450 MHz). We moreover use Suzaku and XMM-

Newton X-ray observations to investigate the ICM properties in the regions across the

radio relic emission. Different possibilities on the origin of the radio relic are discussed

in the light of the new radio and X-ray properties presented.

• In Chap. 5 we present a detailed analysis of the spectral properties at high frequencies

across the diffuse radio relic emission in the galaxy cluster Abell 2256. We moreover

present new polarization observations of Abell 2256 performed at 2.3 GHz, 2.64 GHz

and 4.85 GHz. Complementing the radio analysis with a X-ray analysis of the ICM

properties, we discuss a possible geometry of the complex relic source.

• In Chap. 6 we present the preliminary results from the analysis of new high-frequencies

observations (in the L and S bands) of the radio halo in the Coma cluster.
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Chapter 1

Clusters of galaxies

For a review of the current observational and theoretical knowledge on galaxy clusters see

series of reviews collected in the book titled “ Clusters of Galaxies: Beyond the Thermal View

” (Kaastra, 2008).

Clusters of galaxies are the most massive gravitationally bound systems in the Universe.

In the hierarchical clustering scenario for the formation of cosmic structures, they arise from

the gravitational amplification and collapse of perturbations of the otherwise homogeneous

primordial density field (Peebles, 1993) (Sect. 1.1). In a Universe dominated by Dark Matter

(DM), the gravitational instability process follows the evolution of the dominant component,

leading to the formation, in primis, of dark matter halos. Galaxy clusters and other luminous

objects form inside the potential wells created by such halos. DM halos are fully characterized

by their redshift and mean matter density, which in turn are related to the power spectrum of

the initial density fluctuations (Peebles, 1980). The scale-free dark-matter collapse drives

the evolution of halo concentration across cosmic time (see, e.g., recent work by Gao et al.

(2012)), and the ensuing similarity yields both a universal dark matter distribution and simple

global scaling relations that should describe the entire halo-cluster population (Bertschinger

(1985), Kaiser et al. (1995), Navarro et al. (1995), Evrard et al. (1996)).

However, the observable properties of clusters are determined by the visible baryonic com-

ponent, which is subject to complex physical processes related to structure formation and

feedback. The easiest way to identify a cluster of galaxies is through an over-density in the

projected distribution of galaxies visible in the optical band. The first catalogs were, in fact,

purely based on visual inspection of photographic plates (Abell (1958), Abell et al. (1989)).

Smaller Groups count ∼ 50 member galaxies, while richer Clusters can count up to 1000s of

galaxies. Figures 1.1a and 1.2a show the optical view of two massive clusters, Abell 1656

(best known as the Coma cluster) and Abell 1689. The bright galaxies are the massive ellip-

tical galaxies that usually populate the inner region of a cluster. However, stars and galaxies

are the minor components of a cluster in terms of mass. Smith (1936) first noticed in his study

of the Virgo cluster that the mass implied by the motion of the galaxies inside the cluster is

largely exceeding that associated with the optical light component. This was confirmed by

Zwicky (1937), and was the first evidence of the presence of dark matter. In this same 1937

paper, Zwicky also realized that one way to estimate the total cluster mass is to use the de-

flection of light of background sources determined by the cluster gravitational potential well

(gravitational lensing effect). The first evidence of this effect in a galaxy cluster appeared fifty

years later (Lynds & Petrosian, 1986). To date, both strong gravitational lensing, which cre-

ates multiple images of background sources, and weak gravitational lensing, which produces

13



Chapter 1 Clusters of galaxies

small ellipticities in the shapes of background galaxies, are used to reconstruct the total mass

content of galaxy clusters. One example is given in (Broadhurst et al., 2005) for Abell 1689

(Fig. 1.2d). Clusters are indeed constituted by 80 % of dark matter, 17 % of hot diffuse bary-

onic matter (the Intra-Cluster Medium, ICM) and only 3% of the colder baryons that compose

the stars and the Interstellar Medium (ISM) in galaxies. As the main baryonic reservoir in

massive clusters, the hot gas in the ICM is the natural target for studying the physical pro-

cesses at play and their link to the underlying cluster DM content. It is mainly composed by

thermal plasma that emits in the X-ray band via bremsstrahlung (Figs.1.1b 1.2b; Sect. 1.2.1)

and via ionic emission lines. Moreover, the Inverse Compton (IC) interaction of these thermal

electrons with the cosmic microwave background (CMB) photons is known as the Sunyaev-

Zeldovitch effect (SZ) and allows to nicely complement X-ray studies of the properties of the

thermal gas in galaxy clusters (Fig. 1.1c; Sect. 1.2.2). Detection of diffuse radio emission

from many galaxy clusters (Figs. 1.1d and 1.2c; Sect. 1.2.3 and Chap. 2) furthermore pro-

vided strong evidence of the presence of relativistic electrons with very high energies, emitting

through the synchrotron mechanism in magnetic fields of the ICM (Sect. 1.3). The interac-

tion of such relativistic electrons with the CMB photons may result in hard X-ray emission

via the IC process (Sect. 1.2.4), while the IC emission owing to the interaction of even more

energetic electrons with CMB photons, may lead to gamma-ray emission (Sect. 1.2.5) (e.g.,

Petrosian et al. (2008)).

Scaling relations between cluster properties (like mass, galaxy velocity dispersion, X-ray

luminosity and temperature) observed in most clusters, testify that the cluster components

are in approximate dynamical equilibrium within the cluster gravitational potential. However,

spatially inhomogeneous thermal and non-thermal emissions of the ICM observed in some

clusters are signatures of ongoing cluster merging and interactions. Cluster mergers, naturally

expected in a hierarchical scenario of structure formation, are among the most energetic phe-

nomena in the universe (E ≈ 1064 erg). They are expected to produce shocks and turbulence

in the ICM that might be responsible for the compression and heating of the thermal gas (in-

homogeneity observed in the X-rays) and for the acceleration of particles (that can produce

non-thermal emission in the radio/hard X-ray). Figure 1.3 shows a schematic overview of the

relevant non-thermal radiative processes in galaxy clusters (from Pinzke (2010)) that will be

reviewed in this and in the next Chapters.
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(a) Central part of the Coma Cluster as seen at visi-

ble wavelengths. Credit: NASA/SDSS.

(b) X-ray image taken with the ROSAT satellite in

colors and white contours (Credit:ESA/ROSAT)

overlaid on the optical image.

(c) The Coma cluster as seen by Planck

through the SZ effect (in color scale;

Planck Collaboration et al. (2013b)) with

ROSAT X-ray contours overlapped (Credit: ESA /

LFI and HFI Consortia).

(d) WSRT radio emission (white contours) over-

laid on the color-scale ROSAT X-ray image

(Adapted from Brown & Rudnick (2011).

Fig. 1.1: Multi-wavelength properties of the Coma galaxy cluster.
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Chapter 1 Clusters of galaxies

(a) Optical image taken with the Hubble Space

Telescope (HST). Credit: NASA/STScI.

(b) X-ray image taken with the Chandra satellite in

purple (Credit: NASA/CXC/MIT/E.-H Peng et

al) overlaid on the HST optical image.

(c) Radio contours obtained with the Very Large Ar-

ray (VLA) (from Vacca et al. (2011)) overlaid on

the Chandra X-ray image (in colour scale).

(d) Dark matter map reconstructed from lensing

analysis (from Broadhurst et al. (2005)).

Fig. 1.2: Multi-wavelength properties of the galaxy cluster Abell 1689 (z=0.18).
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Chapter 1 Clusters of galaxies

1.1 Formation scenario

Reviews of the cosmological formation and evolution of galaxy clusters in the context of the-

oretical foundations, observational data and numerical simulations include, e.g., Voit (2005),

Borgani & Kravtsov (2011) and Lukash et al. (2011).

The different theories about structure formation start similarly from the idea that the struc-

tures observed today originated from the growth of gravitational instabilities in density fluctu-

ations in the primordial universe. Jeans was the first to develop a simple formulation for such

a mechanism, demonstrating that small density perturbations in a homogeneous, isotropic and

stationary fluid can evolve with time, becoming instable and collapsing.

The existence and evolution of such primordial perturbation is testified by observations of

small anisotropies in the cosmic microwave background (CMB) (Bennett et al., 1996). The

CMB is thermal radiation that pervades every direction in the sky with almost the same bright-

ness, and it is considered to be an echo of the Big Bang. Over time, this primeval light has

cooled and weakened considerably; nowadays we detect it in the microwave domain. It has

a thermal black-body spectrum at a temperature of 2.72548±0.00057 K that peaks at 160.2

GHz, in the mm wavelength range. Accurate measurements of its apparent temperature have

revealed that tiny differences do exist as tiny as one part in a million. Recently the Planck

satellite (Planck Collaboration et al., 2011a) 1 allowed to image the temperature and polar-

ization anisotropies of the Cosmic Background Radiation Field over the whole sky, with un-

precedented sensitivity and angular resolution, as shown in Fig. 1.4. It shows indeed tiny

temperature fluctuations that correspond to regions of slightly different densities, representing

the seeds of the present cosmic web of galaxy clusters and dark matter.

Fig. 1.4: The cosmic microwave background seen by Planck. Credits: ESA, Planck Collabo-

ration.

Astronomical observations over the last century have revealed the existence of a continuous

hierarchy of cosmic structures involving a wide range of scales. Clusters of galaxies are the

1See the Planck mission web-page for an overview of the mission’s results and the list of publications:

http://www.rssd.esa.int/index.php?project=planck.
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1.1 Formation scenario

largest objects that have had time to undergo gravitational collapse. They form through matter

accretion and mergers between smaller groups and sub-clusters in the intersections of filaments

of the so-called cosmic web.The gravitational instability process is dominated by the DM and

first produces the dark matter halos, inside which stars, galaxies and clusters of galaxies will

form.

Nowadays numerical simulations (N-body, hydro-dynamical and magneto-hydro-dynamical)

constitute the new frontier for the study of cosmic structure formation. They provide the only

instrument to follow the evolution of perturbations. They give us an invaluable instrument

at hand for studying the growth of cosmological structure. Increased computational power

and improved algorithms have led to a steady and rapid increase in the ability of N-body

simulations to resolve the detailed internal structure of dark matter halos over substantial cos-

mological volumes. Figure 1.5 shows, for example, a very large N-body simulation of the

dark-matter cosmic evolution in the concordance cold-dark-matter (ΛCDM) cosmology, the

Millennium-II Simulation (MS-II)2 (Boylan-Kolchin et al., 2009). The panels show the time

evolution history (from top to bottom: at redshifts z = 6.2, 2.07, 0.99 and 0.0) of the dark

matter distribution in the MS-II centered on a DM halo with mass similar to that of the Coma

cluster (the largest DM halo in the simulation). The different columns show a zoom through

three comoving scales (from left to right: 100, 40 and 15 h−1 Mpc). The well-known net-

work of filaments, interconnecting individual halos and sub-halos and voids (the cosmic web)

can be clearly seen on the largest scales. Figure 1.6 offers a successive zoom closer into the

halo at the present epoch (z=0), up to a scale of 0.5 h−1 Mpc. The bottom-right panel is 5

h−1 Mpc on a side, approximately the diameter of the Coma-like DM halo. Such simulations

provide precise predictions of the statistical formation of DM halos over an unprecedented

range of scales, from halos similar to those hosting Local- Group dwarf spheroidal galaxies

to halos corresponding to the richest galaxy clusters. Very recently the challenge of simulta-

neously following the evolution of dark matter and the baryonic component of the Universe

on a large volume and with high resolution has been accomplished. The Illustris simulation

(Vogelsberger et al., 2014), shown in Fig. 1.7, complements N-body DM halo simulation with

hydrodynamic simulations, which are required to model gas, stars, super-massive black holes

(SMBHs) and their related energetic feedback. It employs a complete model for galaxy for-

mation physics, which includes the for-mation of both stars and SMBHs, and their effects on

their environments in the forms of galactic super-winds driven by star formation, as well as

radio bubbles and radiation proximity effects caused by active galactic nuclei (AGNs). Start-

ing approximately 12 million years (Myr) after the Big Bang, the Illustris simulation tracks

the evolution of more than 12 billion resolution elements in a volume of (106.5 Mpc)3 up to

the current epoch (redshift z=0) with a dark-matter mass resolution of 6.26×106 M⊙, and a

baryonic mass resolution of 1.26×106 M⊙. The smallest scale over which the hydrodynamics

is resolved is 48 pc, whereas gravitational forces are resolved down to 710 pc at z=0 and to

even smaller scales at high redshifts (for example, 473 pc at z=2). In this way the Illustris

simulation overcame the problems of previous hydrodynamic simulations which either did not

cover a large enough portion of the Universe to be representative or lacked adequate resolu-

tion.

The simulation allows to self-consistently and simultaneously predict statistics on large scales,

such as the distribution of neutral hydrogen or the galaxy population of massive galaxy clus-

2Update of the previous Millenium Simulation (Springel, 2005).
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Chapter 1 Clusters of galaxies

Fig. 1.5: Time evolution of the largest DM halo at z = 0 in the MS-II. The halo is shown at

three comoving scales (from left to right: 100, 40 and 15 h−1 Mpc, with thickness 15, 10 and

6 h−1 Mpc) and at four different cosmological epochs (from top to bottom: z = 6.2, 2.07,

0.99 and 0). Adopted from Boylan-Kolchin et al. (2009).

ters, together with galaxy properties on small scales, such as the morphology and detailed gas

and stellar content of galaxies in good agreement with observational data.
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1.1 Formation scenario

Fig. 1.6: A sequential zoom at z=0 through the MS-II centered on the most massive DM halo in

the simulation. Starting from the upper-left and moving clockwise, subsequent panels zoom

into the cluster/halo region and show slices that are 100, 40, 15, 5, 2 and 0.5 h−1 Mpc on a

side (with thicknesses of 10, 6, 5, 2 and 0.5 h−1 Mpc). Adopted from Boylan-Kolchin et al.

(2009).

Fig. 1.7: Frame from the Illustris simulation of structure formation. The frame is centered on

the most massive simulated galaxy cluster at z=0.The blue-purple filaments show the loca-

tion of dark matter. Bubbles of red, orange and white show where gas is being blasted

outward by supernovae or jets from super-massive black holes. Illustris Collaboration,

(Vogelsberger et al., 2014).
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Chapter 1 Clusters of galaxies

The next challenging steps will be to include magnetic fields and cosmic rays in such big

simulations.

1.2 Multi-wavelength properties

1.2.1 X-ray properties

Useful reviews about the X-ray properties of galaxy clusters include, e.g., Sarazin (1986),

Rosati et al. (2002), Voit (2005), Allen et al. (2011), Reiprich et al. (2013).

With the advent of astrophysics from space in the 1960s, the Uhuru satellite revealed that

galaxy clusters are the most luminous extended X-ray sources in the sky (Gursky et al., 1972).

The X-ray emission observed was very early interpreted as thermal bremsstrahlung from a

hot intracluster plasma (Felten et al., 1966). If this plasma is subject to the same gravitational

potential as the cluster member galaxies, and if it is in thermal equilibrium, then it is expected

to have a typical temperature of (from Rosati et al. (2002)):

kBT ≃ µmpσv
2 ≃ 6

(

σv

103km s−1

)2

keV, (1.1)

where µ is the mean molecular weight3, mp is the proton mass and σv is the galaxies’ velocity

dispersion. Observations show a general correlation between the gas temperature and the

galaxies’ velocity dispersion, although the big dispersion suggests that the idealized picture of

clusters as relaxed structures in which both gas and galaxies share the same dynamics is rather

simplified. But it is good to a first approximation. Equation 1.1 implies temperatures for the

ICM of the order of T ∼ 107-108 K = 1-10 keV. The thermal bremsstrahlung emissivity of such

a plasma at frequency ν scales as:

ǫν ∝ nenig(ν,T )T−1/2 exp(−hν/kBT ), (1.2)

where ne and ni are the number density of electrons and ions, respectively, and g(ν,T ) is the

Gaunt factor. Spectra for typical ICM temperatures are shown in Fig. 1.8. The exponential

bremsstrahlung cutoff shifts to higher energies for higher temperatures, as expected from eq.

1.2. In addition to bremsstrahlung, recombination and line emission can be important. At low

T , line emission can be the dominant process (Fig. 1.8).

Typical central gas densities are in the range 10−3 − 10−1 cm−3, decreasing rapidly with in-

creasing radius. A popular description the radial profile of the gas density of galaxy clusters

is the so-called β-model, introduced by Cavaliere & Fusco-Femiano (1976):

ρg(r) = ρg,0













1 +

(

r

rc

)2










−3β/2

, (1.3)

where β is the ratio of the specific kinetic energies of galaxies and gas.

The assumptions leding to it are those of an ideal, isothermal gas in hydrostatic equilibrium

within the potential well associated with a King dark-matter density profile (which includes

3µ=0.6 for a primordial composition with a 76 % fraction contributed by hydrogen.
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Fig. 1.8: Hot-gas model X-ray spectra as a function of kBT (black: 1 keV, red: 3 keV, green:

9 keV). Fe L and K shell emission line complexes are visible at ∼1 and ∼6 keV, respec-

tively. The line strength depends on the metallicity (here assumed to be 0.4 solar) and the

temperature. Adapted from Reiprich et al. (2013).

the assumption of spherical symmetry), and an isotropic velocity dispersion. Similarly, the X-

ray surface brightness (SB) as a function of projected radius R varies as (from Sarazin (1986)):

S X(R) = S X(0)













1 +

(

R

rc

)2










−3β+ 1
2

. (1.4)

The increased angular resolution of present-day’s satellites (Chandra, XMM-Newton and Suzaku)

allows us to map the X-ray emissivity in detail over larger scales, and showed that a single β-

model cannot always describe the density and surface brightness profiles of clusters. It is

indeed an adequate description for about 1/3 of the known clusters. Inspection of the SB pro-

files of some clusters shows the presence of excess emission compared to a single β-model

profile in the central regions of the cluster, which indicates the presence of a cool core, a clear

signature of the dynamically relaxed state of the cluster. An example of a cool-core cluster is

XMM2235, shown in Fig. 1.9 (Rosati et al. (2009); see Santos et al. (2008) for a discussion

of cool cores in high redshift clusters). In other cases, anomalous discontinuities in the SB,

density and temperature profiles may be symptomatic of a disturbed dynamical state. Sub-

structures and irregular morphologies in the X-ray emission may reveal that these clusters are

subject to interactions and may be merging with other structures. In the hierarchical structure

formation scenario, mergers between (sub-)clusters are common events. A significant fraction

of the kinetic energy released in such events goes into shock heating and compression of the

ICM and possibly into particle (re-)acceleration. The latter phenomenon is supported by the

detection of non-thermal radio emission associated with the diffuse medium (radio relics and

halos, see Chap. 2). The former can be investigated with deep X-ray observations. The ”bul-

let” cluster 1E 0657-56 provides a textbook example of a disturbed cluster. The second jump

in the SB profile (Fig. 1.10, right panel), at around r ∼ 50′′, corresponding to a jump also in

the temperature and pressure profiles, reveals the presence of a shock front at that location.

The first discontinuity in the SB profile corresponds instead to a cold front, since no pressure
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Chapter 1 Clusters of galaxies

Fig. 1.9: Contours overlaid on an optical image (left panel) and surface brightness profile (right

panel) of the Chandra soft X-ray emission from the galaxy cluster XMM2235. The dotted

curves indicate the two components of the double-β model (solid line). Note the excess of

emission in the central ∼40 kpc region with respect to a single-β model. The inset shows

an X-ray color image of the central 2 Mpc region over which the fit is performed. Adapted

from Rosati et al. (2009).
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Fig. 1.10: Color image and surface brightness profile of the Chandra X-ray emission of the

galaxy cluster 1E 0657-56. Note the two discontinuities in the SB profile: the first at r ∼ 13′′

corresponds to a cold front, while the second at r ∼ 50′′ corresponds to a shock front.

Adapted from Markevitch et al. (2002) and Markevitch & Vikhlinin (2007).

24



1.2 Multi-wavelength properties

jumps and actually a lower entropy behind the front were found. Cold fronts are interpreted

as discontinuities because of the motion of cold, dense gas clouds (maybe cool subcluster

cores that were not destroyed during previous mergers), through the hotter ICM. Note that

cold fronts have also been detected in relaxed clusters, indicating that these are long-living

features. A useful review about shocks and cold fronts was given by Markevitch & Vikhlinin

(2007). Deep X-ray observations can thus provide a measure of the properties of the shock

such as the shock Mach number M and the shock compression ratio C. As we will see in

the next chapter, these measures, combined with the properties of the radio emission often

observed at the same location, provide important tests to study particle acceleration in galaxy

clusters. However, such shocks usually occur in the outskirts of clusters, where the very low

density of electrons (ne < 10−4cm−3) make their detection in the X-ray regime very challeng-

ing (Reiprich et al., 2013). Indeed, a few clear X-ray shock detections are known in literature

(see Brüggen et al. (2012)).

1.2.2 Properties at mm wavelengths (SZ)

Useful reviews about SZ properties of galaxy clusters include, e.g. Carlstrom et al. (2002).

Clusters of galaxies can be seen at mm wavelengths thanks to the effect they have on the

CMB spectrum, known as the thermal Sunyaev-Zeldovich effect (SZE) (Sunyaev & Zeldovich,

1970). This effect is due to Inverse Compton scattering to higher energies of the photons of

the CMB that interact with the hot electrons passing through the ICM of a galaxy cluster. The

effect depends on the pressure produced by the cluster plasma along the line of sight, and hence

on its density. The SZ effect produces a modification of the CMB blackbody spectrum that,

expressed as the specific intensity change ∆IS Z at dimensionless frequency x = hν/kBTCMB, is

given by (Carlstrom et al., 2002):

∆IS Z = 2
(kBTCMB)3

(hc)2
·

x4ex

(ex − 1)2

(

x
ex + 1

ex − 1
− 4

)

· y, (1.5)

where y is the Comptonisation parameter that depends on the pressure P produced by the

plasma along the line of sight l:

y =
σT

mec2

∫

P(r)dl. (1.6)

The SZE appears as a decrease in the blackbody intensity of the CMB at lower frequencies, in

the Rayleight-Jeans regime (x ≪ 1), where clusters will appear as ”cold spots” on the CMB,

and as an increase at higher frequencies, in the Wien regime (x ≫ 1), where clusters will

appear as ”hot spots” on the CMB.

The SZE is best known for allowing the determination of cosmological parameters, when

combined with other observational diagnostics of clusters of galaxies such as X-ray emission

from the intracluster gas, weak and strong lensing by the cluster potential, and optical galaxy

velocity dispersion measurements. The remarkable property of the SZ effect is that, unlike the

CMB emission itself, the modification on it that it induces, does not suffer from cosmological

dimming with redshift. This makes the SZ effect a direct, redshift independent measurement

of the ICM column density weighted by temperature, i.e. the pressure integrated along the
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Chapter 1 Clusters of galaxies

(a) 3D-pressure model for the west

sector.

(b) Planck y map of the Coma

cluster.

(c) 3D-pressure model for the

south-east sector.

Fig. 1.11: The central panel shows the Planck y map of the Coma cluster. The contour levels

are logarithmically spaced by 21/4. The green circle indicates R500 (R500 determines the

spherical region within which the mean enclosed density is 500 times the critical density

of the Universe). White and black crosses indicate the position of the brightest galaxies in

the Coma cluster. The white sectors indicate two regions where the y map shows a local

steepening of the radial gradient, shown in the side panels. The 68.4% confidence level

range of the 3D-pressure model for the west and south-east sectors are shown in the right

and left panels respectively. Grey shaded regions are the profiles derived from the Planck

data. Red regions are the profiles derived from the XMM-Newton data. Adapted from

Planck Collaboration et al. (2013b).

line of sight. SZE surveys will therefore be able to detect all clusters above a mass limit,

independent of the redshift of the clusters, offering an ideal tool for determining the cluster

density evolution. The Planck satellite provided an invaluable contribution to this field.

Moreover, high-resolution SZ observations of single clusters nicely complement X-ray stud-

ies of the properties of the ICM. This is particularly useful in studying the outskirts of clusters,

where the X-ray surface brightness is low but the SZ signal remains substantial. Here, SZ ob-

servations may reveal pressure/density jumps due to shocks believed to be responsible of the

non-thermal radio emission observed in many clusters, and it helps in putting constraints on

the shock properties, such as the Mach numbers and compression ratio. For example, the

Coma cluster is the most spectacular SZ source in the Planck sky (Figs. 1.1c and 1.11). It is

a low-redshift, massive, and hot cluster, and is sufficiently extended that Planck could resolve

it well spatially, allowing to study the underlying pressure distribution of the ICM. Planck

detected a localised steepening of the y profile about half a degree to the west and also to

the south-east of the cluster centre (Fig. 1.11). Features in the X-ray and radio synchrotron

profiles at similar locations suggest the presence of shock waves that propagate with Mach

number MW = 2.03+0.09
0.04

and MS E = 2.05+0.25
0.02

in the west and south-east directions, respec-

tively (Planck Collaboration et al., 2013b).

1.2.3 Radio properties

For reviews of the radio properties of galaxy clusters, see e.g. Feretti et al. (2012), Brüggen et al.

(2012) and Ferrari et al. (2008).
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A fraction of clusters of galaxies manifests diffuse Mpc-scale synchrotron emission in the

radio band, not related to any particular cluster member galaxy. This diffuse emission comes

from three different classes of sources: radio relics, radio halos and radio mini-halos. The first

two classes of sources are the object of this thesis and they will be described in a dedicated

chapter (Chap 2).

Radio mini-halos are diffuse sources with moderate extent (∼ 500 h−1
50

kpc) that surround a

powerful radio galaxy at the center of a cooling core cluster. Although the more natural ex-

planation would invoke a connection between the central galaxy and the diffuse emission,

mini-halos do not show the common morphology of active radio galaxies where extended

lobes are maintained by the central Active Galactic Nuclei (AGN). The mini-halo emission is

instead believed to originate from relativistic particles and magnetic fields which are deeply

mixed with the thermal ICM gas and must be distinguished from other morphologies where

the detected radio emission is contained within cavities devoid of X-ray emitting gas.

The main difference between radio mini-halos and the bigger radio halos, discussed in the next

section, is that the first are observed in relaxed cool core clusters, while the latter are observed

in clusters with evidence of major mergers. This suggest a connection between mini-halos

and the presence of cool cores, and rules out that they are simply smaller radio halos or radio

halos in a different evolutionary stage. Gitti et al. (2002) proposed that mini-halos result from

a relic population of relativistic electrons re-accelerated by MHD turbulence via Fermi-like

processes, the necessary energetics being supplied by the cool-core region. We will see in

Chapter 2 that radio halos are produced by similar acceleration processes powered by major

mergers. However, observations of the galaxy cluster RXJ 1347.5-1145 (Fig. 1.12, Gitti et al.

(2007)) revealed the presence of a cool core cluster with signatures of merging activity and

hosting a radio mini-halo. This suggests that additional energy for electron re-acceleration in

mini-halos might be provided by sub-cluster mergers that have not been able to destroy the

central cluster cool core. Pfrommer & Enßlin (2004) proposed that emission from mini-halos

could arise from electrons produced by proton-proton collisions in the dense cool-core regions.

Finally, the possibility has been advanced that the relativistic electrons in mini-halos may get

re-accelerated by turbulence in the core, induced by gas sloshing (ZuHone et al., 2011).

Combining the difficulties in the detection of radio mini-halos due to their relatively small

angular size and the strong radio emission from the central galaxy with the difficulties in the

classification, by the time of the last review from Feretti et al. (2012) no more than 11 mini-

halos were known. The list is given in Table 5 of Feretti et al. (2012).

1.2.4 EUV-SXR/HXR properties

For reviews see Durret et al. (2008), Petrosian et al. (2008) and Rephaeli et al. (2008).

With the advent of telescopes sensible to low X energies (ROSAT-PSPC, the Extreme Ultra-

Violet Explorer (EUVE) Satellite, XMM-Newton) it has been found that ∼30 % of the galaxy

clusters exhibit an excess emission over the extrapolation of the usual thermal emission from

the hot ICM ( Sect. 1.2.1) to the extreme ultraviolet and soft X-ray ranges. This value is based

on the two largest samples of galaxy clusters with a soft x-ray excess (Bonamente et al. (2002);

Kaastra et al. (2003)). However, the detection and interpretation of the soft x-ray excess are

still being debated vigorously (e.g. Bowyer et al. (2004), Bregman & Lloyd-Davies (2006)).
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Fig. 1.12: Radio mini-halo in the galaxy cluster RXJ 1347.5-1145. Contours represent the 1.4

GHz diffuse radio emission overlaid on a color scale of the adaptively smoothed XMM-

Newton image of the central region of the cluster. Adopted from Gitti et al. (2007).

The first mention of soft excess emission in the 0.065-0.245 keV band was made by Lieu et al.

(1996b) and Lieu et al. (1996a) for the Virgo cluster, based on data obtained with the EUVE

satellite and for the Coma cluster, based on EUVE and ROSAT data. The first interpretation by

Lieu was that the soft excess emission was of thermal origin. The Coma cluster is a good case

for a cluster where the soft excess is dominantly of thermal nature. Bonamente et al. (2003)

proposed that the soft component may reside in external filamentary structures of a warm-hot

(105-106 K) intergalactic medium (WHIM), which are predicted by hydrodynamical simula-

tions of the formation and evolution of large-scale structures (Yoshikawa & Sasaki, 2006). A

second model, proposed by Sarazin & Lieu (1998), favors a non-thermal origin for the excess

emission. In this model the soft excess is due to the IC emission of CMB photons on a popula-

tion of cosmic rays electrons, which could have been produced by supernovae, radio galaxies

or by particle acceleration in intra-cluster shocks. This non-thermal model best explains the

observed properties of the soft excess in the cluster Sersic 159-03 (Werner et al., 2007).

Other models that may account for the soft excess may be found in, e.g., Enßlin et al. (1999),

Sarazin & Kempner (2000), Petrosian (2001), De Paolis et al. (2003).

Some of the non-thermal mechanisms suggested to account for the soft excess emission can

also explain the hard X-ray emission detected in some clusters. Indications for emission at

energies ≥ 20 keV (where thermal bremsstrahlung falls off exponentially with energy) came

after deep dedicated observations of a few clusters with the RXTE and BeppoSAX satellites

(Rephaeli et al. (1999); Fusco-Femiano et al. (1999). As for the soft excess, the detections are

still controversial (Rossetti & Molendi (2004), Renaud et al. (2006), Rephaeli et al. (2006)).

The extent and strength of these emissions has been disputed (e.g. analyses of Swift/BAT

observations by Ajello et al. (2009) and Suzaku observations by Wik et al. (2009)). The most

natural non-thermal process for this excess is the IC scattering of the CMB photons by the

same population of relativistic electrons responsible for the radio-synchrotron emission. Non-

thermal HXR emission from galaxy clusters due to Compton scattering of CMB photons in

clusters with diffuse radio emission was indeed predicted more than 30 years ago (Rephaeli,

1977).
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Some authors (see e.g. Enßlin et al. (1999), Blasi (2000)) suggested instead that the HXR

radiation is due to non-thermal bremsstrahlung by a second population of non-thermal elec-

trons with a power-law distribution in the 10 to 100 keV range. However, these hypotheses

seem to be ruled out by energetic considerations, because of the well known inefficiency of

the proposed non-thermal bremsstrahlung mechanism.

1.2.5 γ-ray properties

For reviews on gamma ray properties of galaxy clusters see, e.g., Blasi et al. (2007).

Galaxy clusters are unique reservoirs of cosmic-ray (CR) hadrons. It is expected that rela-

tivistic protons are the dominant non-thermal component of cluster, due to their long life-time

and consequent confinement on Hubble time scale (Blasi et al., 2007). This provides the pos-

sibility of proton-proton collisions that produce gamma emission through the decay of π0 ed

inject secondary particles. On the other hand, it has been suggested (Bykov et al. (2000),

Miniati (2003)) that the detection of gamma-ray emission from clusters may not necessarily

reflect the hadronic origin of cosmic rays, since it could be related to the Compton scattering

of CMB photon from shock-accelerated, intracluster electrons. We have seen in the previous

sections that the presence of thermal particles in the ICM results in a distortion of the Cosmic

Microwave Background (CMB) spectrum known as Sunyaev-Zeldovich effect, and similarly

non-thermal hard X-ray (HXR) photons may be produced via Compton scattering by the same

cosmic rays that are responsible for the synchrotron emission observed at radio wavelengths.

Compton scattering increases the frequency of the incoming photon. For typical energies of

relativistic electrons in clusters (γL ∼ 1000-5000), the scattered photons can fall also in the

gamma-ray domain. The most promising insight into gamma ray emission from galaxy clus-

ters was expected to come from Fermi-LAT observations, however, only upper limits and no

detection have been derived (Fig. 1.13; Ackermann et al. (2010)).

An additional source of GeV gamma rays could be the decay or annihilation of dark matter

particles.

1.3 Magnetic fields in galaxy clusters

For reviews see, e.g., Widrow (2002), Carilli & Taylor (2002), Govoni & Feretti (2004).

The existence of magnetic fields associated with the intracluster medium in clusters of

galaxies is now well established through different methods of analysis. Direct evidence of

the presence of cluster magnetic fields is provided by the detection of diffuse synchrotron

radio emission (radio mini-halos, Sect. 1.2.3, radio relics and radio halos, Chap. 2). The

synchrotron emission is produced by the helical motion of relativistic electrons in a magnetic

field. It is therefore the easiest and more direct way to detect and study the properties of mag-

netic fields in astrophysical sources. The total synchrotron emission from a source provides

an estimate of the strength of magnetic fields, while the degree of polarization is an impor-

tant indicator of the field uniformity and structure. Assuming energy equipartition between

particles and fields, a qualitative indication of the magnetic-field strength can be made using

the synchrotron intensity of the radio diffuse emission of the cluster (e.g. Giovannini et al.,
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Fig. 1.13: Upper limit of the photon flux derived from Fermi-LAT observations of

galaxy clusters (assuming unresolved gamma-ray emission), compared with EGRET re-

sults (Reimer et al., 2003) and with predictions based on the numerical simulations of

Pinzke & Pfrommer (2010) and Donnert et al. (2010). Adopted from Ackermann et al.

(2010).

1993; Thierbach et al., 2003). The synchrotron emission of such sources requires a population

of ∼ GeV relativistic electrons and cluster magnetic fields on µG levels (Feretti et al., 2012;

Brüggen et al., 2012; Ferrari et al., 2008). Observations indeed show that cluster fields are

at the µG level, with values of up to tens of µG at the center of cooling-core clusters. The

magnetic field is not constant through the cluster and shows a complex structure, fluctuating

over a wide range of spatial scales with values from a few kpc up to hundreds kpc. Theo-

retical studies have shown that an integral part of particle acceleration in strong shocks is the

magnetic field compression, amplification and alignment with the shock front (Lucek & Bell,

2000; Bell, 2004). Recent simulations by Iapichino & Brüggen (2012) predict strong magnetic

fields aligned with the shock surface of the order of 6 µG at 0.5 Rvir, which are in agreement

with observations of the polarization properties of cluster radio relics.

An indirect evidence of the existence of magnetic fields in clusters is also derived from studies

of the Rotation Measure of radio galaxies located within or behind clusters of galaxies (e.g.

Bonafede, 2010).
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1.3 Magnetic fields in galaxy clusters

The detection of non-thermal HXR and radio emission produced by the same population of

relativistic electrons allows to estimate unambiguously the volume-averaged intracluster mag-

netic field. Moreover, as discussed, both primary and secondary electrons produce radio waves

via synchrotron radiation and possibly gamma rays by IC scattering of soft ICM photons. For

clusters with measured radio flux and knowledge of particle and soft-photon densities, upper

limits on gamma-ray fluxes can constrain the volume-averaged value of the magnetic field

(Ackermann et al., 2010).

The origin of magnetic fields in galaxy clusters is still debated. They might originate in

the early Universe, either before or after recombination, or they could have been deposited in

the intracluster medium by starburst galaxies or AGN. In either case, magnetic fields undergo

significant amplification during the cluster merger processes (Dolag et al., 2008).
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Chapter 2

Radio relics and radio halos in clusters

of galaxies

A fraction of galaxy clusters exhibits diffuse Mpc-scale synchrotron emission (referred to

as radio relics and radio halos) not related to any particular cluster galaxy (for reviews see

Ferrari et al., 2008; Feretti et al., 2012; Brüggen et al., 2012). This emission manifests itself

by the presence of relativistic electrons (∼GeV) and weak magnetic fields (∼ µG) in the intra-

cluster medium (ICM), together with the hot thermal plasma emitting X-rays. Even though

the existence of radio relics and halos has been known for three decades, their origin is as yet

debated. The main difficulty in explaining such extended emissions arises from the combi-

nation of their Mpc size, and the relatively short radiative lifetime of the emitting electrons.

Such diffuse sources therefore require some form of in-situ production or (re-)acceleration of

the electrons (Jaffe, 1977), even though the underlying physical mechanisms are thought to

be different for the different classes of sources. Moreover, these diffuse radio emitting re-

gions are mostly found in unrelaxed clusters, suggesting that cluster mergers play a key role

in producing them. Indeed, mergers drive shocks and turbulence in the ICM that may lead

to the amplification of the magnetic fields (e.g. Dolag et al., 2002; Subramanian et al., 2006;

Ryu et al., 2008) and to the acceleration of high-energy particles.

Some galaxy clusters host both a radio halo and a radio relic, some host a double radio relic

system. Figure 2.1 displays a collection of clusters showing several types of diffuse radio

emission.

2.1 Radio relics

The term radio relic is used in literature to refer in general to irregularly shaped diffuse syn-

chrotron sources observed in the outskirts of clusters of galaxies. Due to this broad classifi-

cation criterion, different kinds of sources with significantly different observational properties

fall into this class. Besides the irregular shape, other common characteristics are a low surface

brightness, a steep integrated radio spectrum (α ≥1, Sν ∝ ν−α) and a medium-to-high level of

polarization (up to 40 %; see Fig. 2.2).

Relics are observed toward the periphery of clusters in both merging and cool-core systems,

suggesting that they may be related to minor or off-axis mergers, as well as to major-merger

events. They are detected up to redshifts z ∼ 0.4. The low number of high-redshift relics could

be due to selection effects, or could also be a real trend due to the evolution of the cluster merg-

ers rate, or to the increasing relevance of inverse Compton losses with z (Feretti et al., 2012).
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Chapter 2 Radio relics and radio halos in clusters of galaxies

Fig. 2.1: Collection of galaxy clusters showing several types of radio emission, shown in con-

tours, overlaid onto the X-ray emission, shown in colors. Clusters are (from left to right and

from top to bottom) A 2219 (halo, Bacchi et al., 2003), A 2744 (halo + relic, Govoni et al.,

2001), A 115 (relic, Govoni et al., 2001), A 754(complex, halo plus relic, Bacchi et al.,

2003), A 1664 (relic, Govoni et al., 2001), A 548b (relic, Feretti et al., 2006), A 520 (halo,

Govoni et al., 2001), A 2029 (mini-halo, Govoni et al., 2009), RXCJ1314.42515 (halo plus

double relics, Feretti et al., 2005). Adopted from Feretti et al. (2012).

Giovannini et al. (1999) showed that the occurrence of relics in a sample from the NVSS1 is

higher in clusters showing a high X-ray luminosity.

Relics are further subdivided into three classes: radio gischt, radio phoenices and AGN relics

(see Kempner et al., 2004), depending on their characteristics and proposed origin.

Radio gischt or giant radio relics are large extended arc-like sources, believed to be syn-

1NRAO VLA Sky Survey.
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2.1 Radio relics

Fig. 2.2: The radio relic in CIZAJ2242.8+5301: contours represent the total intensity emis-

sion obtained with thw GMRT at 610 MHz. Superimposed bars represent the polarization

electric field vectors obtained with the VLA at 4.9 GHz. Adopted from van Weeren et al.

(2010).

chrotron emission from electrons (re-)accelerated in merger or accretion shocks, through dif-

fusive shock acceleration (DSA; Enßlin et al., 1998; Kang & Ryu, 2011, see Sect. 2.3.2). A

textbook example of such giant radio relic has been observed in the galaxy cluster CIZA

J2242.8+5301 (Figs. 2.2 and 2.7 from van Weeren et al., 2010; Stroe et al., 2013). Radio

phoenices are smaller structures believed to be the result of the re-energization, via adiabatic

compression, of fossil plasma from former radio galaxies where the AGN creating the radio

lobes had switched off. The adiabatic compression is believed to be triggered when a merger

or accretion shock passes through such a faded relic radio galaxy (Enßlin & Gopal-Krishna,

2001; Enßlin & Brüggen, 2002). An example of a radio phoenix has been found in the galaxy

cluster A2443 (Fig. 2.9c from Cohen & Clarke, 2011). AGN relics are such fossil radio galax-

ies where the AGN switched off more recently and no re-energization occurred. The plasma

is still emitting at observable radio frequencies and it simply evolves passively until it will

become invisible in the radio regime (Komissarov & Gubanov, 1994).

In the last review from Feretti et al. (2012), radio relics have been classified using only mor-

phological criteria, viz. elongated vs. roundish. In first approximation, elongated relics cor-

respond to the giant radio relics of Kempner’s classification, while roundish relics correspond

to radio phoenices. We point to Table 3 of the review for a collection of known radio relics

updated to September 2011. They show that roundish sources are more concentrated towards

the cluster center, while elongated relics are mostly located between 0.5 and 1.5 Mpc from the

center, up to a distance of 3 Mpc (see Fig. 2.3 left panel). Moreover, elongated relics show the

spectral index α in the range 1.0 - 1.6, with an average value of 1.3, while spectral indices of

roundish relics span a larger range of values, 1.1 - 2.9, with an average value of 2.0 (see Fig.

2.3 right panel).

Some of the most extended and powerful giant relics are located in clusters with cen-

tral radio halos (as in the case of Abell 2256, Clarke & Ensslin, 2006). The cases of dou-

ble relics in the same cluster are getting more and more common since the first discov-

35



Chapter 2 Radio relics and radio halos in clusters of galaxies

Fig. 2.3: Left panel: Distribution of relics according to their projected distance from the cluster

center. Right panel: Spectral index distribution of relics. Adopted from Feretti et al. (2012).

ery of two almost symmetric relics located on opposite sides in A3667 (Rottgering et al.,

1997; Johnston-Hollitt et al., 2002). Since then, several other objects have been found (see

Feretti et al., 2012). We will see that this is expected in a scenario in which relics are mani-

festing the presence of shock waves caused by mergers between clusters with approximately

equal masses.

Finally, in few cases the presence of a shock front at the location of the radio relic has been

proven though X-ray observations via density and/or temperature jumps (e.g. Markevitch et al.,

2002; Krivonos et al., 2003; Markevitch et al., 2005; Giacintucci et al., 2008; Russel, 2010;

Finoguenov et al., 2010). However, relics are usually observed in the outskirts of clusters

where the very low density of electrons (ne < 10−4 cm−3) make the detection of shocks in the

X-ray very challenging (Akamatsu & Kawahara, 2011). Indeed, only a few clear X-ray shock

detections are known in literature (see review by Brüggen et al., 2012).
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2.2 Radio halos

The term radio halos is used to indicate low-surface brightness extended radio sources per-

meating the central Mpc3 of clusters. Their radio morphology is quite regular and follows the

X-ray emitting thermal gas. The main difference to radio relics is that they are unpolarized

down to a few percent in the majority of cases. The only successful detections of polarized fil-

amentary emission connected with a radio halo have been found in the galaxy clusters A2255

(Govoni et al., 2005; Pizzo et al., 2011) and MACS J0717.5+3745 (Bonafede et al., 2009).

Their low surface brightness (usually lower than radio relics), steep spectra and large angular

sizes makes their detection difficult. As for relics, the occurrence of halos in the NVSS sample

increases with increasing X-ray luminosity of the host cluster (Giovannini et al., 1999). The

GMRT Radio Halo Survey2 (Venturi et al., 2007, 2008) has provided a significant improve-

ment of the statistics of radio halo occurrence. This survey consists of 610 MHz observations

of a complete sample of 50 X-ray-luminous galaxy clusters in the redshift range 0.2 - 0.4 (with

LX ≥ 5·1044 erg/s, taken from the REFLEX and the extended BCS catalogues, Böhringer et al.,

2004; Ebeling et al., 1998, 2000). Large-scale synchrotron emission at the level of presently

known radio halos was found only in ∼ 30% of the selected clusters (Venturi et al., 2008),

confirming that this fraction depends on the cluster X-ray luminosity (Cassano et al., 2008).

Figure 2.4 (from Brunetti et al., 2009) shows the distribution of the GMRT galaxy clusters

(blue) and other clusters hosting giant radio halos from the literature, in the plane of X-ray

thermal luminosity in the energy range 0.1 - 2.4 keV (L[0.1−2.4]keV) vs the non-thermal radio

power at 1.4 GHz (P1.4GHz). The distribution follows a bimodal behavior, with radio-halo

clusters tracing a P1.4 - LX correlation and radio-quiet clusters (without radio halo; upper lim-

its indicated by arrows in Fig. 2.4) clearly separated. Since the X-ray luminosity is directly

related to the cluster mass, the P1.4 - LX correlation suggests that gravity provides the reservoir

of energy to generate the non-thermal components in the ICM. However, clusters with similar

thermal properties (X-ray luminosity and hence mass) are expected to have a similar probabil-

ity to possess radio halos. The observed differences in terms of non-thermal cluster properties

should therefore be understood by assuming different evolutionary stages of these clusters and

a transient radio halo nature. Radio-halo clusters, always dynamically disturbed systems, must

be the ”youngest” systems, where an ongoing merger is still supplying energy to maintain the

synchrotron emission. On the other hand, radio-quiet clusters, typically more relaxed than ra-

dio halo clusters (Venturi et al., 2008), must have experienced the last merger at earlier epochs

and had sufficient time for the decline of the synchrotron emission. Consequently they should

be the ”oldest” systems in the GMRT sample. Clusters in the ”empty” region may be either

intermediate systems at late merging phases, where synchrotron emission is being suppressed,

or the very young systems in the very early phases of a merging activity, where synchrotron

emission is still increasing. Brunetti et al. (2009) estimated that the life-time of radio halos is

∼ 1.3 Gyr, the time interval that clusters may spend in the empty region is ∼ 180 Myr and the

corresponding time-scale for suppression of the cluster-scale synchrotron emission from the

level of radio halos to that of radio quiet clusters is roughly 90 Myr. Buote (2001) provided

the first quantitative comparison of the dynamical states of clusters possessing radio halos. He

used power ratios that relate the gravitational potential fluctuations to the X-ray substructure

2Performed with the Giant Metrewave Radio Telescope (GMRT) run by the National Centre for Radio Astro-

physics of the Tata Institute of Fundamental Research.
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Fig. 2.4: Distribution of GMRT galaxy clusters (blue) and of other radio-halo clusters from the

literature (filled black symbols) in the P1.4 LX(0.1-2.4 keV) luminosity plane. Empty circles

mark giant radio halos from the GMRT sample, empty triangles mark the two mini-halos

in cool-core clusters from the GMRT sample. The cross marks the position of RXJ1314,

and arrows mark upper limits of GMRT clusters with no evidence of Mpc-scale radio emis-

sion. The solid line gives the best fit to the distribution of giant radio halos. Adopted from

Brunetti et al. (2009).

to describe the dynamical state of a cluster, and found that they correlate with the radio power

at 1.4 GHz (P1.4GHz), i.e. the strongest radio halos appear only in those clusters currently ex-

periencing the largest departures from a virialized state. The association of radio halos with

massive, disturbed core-disrupted clusters can account for both the vital role of mergers in

accelerating the relativistic particles responsible for the radio emission as well as for the rare

occurrence of radio halos in cluster samples.

However, radio halos in under luminous X-ray clusters, i.e. outside the correlation between ra-

dio power and X-ray luminosity, have been found in few cases (Giovannini et al., 2009, 2011;

Brown et al., 2011).

We point to Table 1 of Feretti et al. (2012) for a collection of known radio halos updated to

September 2011.
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2.3 Models and spectral behavior

The observed radiation from radio relics and halos is synchrotron emission from cosmic ray

(CR) electrons with Lorentz factors3 γ ≥ 104 moving in ∼ µG magnetic fields diffuse in the

ICM. The cooling timescale of such CR electrons due to synchrotron and IC emission is of

the order of ∼ 108 yr. Advection or diffusion over this time scale would typically be limited

to ≤100 kpc. So, the electrons have very likely been injected, accelerated, or re-accelerated

close to where they are seen in emission. This is true for both relics and halos, although the

proposed mechanisms at play in the different classes of sources are thought to be different.

2.3.1 Synchrotron spectra

Instantaneous synchrotron spectra

Synchrotron radiation is generated from charged particles that undergo acceleration in a mag-

netic field. A particle with charge q and mass m moving with velocity ~υ in a magnetic field ~B

assumed to be uniform4 undergo the Lorentz force :

d~p

dt
=

q

c
~υ × ~B (2.1)

where ~p = m~υ is the particle’s momentum.

If we call χ the angle between the directions of ~p and ~B (pitch angle), and with υ‖ = υ · cosχ

and υ⊥ = υ · sinχ the components of ~υ in the directions respectively parallel and perpendicular

to the direction of the field ~B, from eq. 2.1 we have:

d(mυ‖)

dt
= 0⇒ υ‖ = const (2.2)

and

d(mυ⊥)

dt
=

q

c
υ⊥ × ~B. (2.3)

Therefore the motion is uniform translational along the field lines (eq. 2.2), while in the direc-

tion perpendicular to the field the motion is uniform circular around the magnetic field lines,

with centripetal acceleration (eq. 2.3) and curvature (called Larmor radius) rL = mcυ⊥/qB. If

the particle is relativistic (with γ ≫ 1) then the Larmor radius is rrel = E/qB, where E = m0c2γ

is the total particle energy. On the whole, the motion is helical with the axes parallel to the

magnetic field lines (see Fig. 2.5). The pitch angle is important: if particles stream along the

magnetic field line with no perpendicular component, they will not get centripetally acceler-

ated and will not emit synchrotron radiation (eq. 2.3). In the other limiting case, a particle

will emit the maximum synchrotron power when it will pitch the magnetic field line perpen-

dicularly. The whole range of pitch angles (between 0◦ and 90◦) and consequent synchrotron

powers are expected.

It is well known that when charged particles are accelerated, they emit radiation according

3The Lorentz factor is defined as γ := (1 − υ2/c2)−1/2.
4It is sufficient that the field is uniform on scales bigger than the Larmor radius.
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Chapter 2 Radio relics and radio halos in clusters of galaxies

Fig. 2.5: Schematic view of the synchrotron emission process.

to Larmor’s law. In case of relativistic particles with energy E moving in a uniform magnetic

field B, the synchrotron power emitted is given by:

P =
2

3

q4

m4
oc7
· E2B2. (2.4)

Although in the reference system of the particle the emission is isotropic, an observer will see

the bulk of the radiation concentrated in a cone with semi-amplitude ≈ 1/γ (along the instan-

taneous direction of velocity) for a relativistic beaming effect. Indeed, the angular distribution

of the energy emitted by a particle moving with relativistic speed results heavily concentrated

in the direction of the velocity. As a consequence, as the particle moves along its orbit, a

fixed observer will receive the radiation only when its line of sight intercepts this cone. The

synchrotron emission from a single particle is then impulsive. The spectral distribution of the

radiation S e(ν) is obtained through a Fourier analysis of the impulse. It will contains all fre-

quencies up to a critical value inversely dependent on the duration of the impulse τ given by:

νe,c ∼
3

4π

1

τ
=

3

4π

eB⊥

mec
γ2 =

3

4π

eB⊥

m3
ec5

E2 ≃ 0.4
(

γ

104

)2( B⊥

µG

)

GHz (2.5)

where B⊥ = Bsinχ. At frequencies above the critical one the spectrum will have an expo-

nential cut-off, S e(ν) ∝ e−(ν/νe,c). We can assume with good approximation that the emission

from a single particle is almost monochromatic at the frequency νm ∼ νc/3, where there is the

maximum of the emission. So, equations 2.4 and 2.5 show that, for a given magnetic field

B, increasing the electron energy also increases the emitted power, and the critical frequency

shifts to higher frequencies. Electrons with γ ∼ 104 in magnetic fields that are typical for

clusters (B ∼ µG), radiate at radio frequencies (ν ∼ 400 MHz from eq. 2.5).

In astrophysical situations we always deal with an ensemble of electrons. If we assume that

there are no collective processes, and no absorption phenomena, the total emission is given by
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summing up the contribution of the single particles, and it will be dominated by their energy

distribution and not by the shape of the spectrum of the single electron. In the simplest case

we can assume that the energy distribution of the electrons is described by a power law5 in an

energy range Emin − Emax:

f (E) ∝ E−βin j , (2.6)

or

g(p) ∝ p−δin j (2.7)

between pmin − pmax in the momentum space.

The synchrotron emission from this ensemble of relativistic electrons is also well described

by a power law:

S (ν) ∝ ν−αin j , (2.8)

where the exponent αin j, called spectral index, depends only on the exponent of the electrons

distribution6:

αin j =
βin j − 1

2
=
δin j − 3

2
. (2.9)

If Emax (⇒ γmax) is the maximum energy of the electrons distribution, we can define a critical

frequency as in eq. 2.5 for the total spectrum:

νc ≃ 0.4
(

γmax

104

)2( B⊥

µG

)

GHz. (2.10)

Below this frequency the spectrum is a power law with spectral index αin j, while above this

frequency it has the exponential cut-off S (ν) ∝ e−ν/νc , which reflects the cutoff in the spectra

of the highest-energy electrons in the distribution.

Aging of synchrotron spectra

The situation described above refers to kind of a snapshot of the situation at the beginning

of the emission process, right after the particles have been produced or accelerated by some

mechanism. There are different processes, the first being the production of the synchrotron

radiation itself, that reduce the energy of the emitting particles. Another process relevant in

the astrophysical situation we are considering in this thesis is the the Inverse-Compton (IC)

scattering off photons such as those of the CMB. These energy loss processes will alter the

shape of the synchrotron spectrum (spectral aging). The higher the energy of the emitting

5A power-law shape of the energy spectrum doesn’t have a real justification a priori, but it is the spectrum ob-

served for cosmic rays, and moreover some mechanism presumed for the acceleration of relativistic particles,

like the first-order Fermi mechanism, naturally produce an energy spectrum that is a power law.
6Some authors define the spectral index as α′ = − βin j−1

2
=

1−βin j

2
in a way that the radiation spectrum will be

S (ν) ∝ να
′
in j .
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Chapter 2 Radio relics and radio halos in clusters of galaxies

Fig. 2.6: Overview of different spectral aging models. All spectral models have the same

injection spectral index. Solid gray line: power-law spectrum without any aging; solid

black line: KP model; dotted line: CI model; dash-dotted line: KGJP model; dashed line:

JP model. Adopted from van Weeren et al. (2012a).

electrons, the more they will radiate (eq. 2.4), and thus the faster they will lose their energy.

This processes will therefore affect first the high frequency end of the spectrum, producing a

steepening, departing from the initial injection power-law. At low frequencies the spectrum

remains the injected power law (Rybicki & Lightman, 1979). As time pass by, the break

frequency νbr at which the departure from the injected power-law happens, shifts to lower

frequencies. The quantity νbr can therefore be used to estimate the age of the radio source. The

particles energy distribution (and consequently the radiation frequency spectrum) can undergo

modification with time also due to leakage of particles or injection of new ones. The shape of

the high-frequency fall-off is determined by the micro-physics of the processes at play, such

as the energy injections to the electrons and the pitch angle w.r.t. the magnetic field.

Spectral breaks from αin j to αCI = αin j + 0.5 are predicted by the theory of synchrotron

sources for the case of a continuous supply, according to the same injection power-law, of

fresh relativistic electrons in the emitting region and synchrotron losses (the continuous injec-

tion (CI) model; see Fig. 2.6; Kardashev, 1962).

The evolution of synchrotron sources due to synchrotron losses strongly depends on the effi-

ciency of pitch-angle isotropization of the relativistic electrons due to interaction with micro-

turbulence in the plasma. For the Kardashev-Pacholczyk (KP) model the isotropization is

negligible, and the pitch angle of the electrons remains in its original orientation with respect

to the magnetic field. In this case, synchrotron losses lead to a power-law fall-off at high fre-

quencies with index αKP = 4/3αin j + 1 (the Kardashev-Pacholczyk (KP) model; see Fig. 2.6;
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Kardashev, 1962; Pacholczyk, 1970). On the contrary, if the isotropisation is so fast7 that the

electron distribution remains almost absolutely isotropic, the energy losses are more efficient,

and an exponential cut-off instead of the power-law region appears. This case was considered

by Jaffe & Perola (1973, the Jaffe-Perola (JP) model; see Fig. 2.6). The JP model is more

realistic from a physical point of view, as an anisotropic pitch angle distribution will become

more isotropic due to changes in the magnetic field strength between different regions and

scattering and irregularities of ~B created by Alfvén waves (e.g. Carilli et al., 1991; Tribble,

1993; Slee et al., 2001).

Both the KP and the JP models assume that the particles are injected with a single impulsive

injection, and then they simply age. Komissarov & Gubanov (1994) extended the JP model to

include a finite period of freshly supplied electrons and electron losses due to synchrotron and

IC scattering (KGJP model; see Fig. 2.6).

2.3.2 Models for radio relics

Relics are found in both merging and cool-core clusters, suggesting that they may be related

to minor or off-axis mergers, as well as to major mergers. Indeed, the most widely accepted

scenario to explain giant radio relics invokes particle acceleration in shocks produced during

merger events. This is consistent with their elongated structure, often almost perpendicular to

the merger axis. Smaller relic structures may moreover be produced via adiabatic compression

of fossil plasma.

Production of emitting electrons by SHOCK ACCELERATION

To date the most widely accepted scenario to explain giant radio relics invokes diffusive par-

ticle acceleration through shocks that develop during cluster mergers (DSA; Krymskii, 1977;

Drury, 1983; Blandford & Eichler, 1987). Indeed, DSA is widely accepted as the primary

mechanism through which relativistic particles are produced in a variety of astrophysical en-

vironments such as the solar wind colliding with planetary magnetospheres, or shocks sur-

rounding supernova remnants. Moreover, cosmological simulations suggest that such shocks

are quite common in the ICM (e.g. Vazza et al., 2009a,b) and that they are indeed collisionless

features able to accelerate particles passing through them (e.g. Blasi, 2000; Miniati et al.,

2001b; Fujita & Sarazin, 2001). Scattering processes increase the probabilities that a particle

that has just been accelerated passing through the shock will diffuse back through the front

to where it came from and get accelerated again. With this process, when particles pass back

and forth through the shock, high energies can eventually be achieved. Cosmological hydro-

dynamic simulations show that shocks expected to form in the ICM at cluster outskirts as a

consequence of mergers of subclumps or accretion of matter are relatively weak, with Mach

numbers M ∼ a few (e.g. Ryu et al., 2003; Kang et al., 2007; Hoeft et al., 2008; Vazza et al.,

2009a). On the other hand, shocks with Mach numbers of order ∼ 3-4 are enough to explain

the non-thernal radiation observed in the radio regime (Gabici & Blasi, 2003). It has been

shown by Kang & Ryu (2011) that DSA of electrons directly from the thermal pool at such

7On time scales much shorter than the time after which the radio emission diminishes significantly (10 - 100

Myr).
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weak shocks is rather inefficient. They suggested that the presence in the relic site of pre-

accelerated CRs electrons produced during previous shocks and/or by turbulent acceleration

would alleviate the problem of inefficient injection in weak cosmological shocks.

DSA is a Fermi-I mechanism for particle acceleration (Fermi, 1949). In this process, both

electrons and protons in the ICM get accelerated at the shock surface during mergers, but the

dynamics of the two components are extremely different because of the differences in the en-

ergy loss processes (see e.g. Gabici & Blasi, 2003; Kang, 2011). Indeed, eq. 2.4 shows that

the synchrotron power emitted by a particle is inversely proportional to the fourth power of

the particle mass. Therefore, protons lose only a small fraction of their energy during the clus-

ter lifetime, and they are stored in clusters for cosmological times. On the other hand, high

energy electrons have a radiative lifetime much shorter than the age of the cluster. During the

diffusive acceleration process particles reach increasing energy with time and their distribu-

tion drops off exponentially above the maximum energy reached Emax(t). Below Emax(t), the

particles are accelerated according to a power-law energy distribution, whose spectral index is

determined by the properties of the shock. At the beginning of the process, i.e. at low energy,

electrons and protons are accelerated in the same way and have the same distribution because

also for low-energy electrons the radiative losses are negligible with respect the acceleration

process. For protons, as far as the acceleration mechanism is at work efficiently, the max-

imum energy Ep,max(t) reached continues to increase with time and it depends on the shock

age. For electrons, the maximum energy injected increases with time till when the increasing

synchrotron/IC losses equal the energy gains by DSA. When this equilibrium between en-

ergy gains and losses is reached, the maximum electron energy Ee,max injected approaches an

asymptotic value Ee,eq that is determined by the properties of the shock and does not depend

on the shock age. The time teq required for the electrons to reach the equilibrium injection

spectrum is relatively short. At this point, if the properties of the shock remain unchanged

(stationary conditions) the injection spectrum (at the position of the shock) becomes steady

and cuts off at Eeq. In the test-particle regime8 of DSA theory the integrated injection spec-

trum of electrons below Ee,eq is a power law f (p) ∝ p−δin j , where δin j is determined by the

properties of the shock. When the particle diffusion is specified, the properties of the shock

such as the compression ratio C and the Mach number M are the primary parameters that de-

termine the efficiency of DSA and the energy distribution of the particles, and hence of the

integrated synchrotron spectrum. According to theory, particles are Fermi accelerated at the

shock front to a power-law distribution function in relativistic momentum p of logarithmic

slope δin j (from Blandford & Eichler, 1987):

g(p) ∝ p−δin j with δin j =
3C

C − 1
. (2.11)

If the plasma is a perfect gas, we can apply the canonical shock jump condition (Rankine-

Hugoniot conditions) in the form (from Blandford & Eichler, 1987):

1

C
=
γH − 1

γH + 1
+

2

(γH + 1)M2
. (2.12)

8When the dynamical feedback of the Cosmic Rays electrons pressure is ignored.
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Combining eqs. 2.11 and 2.12, assuming a heat ratio of γH = 5/3, we obtain the particle index

as a function of the shock Mach number:

δin j =
4M2

M2 − 1
. (2.13)

The synchrotron radiation spectrum produced by this underlying population of electrons will

have spectral index (from eq. 2.9):

αin j =
3

2(C − 1)
= −1

2
+

M2 + 1

M2 − 1
. (2.14)

After the electrons are injected at the shock location according to the equilibrium distri-

bution, they are naturally subject to energy losses while being advected downstream in the

postshock regions. From theory it is well known that the most energetic particles lose their

energy faster than the less energetic ones and become rapidly invisible behind the shock front.

The lower energy electrons instead advect further from the shock before cooling. Thus, mov-

ing across the source away from the shock, the electron radiative age increases and the cut-off

energy in the local electron spectrum due to the radiative cooling decreases linearly with dis-

tance from the shock location. At the farthest point downstream, the cutoff energy will be at

Ee,br, which depends on the shock age and moves to lower frequencies with time. A gradient

in the spectral index across an edge-on relic is then expected (see Fig. 2.7).

Fig. 2.7: The radio relic in CIZAJ2242.8+5301: contours represent the total intensity emission

obtained with the GMRT at 610 MHz. Colors represent spectral index values obtained with a

power-law fit to measurements between 0.61 and 2.3 GHz. Adopted from van Weeren et al.

(2010).

Therefore, there are two characteristics energies in the distribution of the electrons: Ee,eq,

which reflects the strength of the acceleration mechanism (shock) and does not depend on the

shock age, and Ee,br, which more properly describes the electron aging and can be used to

estimate the shock age. These two values translate into as many characteristic frequencies in
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the integrated synchrotron spectrum, viz. νeq and νbr.

Assuming that the shock is continuously accelerating particles according to the same injection

power-law for a time exceeding the electrons cooling time (CI model, Sect. 2.3.1; Kardashev,

1962), summing the contribution of the particles freshly injected at the shock location and the

contribution from the particles which age as they move away from the shock, we expect a

volume integrated spectrum that is a single power-law with spectral index αobs = αin j + 0.5

(see Fig. 2.9b). However, strictly speaking, the stationarity for the spectrum can be reached

only if the time for energy losses is shorter than the age of the shock at all energies. In

other words, electrons with injection energy below Ee,br didn’t have enough time to lose their

energy and the injection spectrum is expected. If we assume that the shock started to accelerate

recently, we would be able to catch the break frequency still in the observable frequency range,

if the spectrum is known over a wide frequency range. Kang (2011) shows that the simulated

downstream integrated electron spectrum at a quasi-parallel shock9 is a broken power-law

which steepens from E−δin j to E−(δin j+1) above E> Ebr(t), with an exponential cutoff at energies

higher than Eeq. As a consequence the volume integrated synchrotron spectrum has also three

regimes:

S (ν) ∝



























ν−αin j at ν < νbr(t)

ν−(αin j+0.5) at νbr(t) < ν < νeq

exp(−ν/νeq) at ν > νeq.

Fig. 2.8: Results from DSA simulations in the test-particle case. Shown is the downstream in-

tegrated electron spectrum, Ge,2 =
∫ 0

−∞ fe(p)p4dx (red dashed line), the upstream integrated

electron spectrum Ge,1 =
∫ 0

−∞ fe(p)p4dx (blue dotted line) and the sum of the two curves

(green solid line) for different times (t/t0=1,3,5). Adopted from Kang (2011).

9When the angle between the magnetic field upstream of the shock and the shock normal is less than 45 degrees.
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Appendix A summarizes the relations existing between the spectral index of the synchrotron

spectrum, the spectral shapes of the particle distribution in energy and momentum space and

the shock properties.

Production of emitting electrons by ADIABATIC COMPRESSION

As introduced, smaller radio relics can be produced by adiabatic compression triggered by

shock and re-energization of relic plasma left behind by radio galaxies (Enßlin & Gopal-Krishna,

2001; Enßlin & Brüggen, 2002). Three-dimensional magneto-hydrodynamical (MHD) simu-

lations of the passage of a radio plasma cocoon filled with turbulent magnetic fields through

a shock wave have shown that the properties observed in some relics can be reproduced

(Enßlin & Brüggen, 2002; Slee et al., 2001). If the magnetic field inside the cocoon is not

too strong, on contact with the shock wave the initially spherical radio cocoon is first com-

pressed and finally torn into a filamentary structure. In these simulations where the magnetic

fields are dynamically important a more complicated morphology is produced. The degree of

polarization produced is relatively high, and the electric polarization vectors tend to be per-

pendicular to the radio filaments, indicating aligned magnetic field structures within them.

In this case, we expect steeper and curved integrated spectra, due to the already aged popu-

lation of electrons that are re-accelerated. In fact, the adiabatic compression would just shift

the already aged spectrum at high energies upward without modifying the spectral slope. A

steepening is indeed observed in the integrated synchrotron spectrum of some relics (see e.g.

Fig. 2.9d and Table 4 in Feretti et al. (2012)).
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Fig. 2.9: Radio gischt vs radio phoenices.
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2.3.3 Models for radio halos

Production of emitting electrons by TURBULENT ACCELERATION

The observed properties of radio halos support a re-acceleration scenario by turbulence in-

duced during clusters mergers. Mergers are among the most energetic events that take place in

the universe. The bulk of this energy is dissipated through shocks, which produce radio relics

(e.g. Vazza et al., 2009a, 2012). Additionally vortical motions, shear flows and instabilities ef-

ficiently drive turbulence in the ICM during these events (Subramanian 2006). This turbulence

amplifies magnetic fields to µG values and may efficiently re-accelerate particles in radio-

halos (e.g. Jaffe, 1977; Brunetti et al., 2001; Petrosian, 2001; Schlickeiser et al., 1987). In this

scenario, as soon as large scale turbulence in the ICM reaches smaller resonant scales (via

cascading or induced plasma instabilities, e.g. Brunetti et al., 2004; Lazarian & Beresnyak,

2006; Brunetti & Lazarian, 2007) , particles are accelerated and generate synchrotron emis-

sion. The acceleration of particles by turbulence is due to the resonant scattering of these

particles by turbulent waves, which lead to a stochastic energization of the former and to

the damping of the latter (Melrose D.b. plasma astrophysics). Different coupling between

particles and waves may result in energy transfer: magnetosonic (MS) waves (considered

e.g. in Cassano & Brunetti, 2005), magnetic Landau damping (e.g. Kulsrud & Ferrari, 1971;

Schlickeiser & Miller, 1998), lower hybrid (LH) waves (e.g. Eilek & Weatherall, 1999), fast

compressive turbulent modes (an MHD version of sound waves)(e.g. Brunetti & Lazarian,

2007) and Alfvén waves (e.g. Brunetti et al., 2004; Brunetti & Blasi, 2005) are examples that

have been investigated in literature. We point to these papers for detailed description of the

mechanism.

The acceleration should take place on a time-scale of the order of a cluster-subcluster crossing

time (∼ 1 Gyr), during which turbulence is continuously injected on scales of the order of the

subcluster size, transported at smaller scales and then dissipated into heating of the intergalac-

tic medium and acceleration of relativistic particles over a fairly large volume. This argument

is supported by the observation of a bimodality.

The particle spectrum is determined by the interplay between cooling due to radiative losses

(mainly synchrotron and IC), and acceleration due to turbulence. The usual power-law spec-

trum for the injection of relativistic electrons up to a maximum momentum pmax can be reason-

ably assumed. The maximum energy to which particles can be accelerated pinpoints the energy

at which the timescale of the electron radiative losses becomes equal to that of the turbulent

acceleration. Indeed, stochastic particle acceleration by MHD turbulence is a second-order

Fermi (Fermi-II) process (Fermi 1949), and is a rather inefficient process that can accelerate

electrons up to energies of a few GeV. At higher energies radiative losses of the relativis-

tic electrons (synchrotron and Inverse Compton) become more efficient than the acceleration

mechanisms, causing a steepening of the integrated radio spectrum .This is consistent with the

observed spectra in well studied halos (Thierbach et al., 2003; Dallacasa et al., 2009).

Moreover, the cooling time of the emitting electrons is smaller than, or comparable to, the cas-

cading time-scale of the large-scale turbulence, implying that the evolution of the synchrotron

power depends very much on the level of MHD turbulence in the ICM (Cassano & Brunetti,

2005; Brunetti & Lazarian, 2007). Consequently, if we simply assume that the injection of

MHD turbulence is suppressed ”instantaneously” at a given time (e.g. at late merging-phase),

then also the synchrotron emission at higher radio frequencies is suppressed, falling below
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the detection limit of radio observations, as soon as the energy density of turbulence starts

decreasing.

According to this scenario the formation and evolution of radio halos is, therefore, tightly

connected with the dynamics and evolution of the hosting clusters. The occurrence of radio

halos at any redshift depends on the rate of cluster-cluster mergers and on the fraction of the

merger energy channeled into MHD turbulence and re-acceleration of high-energy particles.

Cassano & Brunetti (2005)developed statistical models based on a self-consistent approach,

which at the same time model the evolution of the thermal properties of the intra-cluster

medium of the galaxy clusters and the generation and evolution of the non-thermal phenomena.

This statistical model represents the ”cosmological“ extension of the turbulence acceleration

models developed by Brunetti et al. (e.g. 2001). These allowed them to produce a synthetic

population of halos with specific break frequency as function of the mass of clusters hosting

them.

They showed that in this scenario, the fraction of clusters with a giant radio halo in a fixed

redshift range increase with increasing mass of the hosting cluster. This is mostly due to the

fact that mergers in smaller clusters are not able to efficiently generate turbulence in volumes

of order of Mpc3. Moreover, the model predicts that increasing the mass of the hosting cluster

increases also the fraction of them hosting a radio halo with smaller values of the spectral

index, i.e. with flatter radio spectra (see Fig. 2.11), in agreement with observational evidence

for a trend between the radio spectral index of radio halos and the temperature of the clus-

ters (Feretti et al., 2004; Giovannini et al., 2009). Clusters with higher temperature (and hence

with higher masses) tend to possess halos with a flatter spectrum. This may be naturally un-

derstood in the framework of the re-acceleration model, since the hottest clusters are more

massive and may have undergone more recent and violent mergers, able to re-accelerate parti-

cles to higher energies, producing halos with flatter radio spectra.

Production of emitting electrons by P-P COLLISIONS

Alternatively, electrons emitting in radio halos can be produced by inelastic proton-proton col-

lisions (secondary model). The secondary model was initially proposed by Dennison (1980)

and subsequently developed by Blasi & Colafrancesco (1999). Recently, these models have

been considered by many authors in the framework of numerical simulations, where they can

be easily implemented (Dolag & Enßlin, 2000; Miniati et al., 2001a; Pfrommer et al., 2008;

Donnert et al., 2010).

As already discussed, relativistic protons produced in the ICM during the cluster lifetime

stay confined and pile up because of the low energy losses. This confinement increases the

probabilities to have inelastic p-p collisions between these relativistic protons and the thermal

protons in the ICM. This process would provide a continuous production of charged pions

π± and neutral pions π0, which in turn decay into secondary electrons and positrons and into

γ-rays through the decay chain (Dermer, 1986):
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Fig. 2.10: Example of the emitted synchrotron power (arbitrary units) as a function of fre-

quency, for different energy densities of turbulence (magnetosonic waves): 30% (solid line),

20% (dashed line), 15% (long-dashed line) of the thermal energy density. Frequency ranges

of interest for GMRT, VLA and LOFAR are also marked. Adopted from Brunetti et al.

(2009).

(a) (b)

Fig. 2.11: Left panel: Distribution of spectral index between 300 - 1400 MHz, calculated in the

framework of the statistical re-acceleration model. The redshift range 0.2 ≤ z ≤ 0.4 and four

mass bins (∆M1 = 5−8 ·1014M⊙; ∆M2 = 8 ·1014−1.35 ·1015M⊙; ∆M3 = 1.35−2.5 ·1015M⊙;

∆M1 ≥ 2.5 · 1015M⊙) have been considered. Right panel: Radio halo spectral index vs

temperature for clusters in literature. Adopted from Trasatti (2010).
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Fig. 2.12: The Coma radio halo from literature.
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pCR + pICM → π0 + π+ + π− + ...

π0 → 2γ

π± → µ + νµ
µ± → e± + νµ + νe.

As a consequence, the injection of CR electrons is constrained by the distribution function

of the CR protons, which should retain the injection power-law, since due to the inefficient

energy losses their spectrum should be only slightly modified during the cluster life-time

(Blasi & Colafrancesco, 1999). It is expected that the protons in clusters get accelerated to

> 1 TeV, and therefore that the spectra of the relativistic electrons have maximum energies

≥ 100 GeV. The spectra should therefore be single power-laws in the accessible range of ra-

dio frequencies, without a break, in contrast to the observations that revealed a steepening in

the spectra of some well studied radio halos (Thierbach et al., 2003; Dallacasa et al., 2009).

Moreover, with this model radio halos would be expected to be more frequently observed in

clusters and the observed bimodal behavior is not expected. Finally, one of the predictions of

this model is that clusters must be observed in gamma rays (decay). However, so far no cluster

has been observed in this regime (see Sec. 1.2.5)

2.4 Importance of high frequency observations

A significant increase of the statistics of non-thermal radio emission from galaxy clusters

is expected with the advent of the new generation low-frequency (∼ 10 - 200 MHz) radio

telescopes such as LOFAR and SKA, whose high sensitivity and low-frequency capabilities

are well suited to probe the diffuse steep-spectrum radio emission in clusters. For example,

Cassano et al. (2010) predict that the Tier 1 LOFAR survey will discover about 350 giant radio

halos at redshifts ≤ 0.6, half of these halos are expected to have a synchrotron spectral index

α > 1.9 between 250-600 MHz, and would brighten only at low frequencies.

This can be related to the fact that major mergers able to produce brighter diffuse sources

are rare events, while minor mergers are expected to be more common. According to these

predictions, the currently known radio relics and halos are the most extreme and energetic

cases, for which high-frequency observations (at GHz frequency) are necessary to constrain

the shape of the spectra in order to test the models expectations. To date, the integrated spectra

are obtained in few cases only with more than three flux density measurements at different

frequencies; for most sources the highest available frequency is 1.4 GHz (Feretti et al., 2012).

Therefore, while the new generation of low-frequencies radio telescopes would become fully

operational, observations at GHz frequencies of the currently known radio relics and halos are

essential to test the model expectations and shed light on the origin of these diffuse sources.
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Chapter 3

The Coma radio relic from combination

of interferometric and single-dish data∗

3.1 Introduction

As introduced in Chap. 2, detailed studies of the spectral characteristics of radio relics, to-

gether with studies of their morphological and polarization properties, allow to test the cur-

rent models, and study the shock properties in case of diffusive shock acceleration (DSA).

However, the accurate measurement of the integrated spectra of radio relics is a difficult task

because these sources are extended with a low surface brightness and they usually embed a

number of discrete sources, whose flux density needs to be carefully subtracted from the total

diffuse emission. Moreover, their commonly steep spectra, make more difficult the study at

high frequencies, where important constraints on the underlying physical mechanism can be

found. Indeed, integrated spectra over a wide range of frequencies are available in literature

only for few of this objects (see Feretti et al., 2012). The task requires high-resolution imaging

at many frequencies with radio interferometers. However, increasing the observing frequen-

cies, the interferometers’ field of view decreases and they encounter the technical problem of

the missing short spacings, that makes them ”blind” to very extended structures. On the other

hand, single dishes are optimal to catch all the emission from a field but they lack angular

resolution. Combining single dish with interferometric data allows to get final maps with both

the high resolution of the interferometer data and the short-spacing information provided by

the single-dish observations. This procedure is very powerful to investigate the emission of

extended radio sources at cm-wavelengths. The problem of small field of view is easily over-

come performing the interferometric observations in mosaic mode.

We applied this technique for the first time to study in detail the properties at cm wavelength

of the radio relic emission in the Coma cluster. In this chapter we discuss the theory of in-

terferometric (Sect. 3.1.1) and single-dish (Sect. 3.1.2) observations and their combination

(Sect. 3.1.3). In Sect. 3.2 we present the science case of the Coma radio relic. We present

new radio observations of the Coma radio relic in the L-band (Sect. 3.3.1) and in the S-band

(Sect. 3.3.2). In Sects. 3.4 and 3.5 we present the data combination in the L and S band

respectively. In Sect. 3.6 we discuss the relic extent from our observations. The integrated

radio spectrum of the radio relic is presented in Sec. 3.7. Sec. 3.8 describes the results from

Planck SZ observations at the relic position. Conclusions are presented in Sect. 3.9.

We adopted the cosmological parameters H0 =71 km s−1 Mpc−1, ΩΛ=0.73 and Ωm=0.27

∗Trasatti, Klein, Bonafede (in prep.)
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(Bennett et al., 2003), which provide a linear scale of 0.44 kpc arcsec−1 at the redshift of

the Coma cluster.

3.1.1 Theory of interferometric observations

Detailed lectures on interferometry and synthesis imaging in radio astronomy include e.g.

Thompson et al. (2002), Perley et al. (1990) and Taylor et al. (2000).

Aperture synthesis or synthesis imaging techniques, first developed at radio wavelengths in

the Fifties, helps to overcome the resolution problem suffered by single-dish observations. A

basic inverse relation exists, in fact, between the angular resolution of a single antenna and its

diameter. For example, to reach a modest resolution of ∼1′ at the typical radio frequency of

1.4 GHz (=21 cm), an impossibly large single antenna of ∼880 m would be required! The two

largest fully steerable single-dish radio telescopes are the Effelsberg-100m Telescope1 and the

Green Bank Telescope2, with surface areas of 100m×100m and 100m×110m respectively. At

21 cm Effelsberg observations have an angular resolution of ∼ 10′ (see Sec.3.3.1).

There are two fundamental ideas behind radio interferometry:

• the resolution of a big antenna aperture can be ”simulated” with two (or more) smaller

dishes placed at a distance equivalent to the aperture one want to simulate (an interfer-

ometer). For example, observing at a wavelength of 21 cm, a resolution of ∼ 1′ can be

achieved with an interferometer of small antennas placed at a distance of ∼ 880 m from

each other.

• A Fourier transform relation exists between the sky radio brightness distribution I and

the response of a radio interferometer. The correlation of the source signals received (the

voltage outputs) by a pair of antennas constituting the interferometer, is a complex quan-

tity called visibility, the magnitude of which has the dimensions of spectral power flux

density (W·m−2 ·Hz−1). The visibility V is the Fourier (anti-)transform of the sampled

true source brightness distribution I.

However, a pair of antennas with given separation d (called baseline), observing at a given

wavelength λ, measures (samples) instantaneously only one specific Fourier component of

the source signal, i.e. the visibility corresponding to a given spatial frequency u measured in

wavelengths:

u(λ) =
dp

λ
(3.1)

where dp is the projected baseline, as seen by the source. This means that a pair of antennas

samples instantaneously only one component of the true source brightness distribution, that

1The Effelsberg-100m Telescope is operated by the Max-Planck-Institut für Radioastronomie (MPIfR) In Bonn,

Germany. http://www.mpifr-bonn.mpg.de/effelsberg.
2The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under

cooperative agreement by Associated Universities, Inc. https://science.nrao.edu/facilities/gbt
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produced by structures in the source with physical spatial scale:

x(rad) =
λ

dp

=
1

u(λ)
(3.2)

Note that a pair of antennas placed at a small distance (i.e. small baseline, i.e. small spatial

frequency) is sensitive to large structures in the source, while antennas with big separation

(i.e. big baseline, i.e. big spatial frequency) are sensitive to small structures in the source.

Improving the instantaneous source response of an interferometer requires the sampling of

more Fourier components of the source’s brightness distribution, that is more baselines, i.e.

more antennas. Having N antennas means that N(N-1)/2 baselines are possible, i.e. N(N-1)/2

Fourier components of the source brightness distribution, i.e. N(N-1)/2 simultaneous samples

of the source signal. Moreover, the earth’s rotation can be used to vary the projected baseline

coverage of an interferometer. The projected baseline vector has components (u,v,w). Coor-

dinates u, υ and w are the projections of the terrestrial baseline onto a plane perpendicular to

the source direction, in directions towards the East, the North and the phase tracking center,

respectively. This can be reduced to a two-dimensional problem in the case of a linear array

of antennas in an East-West line on the earth’s surface, as it is in the case of the Westerbork

Synthesis Radio Telescope (WSRT)3 used for the observations presented in this Thesis. In this

case the baselines are coplanar and we can set w = 0. The (u, υ) plane is called the spatial

frequency domain or Fourier domain. The coverage of the (u, υ) plane describes the interfer-

ometer sampling function. Positions on the sky are defined in x and y, which are direction

cosines measured with respect to the u and υ axes. The (x, y) plane is referred to as the image

domain. A synthesized image in the (x, y) plane represents a projection of the celestial sphere

onto a tangent plane at the source center. The Fourier and image planes are related by Fourier

transform relations.

During a 12 hours observation, each projected baseline traces an ellipse in the (u,υ) plane.

If the interferometer has more than two elements, and/or if the spacing of two elements is

changed daily, the coverage of the (u,υ) plane will become a number of concentric ellipses

having the same shape. The maximum value of u equals the maximum antenna separation in

units of λ, and the maximum value of υ is smaller by the projection factor cos(δ), where δ is the

source declination. The synthesis beam (the Fourier transform of the interferometer sampling

function) obtained by an east-west earth rotation aperture synthesis can therefore approach an

elliptical Gaussian. The ellipticity will depends on the source declination, becoming almost

circular for a source near the celestial pole. Figure 6.2 shows the different (u,υ) coverages re-

sulting from the observations of two sources at different declinations, performed with identical

observational set-up of the WSRT (the observations are presented in Sect. 3.3.2 and in Sect..

4.3.1). Figure 3.2 shows the corresponding synthesis beams.

By virtue of its finite diameter DINT , each element of the array is sensitive only to the radi-

ation from a cone of width AINT ∼ λ/DINT , which is called the antenna primary beam. The

primary beam of the single antennas defines the interferometer field of view. Imaging to the

edge of the primary beam adds noise to the outer parts of a field, because of the lower sen-

3The Westerbork Synthesis Radio Telescope is operated by the Netherlands Institute for Radio As-

tronomy ASTRON, with support from the Netherlands Foundation for Scientific Research (NWO).

http://www.astron.nl/radio-observatory/astronomers/wsrt-astronomers
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(a) Relative to the observations of the Coma relic at a declination of 27◦.Plot file version 1  created 26-MAY-2014 16:45:40
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(b) Relative to the observations of the A2256 relic at a declination of 78◦.

Fig. 3.1: Portion of the (u, υ) coverages for the WSRT observations presented in Sects. 3.3.2

and 4.3.1 (upper and bottom panel respectively). The data shown refers to 1 (out of 64)

channel of 1 (out of 8) frequency bands of 1 (out of 3) pointing. Only the range of spatial

frequencies 0-3 kλ is shown (for both data sets the entire range extends up to 21 kλ).
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(a) Relative to the observations of the Coma relic at

a declination of 27◦.

(b) Relative to the observations of the A2256 relic

at a declination of 78◦.

Fig. 3.2: Synthesis beams relative to the WSRT observations presented in Sects. 3.3.2 and

4.3.1 (left and right panel respectively).

sitivity there. Sources structures beyond the primary beam are completely lost. In case one

wants to image a source larger than the primary beam, the observations must be carried out in

mosaic mode, i.e. with more than one pointing centers (see Sec. 3.3.2).

IN THE FOURIER DOMAIN:

The visibilities V ′INT (u, v) sampled by an interferometer can be expressed as:

V ′INT (u, υ) = (V(u, υ) ∗ aINT (u′, υ′)) × bINT (u, υ) + N (3.3)

where:

• V ′INT (u, υ) are the sampled visibilities, i.e. the sampled Fourier components of the bright-

ness distribution;

• V(u, υ) is the Fourier transform of the true brightness distribution, i.e. all the Fourier

components contained in the source brightness distribution;

• aINT (u′, υ′) is the Fourier transform of the antenna primary beam, i.e. the Fourier trans-

form of the beam of the single antennas constituting the interferometer;

• bINT (u, υ) is the interferometer sampling function, i.e. the Fourier transform of the dirty

synthesised beam;

• N is a thermal noise term;

and the symbol ∗ denotes a convolution while × stands for a multiplication.
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This means that of all the Fourier components constituting the source signal falling in the in-

terferometer’s field of view (primary beam), the interferometer measures (samples) only those

corresponding to the configuration of antennas used.

IN THE IMAGE DOMAIN:

With enough sampling of the (u-υ) plane, the Fourier inversion of the sampled visibilities

V ′INT (u, v) (with interpolation of the missing information) provides the so-called dirty image

ID
INT of the source, i.e. the reconstructed source brightness distribution.

ID
INT (x, y) = (I(x, y) × AINT (x′, y′)) ∗ BD

INT (x, y) + N (3.4)

where:

• ID
INT is the dirty image, i.e. the true brightness distribution modified by the interferometer

response;

• I(x, y) is the true brightness distribution;

• AINT (x′, y′) is the antenna primary beam;

• BD
INT (x, y) is the dirty synthesised beam;

• N is a thermal noise term;

and a convolution in the Fourier domain becomes a multiplication in the image domain and

vice versa.

This means that the reconstructed brightness distribution is the convolution of the source

brightness distribution falling inside the field of view (primary beam) by the dirty synthesis

beam, plus some thermal noise.

The quality of the reconstructed image can be increased with the clean (or deconvolution)

process (Högbom, 1974). In this process, the dirty image is deconvolved from the dirty syn-

thesised beam and it is re-convolved with a clean synthesised beam BC
INT

(x, y), providing the

clean image of the source:

IC
INT (x, y) = (I(x, y) × AINT (x′, y′)) ∗ BC

INT (x, y) (3.5)

The most common way to choose the clean beam is to fit an elliptical Gaussian to the main

lobe of the dirty beam. The resulting beam will have the same width as the the dirty one, but

no side-lobes.

There is no way to recover the true brightness distribution, as in the reconstructed image

it will always be convolved with the interferometer response. What we can do is try to have

a sampling function as complete as possible (many elements array with different separations;

long observations to exploit the earth’s rotation) to reduce the need of interpolation. What

we can not do is to sample the innermost portion of the (u,υ) plane, because two antennas

can not be placed closer than the diameter of the dishes. The minimum separation between
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x

I(x)

(a) Image (sky) domain.

u

V(u)

(b) Fourier domain.

Fig. 3.3: Schematic mono-dimensional view of the relation between the brightness distribution

I(x) of a source and its Fourier transform V(u) (qualitative). A narrow distribution in the

image domain (green) transforms to a broad distribution in the Fourier domain and vice

versa (red). A pair of antennas with given separation and observing at a wavelength λ

places itself in a specific position in the u axis in the Fourier space (crosses).

the antennas constituting the interferometer dmin, i.e. the minimum spatial frequency umin,

determines the maximum physical scale structures in the source that can be measured by the

interferometer. In particular, an interferometer with minimum separation dmin is not sensitive

to structures larger than

xmax(rad) ∼ λ

dmin

=
1

umin(λ)
. (3.6)

This is the so-called missing short (or zero) spacings problem. In the same way, the maximum

separation between the antennas dmax determines the minimum physical scale structure on the

source that the interferometer is able to resolve, i.e. the resolution θ of the observations:

θINT (rad) ∼
λ

dmax

∼
1

umax(λ)
. (3.7)

Summarizing, an interferometer with many elements acts as a filter of the spatial frequencies

contained in a radio source, and it is sensitive only to those contained between the minimum

umin and the maximum umax spatial frequency and, as a consequence, it is sensitive only to

structures in the source with physical scales between the range ∼ 1/umax − 1/umin.

Figure 3.3 shows a schematic mono-dimensional view of the relation between the brightness

distribution I(x) of a source and its Fourier transform V(u). A pair of antennas with given sep-

aration and observing at a wavelength λ samples the signals in the Fourier space corresponding

to a specific spatial frequency u (crosses), i.e. it places itself in a specific position in the u axis

in the Fourier space (crosses). A point-like source can be represented as a narrow Gaussian

in the image plane (green Gaussian). Its Fourier transform will be a broader Gaussian in the

Fourier domain, i.e. the source signal contains many Fourier components. A point-like source

is therefore observed with good response either with small or large baselines. Vice versa, an
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extended structure in the image domain (red Gaussian) will appear as a small Gaussian in the

Fourier domain. The more extended is the source and more narrow will be its Fourier trans-

form and more difficult will be sample the signal with small antennas separation. There will

be a diameter for which the spatial frequencies contained in the radio source are all smaller

than that sampled by the interferometer and no signal will be revealed. In this case some sort

of shorter spacing data must be measured and added to the data. That might be interferomet-

ric data from a more compact configuration or it can be total power data from a single dish.

Because any object larger than the primary beam will also suffer from short spacing problems,

mosaicking usually implies the addition of total power to the interferometric data.

3.1.2 Theory of single dish observations

Further readings about single-dish radio astronomy include e.g. Stanimirovic et al. (2002).

Single dishes do not offer the possibility of instantaneous imaging as with interferometers

by Fourier transform of the visibilities. Instead, several other methods of observation can be

used. To take a real image with a single dish it is necessary to raster the field of interest (map-

ping), by moving the telescope e.g. along right ascension (RA), back and forth, shifting each

scan in declination (DEC) with respect to the other by an amount of no more than ∼40% of

the half-power beam width (HPBW) to fully sample the map. At centimeter wavelengths this

has the advantage of allowing to cover a much larger area than with a single pointing of an

interferometer. Moreover this method allows to adjust the map size to the size of the source

of interest. Using this technique, a single dish is in principle capable of tracing all large-scale

features of very extended radio sources. One may say that it samples spatial frequencies in a

range from the the map size down to the beam width. This depends critically on the way in

which the zero-level is set. The simplest way to do it is to assume the absence of sources at the

map edges, set the intensity level to zero there, and interpolate linearly between the two oppo-

site edges of the map. A higher-order interpolation is able to remove the variable atmospheric

effects more efficiently, but it may also remove real underlying source structure. Rastering the

field in two orthogonal directions may help in finding emission close to the map edges using

the so-called basket-weaving technique (Sieber et al., 1979; Emerson & Graeve, 1988).

We can consider a single dish as consisting of a large number of small panels packed closely

together acting as interferometer elements. In this way we can think of a single dish as an

interferometer having a continuous range of baselines available from 0 to the diameter of

the antenna DS D. Single-dish observations then provide a measurement of the source total

flux density, corresponding to the zero spacing (u, υ)= (0,0). Mathematical representation

similar to that for interferometers can be used for single dishes. The product of single dish

observations is an image, that is a dirty image in the language of interferometer, because the

clean process is usually not performed on single dish data (although techniques for single-

dish map clean process have been proposed (see e.g. Klein & Mack, 1995)) and carried out

(Rottmann et al., 1996).

The brightness distribution observed by a single-dish can be expressed, similarly to the inter-

ferometers case, as:

ID
S D(x, y) = (I(x, y) ∗ AS D(x, y)) + N (3.8)
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where:

• ID
S D(x, y) is the observed brightness distribution;

• I(x, y) is the true brightness distribution;

• AS D(x, y) is the single dish beam;

• N is a thermal noise term.

Similar to interferometer, the source brightness distribution measured by a single-dish is the

convolution of the true source brightness distribution by the single dish beam. AS D has very

similar properties than AINT but it defines the resolution of the observations:

θS D(rad) ∼ λ

DS D

. (3.9)

Speaking in the language of interferometers, the Fourier transform of ID
S D(x, y) provides the

”sampled” single dish visibilities V ′S D(u, v): (N.B. properly speaking, a single-dish does not

sample the source signal in the Fourier space!)

V ′S D(u, υ) = (V(u, υ) × bS D(u, υ)) (3.10)

where:

• bS D(u, υ) is the Fourier transform of the single dish beam, i.e. the sampling function of

the single-dish (that will be a continuous function from zero up to the spacing corre-

sponding to the antenna diameter).

3.1.3 Theory of combination of interferometric and single dish data

A nice description of the principles of merging single dish and interferometric data is also

given by Stanimirovic (1999) and Stanimirovic (2002)

The combination of interferometric and single-dish data allows to take advantage of both

worlds, making high resolution images sensitive to a wide range of spatial scales and with the

total power information. The idea is to use the single-dish ”visibilities” to fill the inner portion

of the (u,υ) plane below umin,INT , where the interferometer becomes blind.

In order to have a successful combination, the two data sets must have a region of overlap in

the (u,υ) plane, i.e. a sufficient range of spatial scales to which both instruments are sensitive.

This translate in the condition that the single dish diameter must be greater than around twice

the minimum interferometer baseline.

There are different methods to perform the data combination, involving different steps in the

image or Fourier domain. For all of this methods the first important step is the cross-check of

the calibration scales of the two data sets. The calibration factor fCAL can be defined as the

ratio of the flux density of an unresolved source in the interferometer and single-dish maps:

fCAL =
S INT

S S D

. (3.11)
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In case of perfect cross-calibration fCAL = 1. If no suitable compact sources are present in the

field to directly determine fCAL, this factor can be estimated comparing the surface brightness

of the observed field in the overlap region of the (u,υ) plane, where the same structures should

be sampled by both the two instruments.

The different methods for the combination of single-dish and interferometric data can be

summarized as:

• METHOD 1: In this method the inputs are the final clean (deconvolved) interferometric

image IC
INT

and the final (non-deconvolved) single-dish image ID
S D. These images are

Fourier transformed (labeled as V ′INT and V ′S D) and combined in the Fourier domain ap-

plying the calibration factor and tapering functions, g and h (such that their sum is equal

to the Gaussian function having a full width at half maximum of the interferometer):

V ′COMB = g · V ′INT + fCAL · h · V ′S D. (3.12)

The result is then Fourier transformed back into the image domain, providing the final

combined image.

This method was applied, for example, by Fletcher et al. (2011) and by Mora & Krause

(2013).

• METHOD 2: In this method the inputs are the dirty (non-deconvolved) interferometric

image ID
INT and the final (non-deconvolved) single-dish image ID

S D and both dirty beams

BD
INT and AS D. This images are combined in the image domain according to:

ID
COMB =

ID
INT + αBEAM · fCAL · ID

S D

1 + αBEAM

(3.13)

and:

Bcomb =
BINT + αBEAM · AS D

1 + αBEAM

(3.14)

where αBEAM = θINT/θS D accounts for the different beam sizes.

The convolution relationship still exists between the composite dirty image ID
COMB and

the true sky brightness I, i.e. the composite dirty image is the convolution of the true

sky brightness distribution with the composite dirty beam. Deconvolving (cleaning) the

composite dirty image with the composite beam hence solves for I, providing the final

combined image.

This method was applied in Stanimirovic et al. (1999).

• METHOD 3: This method involves merging during the deconvolution, with subsequent

joint deconvolution of the single-dish and interferometer data with different approaches

(for example applying the maximum entropy method (MEM) as non-linear deconvolu-

tion algorithm). See Stanimirovic (2002) for more details.

• METHOD 4: Recently a new pipeline for the combination of single-dish and interfer-

ometric data has been proposed (Faridani et al., 2014). In this method the combination

is performed completely in the image domain with a linear method. The inputs are the
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final clean (deconvolved) interferometric image IC
INT

and the final (non-deconvolved)

single-dish image ID
S D. The interferometric image is first smoothed to the resolution of

the single dish, and then subtracted from the single-dish data. The resulting difference

image, containing only the large-scale emission detectable by the single dish, is then

added to the interferometric image.

The final product of all these methods is an image whose resolution equals that of the interfer-

ometric image, while the total flux is the same as in the single dish image.

Stanimirovic (1999) shows a comparison of the performances of the first three methods. All

methods produce comparable results in case of high S/N data. METHOD 1 is very robust and

it is the fastest and least computer intensive. For low S/N data METHOD 2 seems advanta-

geous. The MEM method is theoretically the best way but it heavily depends on the quality

of the single-dish image. Moreover, joint deconvolution requires a good knowledge of the

single-dish beam.

Finally we stress that the good result of the combination strongly depends on the quality of

both single dish and interferometer data, as well as on the observational set-up adopted for

both observations.

3.2 The radio relic in the Coma cluster

The Coma cluster, shown in the first Chapter in Fig. 1.1, is one of the nearest galaxy cluster

(z=0.0232, Struble & Rood (1991)), and the first where both a peripheral radio relic (B1253+275)

and a central radio halo (Coma C) have been observed (Large et al., 1959). Since then, both

structures have been studied at several radio frequencies. Deep low frequencies observa-

tions have shown that a bridge of diffuse radio emission connects the halo, the relic and

the tailed radio galaxy NGC4789 (Kim et al. (1989), Giovannini et al. (1990), Pizzo (2010),

Brown & Rudnick (2011)). The presence of diffuse emission on even larger scales around

Coma has been suggested by Kronberg et al. (2007).

The radio relic B1253+275 have been investigated by several authors in the last decades

(Ballarati et al. (1981), Andernach et al. (1984), Giovannini et al. (1985), Cordey (1985),

Giovannini et al. (1991), Thierbach et al. (2003), Pizzo (2010), Brown & Rudnick (2011)).

However, its origin is still greatly debated.

Giovannini et al. (1991) first interpreted the relic as due to the past activity of the Coma galaxy

IC 3900, which is presently radio quiet and was located at the center of the radio structure dur-

ing the active phase and moved away after ceasing the nuclear activity. Alternatively, they

suggested that the tailed radio galaxy NGC4789 could have provided electrons that underwent

some kind of in-situ acceleration, to both the bridge and the relic. Enßlin et al. (1998) related

the relic emission to the presence of an accretion shock wave caused by the formation of the

large-scale structures. He also suggested NGC4789 as an ideal candidate for being the source

of magnetized plasma injected upstream into the accretion flow. In this scenario, relativistic

electrons from the jets of the radio source are convected by the flow within the radio bridge

to the accretion shock where they are re-accelerated and radiate. However, accretion shocks

are expected to have Mach numbers M >10 (Miniati et al., 2000), higher than what is usu-

ally observed in the relic position in different clusters (see e.g. Brüggen et al., 2012)). In the

particular case of the Coma cluster, Feretti & Neumann (2006) did not detect any evidence
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of a shock at the relic position, and suggested that it might have been formed by turbulence.

However, Ogrean & Brüggen (2013) presented a re-analysis of the same XMM-Newton ob-

servation and measured a temperature jump at the SW edge of the relic which points towards

the presence of a shock of Mach number 1.9+0.16
−0.40

. However, no clear density discontinuity

consistent with the temperature jump is observed. Akamatsu et al. (2013) found evidences of

a shock with consistent Mach number from the analysis of Suzaku data.

Recently Brown & Rudnick (2011) tentatively detected an extension to the radio relic at 1.4

GHz, which makes its total extent ∼2 Mpc (in contrast with the size of ∼ 600 × 200 kpc

previously reported by Giovannini et al. (1991)). The extended relic borders a previously un-

detected wall of galaxies in the infall region of the Coma cluster. They suggested that the radio

relic is due to an infall shock, as opposed to the outgoing merger shocks believed responsible

for other radio relics (see Sect. ). The infall shock is caused by the dense clump of galaxies

with its own intragroup medium, penetrating the ICM in the early stages of a merging event.

They are different from merger shocks, which form during later stages of a merger.

3.3 Radio observations and data reduction

3.3.1 Effelsberg observations in the L-band

A ∼2 squared degrees field centered in the Coma cluster was observed with the Effelsberg-

100m Telescope at a central frequency of 1408 MHz (21 cm; L band). The receiver used is

a single horn system placed at the primary focus of the telescope. A total of 8 coverages of

the entire field were preformed in the night between the 27 and 28 November 2013. Table 3.1

summarizes the observational parameters.

Tab. 3.1: L-band Effelsberg observational parameters.

Map center (J2000) Frequency Bandwidth Map size

RA DEC (MHz) (MHz) (◦× ◦)

12:57:25.17 +27:33:47.9 1408 32 2.1 × 2.1

The singular coverages maps were processed in the NOD2 software package, following

standard procedures. After inspection and editing for Radio Frequencies Interferences (RFI),

final images of the stokes I, U and Q were produced for each coverage using automatic

pipelines available for each Effelsberg receiver. These images were then averaged together

to produce the final I, U and Q images.

3C286 was used as calibrator of the flux scale (according to the scale of Baars et al. 1979,

with a flux S 1408(3C286) = 14.79Jy) and of the polarization angle.

Figure 3.4 shows the final total intensity image of the entire field, where both the peripheral

radio relic and the central radio halo emission are visible. The bridge of low brightness diffuse

emission connecting the radio halo and radio relic observed at lower frequencies is also visible.

The relic emission blends with the emission from tailed galaxy NGC4789 in the south-west

direction, due to the low resolution and to the possible presence of a bridge of low-brightness

emission connecting the two structures, observed at lower frequencies. The strong 3C source

Coma A (3C277.3) is visible at the northern edge of the relic.
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Fig. 3.4: Color scale and contours of the radio emission at 21 cm in the Coma cluster field,

observed with the Effelsberg-100m Telescope. Contours are drawn at [1, 2, 4, 8, 16] × 3σ,

with 3σ = 2 · 10−2 Jy/beam. The beam is 9.′4 × 9.′4.

3.3.2 WSRT observations in the S-band

The radio relic in the Coma cluster was observed at 2273 MHz (13 cm, S-band) with the

WSRT. The S-band receiver used, covers the frequency range from 2210.0 MHz to 2336.8

MHz with eight contiguous frequency bands (subdivided in 64 channels) of 20 MHz width

each; the resulting central frequency is 2273 MHz and the total bandwidth is 160 MHz. The

WSRT is an interferometer consisting of fourteen parallactic 25 m dishes on an east-west base-

line that uses earth rotation to synthesize the uv-plane. Ten of the antennas (labeled RT0-RT9)

are on fixed mountings, 144 meters apart, while the remaining four dishes (labeled RTA-RTD)

are movable along two rail tracks, allowing different observing configurations. To observe

the Coma radio relic we choose the maxi-short configuration (RT9-RTA separation of 36 m,

RT9-RTB=90m, RT9-RTC=1332m, RT9-RTD=1404m) which has optimized imaging perfor-

mance for extended sources.

The WSRT field of view at 2273 MHz is mainly limited by the effect of the primary beam

67



Chapter 3 The Coma radio relic from combination of interferometric and single-dish data

attenuation. For the WSRT this can be described by the function

cos6(c · ν · r) (3.15)

where r is the distance from the pointing center in degrees, ν is the observing frequency in

GHz and the constant c= 68 is, to first order, wavelength independent at GHz frequencies

(declining to c=66 at 325 MHz and c = 63 at 4995 MHz). The resulting field of view at 2273

MHz is 0◦.37. In order to image a field big enough to recover the relic extended emission,

the observations were carried out in the mosaic mode. Three different pointing centers were

chosen (details on Table 4.1). In order to have a good u, υ coverage for each pointing, the

observations were performed switching the telescope from one pointing to another every five

minutes, totalizing four hours of observations for each pointing for a total of twelve hours for

the entire relic. Figure 3.1a shows a small portion of the (u,υ) coverage of the observation. The

entire coverage extends up to ∼ 21 kλ, providing a potential resolution of ∼ 10′′, according

to eq. 3.7. However, part of the very extended emission from the relic is missed because of

the missing short spacing problem. The nominal minimum baseline of 36 m of the maxi-short

configuration used, causes the observations to be not sensitive to structures larger than ∼12.′5,

according to eq. 3.6.

The excellent phase stability of the WSRT system allows to observe primary calibrators

Tab. 3.2: S-band WSRT observational parameters.

Pointing center (J2000) Frequency Bandwidth Exposure time

RA DEC (MHz) (MHz) (h)

12:54:49.999 +27:21:15.120 2273 160 4

12:55:15.000 +27:13:45.120 2273 160 4

12:55:40.000 +27:06:15.120 2273 160 4

only at the beginning and the end of an observation to calibrate the data. 3C286 and 3C147

were observed for this purpose. 3C286 was used as main flux density calibrator using the

Baars et al. (1977) scale.

Careful inspection (on a channel by channel and baseline by baseline base) of the data were

performed in order to remove RFI. Data were flagged also for antennas shadowing using the

WSRT shadowing calculator available in the ASTRON web page4. Flagging, calibration,

imaging and self-calibration were performed with the AIPS (Astronomical Image Processing

System) package, following the guideline provided in the ASTRON web page5.

The three pointings were imaged and self-calibrated separately with the IMAGR task in AIPS.

Images of the Stokes parameter I, U and Q were obtained for each pointing and were then

combined together (separately for I, U and Q) and corrected for the primary beam attenuation

with the FLATN task in AIPS. Due to this correction, the rms noise at the map edges increase

to ∼ 1.2 · 10−4 Jy/beam, being ∼ 4 · 10−5 Jy/beam at the map center. Figure 3.5 shows the

final relic mosaic (the image shown is without primary beam correction). The high resolution

of the observations allows to distinguish the diffuse relic emission from the emission of the

4https://www.astron.nl/˜heald/tools/wsrtshadow.php
5http://www.astron.nl/radio-observatory/astronomers/analysis-wsrt-data/.
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3.3 Radio observations and data reduction

many discrete sources present in the field, some of which are labeled in the image. The relic

emission shows a peculiar morphology that resemble that of a two-sided lobes radio galaxies,

although, as already pointed out in literature, its large physical extent combined with its low

radio brightness exclude the possibility that the relic is a normal radio-active galaxy. The tailed

radio galaxy NGC4789, suggested to be the source of relativistic electrons re-accelerated in

the relic emission, is visible in the south-west. The map does not show any bridge of diffuse

emission connecting the tailed galaxy with the relic emission. Coma A is visible in the upper

right corner of the image. However, it lies at the border of the northern pointing primary

beam, and no reliable flux density measurements are possible there after the PB correction of

the image.

CONT: 1253+275  IPOL  2271.562 MHZ  MOSAIC NOPB.FLATN.1
PLot file version 7  created 14-MAY-2014 14:27:47

Cont peak flux =  4.8802E-02 JY/BEAM
Levs = 7.000E-05 * (1, 2, 4, 8, 16, 32, 64)
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Fig. 3.5: Contours of the radio emission at 13 cm in the Coma relic field, observed with the

WSRT. Contours are drawn at [1, 2, 4, 8] × 3σ, with 3σ = 7 · 10−5 Jy/beam. The beam,

shown in the lower left corner of the image, is 33.′17 × 13.′16 at a position angle -0.67◦. The

image is not corrected for the primary beam attenuation.
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Chapter 3 The Coma radio relic from combination of interferometric and single-dish data

3.4 Data combination in the L-band

To overcome the resolution poorness of the Effelsberg L-band image, we combined our data

with data retrieved from the NRAO VLA Sky Survey (NVSS) (Condon et al., 1998). The

NVSS is a 1.4 GHz continuum survey performed with the VLA interferometer, covering the

entire sky north of -40◦ declination, with a set of 2326 continuum images of the Stokes I, Q,

and U. Each of these images cover a 4◦× 4◦ fields and can be obtained as FITS files using

either a Web browser 6 or ftp. For our purpose we downloaded two adjacent fields (pointing

center summarized in Table 3.3), as the field observed with Effelsberg fell at the border of the

two NVSS fields. The two NVSS images were mosaicked in a single image with the FLATN

task in AIPS.

Tab. 3.3: NVSS fields.

Name of the field Pointing center (J2000)

RA DEC

C1248P28 12:48:00.0 +28:00:00.0

C1304P28 13:04:00.0 +28:00:00.0

For the combination we choose the METHOD 1 presented in Sec. 3.1.3. The method has

been performed with the IMERG task in AIPS. The steps performed within this task are:

• both the single-dish and cleaned interferometer images are Fourier transformed;

• the visibilities from both instruments are compared in the range of overlapping spatial

frequencies, and a normalization factor, accounting for the calibration factor and the

resolution difference between the two data sets, is calculated;

• after normalization, the single dish visibilities are merged with the interferometric visi-

bilities producing an output consisting of the inner plane (u < umin,INT ) from the single-

dish, the outer plane (u > umax,S D) from the interferometer and a combination of the two

within the overlapping region (umin,INT − umax,S D);

• the merged visibilities are Fourier transformed back in the image plane

The important parameters of the task are the range of overlapping spatial frequencies sampled

(UVRANGE) and the normalization factor (FACTOR= fCAL · αBEAM). The latter can be calcu-

lated with the task itself, once the uv-range where to compare the visibilities is specified.

We first re-gridded the Effelsberg image to the same geometry as the NVSS image (same im-

age size, same coordinate center, same pixel size) with the task OHGEO in AIPS. The blanked

pixels in both images were set to zero. We used the strong 3C point source present in the field,

Coma A, to check the calibration and alignment consistency between the Effelsberg and NVSS

images. Table 3.4 summarizes the parameters obtained modeling the source with a Gaussian

fit (JMFIT task in AIPS). We shifted the Effelsberg image accordingly to make the peak of

Coma A coincident in the two images. We calculated the calibration factor as described in

6http://www.cv.nrao.edu/nvss/findFITS.shtml.
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3.4 Data combination in the L-band

Tab. 3.4: COMA A parameters.

Parameter NVSS image Effelsberg image

Flux density (Jy) 2.980 ± 0.001 2.95±0.03

X-axis peak position (pixel) 694.73 692.45

Y-axis peak position (pixel) 937.26 938.55

Sect. 3.1.3 eq. 3.11 using the flux density of Coma A. We obtained fCAL = 1.01. The resolu-

tion of the NVSS imag is 45′′ × 45′′, while that of the Effelsberg image is 9.′4 × 9.′4, giving a

resolution ratio factor αBEAM = 6.34 · 10−3. The resulting FACTOR parameter is 6.4 · 10−3.

In theory, one can calculate the exact UVRANGE of overlap from the size of the single dish

and the shortest baseline of the interferometer and use it together with the above calculated

FACTOR as input to the task to get the merged map. In practice the overlap between the two

instruments is much more complicated than this, e.g. the single dish is not uniformly illumi-

nated out to DS D, especially at higher frequencies. For this reason we varied the UVRANGE

parameter (within a plausible range) and let the task calculate the normalization factor. We

chose the best uv-range as the one at which the FACTOR calculated by the task compar-

ing the visibilities, equaled the factor we calculated. The NVSS shortest spacing sampled is

umin,INT ∼170 λ, corresponding to the minimum antenna separation of ∼ 37 m (Condon et al.,

1998). For Effelsberg, considering the whole aperture gives a umax,S D ∼ 100m/0.21m = 476λ,

while assuming an aperture efficiency of ∼ 54 % at 21 cm (as specified in the Effelsberg web

page) we have umax ∼ 257λ. The final overlap uvrange, selected with the above criterion, is

170-240 λ.

The final combined map has a resolution of 45′′ and contains information on spatial frequen-

cies in the range 0 - 4.5 kλ. It is the first complete image with high resolution available for the

Coma radio relic at this frequency.

Figure 3.6 shows the comparison of the emission before (upper panel) and after (lower panel)

the combination (both maps are smoothed to a resolution of 90′′ to increase the signal to noise

ratio). The success in recovering the diffuse emission from the radio relic is evident. We

checked the flux in the final combined image (with the original resolution of 45′′) inside the

rectangular area showed in black in Fig. 3.6b. Results are summarized in Table 3.5. The flux

difference between the images before and after combination inside the testing box is ∼225 mJy.

We checked the flux recovery with the combination process subtracting from the Effelsberg

image the NVSS image convolved to the same resolution of 9.′4 (shown in Fig. 3.7). In the

image are visible the residual of the Coma A single-dish side-lobes after the subtraction. The

residual flux calculated in the relic area is ∼ 217 mJy. The flux densities of the point sources

in the field is the same before and after the combination (within a 5% error), as expected.

The data combination succeeded in recovering the missing extended emission from the diffuse

relic. However the difference flux is likely not the proper flux density of the radio relic as

it contains also some contribution form the bridge of emission connecting the relic with the

tailed source NGC4789, as visible from Fig. 3.7. Moreover, some of the relic emission was

already recovered in the NVSS image. In Sect. 3.7 we present the estimation of the relic flux

density at this frequency.
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Chapter 3 The Coma radio relic from combination of interferometric and single-dish data

(a) Before data combination.

(b) After data combination.

Fig. 3.6: Comparison of the total intensity radio emission at 21 cm in the Coma relic field

before and after data combination. Contours level are drawn at [1,2,4] × 0.0015 Jy/beam.

The beam is 90′′ for both images.
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3.4 Data combination in the L-band

Fig. 3.7: Effelsberg 21 cm total intensity image of the Coma relic field with NVSS emission

subtracted out. Contours are drawn at [1,2,4,8] × 0.001 Jy/beam. The beam is 9.′4 × 9.′4.

Residuals of the Coma A single-dish side-lobes after the subtraction are visible in the upper-

right corner.
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Tab. 3.5: Flux density comparison before and after data combination in the L band.

Flux from NVSS map Flux from combined map Recovered flux

(mJy) (mJy) (mJy)

327.3 552.8 225.5

(a) Testing box.

Name RA DEC Flux from NVSS map Flux from combined map

(J2000) (mJy) (mJy)

Coma A 12:54:11.6 27:37:32.6 2980 2980

12:53:14.51 27:39:41.97 130.0 128.0

12:53:06.9 27:46:06.9 190.0 189.0

12:53:13.38 27:16:01.88 17.1 16.3

12:53:34.78 27:06:13.99 93.2 92.5

12:54:01.47 27:03:56.96 53.0 52.7

12:56:30.98 27:01:08.8 133.0 133.0

12:56:07.63 26:54:50.49 18.8 18.0

5C4.24A 12:54:58.43 27:15:12.17 27.0 29.6

5C4.31A 12:55:43.37 27:16:46.36 22.5 23.4

12:55:18.30 27:31:40.22 25.7 24.7

12:55:59.94 27:27:31.3 20.8 20.4

12:57:24.33 27:29:54.61 77.0 76.1

5C4.29 12:55:21.04 27:14:11.04 23.4 27.9

(b) Field sources.
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3.5 Data combination in the S-band

3.5 Data combination in the S-band

To overcome the zero-spacing problem and achieve complete spatial frequency coverage in

the S-band observations, the missing information on larger scale was obtained from Effelsberg

observations at 2.64 GHz (11 cm, S band; PI: E. Fürst, unpublished data). The total field size

observed is 3◦×3◦ and is centered in RA=12 59 24.81 DEC=27 43 50.1 (J2000), covering

both the radio relic and halo emission. A total of 42 coverages were obtained along Right

Ascension and Declination, providing a very sensitive map of the field. 3C286 was used as the

main flux density calibrator according to the Baars et al. (1977) flux scale (S2640=10.5 Jy). The

flux scale was checked with Coma A, which has a flux of 1.93 Jy in the final calibrated map,

as expected from Helmboldt et al. (2008). The big final map shows both the diffuse emission

from the radio relic and the radio halo, as well as 160 point-like sources. The resolution of the

image is 4.′4×4.′4.

The combination was performed with the IMERG task in AIPS. Different strategies were

tested:

• individual combination of each WSRT pointing not corrected for the primary beam at-

tenuation with the Effelsberg image convolved with the WSRT primary beam and sub-

sequent mosaic with primary beam correction of the three merged images;

• individual combination of each WSRT pointing corrected for the primary beam attenu-

ation with the Effelsberg image and subsequent mosaic of the three merged images;

• combination of the WSRT mosaic not corrected for the primary beam attenuation with

the Effelsberg image convolved with the WSRT primary beam and subsequent primary

beam correction of the merged image;

• combination of the WSRT mosaic corrected for the primary beam attenuation with the

Effelsberg image;

We chose the last method, based on best results.

The first step was to regrid the Effelsberg image to the same geometry as the WSRT image .

The blanked pixels in both images were set to zero. Coma A was modeled with a Gaussian and

subtracted from the Effelsberg image before the combination. The resolution ratio between the

two data sets is αBEAM ∼ 3.9 · 10−3.

We checked directly the WSRT visibilities to see the effective u, υ-range covered by the ob-

servation; for all the three pointings we have u, υ-range ∼0.170-21 kλ. In the case of these

observations, the combination is complicated by the small difference in the central observing

frequency of the WSRT and Effelsberg observation (13 cm and 11 cm respectively) and by the

absence, after the correction for the primary beam, of suitable point-like sources to directly

calculate the calibration factor. This same problem has been overcome in the literature by us-

ing an average spectral index derived by a comparison of the flux densities of compact sources

present in the field, to extrapolate the single-dish data to the center frequency of the interfero-

metric data (see e.g. Kronberg et al., 2007). We pretended the Effelsberg observations to be at

the same frequency of the WSRT and let the task calculate the normalization factor to match

the visibilities amplitude in the overlapping region. Assuming an observing wavelength of 13

cm and an aperture of 100m, we obtain umax;sd ∼ 770 λ. We varied the UVRANGE inside the

range 170-770 λ. The best u, υ-range was judged by calculating the relic integrated flux in the
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Chapter 3 The Coma radio relic from combination of interferometric and single-dish data

merged map and trying to get this as close as possible to the flux predicted from the integrated

spectrum available in literature (α=1.19±0.06 Pizzo (2010), predicted flux S 2273 = 128 ± 10

mJy). The final UVRANGE was 170-700 λ and the relic integrated flux in the merged map

(after point source contribution subtraction) is 123 ± 12 mJy.

The final combined map has a resolution of 33.′′17 × 13.′′16, and complete uv-coverage in the

range 0 - 21 kλ.

Figure 3.8 shows the relic emission in the S-band before and after the data combination. Also

in this case the data combination succeeded in recovering the missing diffuse emission from

the radio relic. The flux was missing along the minor axis of the relic. Table 3.6 summarizes

the flux comparison of the relic and discrete sources before and after combination.
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3.5 Data combination in the S-band

(a) Before combination.

(b) After combination.

Fig. 3.8: Comparison of the total intensity radio emission at 13 cm in the Coma relic field

before and after data combination (black contours and color scale). Black contours levels

are drawn at [1,2,4] × 0.00012 Jy/beam. The beam is 33.′′17 × 13.′′16 at a position angle

of -0.67◦. Green contours in the upper panel represent the Effelsberg 11 cm map and are

drawn at [1,2]× 0.007 Jy/beam.
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Tab. 3.6: Flux density comparison before and after data combination in the S-band.

Flux from WSRT map Flux from combined map Recovered flux

(mJy) (mJy) (mJy)

79.0 123.0 44.0

(a) Relic flux after subtraction of point source contribution.

Name RA DEC Flux from WSRT map Flux from combined map

(J2000) (mJy) (mJy)

FS1A 12:55:17.70 +27:22:15.12 5.01 5.19

FS1B 12:55:26.60 +27:22:51.09 7.70 7.85

5C4.31A 12:55:43.24 +27:16:49.44 14.1 14.2

5C4.31B 12:55:53.76 +27:17:23.04 2.25 2.37

5C4.24A 12:54:58.30 +27:15:13.56 23.1 23.2

5C4.24B 12:55:08.02 +27:15:21.11 3.06 3.24

5C4.29

12:55:18.90 +27:14:05.40 5.56 5.86

12:55:20.57 +27:14:09.86 4.70 4.98

12:55:22.76 +27:14:15.11 5.18 5.47

N1 12:55:46.67 +27:03:55.4 3.34 3.27

N2 12:55:56.14 +27:10:-1.24 0.62 0.75

N3 12:55:22.64 +27:12:21.11 0.42 0.61

N4 12:54:53.05 +27:20:06.01 1.47 1.88

(b) Field sources.
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3.6 Is the relic 2 Mpc long?

3.6 Is the relic 2 Mpc long?

Brown & Rudnick (2011) report a tentative detection of an extension to the Coma radio relic

which makes its total extent ∼67′ (∼ 2 Mpc), in contrast with the size of ∼ 30′ reported by

Giovannini et al. (1991) and Thierbach et al. (2003). The diffuse relic, as seen in their 1.4

GHz GBT image after a manual subtraction of the source Coma A, extends through the posi-

tion of the subtracted source to the north-west. The extended relic is also seen in the image

of the absolute value of the Stokes Q (without Coma A subtraction). However, in their WSRT

352 MHz image, the relic is only 28′ long. They argue that this is due to the instrumental

contamination from Coma A.

None of our images support such an extension of the radio relic emission.

The low resolution of the 21 cm Effelsberg observations (Fig. 3.4) causes the relic emission

to blend with Coma A in the north in the image, making a firm determination of the relic

extent difficult. We estimate that the relic extends to ∼ 27.3′ before it blends with Coma A.

The emission at the north-west of Coma A is due to the blending of the emission of two point

sources (visible at higher resolution in the upper-right corner of Figs. 3.6). Moreover, in the

difference image (Fig. 3.7) obtained by subtracting the NVSS image smoothed to the same

resolution from the Effelsberg 21 cm image, the upper boundary of the relic emission is clearly

visible. From this image we measure 29.′6 for the relic extent. The residuals of the Coma A

subtraction are also clearly visible in the upper-right corner of the image. These residuals

are due to the fact that the Effelsberg image is convolved with a dirty beam with secondary

side-lobes, while the NVSS image is a clean image convolved with a clean beam where the

secondary side-lobes have been removed. When convolving the NVSS image to the same

resolution of the Effelsberg image, the width of the primary beam is the same, while the side

lobes are still missing. The subtraction therefore leads to the positive residuals visible in the

image.

Also at the higher resolution of the combined L-band image (Fig. 3.6b), the relic appears

detached from Coma A, and no extension is clearly visible. At the resolution of this image,

we measure a relic size of 27.′8. We remind that this image has complete uv-coverage from

0 up to ∼4.5 kλ, and any extended emission present in the field should be recovered with the

Effelsberg+NVSS data combination.

The same holds true for the combined S-band image (Fig. 3.8b). However, the WSRT northern

pointing borders at the position of Coma A, and the PB correction causes a local increase of the

noise, which makes a firm statement about the borders of the relic emission difficult. However,

Fig. 3.8a shows the contours of the Effelsberg 11 cm emission (green contours), where Coma

A was subtracted with a Gaussian fit. The 3σ emission from the relic has clear borders in the

north direction. Also in this case the residuals from the subtraction of Coma A are visible.

From this image we measure ∼ 29.′64.

The values measured for the relic extent at different frequencies and at different resolution are

summarized in Table 3.7.

We conclude that our data suggest an extent for the relic of no more than ∼30′ (∼ 800 kpc).

This is supported by images of the relic field available in the literature. In particular from

observations at low frequencies, where lower brightness steep diffuse emission should come

up more clear. For example in Fig. 6.4 from Pizzo (2010) at 150 MHz, where a big field of

the Coma cluster is shown and where the bridge of emission connecting the halo, relic and
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Chapter 3 The Coma radio relic from combination of interferometric and single-dish data

NGC4789 is clearly visible, the 3σ contours in the relic region clearly detach from the Coma

A emission, and no extension to the north is visible. Fig. 1 of Venturi et al. (1990) also shows

the radio emission at 326 MHz of a big field of the Coma cluster. Also in this case the relic

does not extend further north of Coma A. Finally, no clear extension is visible in the new

LOFAR images of the Coma cluster field retrievable in the web7 for which the author reports

a relic extent of ∼ 800 kpc. If any extended emission with very low brightness below the 3σ

noise level of our images exists, it might not be directly related to the relic/shock, but rather

with a larger scale diffuse emission on the scale of the Coma cluster.

Tab. 3.7: Coma relic extent at different wavelengths and resolution.

Ref. to image in text Frequency Resolution Extent Extent

(MHz) in arcmin in kpc

Effelsberg L-band image 3.4 1408 9.′4 × 9.′4 ∼ 27.3 ∼720.7

Effelsberg + NVSS image 3.6b 1408 90′′ × 90′′ ∼ 27.8 ∼734.0

Effelsberg - NVSS image 3.7 1408 9.′4 × 9.′4 ∼ 29.6 ∼781.4

Effelsberg S-band image 3.8a 2640 4.′4×4.′4 ∼ 29.64 ∼782.5

Effelsberg +WSRT image 3.8b 2273 33.′17 × 13.′16 ∼ 26.6 ∼702.2

3.7 The integrated radio spectrum of the Coma relic

In order to estimate the flux density of the diffuse relic emission, the flux contribution from

the discrete sources embedded in the emission needs to be carefully subtracted. We used the

source flux densities that we measured in our WSRT 2273 MHz image, the published flux at

1400 MHz (Giovannini et al., 1991) and the extrapolation of the fluxes to 2640 MHz. Sources

flux densities are summarized in Table 3.8.

We calculated the flux of the relic at 21 cm from the combined NVSS+Effelsberg image

presented in Sec. 3.4 (Fig. 3.6b). After subtracting the flux of the point-sources, we measure

a relic flux S 21cm =195±20 mJy.

We calculated the flux of the relic at 11 cm from the original Effelsberg image (green contours

in Fig. 3.8a). After subtraction of the source contribution we obtain a flux S 11cm =116±12

mJy.

Table 3.9 summarizes the flux of the relic densities calculated in the present work and pub-

lished in literature. As these measurements arise from different works and are calculated from

images produced with different telescopes, we raised the 1-σ error of the flux to 10% (where

lower) for the computation of the total spectrum. The integrated spectrum of the Coma relic

in the frequency range 139-4759 MHz is consistent with a straight power law with a spectral

index α = 1.21 ± 0.03 (shown in Fig. 3.9), consistent with what was previously reported by

Pizzo (2010). We did not use the flux of the relic at 2273 MHz measured in the combined map

(Fig. 3.8b) for the spectrum fit, because it was forced to the value predicted by the previously

published spectrum (see Sec. 3.5) and therefore it is not an independent measure. The data

point is, however, plotted (open red circle) on the total spectrum for comparison.

7http://www.astron.nl/lofarscience2014/Documents/Tuesday/Session%20I/Bonafede.pdf
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3.7 The integrated radio spectrum of the Coma relic

Tab. 3.8: Coma relic field sources.

Name S1400 S2273 S4860 α2273
1400

α4860
2273

S2.64

(mJy) (mJy) (mJy) (mJy)

FS1A 8.10 ± 0.20 5.01 ± 0.17 — 1.05 — 4.28

FS1B 11.90 ± 0.26 7.70 ± 0.14 — 0.95 — 6.67

5C4.31A 21.70 ± 0.44 14.10 ± 0.14 7.80 ± 0.16 0.94 0.78 12.55

5C4.31B 6.80 ± 0.17 2.25 ± 0.15 — 2.42 — 1.56

5C4.24A 29.90 ± 0.60 23.10 ± 0.15 8.60 ± 0.17 0.56 1.3 19.01

5C4.24B 3.60 ± 0.12 3.06 ± 0.12 1.80 ± 0.05 0.35 0.70 2.75

5C4.29

7.40 ± 0.18 5.56 ± 0.166 1.90 ± 0.05 0.63 1.41 4.50

4.20 ± 0.13 4.70 ± 0.20 4.40 ± 0.10 -0.25 0.09 4.64

7.80 ± 0.18 5.18 ± 0.17 1.80 ± 0.05 0.9 1.4 4.20

N1 7.94 ± 1.36a 3.34 ± 0.17 — 1.9 — 2.51

N2 — 0.62 ± 0.11 — — — —

N3 — 0.42 ± 0.14 — — — —

N4 5.13±1.45a 1.47 ± 0.15 — 2.73 — 1.00
a Measured from NVSS image.

In the scenario of diffusive shock acceleration for radio relics (see Sect. 2.3.2) and applying the

Rankine-Hugoniot conditions, this spectral index predicts a shock Mach number M = 3.2+0.28
−0.15

.
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Tab. 3.9: Coma relic integrated flux densities.

Frequency Flux densities References

(MHz) (Jy)

139 4.0 ± 0.2 Pizzo (2010)

151 3.3 ± 0.5 Cordey (1985)

326 1.4 ± 0.03 Giovannini et al. (1991)

408 0.91 ± 0.10 Ballarati et al. (1981)

610 0.611 ± 0.05 Giovannini et al. (1991)

1400 0.195 ± 0.020 present work

2273 0.123 ± 0.013a present work

2640 0.116 ± 0.012 present work

2675 0.112 ± 0.010 Thierbach et al. (2003)

4759 0.054 ± 0.015 Andernach et al. (1984)
a Forced to this value (see Sec. 3.5 for more details).
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Fig. 3.9: The Coma relic integrated radio spectrum. Black circles are flux density values from

literature, while red circles are measurements from this work. The open red circle represents

the relic flux at 2273 MHz that was not used for the fit (see text for more details).
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3.8 Planck SZ determination of a pressure discontinuity∗

The detection of shock features at radio relic positions have so far been obtained through

X-ray observations. An independent method for confirming the presence of shock waves at

radio relic positions would be to detect the pressure discontinuity directly from the Sunyaev-

Zel’dovich (SZ) effect imaging. The SZ effect measures the line-of-sight integral of the pres-

sure of the thermal gas, and recent instrumental advances have opened up the SZ effect as a

promising tool to study cluster astrophysics. Yet no direct determination of the shock front at

radio relics from SZ has been published. Here we report a first tentative detection of a pressure

discontinuity at the position of the Coma relic from the analysis of SZ data.

A 30◦ × 30◦ map of the Comptonization parameter y (see Sect. 1.2.2) was constructed from

Planck data by forming linear combinations of maps, using all six frequency bands of the

Planck High Frequency Instrument. The data were taken from the nominal 15-months survey

(Planck data release 2013). A Gaussian filter was applied to smooth all maps to a common

resolution of 10′. More details on the data reduction can be found in Erler et al. (submitted to

MNRAS). The resulting Compton-y map is shown in Fig. 3.10. The noise level on pixel scale

is σpix = 2.16 × 10−6, in good agreement with the noise properties of the Planck published

results on Coma by the Planck team (Planck Collaboration et al., 2013b).

We investigate the ICM pressure in the relic direction as seen from the Planck data, and

Fig. 3.10: The Comptonization map derived from the linear combination of Planck data. The

thin white circle denotes the R500 for Coma, the white contours are from the S-band com-

bined image and show the position of the relic, which is located at roughly 1.6 × r500. The

red cylinder shows our assumed geometry of the 3D pressure tube, consistent with the relic

length, and the yellow wedge marks the 2D region from which the profile used during our

analysis is extracted.

whether a pressure discontinuity is directly visible at the position of the radio relic. We used

the S-band combined image (Sect. 3.5) to constrain the position and width of the relic/shock

∗Erler, Basu, Trasatti, Klein, Bertoldi (submitted to MNRAS)
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front. High-frequency radio emission in a radio relic should mark the location of freshly accel-

erated electrons closest to the shock front, it is a cleaner indicator of the shock front geometry.

Due to the high ratio between the major and minor axis of the radio relic, we assumed that

it represents an edge-on shock front in the plane of the sky. Figure 3.11 shows the result of

radial profile extraction along 18 identical cones of width 20◦ from the Coma cluster center

(12:59:47, +27:55:53). The blue data points are the projected pressure along the direction of

the relic, whose errors are computed from the covariance of 1000 similarly shaped cones in

a 30◦ × 30◦ y-map. The other solid lines mark the y-profiles in other directions, with the two

neighboring cones marked separately in color. Clearly, there is an excess of pressure in the re-
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Fig. 3.11: SZ profiles for the Coma cluster. The blue data points with errors mark the radial

profile along the relic direction, extracted from a cone-shaped region of opening angle 20◦.

The thin gray lines mark the radial profiles in similar cones in all the other radial directions.

The two neighboring cone profiles below and above the relic cone are additionally marked

in color. The black continuous line is the GNFW model fit for the average radial profile,

excluding the cone that contains the radio relic. The two vertical dotted lines mark the prior

boundaries on the radio relic position derived from the S-band radio data.

gion between R500 and R200 of the cluster in the relic direction, roughly terminating at the edge

of the relic as seen from radio data (the relic width is shown by the two vertical dotted lines).

Inside R500 the high pressure comes from a general elongation of the Coma cluster in this di-

rection, as also noted by the Planck collaboration analysis. Beyond the relic position the data

is generally consistent with noise for all cones. We can see an indicative jump for the projected

pressure where the radio relic ends, but its significance is low. To quantify this small effect and

deproject the underlying pressure discontinuity, we explored different classes of models (more

details in Erler et al. submitted to MNRAS). Of the three models we tested, a power law featur-

ing a pressure discontinuity at the position of the relic provides the best fit to the SZ data. The

best fit pressure ratio suggests a mildly supersonic shock (M ∼ 3), bolstering the hypothesis

of shock origin of the Coma radio relic. Our Mach number results are tied to the assumption

of a “shock tube” geometry, which we base on the high-resolution radio measurement of the
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Coma relic. The S-band radio data fixes the width of the propagating shock front (or the high

pressure filament) at roughly 730 kpc in the plane of the sky. Such cylindrical shock fronts can

be seen from the hydro simulations of cluster mergers (e.g. Vazza et al., 2012), and therefore

provides a simple yet realistic model for deprojecting the Planck y-map. The derived Mach

number value agrees within one σ with the estimates from the radio spectral index (Sect. 3.7),

as well as with estimates from XMM Newton (M = 1.9+0.16
−0.40

, Ogrean & Brüggen (2013)) and

from Suzaku (M = 2.2 ± 0.5, Akamatsu et al. (2013)). The current SZ-based errors are larger

than the X-ray spectroscopic measurements, although different X-ray studies vary widely on

their treatment of background systematics and the quoted X-ray Mach numbers do not neces-

sarily reflect on those systematics (e.g. Simionescu et al. (2013) fails to derive a meaningful

temperature measurement beyond the relic position using the same Suzaku data).

The analysis of the SZ data (with radio priors) presented in this section supports the idea

of an outwardly moving shock front, likely caused by the first infall of the group NGC 4839.

We find no evidence for inward moving shock from the pressure profile models. However, the

causal connection between the infalling group NGC 4839 and the shock front detected at the

radio relic remains speculative, and we do not claim to know the origin of the shock that is

likely causing the radio emission in the Coma relic.

3.9 Conclusion

In this chapter we have presented a radio and Sunyaev-Zeldovich analysis of the radio relic in

the Coma cluster. The main point of this study can be summarized as follows.

• We presented new observations of the Coma radio relic performed at 1400 MHz (=21

cm, L-band) with the Effelsberg-100m Telescope and at 2273 MHz (=13 cm, S-band)

with the WSRT. The Effelsberg observations cover a wide field on the Coma cluster, and

both the peripheral radio relic and the central radio halo are visible. The bridge of low

brightness diffuse emission connecting the halo and the relic is also visible. The high

resolution of the WSRT observations allows to distinguish the diffuse relic emission

from the emission of the many discrete sources present in the field. The relic emission

shows a peculiar morphology that resemble that of a two-sided lobes radio galaxies,

although, as already pointed out in literature, its large physical extent combined with its

low radio brightness exclude the possibility that the relic is a normal radio active galaxy.

• We showed the results of single-dish and interferometric data combination in the L and

S bands. The method presented is powerful and allow to recover the large-scale diffuse

emission, preserving a high resolution, which make it well suitable for the study of

diffuse emission in galaxy clusters at GHz frequencies.

• None of our image support the tentatively detection claimed in literature of an extension

to the radio relic which makes its total extend ∼ 2 Mpc. Our data suggest an extent for

the relic of no more than ∼30′ (∼ 800 kpc), in agreement with other authors in literature.

• We presented new relic flux density measurements at 1400 and 2640 MHz. Fitting our

data with data available in literature we find that the Coma relic integrated spectrum

in the frequency range 139-4759 MHz is consistent with a straight power law with a
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spectral index α = 1.21 ± 0.03, consistent with what previously reported. In the sce-

nario of diffusive shock acceleration for radio relic and applying the Rankine-Hugoniot

conditions, this spectral index predicts a shock Mach number M = 3.2+0.28
−0.15

.

• We collaborated in the analysis of SZ Planck data to investigate whether a pressure

discontinuity is directly visible at the position of the radio relic. We tested different

models and found that a power-law featuring a pressure discontinuity at the position of

the relic provides the best fit to the SZ data. The best fit pressure ratio suggests a mildly

supersonic shock (M ∼ 3), in agreement with what predicted from the radio integrated

spectrum, bolstering the hypothesis of shock origin of the radio relics. The analysis

supports the idea of an outwardly moving shock front, likely caused by the first infall of

the group NGC 4839.
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Chapter 4

The radio relic in Abell 2256:

overall spectrum and implications for

the electron acceleration∗

4.1 Introduction

The proposed formation mechanisms differ in the predictions of the morphological and spec-

tral characteristics of the different classes of relics. DSA of both thermal and pre-accelerated

electrons, should produce larger and more peripheral structures, with strong polarization, and

pure power-law integrated synchrotron spectra (Brüggen et al., 2012). Fermi processes natu-

rally predicts an injection power law energy distribution for the accelerated electron population

of the form1 f (E) ∝ E−δin j . From synchrotron theory, the emission produced by this population

of electrons is also described by a power law2

S (ν) ∝ ν−αin j with αin j =
δin j − 1

2
. (4.1)

Emitting particles are naturally subject to energy losses. These losses are governed by many

physical factors such as the properties of the magnetic field (see Kardashev, 1962; Jaffe & Perola,

1973; Komissarov & Gubanov, 1994, for a description of the different models of electron ag-

ing). The absence of any constant injection of new electrons would lead to a cutoff in the high

energy region of the integrated spectrum, moving towards lower frequencies in the course of

time. The presence of constant injection of particles with the same energy spectrum, on the

other hand, would eventually mask the cutoff, leading instead to a break with a change of 0.5

in the spectral index of the integrated emission (Kardashev, 1962):

αobs = αin j + 0.5. (4.2)

This condition translates, in case of DSA, in the assumption that the properties of the shock

remain unchanged (stationarity for the shock). If the shock has been present in the ICM for

a time exceeding the electron cooling time, a single power law with spectral index αobs is ex-

∗Trasatti, Akamatsu, Lovisari, Klein, Bonafede, Brüggen, Dallacasa, Clarke (subm. to A&A )
1The distribution is truncated at high energy due to the existence of a maximum energy to which electrons can

be accelerated.
2The synchrotron spectrum has an exponential cutoff at high frequency reflecting the truncation in the particle

distribution.
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pected for the integrated radio spectrum (stationarity for the spectrum). The observed spectral

indices reported in Table 4 of Feretti et al. (2012) for straight integrated spectra range from

1.1 to 1.6. A gradient is expected in the spectral-index distribution across the source, with the

flattest values marking the position of the shock front where the particle get accelerated and

the steepening showing the radiative losses as the electrons are advected away from the shock.

Such a gradient is clearly observed in the radio relic in CIZA J2242.8+5301 (van Weeren et al.,

2010; Stroe et al., 2013).

In case of revival via adiabatic compression of old radio plasma left behind by radio galaxies

and pushed towards the cluster outskirts by buoyancy, we expect instead more filamentary and

smaller radio structures (< 50 kpc), again strongly polarized, but with steeper and curved in-

tegrated spectra due to the already aged population of electrons that are re-accelerated. In fact

the adiabatic compression would just shift the already aged spectrum at high energies upward,

without modifying the spectral slope. Even steeper spectra are expected in case of AGN relics.

The average spectral indices reported in Table 4 of Feretti et al. (2012) for integrated spectra

with measured steepening, range from 1.7 to 2.9.

With these ingredients, detailed studies of the integrated spectrum and of the spectral-index

distribution across the sources, allow to test the current models and study the shock properties

in case of DSA. This is accomplished by observations made over a broad range of frequen-

cies. However, an accurate measurement of the integrated spectra of radio relics is a difficult

task. These sources usually contain a number of discrete sources, whose flux density needs to

be carefully subtracted from the total diffuse emission. This requires high-resolution imaging

at many frequencies using radio interferometers. However, increasing the observing frequen-

cies, interferometers encounter the technical problem of the missing short spacings that makes

them ”blind” to very extended structures. On the other hand, single dishes are optimal to catch

all the emission from a field but they lack angular resolution. Indeed, integrated spectra over

a wide range of frequencies are available in the literature only for few of these objects (see

Feretti et al., 2012).

An independent measure of the properties of shocks is provided by deep X-ray observations.

Through the measurements of temperature and/or pressure jumps at the location of the shock,

properties such as the shock Mach number M and the shock compression ratio C can be in-

ferred (see review by Brüggen et al., 2012). In the test particles approximation3 of DSA, if

the particle diffusion is specified, the shock Mach number is the primary parameter that deter-

mines the efficiency of the acceleration mechanism and the energy distribution of the particles

at injection (Kang & Ryu, 2010). In this case, a simple direct relation between the shock Mach

number M and the injection index δin j of the energy electrons distribution exists:

δin j =
2(M2 + 1)

(M2 − 1)
. (4.3)

However, radio relics are usually observed in the outskirts of clusters where the very low den-

sity of electrons (ne < 10−4 cm−3) make the detection of shocks in the X-ray very challenging

(Akamatsu & Kawahara, 2011). Indeed, few clear X-ray shock detection are known in litera-

ture (see review by Brüggen et al., 2012). In conclusion, multi-frequency radio measurements,

combined with deep X-ray observations, allow a search for and a proper study of these shocks

to test the shock-origin model for relics.

3When the dynamical feedback of the Cosmic Rays electrons pressure is ignored.
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4.2 The radio relic in Abell 2256

One of the most intriguing clusters hosting both a radio relic and a radio halo is the galaxy

cluster A 2256 (z = 0.058). It also shows all typical signatures of a merging cluster system

although its dynamical state is not yet completely understood. This cluster has been the first

observed with LOFAR at very low frequencies (20 - 63 MHz) by van Weeren et al. (2012b).

They collected data up to 1400 MHz and found a radio integrated spectrum for the relic that

can be described by a power law with a relatively flat spectral index α1369
63
= 0.81 ± 0.03. The

occurrence of similar flat spectral indices have been reported by Kale & Dwarakanath (2010)

in the frequency range 150-1369 MHz. Assuming stationary conditions in the test-particle

case of DSA, this would require an injection spectral index which is not consistent with the

flattest possible injection spectral index from DSA . Indeed, a direct consequence of the test-

particle approach to DSA is that in the limit of strong shocks (M ≫ 1) the particle index δin j

approaches a asymptotic value of 2. This means that particle energy distribution produced by

test-particle DSA cannot be flatter than 2 (it must be δin j & 2). As a consequence the syn-

chrotron spectra at injection cannot be flatter than 0.5 (αin j & 0.5). So, we should not observe

relics with spectra αobs . 1. The flat spectrum could be reconciled with shock acceleration

if the shock has been produced very recently (∼ 0.1 Gyr ago) and stationarity has not been

reached yet. In this case a steepening of the integrated spectrum is expected at frequencies '

2000 MHz.

In this chapter we present new high-frequency radio observations (Sect. 4.3) of A 2256 at

2273, 2640 and 4850 MHz MHz performed both with an interferometer (the Westerbork Syn-

thesis Radio Telescope, WSRT) and a single dish (the Effelsberg-100m Telescope), comple-

mented by X-ray observations (Sect. 4.4) performed with the Suzaku and XMM-Newton satel-

lites. In Sect. 4.5 we present a new determination of the relic radio spectrum over the widest

sampled frequency range collected so far for this kind of object (63 MHz-10450 MHz)4. In

Sect. 4.6 we show the ICM temperature in regions across the radio relic emission. In Sect. 4.7

we consider the effect of the thermal Sunyaev-Zeldovich (SZ) decrement on our flux density

measurements at high frequencies. Discussion and conclusions are presented in Sects. 4.8 and

4.9.

We adopted the cosmological parameters H0 =71 km s−1 Mpc−1, ΩΛ=0.73 and Ωm=0.27

(Bennett et al., 2003), which provide a linear scale of 1.13 kpc arcsec−1 at the redshift of

A 2256.

4.3 Radio observations and data reduction

A 2256 was observed with the WSRT at 2273 MHz and with the Effelsberg 100-m telescope

at 2604 and 4850 MHz.

In this section we present the observations and the main steps of the calibration and image-

making process. All the observations include full polarization information. In this section we

focus on the total intensity properties of the cluster. We postpone a detailed local analysis

based on polarization properties and spectral index maps to Chap. 5.

4A very recent paper reports the first observation of a radio relic at 16 GHz (Stroe et al., 2014).
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4.3.1 WSRT observations in the S-band

For this project we choose for the WSRT the maxi-short configuration which has optimized

imaging performance for very extended sources. The receiver covers the frequency range from

2210.0 MHz to 2336.8 MHz with eight contiguous IFs of 20 MHz width each; the resulting

central frequency is 2273 MHz and the total bandwidth is 160 MHz. We are potentially sensi-

tive to emissions on scale up to ∼13′ with a full resolution of ∼9′′.

The main limiting factor of the field of view is the effect of the primary beam attenuation. For

the WSRT this can be described by the function cos6(c · ν · r) where r is the distance from the

pointing center in degrees, ν is the observing frequency in GHz and the constant c= 68 is, to

first order, wavelength independent at GHz frequencies (declining to c=66 at 325 MHz and c

= 63 at 4995 MHz). The resulting field of view at 2273 MHz is 0.37◦. In order to image a field

big enough to recover the extended emission in A 2256, the observations were carried out in

the mosaic mode. Three different pointing centers were chosen (details in Table 4.1). In order

to have a good uv coverage for each pointing, the observations were performed switching the

telescope from one pointing to another every five minutes, having four hours of observations

for each pointing for a total of twelve hours for the entire cluster. The excellent phase stability

of the system allow to observe primary calibrators only at the beginning and the end of an

observation to calibrate WSRT data. 3C286 and 3C48 were observed for this purpose.

Flagging, calibration, imaging and self-calibration were performed with the AIPS (Astro-

Tab. 4.1: WSRT Observational parameters.

Pointing center (J2000) Frequency Bandwidth Exposure time Telescope

RA DEC (MHz) (MHz) (h) configuration

17 01 07.998 +78 45 03.701 2273 160 4 maxi-short

17 04 25.000 +78 45 03.701 2273 160 4 maxi-short

17 02 42.300 +78 34 59.988 2273 160 4 maxi-short

nomical Image Processing System) package, with standard procedures following the guideline

provided on the ASTRON web-page5.3C286 was used as the main flux density calibrator us-

ing the Baars et al. (1977) scale (task SETJY in AIPS). The three pointings were imaged and

self-calibrated separately. A multi-resolution clean was performed within the IMAGR task in

AIPS to better reconstruct the complex diffuse emission present in the cluster. Images of the

Stokes parameter I, U and Q were obtained for each pointing and were then combined together

(separately for I, U and Q) and corrected for the primary beam attenuation with the FLATN

task in AIPS.

4.3.2 Effelsberg observations in the S and C bands

Part of the observations were performed with the Effelsberg 100m Telescope. We used the 11

cm (=2640 MHz) and 6 cm (=4850 MHz) receivers. Single-dish observations do not suffer

from the zero-spacing problem, and can trace large scale features, although with modest reso-

lution.

5http://www.astron.nl/radio-observatory/astronomers/analysis-wsrt-data/.
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4.3 Radio observations and data reduction

The data reduction of Effelsberg data was performed with the NOD2 software package, fol-

lowing the standard procedures provided on the MPIfR web-page6. The raw images of both

A 2256 and the calibrators were partly processed using dedicated pipelines available for each

receiver. The default strategy to calibrate Effelsberg data is to observe primary calibrators dur-

ing the session and then use automatic 2-D Gauss fit pipelines to calculate the factor to scale

the final image converting it from mapunit/beam to Jy/beam (task RESCALE in AIPS).

Observations at 2640 MHz

The Effelsberg 11 cm receiver is a single-horn system equipped with a polarimeter with eight

small-band frequency channels, each 10 MHz wide, covering the frequency range 2600-2680

MHz, plus one broad-band channel, 80 MHz wide, over the same frequency range. The re-

sulting central frequency is 2640 MHz and the total bandwidth is 80 MHz. The resolution of

the observation is 4.′5 × 4.′5.

To map the A 2256 field we used the mapping mode, which consist in rastering the field of

interest by moving the telescope e.g. along longitude (l), back and forth, each sub-scan shifted

in latitude (b) with respect to the other. At centimeter wavelengths atmospheric effects (e.g.

passing clouds) introduce additional emission/absorption while scanning, leaving a stripy pat-

tern along the scanning direction (the so-called scanning effects). Rastering the same field

along two perpendicular directions (both along longitude and latitude) helps in efficiently sup-

pressing these patterns, leading to a sensitive image of the region (Emerson & Graeve, 1988).

This technique, called basket-weaving technique, helps also in setting the zero-base level. The

details of the observations are summarized in Table 4.2. For each coverage of the field, the

receiver provides four images (R, L, U, Q) for each of the nine channels. As circular polariza-

tion is generally very weak, the images in R and L are very similar and can be averaged in the

later steps of data reduction providing the total intensity image.

We performed a total of 14 coverages in the longitude direction and 15 coverages in the latitude

direction; due to RFI (Radio Frequency Interference) and pointing problems we had to discard

a small portion of the data. The time required to complete one coverage is ∼ 17 minutes in

both direction, so we have a total observing time on source of 8.2 hours. The observations

were carried out in the night between the 15th and 16 August 2012.

3C286 and 3C48 were used as absolute flux density calibrators using the Baars et al. (1977)

Tab. 4.2: Effelsberg observational parameters.

Map center (J2000) Frequency Bandwidth Map size

RA DEC (MHz) (MHz) (′× ′)

17 04 00 +78 04 00 2640 80 48×48

17 04 00 +78 04 00 4850 500 40×35

scale that provide flux densities at 2640 MHz of 10.65 Jy and 9.38 Jy respectively for the two

calibrators.

6https://eff100mwiki.mpifr-bonn.mpg.de/doku.php?id=information for astronomers:user guide:reduc maps .
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Observations at 4850 MHz

The Effelsberg 6 cm receiver is a double-horn system, with the two feeds fixed in the secondary

focus with a separation of 6 cm, each with one broad-band (500 MHz) frequency channel in

the range 4600-5100 MHz. The resulting central frequency is 4850 MHz and the total band-

width is 500 MHz. The resolution of the observation is 2.′43 × 2.′43.

Multi-horn systems use a different technique to overcome the scanning effect problem. The

scanning is done in an azimuth-elevation coordinate system, and must be done only in azimuth

direction so that all horns will cover the same sky area subsequently. At any instant each feed

receives the emission from a different part of the sky but they are affected by the same at-

mospheric effects, which then cancel out taking the difference signal between the two feeds

(Emerson et al. 1979). Similarly to the 11 cm receiver, data in (R, L, U, Q) are provided for

each of the two horn.

We performed a total of 25 coverages of the A 2256 field, 15 during the night between the

22nd and the 23rd of June and 10 on the 26th of June 2011. Due to RFI problems only 22

coverages could be used.

For the calibration we observed 3C286 and NGC7027 during the session. The flux densities

used for the two calibrators are 7.44 Jy (from Baars et al., 1977) and 5.48 Jy (from Peng et al.,

2000) respectively.

4.4 X-ray observations and data reduction

In this section we present the X-ray observations of A 2256 performed with Suzaku and XMM-

Newton and the main steps of data reduction.

Suzaku observed the radio relic region in A 2256 (OBSID: 801061010) with an exposure time

of 95.2 ks. The satellite X-ray Imaging Spectrometer (XIS: Koyama et al. 2007) has a very

low detector background, which allows to investigate weak X-ray emission targets such as

cluster outskirts (see Reiprich et al., 2013, for a review). The XIS was operated in the normal

clocking, 3×3 and 5×5 mode. To increase the signal-to-noise ratio we filtered the dataset using

a geomagnetic cosmic-ray cut-off rigidity (COR) > 8 GV. The filtered exposure time is 89.2

ks. The data were processed using standard Suzaku pipelines (see Akamatsu et al., 2012, for

more details).

We complemented Suzaku observations with XMM-Newton observations retrieved from the

archive (Rev. 0619 and 0651 performed on the 2003-04-27 and 2003-06-30 respectively) and

reprocessed with SAS v11.0.1. The data were heavly affected by soft proton flares. The data

were cleaned for periods of high background due to soft proton flares with a two stage filter-

ing process (see Lovisari et al., 2009, 2011, for more details on the cleaning process). In this

screening process bad pixels have been excluded and only event patterns 0-12 for the MOS

detectors and 0 for the pn detector were considered. The filtered exposure time is ∼19 ks for

MOS1, ∼20 ks for MOS2 and ∼9 ks for pn.

For both satellites the background emission can be described as the sum of a particle back-

ground component and a sky background component. The former is produced by the interac-

tion of high-energy particles with the detectors. The latter can be subdivided into at least two

thermal components, one unabsorbed due to the Local Hot Bubble (LHB: kT∼0.08 keV) and
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one absorbed due to the Milky Way Halo (MWH: kT∼0.3 keV), and a power-law component

due to the Cosmic X-ray Background (CXB: Γ=1.41).

The particle background has been modeled and subtracted from the data of both satellites be-

fore the spectral fits presented in Sect. 4.6.1. For the Suzaku observations its contribution

has been estimated from the Night-Earth database with the xisnxbgen FTOOLS (Tawa et al.,

2008). For XMM-Newton the particle component spectra have been extracted from the filter

wheel closed (FWC) observations and renormalized by using the out-of-field-of-view events.

These spectra were supplied as background spectra to the XSPEC fitting routine.

Unlike the particle background, the sky background was not subtracted from the data but its

different components were modeled together with the ICM emission during the spectral fit-

ting. To fix the model parameters for the different components in Suzaku observations, we

used spectra extracted from a 1 degree offset observation performed with the satellite (PI:

Kawaharada, OBSID: 807025010). For XMM-Newton data, we followed the method pre-

sented in Snowden et al. (2008) in which the different components are estimated using a

spectrum extracted from ROSAT data in an annulus beyond the virial radius of the cluster.

The offset spectra were fitted with a sky background model considering the LHB, MWH and

CXB components. In the fitting, we fixed the temperature of the LHB component to 0.08 keV.

Abundance (Anders & Grevesse, 1989) and redshift of LHB and MWH were fixed to 1 and 0,

respectively. The temperature of the MWH determined in the fit is 0.21 ± 0.03 keV. We also

checked for the possibility of an additional ”hot foreground” component with kT ∼ 0.6 − 0.8

keV (Simionescu et al. 2010) adding another thermal component to the background model

described above. However, the intensity of this additional component resulted not significant

in the offset field and was not included in the background modeling.

4.5 Radio analysis and results

4.5.1 Radio images

WSRT image

In Figure 4.1 we present the 2273 MHz total intensity WSRT image of the central region of

A 2256. The image has been produced with natural weighting of the visibilities in the range

[umin − umax]=[260 - 21035 λ]. The shortest spatial frequency sampled umin determines the

largest spatial scale recovered by this observations LS S ≃ 1/umin = 13.′22. The image has

been corrected for the primary beam attenuation that determines an increase of the noise in the

edge of the image. The high resolution (9.′′84 × 9.′′44) allowed us to analyze the substructures

of the diffuse relic emission in detail. The map shows several of the well-known radio features

present in the cluster (notation from Bridle et al., 1979; Rottgering et al., 1994): the radio relic

emission (sources G and H), the head-tail sources A, B, C and I, the complex source F (here

resolved in the three components F1, F2 and F3), as well as many other discrete sources, some

of which labeled in this work as I2, I3, K2, G2, J2. The radio halo emission present in the

center of the cluster around source D (Clarke & Ensslin, 2006) is completely filtered out due

to a combination of effects: its low surface brightness at this frequency, combined with the

lack of sampled short spacings in the WSRT observations, that determines the loss of the very

extended weak emission.

The relic emission exhibits two regions of enhanced surface brightness: a well-defined arc-like
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Chapter 4 The radio relic in Abell 2256: overall spectrum

Fig. 4.1: WSRT 2273 MHz total intensity radio image with contours drawn at [1, 2, 4, 8] ×
3σ, with 3σ = 8 · 10−5 Jy/beam and color scale starting at the same level. The beam size is

9.′′84 × 9.′′44. The image is corrected for the primary beam attenuation.

region (G region) in the northern part, and a less defined region (H region) in the western part

(see Fig. 4.1). The two regions are connected by a bridge of lower brightness emission. At

full resolution the entire relic emission covers an area of about 10.′6× 5′. The size reported by

Clarke & Ensslin (2006) at 1.4 GHz and at a resolution of 52′′×45′′ is 16.′9×7.′8. Convolving

our WSRT image to the same resolution we obtain a similar angular size (not shown). Never-

theless, as we might be anyway missing some of the flux on the most extended scales, we do

not use this image for the computation of the relic integrated spectrum.

EFFELSBERG images

In Figure 4.2 we show the 2640 MHz (left panel) and 4850 MHz (right panel) Effelsberg

images of A 2256. In both images, the diffuse emission from the relic is mixed up with the

emission from the more compact sources present in the field due to the low resolution of the

observations. In the 2640 MHz image the relic emission is blended with the emission from the

A+B+C complex and from source F. At 4850 MHz it is easier to separate the relic emission

from the emission of the A+B complex, but still part of the tail of source C is inevitably

superimposed on the Western part of the relic. Moreover, Brentjens (2008) derived a spectrum

α=1.5±0.2 for the radio halo between 351 and 1369 MHz. If there is no steepening in the

spectrum of the halo, we expect a flux density of ∼ 37 mJy at 2640 MHz and a flux density

of ∼ 15 mJy at 4850 MHz. Since a single dish is sensitive to all the emission in the field,
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4.5 Radio analysis and results

its emission is smoothed with the other sources in our Effelsberg images if the halo spectrum

keeps straight at these frequencies. Constraining the halo spectrum at high frequencies would

require a dedicated careful analysis that is beyond the aims of this work.
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Chapter 4 The radio relic in Abell 2256: overall spectrum

Fig. 4.2: Upper panel: Effelsberg 2640 MHz total intensity radio image in color scale and

black contours drawn at [-1, 1, 2, 4, 8, 16] × 3σ, with 3σ = 4 · 10−3 Jy/beam. The beam

size is 4.′4 × 4.′4. Lower panel: Effelsberg 4850 MHz total intensity radio image in color

scale and black contours drawn at [-1, 1, 2, 4, 8] × 3σ, with 3σ = 1.86 · 10−3 Jy/beam. The

beam size is 2.′43 × 2.′43. In both images the blue contours are from the WSRT 2273 MHz

radio image not corrected for the primary beam attenuation and are drawn at [1, 2] × 8·10−5

Jy/beam.
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4.5 Radio analysis and results

4.5.2 Spectral analysis

For the spectral analysis of the radio relic in A 2256 we combined our high-frequency observa-

tions with images obtained at other frequencies provided by the authors: the 351 MHz WSRT

image (Brentjens, 2008), the 1369 MHz VLA C and D configuration images7 (Clarke & Ensslin,

2006) and the Effelsberg 10450 MHz image (Thierbach, 2000). We moreover got information

on the flux densities in the LOFAR image at 63 MHz published by van Weeren et al. (2012b)

by the author. All the different images were calibrated according to the flux scale of Baars et al.

(1977) or to its extension to lower frequencies (below 408 MHz; Perley & Taylor, 1999) 8. In

this way we were able to cover the widest range of frequencies (63 MHz- 10.45 GHz) used so

far for the determination of the spectrum of a radio relic.

We estimated the uncertainties σS on the flux density measurements S with the following

formula:

σS =
√

σrms
2 + σcal

2, (4.4)

where:

• σrms = rms ×
√

Nbeam is the error due to the image noise, with rms being the image rms

noise level (in the chapter referred to as σ level) and Nbeam the number of beams covered

by the source;

• σcal = Ecal × S is the error due to calibration uncertainties, determined in turn by two

factors: the accuracy of the absolute flux density scale adopted and the uncertainties

related to the application of such scale to our data; being these two factors uncorrelated

we used Ecal =

√

ǫ2
scale
+ S t2

scale
.

The spectral data provided by Baars et al. (1977) for the flux density calibrators have an abso-

lute uncertainty of 5%. For the term S t2
scale

we used the standard deviation on the calibration

factor derived from the Gaussian fit of the calibrators images produced during the session for

the Effelsberg observations, and the dispersion of antenna gains for the WSRT data. This trans-

lates into errors of 1.6% for the Effelsberg 11cm data, of 1.2% for the Effelsberg 6 cm data

and of 2% for the WSRT 13 cm data. Combining this with the uncertainties on the Baars et al.

(1977) scale, we end up with Ecal(11cm)=5.3%, Ecal(6cm)=5.2% and Ecal(13cm)=5.4%. For

the other images we assumed a similar value S tscale=6%.

Where not otherwise specified, we estimated the uncertainties σ f on the quantities f calcu-

lated from measured quantities χi (e.g. spectral indices and extrapolated flux densities of

discrete sources) applying the following error propagation formula:

σ f =

√

√

N
∑

i=1

(

∂ f

∂χi

)2

· σ2
χi
. (4.5)

7We used the high resolution C configuration data to measure the flux density of discrete sources while for the

determination of the relic flux density we used the D configuration image.
8The overall flux scale for the LOFAR observations at 63 MHz was obtained comparing the measured integrated

flux densities of five bright sources in the field of view with predicted fluxes partly based on flux densities

measurements from the 1.4 GHz NVSS (Condon et al., 1998) and the 74 MHz VLSS (Cohen et al., 2007),

both based on the Baars et al. (1977) scale.
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Chapter 4 The radio relic in Abell 2256: overall spectrum

The spectra of the total cluster, relic+sources, relic, G and H regions presented in the next

sections have been determined calculating the flux densities at different frequencies on images

convolved to the same lowest resolution available (4.′4 × 4.′4) and with the same regions for

the integration. The errors associated to the spectral indices are the errors from the fits of the

data.

All the spectra, including those of the discrete sources embedded in the relic emission, are

plotted over the same fixed x-axis range (frequency range 40 - 14000 MHz) for easy compari-

son.

Total cluster emission

We first considered the integrated radio flux density of the entire cluster (halo, relic and dis-

crete sources combined) measuring the flux density in the circular region centered at J2000

position α = 17 03 45 δ = +78 43 00 with 10′ radius, as described by Brentjens (2008). The

cluster radius was determined by Brentjens (2008) as the one at which the derivative of the

integrated flux within the circle respect to the radius of the circle settles to a constant value.

The measured flux densities at 351, 1369 (D configuration), 2640, 4850 and 10450 MHz are

summarized in Table 4.5. The total cluster radio emission between 351 and 10450 MHz can

be modeled by a single power-law with spectral index α= 1.008 ± 0.018 (Fig. 4.10a).

Brentjens (2008) modeled the cluster flux density as the sum of two spectral components, one

due to the halo and the other due to the relic and discrete sources combined. He showed that

the second term becomes dominant at frequencies above 100 MHz. Being the radio relic the

dominant contributor to the flux density at high frequency, its spectrum at the same frequen-

cies cannot be flatter than the total cluster emission spectrum. This shows qualitatively that at

high frequencies the relic spectrum does not keep the 0.85 slope observed at low frequency by

van Weeren et al. (2012b). In Sect. 4.5.2 we will quantify this steepening.

Discrete sources

Figure 4.3 shows the area selected for measuring the radio relic flux densities. From the high-

resolution image it is possible to see which are the discrete sources included in such area: the

tail of source C Ctail, K, J, I, G2, K2, J2, I2 and I3. To estimate the flux density from the

discrete sources that needs to be subtracted from the total emission, we produced two images

at 1369 MHz (VLA C configuration) and 2273 MHz (WSRT) using the same uv-range (262-

15460 λ), pixel-size and restoring beam and we calculated the spectral index of the discrete

sources embedded in the relic emission between these two frequencies. Moreover we mea-

sured the flux density at 10450 MHz for the different components of source C and for the

sources J and I2. Where available, we combined our data with data collected from the liter-

ature and we modeled the integrated spectra of the discrete sources over the frequency range

63 - 10450 MHz. Details on the flux derivation are given below. The spectra of the sources C,

K, J, I and I2, for which more than two flux density measurements were available, are plotted

individually in Figs. from 4.4 to 4.8 and all together in red in Fig. 4.9. For the sources K2,

J2, I3 and G2 only our flux density measurements at 1369 and 2273 MHz were available and

we simply assumed straight spectra. This assumption may lead to a slight over estimate of

the flux densities at both low and high frequencies (as for standard radio source synchrotron

spectra we expect a flattening at low frequencies and a steepening at high frequencies). On the
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4.5 Radio analysis and results

Fig. 4.3: Regions used for the spectra computation. The red region mark the region considered

for the relic spectrum computation. The total region is further subdivided in regions G and

H. In color scale the WSRT high resolution image with the green contours from the 2640

MHz Effelsberg image over-plotted. The white region mark the C source.

other hand, they are weak sources and their flux densities are not crucial for the relic spectrum

determination. Their spectra are plotted in blue in Fig. 4.9. This figure shows the spectra

of the discrete sources included in the region selected, compared to the total flux density in

the region (relic+sources, black lines). The main flux density contribution among the discrete

sources in the relic area come from the tail of source C, especially at lower frequencies. The

source appears noticeably narrow and long at high resolution, ∼ 410′′ in total in our 2273

MHz image (see Fig. 4.3). The published flux densities in literature refer to the source as

a whole. We modeled the source distinguishing between the head (long 76′′) and the tail as

we are interested only on the contribution from the latter. In Figure 4.4 the spectrum over the

range 63-10450 MHz is plotted for the entire source (black solid line), the head (red dashed

line) and the tail (blue dotted-dashed line). As common among head-tail sources, the head is

flatter than the tail and the spectrum steepens at high frequency for both components. At lower

frequencies, the tail contains almost all the emission of the sources. At high frequencies the

electrons in the tail are older while the head is more clearly visible.

Sources J and I2 have an inverted-spectrum. Their spectra (plotted in Figs. 4.6 and 4.8) have a

convex shape at GHz frequencies, typical of inverted-spectrum sources, and are likely young

radio objects.

Here we report the details of the derivation of the discrete sources flux densities. The sources

position in brackets are expressed in the J2000 coordinate system. All the values are listed in

Tables 4.3 and 4.4. Values in the tables in italic are assumed or extrapolated in this work,

while values in normal font are measured values eather in this work or published in literature.

Source Ctail (17 03 28, +78 39 57 )

The peak of the emission of source C coincides with an optical galaxy with magnitude 15.3

(Bridle et al., 1979). The head-tail morphology for source C was first suggested by

Bridle & Fomalont (1976). We modeled the source distinguishing between the head (long
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Chapter 4 The radio relic in Abell 2256: overall spectrum

75′′.6) and the tail as we are interested only on the contribution from the latter. At the high-

est frequency (10450 MHz) the head of the source is still clearly visible, while it’s difficult

to establish if the flux in the tail region is from the tail or from the underlying relic. The

measured fluxes are S (head)10450 = 2.1 ± 0.6 mJy and S (tail)10450 = 1.9 ± 0.7 mJy and

consequently S (all)10450 = 4.0 ± 0.0; the last two can be considered as upper limits. Com-

bining this values with the fluxes we measured at 2273 MHz (S (all)2273 = 33.7 ± 1.8 mJy;

S (head)2273 = 17.3 ± 0.9 mJy ; S (tail)2273 = 16.4 ± 0.9 mJy), we obtain spectral indices

α(all)10450
2273

= 1.40 ± 0.14, α(head)10450
2273

= 1.40 ± 0.19 and α(tail)10450
2273

= 1.42 ± 0.25. We used

these values of the spectral indices to extrapolate the fluxes of the components at 2640 and

4850 MHz. Lin et al. (2009) report a measured flux for the source C (referred to in the paper

as 1706+787) of 5.06±0.60 mJy at 4.9 GHz, classifying the source as a point source. Due to

the wrong classification, we believe that their observations resolve out the tail of the source

and the reported flux refers to the source head only. Indeed, their reported flux is in agreement

with the flux that we extrapolated for the head of the source (S (head)4850 = 6.0 ± 0.9 mJy).

Rottgering et al. (1994) report a flux for the entire source at 327 MHz of 246 ± 20 mJy; com-

bining this with our measurements at 1369 MHz (S (all)1369 = 56.5± 3.4) we find that the

spectral index for the entire source keeps the same slope as in the range 1369-2273 MHz,

α(all)1369
327
= 1.03 ± 0.07. To separate the emission between the head and the tail we used the

spectral index profile along the tail of the source C between 327 and 1447 MHz published by

Rottgering et al. (1994, Fig.7 Right side). From the plot we deduced that the averaged spectral

index of the head (selecting the range 0 - ∼75 ′′ in the x axes) is α(head)1369
327
= 0.65 ± 0.10.

From this we got a flux at 327 MHz for the head of 63.4 mJy and consequently a flux for the

tail of S (tail)327 = 246.0 − 63.4 = 182.6 and a spectral index α(tail)1369
327
= 1.23. We used this

spectral index to calculate the fluxes at 351 MHz.

At 153 MHz van Weeren et al. (2012b) report a flux for the enire source C of S (all)153 =

480 ± 50 mJy. The resulting spectral index is α(all)327
153
= 0.88 ± 0.17. From Figure 5.4 (right

panel) of Intema (2009) we deduce a value for the spectral index between 153 and 325 MHz

for the head of the source of α(head)325
153
= 0.50± 0.10. We used this value to calculate the flux

of the head S (head)153 = 92.7 ± 10.7 mJy. Consequently the tail has S (tail)153 = 387.3 ± 51.1

mJy and α(tail)325
153
= 1.00. We estrapolated the fluxes to 63 keeping costant the spectral indices

of the entire source and of the head. For the tail we obtain S (tail)63 = 903.5± 257.0 mJy.

Source K (17 02 18.4, +78 46 03.30)

Source K was first identified by Bridle et al. (1979) and can be associated with a star-forming

galaxy (Miller et al., 2003).

Rottgering et al. (1994) report a flux for the source of 7.0±1.0 mJy at 327 MHz and a flux

of 3.4±0.3 mJy at 1446 MHz. The latter is in agreement within the error bars with what we

measured at 1369 MHz (3.3 ± 0.2 mJy). Combining these values with what we find at 2273

MHz (1.9±0.2 mJy) we obtain a spectral index α1446
327
= 0.52 ± 0.07 with a steepening at high

frequency α2273
1369
= 1.09±0.02. We extrapolated the fluxes at 63 MHz and 351 MHz using α1446

327

and the fluxes at 2640 and 4850 MHz using α2273
1446

. The contribution of the source to the total

flux at 10450 MHz is negligible (≪ 1 mJy).

Source J (17 01 12, +78 43 27)

Source J was first identified by Bridle et al. (1979). Measuring the fluxes at 1369 and 2273

MHz, we found that the source has an inverted-spectrum, in agreement with what reported by
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4.5 Radio analysis and results

Rottgering et al. (1994). The source is indeed not visible at the 327 MHz (Rottgering et al.

(1994) report an upper limit of 1 mJy), but become visible at 1369 MHz and its flux increase

at 2273 MHz. At 10450 MHz the source is again at a level <1 mJy. Fitting our measurements

with the flux reported by Rottgering et al. (1994) at 327 and 1447 MHz, we find a spectral

index α2273
327
= −0.25 ± 0.15 and α10450

2273
≥ 0.35. We used this value to extrapolate the fluxes at

2640, 4850 and 10450 MHz.

Source I (17 00 52.68, +78 41 23)

Source I is a head tail source first identified by Bridle et al. (1979). The flux we measured

at 1369 MHz (9.3 ± 0.8) is in agreement with what reported in literature at close frequencies

(S 1447 = 8.2 ± 1.8 mJy from Rottgering et al. (1994); S 1400 = 10 mJy from Owen & Ledlow

(1997), included in the fit). At 2273 MHz we measure a flux of 6.8±0.4 mJy that imply a spec-

tral index α2273
1369
= 0.69 ± 0.10. At higher frequencies the source has been observed with the

VLA by Lin et al. (2009) (and classified as extended source). They report S 4900 = 2.14 ± 0.45

mJy and S 8500 = 1.25 ± 0.36 mJy. Fitting these values with our measurement at 2273 MHz

we find a spectral index α8500
2273
= 1.38 ± 0.12 that we used to extrapolate the fluxes at 2640,

4850 and 10450 MHz. At 327 MHz Rottgering et al. (1994) report a flux of 8 ±1 mJy that

would imply an inverted spectrum. However in their published map only the head is clearly

visible, while the tail is resolved out. We treated their reported flux as a lower limit and we

averaged it with the flux resulting from the extrapolation with the spectral index α2273
1369

found

(25.9 mJy), that represents, on the other hand, an upper limit. The resulting averaged flux is

S 327 = 17.0± 8.9 and consequently α1447
327
= 0.39± 0.21 mJy. We used this value to estrapolate

the fluxes at 63 and 351 MHz.

Source I2 (17 01 24, +78 41 13)

We measure, for source I2, a flux of 1.00 ± 0.07 mJy at 1369 MHz and 1.9 ± 0.1 mJy at 2273

MHz implying an inverted spectrum. The source is indeed invisible in the 327 MHz VLA map

published by Rottgering et al. (1994). At 10450 MHz we measure an upper limit <1 mJy.

Sources K2 (17 02 30, +78 45 00), J2 (17 00 51, +78, 42, 28), I3 (17 02 02, +78 40 32),

G2 (17 03 22.7, +78 46 56.1)

For these sources only our measurements at 1369 MHz and 2273 MHz are available. We

estrapolated the fluxes at the other frequencies assuming straight spectra.
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Tab. 4.3: Properties of the source C in the A2256 field.

Component 63 MHz 153 MHz 327 MHz 351 MHz 1369 MHz 2273 MHz 2640 MHz 4850 MHz 10450 MHz

S (mJy) S (mJy) S (mJy) S (mJy) S (mJy) S (mJy) S (mJy) S (mJy) S (mJy)

ALL 1048 ± 256 480 ± 50 246 ± 20 228.7 ± 17.7 56.5 ± 3.4 33.7 ± 1.8 27.3 ± 1.4 11.7 ± 1.3 < 4.0 ± 0.9

HEAD 144.5 ± 26.9 92.7± 10.7 63.4 ± 5.5 60.6 ± 5.1 25.0 ± 1.5 17.3 ± 0.9 14.0 ± 0.8 6.0 ± 0.9 2.1 ± 0.6

TAIL 903.5 ± 257.0 387.3 ± 51.1 182.6 ±20.7 168.1 ± 18.4 31.5 ± 1.9 16.4 ± 0.9 13.3 ± 1.6 5.7 ±1.5 < 1.9 ± 0.7

Component α153
63

α327
153

α1369
327

α2273
1369

α10450
2273

ALL 0.88 ± 0.17 0.88 ± 0.17 1.03 ± 0.07 1.02 ± 0.16 1.40 ± 0.14

HEAD 0.50 ± 0.10 0.50 ± 0.10 0.65 ± 0.10 0.72 ± 0.15 1.40 ± 0.19

TAIL 0.95 ± 0.35 1.00 ± 0.22 1.23 ± 0.10 1.30 ± 0.16 1.42 ± 0.25

1
0
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Tab. 4.4: Properties of the discrete sources in the A2256 field.

Source 63 MHz 327 MHz 351 MHz 1369 MHz 1446 MHz 2273 MHz 2640 MHz 4850 MHz 4900 MHz 8500 MHz 10450 MHz

S(mJy) S(mJy) S(mJy) S(mJy) S(mJy) S(mJy) S(mJy) S(mJy) S(mJy) S(mJy) S(mJy)

K 16.3 ± 3.0 7.0 ± 1.0 6.7 ± 0.1 3.3 ± 0.2 3.4 ± 0.3 1.9 ± 0.2 1.6 ± 0.2 0.8 ± 0.1 (...) (...) ≪1

J < 0.65 < 1 1.0 ± 0.1 1.2 ± 0.1 2.1 ± 0.3 1.7 ± 0.2 < 1.5 < 1.2 (...) (...) < 1

I 32.2 ± 20.3 17.0 ± 8.9 16.4 ± 8.7 9.3 ± 0.8 8.2 ± 1.8 6.8 ± 0.4 5.5 ± 0.3 2.4 ± 0.3 2.1 ± 0.5 1.2 ± 0.4 0.8 ± 0.2

I2 ≪1 ≪1 ≪1 1.0 ± 0.07 (...) 1.9 ± 0.1 < 1.8 < 1.4 (...) (...) < 1

K2 56.0 ± 27.8 (...) 11.3 ± 2.6 3.2 ± 0.19 (...) 2.0 ± 0.1 1.7 ± 0.1 1.0 ± 0.1 (...) (...) ≪ 1

J2 7.9 ±6 (...) 3.0 ± 1.0 1.4 ± 0.2 (...) 1.1 ± 0.2 1.0 ± 0.1 0.7 ± 0.1 (...) (...) ≪1

I3 35.2 ± 18.6 (...) 8.9 ± 2.1 3.0 ± 0.2 (...) 2.0 ± 0.1 1.8 ± 0.1 1.1 ± 0.1 (...) (...) ≪ 1

G2 23.9 ± 13.7 (...) 5.5 ± 1.4 1.7 ± 0.1 (...) 1.1 ± 0.1 1.0 ± 0.1 0.6 ±0.1 (...) (...) ≪1

1
0
3
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Fig. 4.4: C source spectrum. Filled circles are measured flux densities while open circles are

extrapolated flux densities. The black solid line is the spectrum of the entire source; the red

dashed line is the source’s head spectrum; the blue dotted-dashed line is the spectrum of the

tail. See text for more details.
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Fig. 4.5: K source spectrum. Filled circles are measured flux densities while open circles are

extrapolated flux densities.
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Fig. 4.6: J source spectrum. Filled circles are measured flux densities while open circles are

extrapolated flux densities.
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Fig. 4.7: Source I spectrum. Filled circles are measured flux densities while open circles are

extrapolated flux densities.
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Fig. 4.8: Source I2 spectrum. Filled circles are measured flux densities while open circles are

extrapolated flux densities.
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Radio relic spectrum
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Fig. 4.9: Spectra of the different components in the relic region shown in Fig. 4.3. In black we

show the flux densities and spectra of the emission from the entire region (relic+sources).

The dashed and dot-dashed lines represent a the double power law fit to the data; the solid

line is a single power law fit. In red and blue we show the spectra of the discrete sources

included in the region. Red spectra are plotted individually in Figs. from 4.4 to 4.8. Blue

spectra are straight power-law fits to the measured flux densities at 1369 and 2273 MHz.

See text for more details.

To avoid that resolution effects at different frequencies may alter the determination of the

relic integrated spectrum, we convolved all the images used for the flux densities computation

to the same resolution of 4.′4× 4.′4. At such low resolution, it is not easy to identify the region

where to measure the relic flux density. We adopted the following strategy: we first computed

the relic flux density from the 4850 MHz image at full resolution, where it is easier to separate

the relic emission from the complex A+B emission. We then choose the relic region in the

4850 MHz image convolved to the resolution of 4.4.′ × 4.′4, matching the flux density measured

at full resolution at the same frequency. The selected area is shown in Fig. 4.3. The region is
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further divided into two regions of enhanced radio brightness (regions G and H) discussed in

the next section. As discussed in the previous section, this region include the radio relic and

sources Ctail, K, J, I, G2, K2, J2, I2 and I3.

We first considered the total emission from the region. Although the flux density measure-

ments of the relic+sources in the range 63-10450 MHz can be fitted with a single power law

with α10450
63

= 0.93 ± 0.02 (black solid line in Fig. 4.9), hints of a steepening at frequen-

cies > 1369 MHz are present. A separate fit of the spectra between 63 and 1369 MHz and

between 1369 and 10450 MHz shows indeed that these two frequency ranges are best rep-

resented by two different power laws, with α1369
63
= 0.863 ± 0.003 (dot-dashed black line in

Fig. 4.9) and α10450
1369

= 1.02 ± 0.02 (dashed black line in Fig. 4.9). All the fits are plot-

ted over the entire range 63-10450 MHz to highlight differences. Since the relic is the ma-

jor contributor in the region both at low and high frequency, this suggests that a steepening

might be present in its spectrum as well. Moreover the relic spectrum between 63 and 1369

MHz must be α(relic)1369
63
≤ 0.863 ± 0.003 as it cannot be steeper than the relic+sources

spectrum. Similarly it must be α(relic)10450
1369

≥ 1.02 ± 0.02 as it cannot be flatter than the

relic+sources spectrum. Indeed, after discrete sources subtraction we find that, although the

relic spectrum between 63 and 10450 MHz is not inconsistent with a single power law with

α(relic)10450
63
= 0.92 ± 0.02 (black solid line in Fig. 4.10b), it is best represented by two differ-

ent power laws, with α(relic)1369
63
= 0.8488 ± 0.0003 (dot-dashed blue line in Fig. 4.10b) and

α(relic)10450
1369

= 1.00 ± 0.02 (dashed red line in Fig. 4.10b). The measured relic flux densities

(before and after discrete sources subtraction) are summarized in Table 4.6. The flux densities

measured at 63 MHz, 351 MHz and 1369 MHz are in agreement within the error bars with the

already published flux densities at the same frequencies. The low frequency spectral index is

in agreement with what was found by van Weeren et al. (2012b).

Clarke & Ensslin (2006) report a relic mean spectral index between 1369 MHz and 1703 MHz

of 1.2. However, this value has a big uncertainty (not quoted by author) since it is derived as

the mean value from the spectral index image between two very close frequencies. We cannot

therefore exclude it is in agreement with our value.

Regions G and H

Our high-resolution image shows that the relic can be divided into two separate parts: regions

G and H in Fig. 4.3. The cases of double relics in the same cluster are getting more and more

common since the first discovery of two almost symmetric relics located on opposite sides

in A3667. Since then, several other double relics systems have been found (see Feretti et al.

2012). We have investigated the possibility that the two different parts have different properties

fitting the spectra in the frequency range 351-10450 MHz, separately. After discrete sources

subtraction, the flux densities of region G can be fitted with a single power-law with a spectral

index of α(G)10450
351

= 0.97 ± 0.04 (black solid line in Fig. 4.10c). For homogeneity with the

radio relic analysis, we performed a separate fit of the spectra between 351 and 1369 MHz and

between 1369 and 10450 MHz. We find α(G)1369
351
= 0.85 (dot-dashed blue line in Fig. 4.10c)

and α(G)10450
1369
= 1.05 ± 0.05 (dashed red line in Fig. 4.10c).

For the H region the flux densities can be modeled with a single power-law with spectral index

α(H)10450
351

= 0.92 ± 0.02 (black solid line in Fig. 4.10d) or with a double law with the same

slope as the G region at low frequency α(H)1369
351
= 0.85 (dot-dashed blue line in Fig. 4.10d)

and a bit flatter spectra respect the G region at high frequency α(H)10450
1369
= 0.95±0.03 (dashed
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red line in Fig. 4.10d).

The measured flux densities before and after discrete sources subtraction are listed in Tables

4.7 and 4.8, while the spectra are plotted in Figs. 4.10c and 4.10d.
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(d) H region integrated spectrum.

Fig. 4.10: In all the panels the red dashed and blue dot-dashed lines are a double power law

fit to the data while the solid black line is the single power law fit. In panel (b) the green

crosses are the upper limits to the radio relic flux taking into account the SZ effect. See text

for more details.
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Tab. 4.5: Total cluster flux densities.

ν (MHz) S(mJy)

351 3320.0 ± 200.0

1369 928.6 ± 57.0

2640 459.0 ± 24.8

4850 246.3 ± 13.3

10450 107.8 ± 7.5

Tab. 4.6: Radio relic flux densities.

ν (MHz) S(mJy) S(mJy)

Before subtraction After subtraction

63 7600.0 ± 900.0 6520.0 ± 940.0

351 1740.0 ± 100.0 1520.0 ± 100.0

1369 534.3 ± 33.1 478.5 ± 33.2

2640 264.6 ± 14.4 235.4 ± 14.5

4850 148.6 ± 8.2 133.7 ± 8.5

10450 66.4 ± 4.8 61.7 ± 4.8

Tab. 4.7: Region G flux densities.

ν (MHz) S(mJy) S(mJy)

Before subtraction After subtraction

351 741.2 ± 45.8 735.7 ± 45.8

1369 233.3 ± 15.1 231.6 ± 15.1

2640 108.8 ± 6.2 107.8 ± 6.2

4850 64.6 ± 3.8 64.0 ± 3.8

10450 25.5 ± 2.4 25.5 ± 2.4

Tab. 4.8: Region H flux densities.

ν (MHz) S(mJy) S(mJy)

Before subtraction After subtraction

351 996.8 ± 60.9 781.3 ± 64.3

1369 299.6 ± 19.0 245.8 ± 19.1

2640 155.5 ± 8.6 127.2 ± 8.8

4850 83.7 ± 4.8 69.4 ± 5.0

10450 40.7 ± 3.1 36.0 ± 3.2

Tab. 4.9: Observed synchrotron spectral indices of the different components.

Single power law fit Double power law fit

α10450
63

α1369
63

α10450
1369

Total relic region 0.93 ± 0.02 0.863 ± 0.003 1.02 ± 0.02

Radio relic 0.92 ± 0.02 0.8488 ± 0.0003 1.00 ± 0.02

α10450
351

α1369
351

α10450
1369

Total cluster 1.01 ± 0.02

Region G 0.97 ± 0.04 0.85 1.05 ± 0.05

Region H 0.92 ± 0.02 0.85 0.95 ± 0.03

4.6 X-ray analysis and results

4.6.1 ICM temperature

In the course of a merger, a significant portion of the energy involved is dissipated by shocks

and turbulence leading eventually to the heating of the ICM gas. As mentioned in the Intro-

duction, in the test particle regime of DSA theory the shock structure is determined by the

canonical shock jump conditions (Rankine-Hugoniot). Applying these conditions, assuming

the ratio of specific heats as 5/3, the expected ratio between the post-shock and pre-shock tem-

peratures, respectively T2 and T1, is related to the shock Mach number through the following
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Fig. 4.11: Regions used for the ICM temperature extraction. Colors show the XMM-Newton

X-ray image, while the contours show the radio emission at a lower resolution respect to

Fig. 4.1.

relation:

T2

T1

=
5M4 + 14M2 − 3

16M2
. (4.6)

We extracted the ICM temperature in different regions across the radio relic corresponding to

the rectangular areas shown in Fig. 5.5. The observed spectra were assumed to consist of thin

thermal plasma emission from the ICM, plus the total background contamination described

in Sec. 4.4. The emission from the ICM was modeled with an additional absorbed thermal

component in the total model (ICM+background). For the Suzaku analysis, to generate the

auxiliary response files (ARF), we used an image constructed using a β-model (β = 0.816,

rc = 5.64′ from Markevitch & Vikhlinin, 1997) as input for the xissimar f gen. For XMM-

Newton data, we fitted the spectra in the 0.5-8 keV energy range, excluding the 1.4-1.6 keV

band due to the strong contamination from the Al line in all three detectors. Because of the

low number of counts in the XMM-Newton spectra of region r1, r2 and r3, we kept the metal-

licity values in the fit frozen to the value obtained with the Suzaku analysis, which are better

constrained 9. Temperatures and normalizations of the thermal components were allowed to

vary in the fit.

We observe a temperature drop across the G region of the radio relic, with the temperature

jumping from 8.45+0.43
−0.33

keV in the region r2 (on the relic) to 4.95+0.48
−0.39

keV in the region r3

(outside the outer edge of the relic). XMM-Newton measurements in the same regions pro-

vide consistent temperatures although with bigger errors. This is in agreement with Sun et al.

(2002) that found a hot region (∼ 9 KeV) in positional coincidence with the G lobe of the

9(Z(r1)= 0.27 ± 0.05 Z⊙, Z(r2)= 0.12 ± 0.04 Z⊙, Z(r3)= 0.19 ± 0.12 Z⊙).
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Tab. 4.10: ICM temperatures kT(keV).

Region Suzaku data XMM-Newton data

r1 6.53+0.28
−0.23

6.70+1.04
−1.07

r2 (on G region) 8.45+0.43
0.33

8.29+1.16
−0.88

r3 4.95+0.48
−0.39

4.97+2.11
−1.83

r4 (...) 5.89+1.06
−1.13

r5 (on H region) (...) 5.89+0.95
−0.70

radio relic. Radio relics are usually associated to outgoing merger shocks that travels from

the core of a merging event outwardly towards the periphery of the clusters. If we apply such

scenario to A 2256, connecting the radio relic emission to a shock front propagating outwardly

in the north-western direction across the G region of the radio relic, we can consider r2 as the

post-shock region and r3 as the pre-shock region. In this case we have a temperature ratio

T2/T1=1.7. It is important to notice that this estimate is impacted by the angle of the shock

front to the line of sight. If the shock is not in the plane of the sky, as it is likely the case for

A 2256, projected mixing of shocked hot gas with cool gas will reduce the temperature of the

shocked gas and increase the temperature of the cool gas, basically dropping the temperature

ratio.

Regions r5 and r4, respectively on the H region of the relic and outside the outer edge, show

almost equal temperatures T (r5)=5.89+0.95
−0.70

and T (r4)=5.89+1.06
−1.13

in the XMM-Newton images,

although with big uncertainties. Unfortunately, region r4 is out of Suzaku field-of-view and

cannot be checked. This is anyway in agreement with previous studies conducted by Sun et al.

(2002) and Bourdin & Mazzotta (2008) that showed that this region is cold due to the pres-

ence of a cool sub-cluster at an early stage merging with the main cluster, approaching from

somewhere west. Projection effects, affecting in particular region r5, can thus be responsible

for the non detection of a temperature jump across the H region of the relic.

The measured temperatures in the different regions are summarized in Table 4.10 for both

Suzaku and XMM-Newton data.

4.7 Is the Sunyaev-Zeldovich effect important?

The thermal Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich, 1970) consists in the in-

verse Compton scattering to higher energies of the photons of the Cosmic Microwave Back-

ground (CMB) that interact with the hot electrons in the ICM of galaxy clusters. The effect

depends on the pressure produced by the plasma along the line of sight and is parametrized

through the Comptonisation parameter y (see Carlstrom et al., 2002, for a review). The SZ

effect produces a modification of the CMB blackbody spectrum, creating a negative flux bowl

on the scale of the cluster, at GHz frequencies. This might lead to two sources of errors in

our flux densities measurements at high frequencies. The first derives from a wrong setting of

the zero-level in the single dish images. The zero-level in single dish observations is usually

set assuming the absence of sources at the map edges, setting the intensity level to zero there,
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and interpolating linearly between the two opposite edges of the map. If the SZ decrement is

important in the regions where zero flux was assumed (determining a negative flux in those

areas), this results in a wrong setting of the zero-level of the entire map. This lead to a lower

estimation of the flux densities integrated over any region in the map. In addition to this, there

is the SZ decrement specific to the area used to compute the relic flux densities.

We used the integrated Comptonisation parameter YS Z as measured by Planck

(Planck Collaboration et al., 2011b) and the universal pressure profile shape as derived by

Arnaud et al. (2010), to derive the predicted pressure and Comptonisation parameter profiles

for A 2256 (see Planck Collaboration et al., 2013a). We used the derived y parameter radial

profile to estimate the importance of the SZ decrement in different regions at the edges of the

original Effelsberg 10450 MHz image, to check the zero-level setting. Integrating on areas

free of sources at the map edges with angular diameter of 4′, we find values of -0.1 / -0.3

mJy for the CMB flux decrement. We conclude that the effect of the SZ decrement on the

zero-level setting of the 10450 MHz image is negligible. As the SZ effect increase increasing

the frequency, we conclude that it does not affect the zero-level setting of the 2640 and 4850

MHz Effelsberg images.

Estimating the second effect is more complicated, especially if we believe that the relic in

A 2256 is powered by a shock. In case of a shock, in fact, a sharp increase of the pressure at

the shock front is expected, causing a local increase of the SZ decrement. An exact estimate of

the amount of the effect requires a detailed knowledge of the shock geometry and orientation

and of the pressure changes across the relic width. We estimate here an upper limit for the SZ

effect on our high frequencies flux estimates. The radio relic fluxes have been calculated in

an approximatively rectangular area of ∼ 18′× 9′, whose major axis is located at a projected

distance of ∼ 7.2′ (∼ 500 kpc) from the cluster X-ray main peak. If we assume that we ob-

serve the shock in the plane of the sky, we can consider a physical distance of the relic from

the cluster center of∼ 500 kpc. This is a lower limit to the real distance relic-cluster center and

maximize the SZ effect, that is higher in the denser central regions. We can derive a qualita-

tive estimation of the possible shock pressure jump from the observed ICM temperature ratio

across the relic. Inverting eq. 4.6 we obtain a Mach number ∼ 1.7. As discussed, this number

can have been reduced by projection effects. We assume for the calculations a Mach number

M = 2. Applying the Rankine-Hugoniot jump conditions, the ratio between the post-shock

P2 and pre-shock P1 pressures, given the Mach number M, is P2/P1 ∼4. We estimated the

SZ flux decrement in the area used for the radio relic flux measurements using eq. 3 from

Carlstrom et al. (2002) and assuming a value yPOS T = 4yPRE (where yPRE was extracted from

the y-profile at a corresponding distance of 7.2′) constant over all the area. This assumptions

bring to an over estimation of the SZ effect because the real width of the relic is expected to be

much lower than the projected one, and the increased pressure is expected to decrease again

moving away from the shock front in the downstream region. With these assumptions, we

obtain SZ flux decrements of ∼ -20 mJy, ∼ -4.3 mJy, ∼ -0.3 mJy respectively at 10450 MHz,

4850 MHz and 2640 MHz. We stress that this numbers are upper limits for the SZ decre-

ment. Assuming, for example, the physical distance of ∼700 Kpc from the center deduced by

Enßlin et al. (1998) based on polarization properties, the effect at 10450 MHz reduces to ∼ -11

mJy.

We plotted in Fig. 4.10b (green crosses) the upper limits of the relic flux at 4850 and 10450

MHz, adding the upper limit SZ flux decrements (in absolute value) to the measured fluxes.

The effect on the integrated radio spectrum is to make it even flatter.
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4.8 Discussion

Independent of the acceleration mechanism, we can infer the range of energies (in terms of the

Lorentz factor γe) of the emitting electrons in the relic region from the integrated spectrum via

(Kang et al., 2012):

γe ≈ 1.26 × 104

(

νobs

1GHz

)1/2
(

B

5µG

)−1/2

(1 + z)1/2. (4.7)

The relic in A 2256 has been observed from very low frequencies (∼ 20 MHz with LOFAR,

van Weeren et al., 2012b, flux densities not published) up to very high frequencies (∼ 10 GHz

with Effelsberg). This implies, via Eq. 4.7, that the emitting electrons have energies between,

at least, γe,min ∼ 2 · 103 − 4 · 103 and γe,max ∼ 4 · 104 − 9 · 104. For both γe,min and γe,max,

assuming magnetic fields between B = 5 − 1µG, respectively. The radiative lifetime for the

less energetic electrons is trad(γe,min) ∼ 0.32 − 0.43 Gyr (for B = 5 − 1µG respectively) and

trad(γe,max) ∼ 0.016 − 0.019 Gyr for the more energetic ones. Probably, whatever it is the

acceleration mechanism, it is still at work since the particles emitting at 10 GHz lose rapidly

their energy and the relic would become invisible at this frequency without a constant supply

of new particles, soon after the end of the acceleration.

We have formulated five different possible scenarios to explain the properties of the relic, and

we will discuss here the pros and cons for each of them.

4.8.1 Non-stationary DSA

Together, the regions G and H of the relic in A 2256 reach a length of ∼ 1 Mpc. To date the

most plausible scenario to explain such giant radio relics invoke diffusive shock acceleration

(DSA) during cluster mergers. Assuming that the shock is continuously accelerating particles

following the same power law for a time exceeding the electrons cooling time, we expect a

volume-integrated spectrum that is a single power law with spectral index αobs = αin j + 0.5

(stationarity for the spectrum). As shown in Sect. 4.5.2, the relic in A 2256 shows a peculiar

broken power law that is difficult to explain in terms of test-particle DSA of a single population

of electrons. At low frequencies (between 63 and 1369 MHz), we confirm the spectral index

α ∼ 0.85 previously found by van Weeren et al. (2012b). This spectrum is too flat to be

considered the stationary spectrum as it would imply an injection spectral index flatter than

the flattest allowed by test-particle DSA theory (see Introduction). One solution is that, at low

frequencies, we observe the injection synchrotron spectrum since a stationary spectrum is only

attained if the time for energy losses is shorter than the age of the shock at all energies. Kang

(2011) shows that the downstream integrated electron spectrum at a quasi-parallel shock is a

broken power law which steepens from E−δin j to E−(δin j+1) above E > Ebr(t), with an exponential

cutoff at energies higher than Eeq. Eeq is the maximum electron energy injected reached when

the equilibrium between energy gains and losses is achieved and reflects the strength of the

shock. Ebr describes more properly the electron aging and can be used to estimate the shock

age. As a consequence the volume-integrated synchrotron spectrum has a spectral break and
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an high-frequency cut-off described by:

S (ν) ∝



























ν−αin j at ν < νbr(t)

ν−(αin j+0.5) at νbr(t) < ν < νeq

exp(−ν/νeq) at ν > νeq

If we assume that the shock started to accelerate particles recently, we would be able to catch

the break frequency still in the observable frequency range. In the case of A 2256, we should

assume νbr=1.4 GHz, that implies that the relic age is trad(γe,1.4GHz) ∼ 0.04 − 0.05 Gyr.

An injection spectral index∼ 0.85 would be also in agreement with what reported by Clarke et al.

(2011). They observe a spectral index of 0.85 at the outer edge of the relic, steepening moving

across the source towards the inner edge. This suggests that the relic is produced by a shock

that is moving outwardly and is now located at the outer edge of the relic where it is accelerat-

ing particle according to the injection spectrum. However, the spectral index of the integrated

synchrotron emission above the break frequency should be in this case αobs = 1.35, while we

observe a flatter spectrum with slope ∼1.

Moreover, to produce an injection spectral index αin j = 0.85, we need a shock with Mach

number given by (combining eqs. 4.1 and 4.3):

M =

√

2αin j + 3

2αin j − 1
= 2.6. (4.8)

Such a shock would produce a temperature ratio between the shocked gas and the thermal gas

of ∼ 3 (from eq.4.6). However, the lower temperature ratio measured with Suzaku and XMM-

Newton data suggests the presence, if any, of a weaker shock.

The observed radio spectrum of the relic in A 2256 may be reconciled with test-particle DSA

invoking a more complex situation in which the electrons emitting in the relic region belong

to different populations with different history and aging. This might be due to a modification

of the shock properties while propagating in the ICM and a consequent modification of the

electron injection power law.

4.8.2 CRe modified DSA

The relic spectrum can be fitted also with a single power law between 63 MHz and 10450

MHz with a spectral index α10450
63

= 0.92 ± 0.02. The spectral index would be even flatter if

the SZ decrement approaches our upper limits estimate. It would be quite unlikely that we are

observing the injection spectrum because this would imply that νbr > 10 GHz that is equivalent

to say that the relic brightned more recently than 0.016-0.019 Gyr. So, if what we observe is

the stationary spectrum, it would again imply an injection spectral index flatter than the flattest

allowed by test particle DSA.

A solution is to take into account the shock modification induced by the dynamical reaction

of the accelerated particles. The condition on the flattest possible injection index is due to the

test-particle approach to DSA. In CR modified shocks, the compression ratio can be higher

and the injection synchrotron spectra can be flatter than 0.5 (e.g. Blasi, 2010).
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4.8.3 DSA of pre-accelerated CRe

Kang & Ryu (2011) and Kang et al. (2012) argue that the existence of pre-accelerated CRs

electrons might alleviate the problem of inefficient injection at weak shocks. They have sug-

gested that the hot ICM first goes through a series of accretion shocks of high Mach num-

bers before getting subjected to weaker cluster merger shock, and that hence the ICM should

contain some pre-existing CR population. Moreover, pre-existing non thermal particles might

have been produced via turbulent re-acceleration (Brunetti & Lazarian, 2007, 2011) or through

p − p collisions of CR protons with thermal protons of the ICM (Miniati et al., 2001a). This

pre-existing CR population may contain many different electron populations and may be de-

scribed by a cumulative power law f∝E−δpre . They show that if the spectrum of the pre-existing

population is steeper than the spectrum that could be produced by the shock (δpre > δin j),

then the re-accelerated CR spectrum gets flattened to E−δin j by DSA. In the opposite case

(δpre < δin j), the re-accelerated CR spectrum is simply amplified by the factor of δin j/(δin j−δpre)

and retains the same slope as the slope of pre-existing CRs (Kang & Ryu, 2011; Kang et al.,

2012). Applying this to the radio relic in A 2256, we have to assume that the spectrum we

observe has the same spectral slope as the one of the pre-existing population. In this case the

shock we observe would be responsible only for the amplification of the particle spectrum.

However, it is difficult to explain how the radio spectrum has kept such flat slope over a wide

range of frequencies in spite of electron energy losses.

4.8.4 Adiabatic compression

The relic in A 2256 appears to be very filamentary. Enßlin & Brüggen (2002) presented de-

tailed three-dimensional simulations of the passage of radio plasma cocoons filled with turbu-

lent magnetic field through shock waves. They showed that, on contact with the shock wave,

the radio cocoons are first compressed and finally torn into filamentary structures. Moreover,

van Weeren et al. (2012b) proposed a viewing angle of about 30◦ from edge-on and a a true

distance of ∼0.5 Mpc from the cluster center for the radio relic. Both these two characteristics

favor of a scenario where the relic is the result of re-energization of fossil plasma by adia-

batic compression. On the other hand, the large size of the relic and the flat spectrum at high

frequency make this scenario unlikely.

4.8.5 Independent relics

Finally, regions G and H might be another example of two independent relics, for example two

radio Phoenices produced by the same shock or by different shocks front. We have checked

for different properties of the two regions calculating their individual radio integrated spectra.

Although the integrated spectrum of region G appears slightly steeper than that of region H,

the two are consistently similar within the error bars and too flat to be reconciled with the

observed shock. The absence of a pronounced steepening in the individual spectra also rules

out the double phoenics origin.

The above discussion leads to the conclusion that test-particle DSA, as well as the adiabatic

compression model, run into problems in explaining the observed radio and X-ray properties

of the radio relic in A 2256.
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Detailed spatial analysis based on polarization properties and spectral index maps (Trasatti et

al. in prep.) will help in constrain the relic geometry and possibly its origin. Accurate profiles

of the ICM surface brightness and temperature from X-ray observations, as well as pressure

profiles from deep pointed SZ observations are needed to finally establish the presence of a

shock front in the location of the radio relic in A 2256.

4.9 Conclusions

We have presented a radio and X-ray analysis of the radio relic in the cluster A 2256. The

main points of this study can be summarized as follows:

1. We presented new high-frequency observations of A 2256 performed at 2273 MHz with

the WSRT and at 2640 and 4850 MHz with the Effelsberg-100m telescope. The high

resolution of the WSRT observations highlighted that the relic can be divided in two

regions of enhanced surface brightness (regions G and H) connected by a bridge of

lower brightness emission.

2. Combining our new observations with images available at other frequencies, we con-

strained the radio integrated spectrum of the radio relic in A 2256 over the widest fre-

quency range collected so far for this kind of objects (63 -10450 MHz). We find that,

although the relic spectrum between 63 and 10450 MHz is not inconsistent with a single

power law with α(relic)10450
63

= 0.92 ± 0.02, a separate fit of the spectra between 63 and

1369 MHz and between 1369 and 10450 MHz shows that these two frequency ranges

are best represented by two different power laws, with α(relic)1369
63
= 0.8488 ± 0.0003

and α(relic)10450
1369
= 1.00± 0.02. This broken power-law is difficult to explain in terms of

stationary or non-stationary DSA of a single population of electrons.

3. We have investigated the possibility that the G and H regions have different properties

in the frequency range 351-10450 MHz. We find that the singular spectra of regions G

and H show a similar flat trend respect the total relic with α(G)10450
351

= 0.97 ± 0.04 and

α(H)10450
351
= 0.92 ± 0.02.

4. We used Suzaku and XMM-Newton X-ray observations to measure the ICM tempera-

ture in the regions across the radio relic emission. We find a temperature ratio T2/T1 ∼
1.7 across the G region of the radio relic supporting the presence, if any, of a weak

shock. No temperature jumps are observed across the H region of the relic, probably

due to the projection in this area of a colder sub-cluster approaching the main cluster

from the west.

5. The flat integrated radio spectrum of the entire relic, as well as of the regions G and

H separately, and the low ICM temperature ratio cannot be explained together in the

framework of test-particle DSA.

6. The absence of a pronounced steepening in the integrated radio spectrum of the relic as

well as of the regions G and H separately, rule out a phoenices origin for the relic/s.
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Chapter 5

Spectral and polarization study of the

radio relic in Abell 2256∗

5.1 Introduction

The diffuse synchrotron emission from radio relics and halos is a direct evidence of the pres-

ence of magnetic fields and relativistic particles in galaxy clusters. Unlike radio halos, relics

show a high degree of polarization (up to 45-50 %) and ordered magnetic field vectors. The-

oretical studies have shown that an integral part of DSA (Sect. 2.3.2) in strong shocks is

magnetic-field compression, amplification and alignment with the shock front (Lucek & Bell,

2000; Bell, 2004). Recent simulations by Iapichino & Brüggen (2012) predict strong magnetic

fields aligned with the shock surface of the order of 6 µG at 0.5 Rvir, which are in agreement

with observations (e.g. Bonafede et al., 2009; van Weeren et al., 2010).

Synchrotron spectral indices away from the shock location steepen with time as a result of

energy losses. For an edge-on relic produced by a shock moving in the plane of the sky, where

no projection effects occur, a clear gradient in the spectral-index distribution across the source

is expected, with the flattest values marking the position of the shock front where the particles

are freshly accelerated and the steepening showing the radiative losses as the electrons are

advected away from the shock.

The relic with the best radio evidence for DSA found to date has been observed in the northern

outskirts of the merging galaxy cluster CIZA J2242.8+5301 (Figs. 2.2 and 2.7 van Weeren et al.,

2010). This relic is polarized at a 50-60% level, the magnetic field is aligned with the major

axis and the spectral-index gradient across its width is clearly observed. All these relic proper-

ties arise naturally for a head-on binary merger between two clusters of roughly equal masses

in the plane of the sky, with the shock waves seen edge-on (van Weeren et al., 2011).

In case of DSA alignment of the polarization vectors and spectral distribution across the extent

of radio relics can therefore be connected to the geometry of the shock passage.

5.2 The radio relic in Abell 2256

The galaxy cluster Abell 2256 (also discussed in Chap. 4) is a well known merging sys-

tem hosting both a radio halo and a radio relic. So far, it is thought to consist of at least

∗Trasatti, Lovisari, Klein et al. (in prep.)
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three merging systems, based on the observed velocity dispersion of the galaxies in the clus-

ter (Berrington et al., 2002; Miller et al., 2003) and X-ray observations of the ICM (Sun et al.,

2002). The latter paper presented Chandra observations of the cluster that revealed the pres-

ence of three peaks in the X-ray emission: the main cluster, a colder sub-cluster located in the

west, and a third smaller structure (called the shoulder) located 2′ east of the peak of the main

cluster.

Clarke & Ensslin (2006) proposed two different merger scenarios to explain the radio features

observed in this cluster: a current merger in a very early stage creating the radio relic, with the

radio halo being the remnant from an older merger event, or an advanced merger of the primary

cluster and the western sub-cluster in which the merger shock has already passed the core of

the primary to create both the diffuse halo and relic emission, favoring the latter. They also

conducted one of the few previous studies of the polarization properties of the cluster. They

found that the entire radio relic shows a high level of polarization, with an average of 20% at

1.4 GHz. They also show the displacement of the magnetic field vectors in the region of the

relic emission, although the Faraday correction for the Galactic contribution at the position of

the cluster was made with an old value of the galactic rotation measure (RM = -4±37 rad·m−2),

based on an average of seven sources within 15◦ in the RM catalog of Simard-Normandin et al.

(1981). They moreover suggest, based on a Faraday RM map, that the relic is on the near side

of the cluster and does not experience significant Faraday rotation from the ICM.

Kale & Dwarakanath (2010) conducted a spectral study across the diffuse emission in A2256

and found an occurrence of flat spectral indices in the region of the radio relic (α350
150
∼ 0.7−1.1

and α1369
350
∼ 0.7 − 0.9). Similar results have been presented by Brentjens (2008).

We showed in Chap. 4 that the integrated spectrum of the A2256 radio relic keeps this flat

behavior up to ∼ 10 GHz. In this chapter we present a detailed spatial study of the spectral

and polarization properties of the diffuse emission. In Sect. 5.3 we recall the observations and

present the main steps of the polarization calibration and imaging. Polarization and spectral

properties are presented in Sects. 5.4 and 5.5, respectively. In Sect. 5.6 we present the X-ray

properties of the ICM in the cluster. Discussion and conclusions are presented in Sects. 5.7

and 5.8.

5.3 Radio observations and data reduction

A 2256 was observed with the WSRT at 2273 MHz (13.2 cm, S-band) and with the Effelsberg

100-m telescope at 2640 MHz (11.35 cm, S-band) and at 4850 MHz (6.2 cm, C-band) in full

polarization mode. The data calibration and total intensity results have been presented in Chap.

4. In this section we recall the observations and present the main steps of the polarization

calibration and imaging.

5.3.1 WSRT observations in the S-band

The WSRT receiver used for the observations is equipped with circularly polarized feeds (RR,

LL, RL, LR), which allowed us to follow standard procedures within AIPS to calibrate the

polarization data. Without any polarization calibration, an unpolarized source would appear

to be polarized at some percent level due to impurities of the feeds (instrumental polariza-

tion). Furthermore, without calibration of the R-L phase difference, the polarization angle is
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undetermined. The best way to determine the leakage terms, which produce the instrumental

polarization, is to observe an unresolved source (calibrator) over a wide range in parallactic

angle. The polarization angle of the calibrator will appear to rotate in the sky with the paral-

lactic angle, while the instrumental contribution stays constant. This allows to simultaneously

solve for the source polarization properties and the leakage terms (task PCAL in AIPS). How-

ever, in the case of the WSRT, the antennas are equatorially mounted and the parallactic angle

of the polarization remains fixed as a source is tracked. This allowed us to observe the calibra-

tors only twice, at the beginning and at the end of the observation session. Calibration of the

absolute polarization angle (or R-L phase difference) can be accomplished with a single obser-

vation of a polarized source having a known polarization angle (the true R-L phase difference

is twice the source polarization angle). We used 3C286, which has a known polarization angle

of 33◦ at frequencies above 1 GHz and a fractional polarization of 10% 1.

The three pointings were imaged and self-calibrated separately both in total and polarized in-

tensity. Images of the Stokes parameters I, U and Q were obtained for each pointing from the

polarization products:

I =
LL + RR

2
Q =

RL + LR

2
U =

RL − LR

2

They were then combined (separately for I, U and Q) and corrected for the primary beam

attenuation with the FLATN task in AIPS. Images of the polarized intensity PI = (Q2 +

U2)1/2, position angle of the polarization Ψ = 0.5 arctan(U/Q) and fractional polarization

FPOL = PI/I were obtained from the resultant I, U and Q mosaics (task COMB in AIPS). The

polarized intensity map was produced by blanking whenever the S/N ratio in the output map

fell below 3. The fractional polarization map was produced by blanking whenever both the

input total intensity or linear polarization map values fell below their respective 3σ level. The

polarization angle map was corrected for the Galactic contribution estimated from the recently

reconstructed map of the Galactic Faraday Sky (Oppermann et al., 2012). At the position of

the cluster (l=111.09, b=31.7) the map provides a Galactic Faraday depth of -22.87 ± 11.8

rad/m2, which at the observing wavelength implies a rotation of the polarization vectors in the

map of ∆Ψ = −22.87rad · λ2 = −22.◦8.

5.3.2 Effelsberg observations in the S and C bands

Data in the four Stokes parameters (R, L, U, Q) were provided for each frequency channel,

for each horn, and for each coverage of the field for the Effelsberg observations at 2640 MHz

and 4850 MHz. As circular polarization is generally very week, the maps in R and L contain

identical signals and can be averaged, providing the total intensity map.

The polarization data reduction was performed with the NOD2 software package, following

the standard procedures, similar to the total intensity data. Images of the polarized intensity PI,

position angle of the polarization Ψ and fractional polarization FPOL were produced in AIPS

with the same procedures as for the WSRT data. The correction for the Galactic polarization

contribution implies a rotation of the polarization angle of -16.◦7 at 2640 MHz and of -5.◦04 at

4850 MHz.

1From the VLA calibrator manual
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5.4 Polarization properties

The polarization E-vectors and the fractional polarization of the relic emission in A2256 at

2273 MHz, 2640 MHz and 4850 MHz are presented in Fig. 5.1, Fig. 5.2 upper panels and Fig.

5.2 lower panels respectively. The electric (polarization) vectors shown are perpendicular to

the projection of the magnetic field onto the plane of the sky. The intrinsic polarization degree

depends on the particle distribution, but the observed degree of polarization can be decreased

by a disordered and complex magnetic-field structure. The alignment of the electric vectors

of the linearly polarized emission in the radio relic region observed at all frequencies suggests

that the intergalactic magnetic field is well ordered in these regions. The ordering is on scales

of the order of few arcminutes, as it ”survives” the big beam of the Effelsberg observations.

The orientation of the polarization vectors differ between the north-eastern (G region) and

south-western (H region) regions of the relic emission identified in the total intensity image

at all frequencies and resolutions. However, the visible transition of the vectors’ orientation

from one region to the other suggests that the two regions are physically connected and not

just superimposed by projection effects. In the high-resolution WSRT image the polarized

emission with S/N>3 traces only the brightest regions of emission (Figs. 5.1a and 5.1b).

However, plotting the polarized emission without any cut in S/N, we can see polarization

along all the relic structure that looks significant upon visual inspection (Fig. 5.1c). In the

north-eastern part of the relic, the B-vectors (perpendicular to the E-vectors shown) nicely

follow the arc-like shaped emission. The same orientation is roughly observable also at higher

frequencies in the Effelsberg images, although with much lower resolution (Fig. 5.2). In the

south-western region the B-vectors are aligned with the major axis of the relic at 4850 MHz

(Fig. 5.2c), while they appear to be rotated at lower frequencies (Fig. 5.2a). The fractional

polarization reaches a mean level of ∼ 30% in both regions, with peaks of 45-50 % in the

high-resolution WSRT image (Fig. 5.1b). In the low-resolution Effelsberg images the level of

polarization is lower, due to beam depolarization. The north-eastern region of the relic is more

polarized (∼25-30 %) than the south-western one (∼ 10-15%) at 2640 MHz (Fig. 5.2b), while

they are similarly polarized at a level of ∼ 25-30 % at 4850 MHz (Fig. 5.2d).

5.5 Spectral index maps

We have produced a spectral-index map between 2640 and 4850 MHz, which is shown in Fig.

5.3a with the corresponding spectral index error map (Fig. 5.3b). In order to compare the

intensities on the same spatial scale, we convolved the 4850 MHz Effelsberg map to a beam of

4.◦4 × 4.◦4 to match the resolution of the 2640 MHz map. The spectral index map was computed

on a pixel by pixel base, only where the two maps are both above their respective 3σ level

(3σ2640MHz = 4 · 10−3 Jy/beam, 3σ4850MHz = 3 · 10−3 Jy/beam). The north-eastern part of the

diffuse emission (region G), with spectral indices of -0.6 to -0.8, has a general flatter spectrum

than the south-western part (region H). In particular in the south-western region of the relic

there is a steepening from the NW edge (with values -0.6 to -0.8) toward the SE edge (with

values -1.1 to -1.2). These values are in agreement with what was reported by Brentjens (2008)

at lower frequencies: he found that the mean spectral index between 351 and 1369 MHz in the

G region is -0.76 ± 0.03, while in the H region it is -1.17 ± 0.03. Kale & Dwarakanath (2010)

also found occurrence an of flat spectral indices in the G and H region of the diffuse emission
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(a) Polarization E-vectors with S/N > 3.
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(b) Fractional polarization (polarization emission

with S/N > 3).
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(c) Polarization E-vectors without S/N cuts.

Fig. 5.1: A2256 polarization properties at 2273 MHz from WSRT observations. In all panels

the contours represent the total intensity emission (see Chap. 4). The beam, shown in the

bottom-left corner, is 9.′′84 × 9.′′44.

123



Chapter 5 Spectral and polarization study of the radio relic in Abell 2256

ICONT:A2256  2604.500 MHZ  11CMBAS2 9AS.ICLN.1
PLot file version 1  created 09-JUL-2013 11:33:34

Cont peak flux =  1.2243E-01 JY/BEAM
Levs = 3.900E-03 * (-1, 1, 2, 4, 8, 16)
Pol line 1 arcsec =  5.2116E-05 JY/BEAM

D
ec

lin
at

io
n

 (
J2

00
0)

Right ascension (J2000)
17 07 06 05 04 03 02 01 00

78 50

45

40

35

30

25

(a) Polarization E-vectors at 2640 MHz.
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(b) Fractional polarization at 2640 MHz.
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(c) Polarization E-vectors at 4850 MHz.
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(d) Fractional polarization at 4850 MHz.

Fig. 5.2: A2256 polarization in S and C bands.
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(α350
150
∼ −0.7to−1.1, α1369

350
∼ −0.7to−0.9). We made another spectral-index map between 4850

and 10450 MHz (shown in Fig. 5.3c) with the corresponding spectral index error map (Fig.

5.3d). Also in this case we convolved the 10450 MHz data to a lower resolution to match the

one at 4850 MHz and blanked below the 3σ lvel of the two images (3σ4850MHz = 1.86 · 10−3

Jy/beam and 3σ10450MHz = 1.9 · 10−3 Jy/beam). Here the situation looks inverted with the

north-eastern region steeper than the south-western part. While in the south-west the spectral

indices keep values around -1, in the north-eastern region they change from -0.6 to -0.8 to

values around -1.3.
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(a) Spectral index map between 2640 and 4850 MHz.
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(b) Spectral index error map between 2640 and 4850

MHz.
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(c) Spectral index map between 4850 and 10450

MHz.
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(d) Spectral index error map between between 4850

and 10450 MHz.

Fig. 5.3: Spectral index and error maps.

126



5.6 X-ray properties of the ICM

5.6 X-ray properties of the ICM

We used X-ray observations taken from the XMM-Newton archive to examine the properties

of the ICM in A2256 (data reduction presented in Sec. 4.4). In Chap. 4 we showed the ICM

temperatures calculated in specific regions across the radio relic emission (see Fig. 5.5a). Here

we derive a hardness ratio map, which is also a qualitative indicator of the gas temperature

in the cluster. The hardness ratio of the cluster X-ray emission is a proxy for the temperature

because the principal component of the cluster X-ray emission is thermal bremsstrahlung. For

thermal bremsstrahlung the X-ray luminosity in the energy band E1 − E2 is given by:

LX ∝
∫ E2

E1

n2
eT−1/2e−E/kTG(E,T )dE (5.1)

where ne is the electron number density and G(E,T ) is the quantum correction Gaunt factor

(Peacock, 1999). From the temperature dependence of LX, one sees that the hardness ratio

LX2/LX1 is just related to the ratio of temperatures T2/T1, which after integration is roughly

proportional to (T2/T1)1/2. Thus, a higher hardness ratio corresponds to harder X-ray emission,

which in turn implies a higher temperature (Henning et al., 2009). Moreover, a two-band

hardness ratio map requires fewer counts than spectral temperatures profiles for a given signal-

to-noise, and is suitable for XMM-Newton data, which are heavily affected by flares. The

hardness ratio map between the bands (2-5 keV) and (0.5-2 keV) for A 2256 is shown in

Fig. 5.4. It shows that the south-western region of the relic is colder. This is in agreement

with previous studies conducted by Sun et al. (2002) and Bourdin & Mazzotta (2008), which

showed that this region is cold due to the presence of a colder sub-cluster at an early stage of

merging with the main cluster from the west.

0 0.099 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 5.4: Hardness ratio map for Abell 2256 from XMM-Newton data.

Radio relics are usually associated with outgoing merger shocks that travel from the core

of a merging event outwardly towards the periphery of the clusters. We therefore checked for

radial trends, extracting the ICM surface brightness profiles in the north-west (NW) direction
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across region G of the relic and in the west (W) direction across region H (see Fig. 5.5a). The

data binning inside each sector was determined by the requirement to have a constant number

of photon counts inside each bin. For the extraction we used only the soft band (0.5-2 KeV),

which is less affected by the soft-protons problem. The surface-brightness profiles are plotted

in Fig. 5.5. The vertical lines in the plots corresponds to the annuli drawn in Fig. 5.5a and

mark the position of the inner and outer edges of the radio relic with respect to the cluster

center. Across the inner edge of region G we clearly see a break in the surface brightness

profile (Fig. 5.5b). However, density jumps alone can not distinguish between shocks and

cold fronts. An accurate temperature profile across this edge is needed to check wether this is

associated with a decrease or increase of the temperature. In the latter case these features may

correspond to a contact discontinuity where no clear pressure jump is present, usually referred

to as a cold front (Markevitch et al., 2000). Bourdin & Mazzotta (2008) and Sun et al. (2002)

reported the presence of two other cold fronts in A2256 at the south-eastern side of the cluster

and in the south-western region respectively. Multiple cold fronts have already been observed

in Abell 2142 (Rossetti et al., 2013).

The western sector (across region H) shows a break in the location of the outer edge of the

radio relic that might indicate the presence of a shock front (Fig. 5.5c). However, we measured

approximately the same temperature in the regions r4 and r5 across this edge (see Sect. 4.6).

5.7 Discussion

In the shock acceleration formation mechanism for relics the magnetic field becomes aligned

with the shock front. In both low-resolution maps it seems that there is a transition in the

polarization orientation going from the south-western to the north-eastern regions, suggesting

maybe that the shock front encounters a medium with different properties while propagating.

A linearly polarized wave when propagating through a magnetized plasma can experience

Faraday rotation. This produces a rotation of the final electric field vectors and a reduction

of the degree of polarization in case of large beam and coincidence of emitting and rotating

volumes. The intrinsic polarization angle Ψ0 will be rotated by an amount :

∆Ψ = Ψ − Ψ0 = λ
2 · RM

where λ is the observing wavelength and RM is the so-called Rotation Measure defined as:

RM = 812

∫ L

0

neBzdl(rad/m2),

where ne is the thermal electron density in cm−3, Bz is the magnetic field component along the

line of sight in µG and L is the path length traveled by the radiation through the plasma in kpc.

This effect depends on the properties of the medium and decreases with increasing fre-

quency so that going to high frequencies the observed polarization is closest to the intrinsic

one. So, assuming that the polarization properties observed at 4850 MHz are close to the

intrinsic one, the fact that at 2640 MHz the south-western part is less polarized than the north-

eastern part can suggest that the radiation coming from south-west experienced higher Faraday

depolarization because it traveled through a larger distance from us. Moreover in region G the

E-vectors at 2640 MHz look rotated respect the E-vectors at 4850 MHz, suggesting that the
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(b) XMM-Newton surface brightness profile in the north-western sector.
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(c) XMM-Newton surface brightness profile in the western sector.

Fig. 5.5: XMM-Newton image of A2256 in colour scale (upper panel). White contours repre-

sents the radio relic emission. Red dashed boxes represents the area used for the temperature

calculations presented in Sect. 4.6.
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Chapter 5 Spectral and polarization study of the radio relic in Abell 2256

polarized emission undergoes Faraday rotation in the intergalactic medium while propagating

toward us.

We suggest that these features could be explained if the relic is inclined with respect to the

line of sight, with the north-eastern region H on the near side toward us and more external

with respect to the cluster and the south-western region G more embedded in the intra-cluster

medium, behind the sub-cluster merging from the west.

5.8 Conclusions

In this chapter we have presented a polarization and spectral study of the extended radio relic

emission in the galaxy cluster A2256. The main points of this study can be summarized as

follows.

1. We present new polarization observations of the radio relic in A2256 performed at 2273

MHz (13.2 cm, S-band) with the WSRT, and at 2640 MHz (11.35 cm, S-band) and 4850

MHz (6.2 cm, C-band) with the Effelsberg 100-m telescope. At all frequencies and

resolutions, the orientation of the polarization vectors differ between the north-eastern

region G and south-western region H of the relic emission identified in the total in-

tensity image. In the north-eastern part of the relic, the B-vectors nicely follow the

arc-like shape emission in the high-resolution WSRT image. The same orientation is

roughly observable also at higher frequencies in the Effelsberg images, although with

much lower resolution. In the south-western region the B-vectors are aligned with the

major axis of the relic at 4850 MHz, while they look rotated at lower frequencies. In

the high-resolution WSRT image the fractional polarization reaches a mean level of ∼
30% in both regions, with peaks of 45-50 %. In the low-resolution Effelsberg images the

level of polarization is lower due to beam depolarization. The north-eastern region of

the relic is more polarized (∼25-30 %) than the south-western one (∼ 10-15%) at 2640

MHz, while they look similarly polarized at a level of ∼ 25-30 % at 4850 MHz.

2. We produced two spectral-index maps in the ranges 2640-4850 MHz and 4850-10450

MHz. We found a general occurrence of flat spectral indices in the region of the relic up

to high frequencies, in agreement with the integrated radio spectrum shown in Chap. 4.

3. We complemented our radio analysis with archival X-ray observations. The hardness

ratio map shows that the south-western region of the cluster is colder, probably due to

the presence of a colder sub-cluster.

4. We suggest that the above properties can be explained by a geometry in which the relic

is inclined respect the line of sight, with the north-eastern region H on the near side

toward us and more external with respect to the cluster, and the south-western region G

more embedded in the intra-cluster medium, behind the sub-cluster merging from the

west.
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Chapter 6

Preliminary results on the radio halo in

the Coma cluster at GHz frequencies

6.1 Introduction

One of the first and strongest observational evidences supporting the scenario of the in-situ tur-

bulent re-acceleration for radio halos has been the steepening observed above 1 GHz in the in-

tegrated spectrum of the radio halo in the Coma cluster (Schlickeiser et al., 1987; Thierbach et al.,

2003). The high-frequency flux densities were measured with low resolution single-dish im-

ages and strongly depend on a correct subtraction of the contribution from point sources em-

bedded in the diffuse emission. We observed the Coma halo field in the L-band with the

Effelsberg telescope (see Sect. 3.3.1) and in the S-band with both the Effelsberg telescope and

the WSRT. The high resolution of the latter observations will enable us to carefully estimate

the contribution of point sources and confirm the steepening.

6.1.1 Effelsberg observations in the L-band

The Effelsberg L-band data and data reduction are presented in Sect. 3.3.1. Figure 3.4 shows

the large field of the Coma cluster covered by the observations, which includes both the ra-

dio halo and relic emission. Figure 6.1 shows the diffuse halo emission from the Effelsberg

observations after subtraction of the NVSS point-source emission. From preliminary mea-

surements, the residual flux in the halo region is ∼ 200 mJy, lower than previously reported

by Kim et al. (1990) (S = 530 ± 50 mJy) and by Deiss et al. (1997) (S = 640 ± 35 mJy)

at similar frequencies. Our preliminary flux density measured at 1.4 GHz is plotted (in red)

for comparison with the collection of other flux densities from literature (taken from Table 6

of Thierbach et al., 2003). Further and more careful flux density measurements will be per-

formed in order to check the high frequency end of the integrated radio spectrum of the Coma

halo.

131



Chapter 6 Preliminary results on the radio halo in the Coma cluster at GHz frequencies

Fig. 6.1: Effelsberg L-band total intensity image of the Coma halo field, with NVSS emission

subtracted out. The resolution is 9.′4 × 9.′4.
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Fig. 6.2: Coma radio halo flux densities measurements from literature. Our preliminary mea-

surement at 1400 MHz is plotted in red for comparison.
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6.1.2 WSRT observations in the S-band

The Coma halo field was observed with the WSRT at 2273 MHz (13.2 cm, S-band) in full

polarization. The observations were carried out in the mosaic mode, with 9 different pointing

centers (summarized in Table 6.1).

Tab. 6.1: S-band WSRT observational parameters.

Pointing center (J2000) Frequency Bandwidth Exposure time

RA DEC (MHz) (MHz) (min)

12:58:55 +27:48:50 2273 160 72

12:59:40 +27:48:50 2273 160 72

13:00:25 +27:48:50 2273 160 96

13:00:25 +27:58:50 2273 160 72

13:00:25 +28:08:50 2273 160 72

12:59:40 +28:08:50 2273 160 96

12:58:55 +28:08:50 2273 160 72

12:58:55 +27:58:50 2273 160 72

12:59:40 +27:58:50 2273 160 96

The data reduction was performed with the AIPS package, following standard procedures

similar to those used for the WSRT observations of the Coma relic (Sect. 3.3.2) and of the relic

in A2256 (Sect. 4.3.1). The nine pointings were imaged and self-calibrated separately with

the IMAGR task in AIPS. Images of the Stokes parameter I, U and Q were obtained for each

pointing and were then combined (separately for I, U and Q) and corrected for the primary

beam attenuation with the FLATN task in AIPS. Preliminary images of the polarized intensity

PI and position angle of the polarization Ψ were produced. Figure 6.3 shows the S-band

WSRT image of the Coma halo field with polarization vectors over-plotted. The halo emission

is completely filtered out as a result of the zero-spacing problem and the steep spectrum.

The high resolution of these observations will enable us to carefully estimate the point

source contribution and confirm the steepening.

Figure 6.4 shows the entire 3◦×3◦ field centered on the Coma cluster, observed with the

Effelsberg in the S-band (see Sect. 3.5).
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ICONT:ComaCen.  IPOL  2271.875 MHZ  ComaHaloMos.FLATN.1
PLot file version 1  created 24-JUL-2014 13:15:13

Cont peak flux =  3.4844E-02 JY/BEAM 
Levs = 1.500E-04 * (1, 2, 4, 8, 16, 32)
Pol line 1 arcsec =  3.3333E-05 JY/BEAM
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Fig. 6.3: WSRT S-band total intensity image of the Coma halo field.
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6.1 Introduction

Fig. 6.4: The coma cluster in the S-band. Grey scale and green contours represent the Effels-

berg observations (Sect. 3.5) contours are drawn at [1,2,4,8] × 0.007 mJy/beam. The syn-

thesized beam is 4.′4×4.′4. Red contours represent the WSRT observations of the coma relic

(drown at 0.0001 mJy/beam; Sect. 3.3.2) and of the radio halo (drown at 0.0003 mJy/beam;

Fig. 6.3).

.
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Summary and conclusions

In this thesis we studied the properties at GHz frequencies of the diffuse non-thermal sources

observed in an increasing number of clusters of galaxies known as radio relics and radio

halos. These sources, not related to any discrete source in the clusters but rather with the

diffuse medium, require some form of particle acceleration given their large extent (of the

order of Mpc). It has been proposed that they are connected to the most energetic phenomena

in the universe, mergers between clusters, during which shocks and turbulence may develop

in the ICM leading eventually to the acceleration of particles through Fermi mechanisms.

In order to test the proposed models, we studied the properties of these sources in two clusters,

Abell 1656 (best known as the Coma cluster) and Abell 2256, both known to posses both a

radio relic and a radio halo. We have observed a wide field on the Coma cluster, covering both

the peripheral relic and the central halo, with the Effelsberg 100-m telescope at 1400 MHz

(21.4 cm, L-band). Moreover, the Coma relic field and the Coma halo field have been covered

separately with respectively a 3-pointing and a 9-pointing mosaics performed with the WSRT

at 2273 MHz (13.2 cm, S-band). We have observed the cluster Abell 2256 with the Effelsberg-

100m Telescope at 2640 MHz (11.35 cm, S-band) and at 4850 MHz (6.2 cm, C-band). The

same field was observed with a 3-pointing mosaic performed with the WSRT at 2273 MHz

(13.2 cm, S-band). The observations were performed in full polarization mode.

In the following the main results derived from the analysis of these data will be summarized.

• We showed the importance of high-frequencies observations (at GHz frequency e.g. L,

S and C bands) for the study of these sources. According to the predictions of the

proposed models, the currently known radio relics and halos are the most extreme and

energetic cases, for which high-frequency observations are necessary to constrain the

shape of the spectra and search for the presence of a steepening, in order to test the

models expectations. For most of the currently known radio relics and halos the high-

est studied frequency is 1.4 GHz. Therefore, observations at GHz frequencies of the

currently known radio relics and halos are essential to test the models and shed light

on the origin of these diffuse sources. However, increasing the observing frequencies,

the interferometers encounter the technical problem of the missing short spacings, that

makes them ”blind” to very extended structures. On the other hand, single dishes are

optimal to catch all the emission from a field but they lack angular resolution.

We showed the power of a method for combining interferometric and single-dish data in

the Fourier domain, which allows to produce images sensitive to a large range of angular

scales, from the map sizes down to the original synthesized beam of the interferometric

observations. We applied this technique for the first time to study in detail the prop-

erties in the L and S bands of the radio relic emission in the Coma cluster. The final

combined image in the L-band has a resolution of 45′′ × 45′′ and contains information

on spatial frequencies in the range 0 - 4.5 kλ. The final combined image in the S-band

has a resolution of 33.′′17 × 13.′′16, and complete uv-coverage in the range 0 - 21 kλ.
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Chapter 6 Preliminary results on the radio halo in the Coma cluster at GHz frequencies

We showed that none of our images support the tentatively detection recently claimed in

literature of an extension to the radio relic which would make its total extend ∼ 2 Mpc.

Our data suggest an extent for the relic of no more than ∼30′ (∼ 800 kpc) at different

frequencies and resolutions. Moreover the combination method allowed to recover ∼
40 % of the total flux in the L-band and ∼ 36% of the total flux in the S-band, missed

in the interferometric observations due to the zero spacing problem. The combination

technique is, therefore, a promising tool to study the properties of radio relics and halos

at GHz frequencies.

• To date, the integrated radio spectra of these diffuse sources are obtained with more than

three flux density measurements at different frequencies only in few cases.

We have performed an accurate study of the integrated spectrum of the radio relic in

Abell 2256, by using our new GHz observations together with images available at other

frequencies in the literature. This study was inspired by the publication of an unusually

flat (α ∼ 0.8) integrated radio spectrum at low frequencies for the relic host in this clus-

ter. It is, moreover, the first cluster observed with LOFAR, for which the flux density at

very low frequencies (63 MHz) is available. We measured the relic flux density at six

different frequencies in the range 63 -10450 MHz on images convolved to the same res-

olution and considering the same region for the integration. The integrated spectra of the

discrete sources embedded in the relic emission have been carefully determined in the

same frequency range in order to carefully account for their contribution to the emission.

In this way we constrained the radio integrated spectrum of the radio relic in Abell 2256

over the widest frequency range collected so far for this kind of objects. We found that,

although the relic spectrum between 63 and 10450 MHz is not inconsistent with a single

power law with α(relic)10450
63

= 0.92 ± 0.02, a separate fit of the spectra between 63 and

1369 MHz and between 1369 and 10450 MHz shows that these two frequency ranges

are best represented by two different power laws, with α(relic)1369
63
= 0.8488 ± 0.0003

and α(relic)10450
1369
= 1.00± 0.02. We discussed the difficulties in explaining such spectral

behaviors in the framework of diffusive shock acceleration or acceleration by adiabatic

compression.

The high resolution (∼ 10′′) of the WSRT observations allowed us to analyze the sub-

structures of the diffuse emission in detail. The relic shows a complex morphology,

with two regions of enhanced surface brightness: regions G and H. At full resolution

the entire relic emission covers an area of about 10.′6 × 5′. We have investigated the

possibility that the G and H regions are two independent relics with different properties

in the frequency range 351-10450 MHz. We find that the singular spectra of regions G

and H show a similar flat trend respect the total relic with α(G)10450
351

= 0.97 ± 0.04 and

α(H)10450
351
= 0.92±0.02. The absence of a pronounced steepening in the integrated radio

spectrum of the relic as well as of the regions G and H separately, rule out a phoenices

origin for the relic/s.

We presented new flux density measurements of the Coma radio relic at 1400 and 2640

MHz. Fitting our data with flux densities published in literature we find that the Coma

relic integrated spectrum in the frequency range 139-4759 MHz is consistent with a

straight power law with a spectral index α = 1.21±0.03, consistent with what previously

reported. In the scenario of diffusive shock acceleration for radio relic and applying the
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Rankine-Hugoniot conditions, this spectral index requires the presence of a shock with

Mach number M = 3.2+0.28
−0.15

.

• We investigated the connection between the radio properties of the diffuse emissions

with the thermal-dynamical properties of the host clusters.

In the case of Abell 2256 we used Suzaku and XMM-Newton X-ray observations to

study the properties of the intra-cluster medium in the regions across the radio relic

emission. We found a ICM temperature ratio T2/T1 ∼ 1.7 across the G region of the

radio relic supporting the presence, if any, of a weak shock, weaker than what expected

from the radio properties of the diffuse emission. Moreover, no clear break in the ICM

surface brightness profile is detected in correspondence to this edge. No temperature

jumps are observed in two areas across the H region of the relic, probably due to the

projection of a colder sub-cluster approaching the main cluster from the west. However,

in this direction the surface brightness profile shows a break in the location of the outer

edge of the radio relic that might indicate the presence of a shock front.

In the case of the Coma cluster we collaborated to the study of Sunyaev Zeldovich

Planck data to investigate whether a pressure discontinuity is directly visible at the posi-

tion of the radio relic. We tested different models and found that a power-law featuring a

pressure discontinuity at the position of the relic provides the best fit to the SZ data. The

best fit pressure ratio suggests a mildly supersonic shock (M ∼ 3), in agreement with

what predicted from the radio integrated spectrum, bolstering the hypothesis of shock

origin of the radio relics. The analysis supports the idea of an outwardly moving shock

front, likely caused by the first infall of the group NGC 4839.

• In case of shock acceleration, high-frequency radio emission in a radio relic mark the

location of freshly accelerated electrons closest to the shock front, and it is therefore a

cleaner indicator of the shock front geometry. Moreover at high frequency the polar-

ization properties of the emission are less affected by Faraday rotation and the observed

polarization is closest to the intrinsic one. In case of DSA alignment of the polarization

vectors and spectral distribution across the extent of radio relics can therefore be con-

nected to the geometry of the shock passage.

We conducted a detailed study of the polarization and spectral properties across the

diffuse emission in Abell 2256. We produced two spectral-index maps in the ranges

2640-4850 MHz and 4850-10450 MHz. We found a general occurrence of flat spectral

indices in the region of the relic up to high frequencies, in agreement with the integrated

radio spectrum. At all the three frequencies and resolutions studied, the orientation

of the polarization vectors differ between the north-eastern region G and south-western

region H of the relic emission identified in the total intensity image. However, the visible

transition of the vectors’ orientation from one region to the other suggests that the two

regions are physically connected and not just superimposed by projection effects. In the

north-eastern part of the relic, the B-vectors nicely follow the arc-like shape emission

in the high-resolution WSRT image. The same orientation is roughly observable also at

higher frequencies in the Effelsberg images, although with much lower resolution. In

the south-western region the B-vectors are aligned with the major axis of the relic at
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Chapter 6 Preliminary results on the radio halo in the Coma cluster at GHz frequencies

4850 MHz, while they look rotated at lower frequencies. In the high-resolution WSRT

image the fractional polarization reaches a mean level of ∼ 30% in both regions, with

peaks of 45-50 %. In the low-resolution images, the north-eastern region of the relic is

more polarized (∼25-30 %) than the south-western one (∼ 10-15%) at 2640 MHz, while

they look similarly polarized at a level of ∼ 25-30 % at 4850 MHz. We suggest that the

above properties can be explained by a geometry in which the relic is inclined respect

the line of sight, with the north-eastern region H on the near side toward us and more

external with respect to the cluster, and the south-western region G more embedded in

the intra-cluster medium, maybe behind the sub-cluster merging from the west.

• One of the first and strongest observational evidences supporting the scenario of the

in-situ turbulent re-acceleration for radio halos has been the steepening observed above

1 GHz in the integrated spectrum of the radio halo in the Coma cluster. The high-

frequency flux densities were measured with low resolution single-dish images and

strongly depend on a correct subtraction of the contribution from point sources em-

bedded in the diffuse emission.

We showed preliminary results of observations of the Coma cluster performed with the

Effelsberg-100m and the WSRT. The high resolution of the latter observations will en-

able us to carefully estimate the point source contribution and confirm the steepening.

• We finally showed the very preliminary results from the analysis of Effelsberg C-band

observations of the clusters Abell 0115 and Abell 2255. These observations were carried

out during an observational campaign of a small sample of galaxy clusters known to host

diffuse non-thermal emission. The aim of the campaign and the focus of future work will

be to increase the number of radio relics and halos with constrained integrated spectra

up to high frequencies.
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Appendix A

Formulary for test-particle DSA

The table provides the quantity in the rows as function of the quantity in the columns.

Here we use the convention:

S (ν) ∝ ν−αin j ,

with the definition

αin j =
βin j − 1

2
=
δin j − 3

2

as in Sect. 2.3.1.

Legend:

• αobs: observed (with aging) synchrotron spectral index;

• αin j: injection (without aging) synchrotron spectral index;

• βobs: observed (with aging) particle energy distribution index;

• βin j: injection (without aging) particle energy distribuion index;

• δobs: observed (with aging) particle momentum distribution index;

• δin j: injection (without aging) particle momentum distribution index;

• M: shock Mach number;

• C: shock compression ratio.
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Appendix B

Preliminary images from a Effelsberg

campaign

The Effelsberg observations presented in this thesis were part of an observational campaign

performed at high frequencies (S, C and X bands) and in full polarization mode, of a small

sample of clusters known to host a radio relic and/or a radio halo. Here we show the prelim-

inary images at 4850 MHz (with a resolution of 2.′43 × 2.′43) for other two of these clusters:

Abell 0115 and Abell 2255.

Abell 0115

Fig. B.1: C-band preliminary total intensity image of Abell 0115.

.
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Abell 2255

Fig. B.2: C-band preliminary total intensity image of Abell 2255.

.
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