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Abstract. Deep radio observations of galaxy clusters have revealed the existence of diffuse radio sources
related to the presence of relativistic electrons and weak magnetic fields in the intracluster volume. The role
played by this non-thermal intracluster component on the thermodynamical evolution of galaxy clusters is
debated, with important implications for cosmological and astrophysical studies of the largest gravitationally
bound structures of the Universe.

The low surface brightness and steep spectra of diffuse cluster radio sources make them more easily
detectable at low-frequencies. LOFAR is the first instrument able to detect diffuse radio emission in hundreds
of massive galaxy clusters up to their formation epoch (z ~ 1). We present the first observations of clusters
imaged by LOFAR and the huge perspectives opened by this instrument for non-thermal cluster studies.
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1 Introduction

Galaxy clusters are both powerful cosmological tools and unique astrophysical laboratories to study the evolution
and interaction processes of baryons along the history of the universe (see e.g.|Voit2005, and references therein).
Number counts of clusters as a function of mass and redshift can give important constraints on cosmological
parameters (e.g. Borgani & Guzzo||2001}; [Vikhlinin et al.|2009)). We firstly need to be able to identify clusters —
through the multi-wavelength emission related to their different components or through the gravitational lensing
effect — and to measure their redshift. And of course we need to be able to estimate their mass from observable
quantities (e.g. X-ray luminosity; optical richness; velocity dispersion of cluster members; temperature and
density profiles of the thermal intracluster medium; ... ). For this, a detailed characterization of the complex
gravitational and non-gravitational physical processes acting on galaxy clusters is essential (e.g. Bohringer &
Werner||2010)).
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In the last years, much interest has been paid to the influence of the non-thermal component of the intraclus-
ter medium on the thermo-dynamical evolution, heating transport processes and mass determination of galaxy
clusters (e.g.|Parrish et al.|2009; |Lagana et al.|2010)). The existence of relativistic electrons and magnetic fields in
the volume in between cluster galaxies has been pointed out by radio observations of diffuse synchrotron sources
(see e.g. [Feretti et al[[2012, for a recent review). Mpc-scale cluster radio sources are generally divided in “halos”
and “relics” depending on their position in the cluster, morphology, polarization properties (Ferrari et al.|[2008)).
The left panel of Fig.[[] shows the radio contours overlaid on the X-ray map of one of the most studied nearby
galaxy clusters, Abell 2256 (A 2256 in the following). This system hosts both a bright and elongated radio relic
in its North-West external region and a central, very low-surface brightness radio halo. The morphology of this
latter source is very similar to the X-ray emission of the cluster, which is related to the thermal intracluster
component.

A detailed understanding of the origin of the intracluster non-thermal component is still missing (e.g. Dolag
et al.[2008; [Brunetti & Lazarian|[2011). Theoretical models need to be compared to statistical samples of clusters
emitting at radio wavelengths, while only a few tens of radio relics and halos are known up to now (Feretti
et al.[2012; Nuza et al|2012)). Diffuse intracluster radio sources are generally characterized by steep synchrotron
spectra (o > —1, S, o< v®). This, together with their low-surface brightness and the possible spectral steepening
at high radio frequencies due to electron aging, make them difficult to be imaged in the GHz regime and more
easily detectable at the long wavelengths observed by LOFAR. This instrument is therefore expected to be the
first to allow the detection of diffuse radio emission in hundreds of massive galaxy clusters up to z ~ 1 (Cassano
et al.[2010)).

Fig. 1. Radio observations of A 2256 at ~1400 MHz (white contours in the left panel; VLA observations) and at ~ 60
MHz (color maps on the right; LOFAR observations). On the left, radio contours are overlaid on the Chandra X-ray
image of A 2256. The right image shows the low-resolution (80" x 80”) large-scale LOFAR map of the cluster, with a
zoom in its central field shown at higher resolution (22" x 26”) in the inset. Figures are extracted from [Clarke & Ensslin
(2006)) and [van Weeren et al.| (2012).

2 First LOFAR observations of galaxy clusters

Thanks to its large field of view (FoV), frequency coverage and high sensitivity, LOFAR is an excellent survey
instrument that opens enormous perspectives for the study of radio plasma in the ICM (Rottgering et al.|[2011)).

Issues related to direction dependent effects (such as beam variations in both time and frequency, or iono-
spheric distortions of the wavefront propagation on scales smaller than the LOFAR FoV; see e.g. [Tasse et al.
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are particularly critical in the calibration and imaging phases of LOFAR data. For this, a detailed and
complex data reduction chain is being tested and implemented during the LOFAR commissioning phase (Heald,
. Very briefly, after the initial phase of data flagging and compression, the brightest radio sources in
the sky (the so-called “A-team”), that during observations move in and out the side-lobes of the station beams,
need to be subtracted. New calibration and imaging algorithms, taking into account direction dependent effects
as well as the non-coplanarity of the array, are under development (Tasse et al.[2012).

LOFAR project started his commissioning activities about three years ago. A lot of progress has been
made thanks to commissioning events called “Busy Weeks”, where expert commissioners get together and work
on specific topics. Besides the “Busy Weeks”, since September 2010 we kept the commissioning work very
active with the “Busy Days”, taking place every other week at ASTRON, with EVO sessions organized for
commissioners located all around the world.
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Fig. 2. Top: high- and low-resolution (22" x 26", left, and 52" x 62", right) LOFAR maps of the galaxy cluster A 2256
at &~ 60 MHz. The radio relic is indicated by a dashed ellipse on the left, while the area used to measure the radio halo
spectral index is shown by the dotted polygon on the right. Bottom: radio spectra for the relic and the halo in A 2256.

Figures extracted from [van Weeren et al.| (2012).

One of the very first galaxy clusters observed by LOFAR has been A 2256 (van Weeren et al.|[2012). X-ray
and optical observations provide strong evidence that A 2256 is undergoing a merger event between a main
cluster, a major sub-structure and, possibly, a third infalling group. As introduced in the previous section and
shown in Fig. it is a nearby (z = 0.0581) system that contains a giant radio halo, a relic and a large number of
tailed radio galaxies. The relic has a large integrated flux compared to other sources of the same class, of about
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0.5 Jy at 1.4 GHz. A spectral analysis by (Brentjens|2008|) shows that the radio halo component dominates the
integrated cluster spectrum at very low frequencies. The large angular extent of the diffuse emission and its
large integrated flux make A 2256 a prime target for low-frequency observations which typically suffer from low
spatial resolution and sensitivity, compared to observations at high frequencies.

The LOFAR 63 MHz image reveals some of the well known tailed radio sources, the main relic, and part of
the radio halo (Fig.7 which is more easily detectable on the lower resolution map. The integrated fluxes of
the radio halo and relic are difficult to be measured because they are partly blended with some of the complex
head-tail radio sources in the cluster. To estimate their flux contribution, both the high and low resolution
images have therefore been used (see van Weeren et al.|2012, for more details).

In the case of radio relics, the origin of cosmic ray electrons is generally explained in the framework of the
diffusive shock acceleration (DSA) theory. The spectral index of A 2256 radio relic, integrated over the full extent
of the source, is however too flat (v = 0.81 & 0.03) to be explained by classical DSA. Different hypotheses have
been proposed, such as the fact that we are observing a relic related to a young shock, in which energy injection
and losses are not yet balanced, or that we are observing electron re-acceleration in a possibly inhomogeneous
shock downstream region, or finally that our flux measurements are severely affected by projection effects (van
Weeren et al.|2012).

Also the radio halo spectral shape is puzzling, since it presents a somehow unexpected low-frequency steep-
ening (see Fig.|2). This could be related to: a) the superposition of two (or more) spectral components (see also
Kale & Dwarakanath|2010), b) observation of turbulent re-acceleration — giving rise to the steep spectrum — plus
hadronic component — related to the flat part of the spectrum, or ¢) inhomogeneous turbulent re-acceleration,
whose efficiency changes with space and/or time in the emitting volume (van Weeren et al.|[2012]).

Several other clusters have been observed during the LOFAR commissioning phase. Preliminary results have
been presented at the meeting “LOFAR’s view of galaxy clusters” held last spring in Nice and can be found
at the conference web page (see https://gandc.oca.eu/spip.php?article398). The emission from halos,
relics and head-tail radio galaxies observed at higher frequencies is generally fully recovered in all the observed
clusters, with in addition evidence of more extended low-frequency radio emission (de Gasperin et al. submitted,
Pizzo et al. in prep., Macario et al. in prep., Bonafede et al. in prep., Orru et al. in prep.). We can conclude
that LOFAR commissioning observations of galaxy clusters have started to show the great potential of this
instrument for the study of the non-thermal component in large-scale structures.

Chiara Ferrari and Giulia Macario acknowledge financial support by the “Agence Nationale de la Recherche” through grant ANR-
09-JCJC-0001-01.
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