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CHAPTER 1

Introduction

1.1 Cosmology & large-scale structure formation

Observations reveal that the Universe has an age of 13.75± 0.11 billion years (Komatsu et al.
2011). The current standard model of cosmology is theΛCDM model which consists of dark
energy, cold dark matter and baryonic matter. These contribute about 73%, 22%, and 5%, to the
energy density, respectively. This model has successfullyexplained some of the key properties
of our Universe. These include the large-scale distribution of galaxies (e.g.,Abazajian et al.
2009), the primordial abundances of the elements hydrogen, helium and lithium, the existence
and properties of the Cosmic Microwave Background (CMB) radiation (e.g.,Mather et al. 1990;
Smoot et al. 1992; Mather et al. 1994; Kovac et al. 2002), and the observed large-scale flat
geometry and isotropy. In addition, theΛCDM model also includes the observed accelerated
expansion of the Universe (Riess et al. 1998).

A key ingredient of theΛCDM model is cosmic inflation, where just after the Big Bang the
Universe underwent a short period of rapid exponential expansion. Quantum physics implies
that temperature fluctuations should have existed immediately after the Big Bang, while the
temperature of the CMB has precisely the same value all over the sky (within one part to 10−5 –
10−6). Inflation has been invoked to smooth out the quantum fluctuations which also results in a
flat space geometry. This assures isotropy and homogeneity on the largest scales. Furthermore,
it explains why different regions of the Universe, that are not casually connected because of the
large distances between them, have the same physical properties, the so-called horizon problem.
This could also explain the lack of observed magnetic-monopoles, which should have otherwise
been produced just after the Big Bang.

Observations of the CMB reveal the matter distribution in the Universe to be extremely ho-
mogenous 3.8× 105 yrs after the Big Bang, but in 1992 tiny variations variations in the CMB
temperature were discovered (Smoot et al. 1992). These temperature anisotropies correspond
to small-scale density variations. In theΛCDM model, these tiny fluctuations grow hierar-

1



2 Chapter 1. Introduction

chically under the influence of gravity. These form halos of cold dark matter that merge and
subsequently acquire more mass (e.g.,Springel et al. 2006). The baryonic matters follows the
dark matter halos, but its physics is much more complicated as other interactions besides gravity
have to be taken into account. These include gas heating, cooling, ionization and recombination.
Dark matter only interacts with baryonic matter through gravity. The nature of this dark matter
remains one of the biggest mysteries in astronomy. Eventually the baryonic matter cools and
collapses, forming stars, galaxies, and clusters of galaxies. On the largest scales the distribu-
tion of baryonic matter forms sheets and filaments of galaxies. At nodes, where filaments meet,
galaxy clusters are located. Clusters and filaments are surrounded by voids, large empty regions
devoid of visible matter (e.g.,Peacock et al. 2001).

1.2 Galaxy clusters

Galaxy clusters play a very special role, as they are the largest gravitationally bound structures
that formed out of the CMB fluctuations. They also formed relatively late in the process, at a
time when the Universe had roughly half of its present age. Asof today galaxy cluster are still
acquiring more mass and new clusters are being formed. Galaxy clusters consist of dark matter
(∼ 75% in total by mass), hot ionized gas (20% by mass) that emitsat X-ray wavelengths (Byram
et al. 1966; Gursky et al. 1971), called the intracluster medium (ICM), and stars, cold gas, and
dust, which are mostly found in galaxies (5% by mass). The ICMhas temperatures in the range
of about 0.1 keV to∼ 40 keV. The global X-ray luminosity and temperature of clusters scale
with the cluster mass, but significant spatial temperature variations within clusters exist (e.g.,
Markevitch et al. 2002; Fabian et al. 2006; Ma et al. 2009). Typical masses for galaxy clusters
are in the range of 1014 –1015 M⊙, and clusters span about 5 Mpc in the present day Universe.

As predicted by the hierarchical model of structure formation galaxy cluster grow by mergers
with other clusters and galaxy groups, as well as through thecontinuous accretion of gas from
the intergalactic medium (IGM, or the warm-hot intergalactic medium, WHIM). In fact, about
50% of the total baryon mass is thought to reside in the IGM (Cen & Ostriker 1999). Both galaxy
cluster mergers and the accretion of gas create shocks in andaround galaxy clusters, heating the
ICM. Cluster merger events are the most energetic events in the present day Universe, releasing
energies of 1063 – 1064 erg. They therefore play an important role in the energy budget of the
ICM and dynamical state of clusters.

Magnetic fields are another important component of galaxy clusters. Magnetic fields reveal
themselves by the synchrotron radiation (e.g.,Willson 1970; Jaffe et al. 1976) from charged
relativistic particles (also called cosmic rays, CR) spiraling around the field lines. In addition,
magnetic fields can be studied through Inverse Compton (IC) X-ray emission (e.g.,Finoguenov
et al. 2010) and polarized radio emission, e.g., by Faraday rotation ofpolarized radio sources
located behind or within the ICM (e.g.,Clarke et al. 2001; de Bruyn & Brentjens 2005).

1.3 Radio emission from galaxy clusters

Radio observations show that some clusters host diffuse radio sources that are not associated
with any of the individual galaxies in clusters. This emission generally has a low surface bright-
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ness,∼ 1µJy arcsec−2 at 1.4 GHz, and relatively steep radio spectrum withα < −0.51, but more
typically α . −1. With the improved capabilities of radio interferometersthe number of these
diffuse sources known has increased considerably over the past 15 years. Currently, more than
50 of these diffuse sources are known. The classification of these sources has been driven by
the observed properties of the radio sources, these includethe location with respect to the ICM,
morphology, polarization properties, size, and radio spectrum.

Three main classes of diffuse sources in clusters have been identified. These are radiohalos,
mini-halos, and relics. In addition, claims have been made of radio emission originating from
the space between galaxy clusters (e.g.,Bagchi et al. 2002; Kronberg et al. 2007), these sources
have been calledradio filaments. Radio mini-halos are found in relaxed cool-cores clusters
(e.g.,Fabian et al. 1991; Peterson & Fabian 2006). They surround the central radio-loud active
galactic nuclei (AGN) and have sizes of. 500 kpc. We focus here on the halos and relics that
are found in merging galaxy clusters.

1.3.1 Radio halos

Radio halos are large (∼ 1 Mpc) diffuse sources that have a steep radio spectrum (α ≤ −1). Halos
are centrally located and have a regular smooth morphology.They are all found in clusters with
a disturbed dynamical state (e.g.,Cassano et al. 2010b). For a number of halos a point-to-point
spatial correlation is observed between the radio and X-raybrightness, indicating an interaction
between non-thermal and thermal components (e.g.,Govoni et al. 2004). A spatial correlation
between the radio spectral index and X-ray temperature of the gas is also observed, in the sense
that regions/clusters with a higher temperature tend to have flatter radiospectra (Feretti et al.
2004; Orrú et al. 2007; Giovannini et al. 2009). Usually no polarized emission is detected from
radio halos.

Unlike the thermal X-ray emission from clusters, radio halos are not a common phenomena.
From a complete X-ray sample (0.2 < z ≤ 0.4, LX,0.1−2.4 keV > 5 × 1044 erg s−1) Venturi et al.
(2008, 2007) found the fraction of clusters hosting radio halos to be 0.29± 0.09. This fraction
seems to increase for the more luminous/massive clusters. For cluster withLX,0.1−2.4 keV > 8×
1044 erg s−1 the fraction is 0.38± 0.13.

The 1.4 GHz radio power of halos (P1.4GHz) correlates with the X-ray luminosity. ThisLX–
P1.4GHz correlation for giant radio halos (e.g.,Liang et al. 2000; Cassano et al. 2006) could
reflect a dependence of the radio halo power on the cluster mass. Observations fromVenturi
et al.(2008, 2007) separate the radio halo clusters from clusters without radio halos, showing a
bimodal distribution of clusters in theP1.4 GHz−LX diagram, i.e., a fraction of clusters hosts giant
radio halos, while the majority of clusters does not show evidence of diffuse cluster-scale radio
emission (Brunetti et al. 2007, 2009). The upper limits on the radio power of clusters without
radio halos lie about one order of magnitude below theLX–P1.4GHz correlation. Therefore, the
bimodal distribution does not arise from observational biases.

1.3.1.1 Origin of radio halos

The radiative lifetime of the synchrotron emitting electrons is about 108 yr at∼ 1 GHz. Within
this time the CR electrons can only diffuse over about 1–10 kpc (in the Bohm approximation,
e.g.,Drury 1983). However, radio halos have Mpc sizes. This implies that theelectrons must

1Fν ∝ να, whereα is the spectral index
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be accelerated in-situ (Jaffe 1977). The clear connection with cluster mergers strongly suggests
that some fraction of the gravitational energy released during merger events is channelled into
the production of the non-thermal particles in ICM.

Two main classes of models have been proposed for the origin of radio halos:

• Primary models: primary CR electrons are re-accelerated bythe turbulence generated dur-
ing cluster merger events (Brunetti et al. 2001; Petrosian 2001). These primary electrons
are injected into the ICM by for example radio galaxies, supernovae, or galactic winds.

• Secondary models: electrons are secondary products which originate from hadronic colli-
sions between long-lived relativistic protons and thermalions in the ICM (Dennison 1980;
Blasi & Colafrancesco 1999). Since the energy losses for protons are very small this al-
lows them to diffuse over the large distances required to from Mpc-size radiohalos. The
relativistic protons accumulate over the entire formationhistory of a cluster and could for
example originate from accretion shocks or radio galaxies.A consequence of the sec-
ondary models is that gamma ray emission is expected, through the decay of neutral pions
generated by the hadronic collisions.

Observations mostly support the primary re-acceleration models. These observations include (i)
the connection with cluster mergers (e.g.,Cassano et al. 2010b), (ii) the existence of the radio
halo bi-modality (Venturi et al. 2007) which suggests that the radio emission is suppressed and
amplified on a time-scale significantly shorter than 1 Gyr. This is difficult to reconcile with the
hypothesis that the radio emission is suppressed due to dissipation of magnetic fields in galaxy
clusters, as is required for the secondary models (Brunetti et al. 2009). (iii) The lack of Gamma
rays from the ICM (e.g.,Jeltema & Profumo 2011), (iv) the radial radio brightness profiles (e.g.,
Donnert et al. 2010a; Brown & Rudnick 2011), i.e., the brightness profiles of the synchrotron
emission from secondary models are much steeper than what isseen in observations, (v) the
existence of radio halos withα < −1.5 (Brunetti et al. 2008) which in the case of secondary
models requires an unrealistic amount of energy in the relativistic protons, and (vi) the similar
magnetic field properties between clusters with and withouthalos (Bonafede et al. 2011). This
poses problems for the secondary models since they require adifference in the magnetic field
strength between clusters with and without radio halos (e.g., Dolag & Enßlin 2000; Pfrommer &
Enßlin 2004). Although, it should be noted that all these results are still actively being debated
(e.g.,Enßlin et al. 2011).

1.3.2 Radio relics

Radio relics are elongated, filamentary, sometimes arc-like sources unrelated to individual galax-
ies. Their sizes range from 50 kpc to 2 Mpc. They can be highly polarized with fractional
polarization levels of 20 – 40% (e.g.,Andernach et al. 1984; Clarke & Ensslin 2006). Their
integrated radio spectra range fromα ≈ −1 for large relics toα < −2 for smaller relics. Relics
have been divided into three groups (Kempner et al. 2004).

(1) Radio gischtare large elongated, often Mpc-sized, radio sources located at the periphery
of merging clusters. Among these are raredouble-relics. In this case two relics are located
on opposite sides of the cluster center (e.g.,Bonafede et al. 2009b; van Weeren et al. 2009b;
Venturi et al. 2007; Bagchi et al. 2006; Röttgering et al. 1997; van Weeren et al. 2010; Brown
et al. 2011; Bagchi et al. 2011). It has been proposed (Ensslin et al. 1998; Miniati et al. 2000)
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that gischt relics trace shock fronts in which particles areaccelerated via the diffusive shock
acceleration mechanism (DSA;Krymskii 1977; Axford et al. 1977; Bell 1978a,b; Blandford &
Ostriker 1978; Drury 1983; Blandford & Eichler 1987; Jones & Ellison 1991; Malkov & O’C
Drury 2001). According to DSA theory, the injection radio spectral index is related to the Mach
number of the shock. However, the efficiency with which collisionless shocks can accelerate
particles is unknown and may not be enough to produce the observed radio brightness of relics.
A closely linked scenario is that of shock re-acceleration of pre-accelerated electrons in the ICM,
which is a more efficient mechanism for weak shocks (e.g.,Markevitch et al. 2005; Giacintucci
et al. 2008; Kang & Ryu 2011).

An alternative scenario for gischt has been proposed byKeshet(2010). This model is based
on a secondary cosmic ray electron model, where the amplification and time evolution of mag-
netic fields and the cosmic ray distribution are taken into account to explain both halos and giant
relics.

Very recently, X-ray brightness discontinuities have beenfound at the location of a few
relics, most likely these discontinuities are shocks with Mach numbers of∼ 2 (Finoguenov et al.
2010; Macario et al. 2011). By comparing the limit on the IC X-ray emission with the measured
radio flux, a lower limit of 3µG on the magnetic field strength has been obtained for the bright
relic in the cluster Abell 3667 byFinoguenov et al.(2010).

The class of double radio relics is particular interesting as, based on current models of elec-
tron acceleration for this class of radio sources, it enables us to explore the connection between
clusters mergers and shock waves (e.g.,Roettiger et al. 1999a). These relics are thought to trace
diametrically outward traveling shocks emanating from thecluster center, and created during
a binary cluster merger event. In this case, steepening of the spectral index in the direction to-
wards the cluster is expected due to the radiation losses of the electrons in the shock downstream
region.

An alternative shockwave-inducing mechanism is that of external “accretion” shocks, where
filaments of galaxies from the cosmic web funnel into the clusters (Miniati et al. 2000; Miniati
2003; Keshet et al. 2003). Merger shocks are weaker than the external accretion shocks, as
the gas has already been heated by these external shocks. Theexternal accretion shocks occur
farther out than the merger shocks, up to a few times the virial radius of the cluster. The gas
density is very low at these distances from the cluster center and so are the energy densities
in the CR electrons and magnetic fields. Therefore, the radioemission from external accretion
shocks is likely too faint to be detected with the current radio telescopes (e.g.,Hoeft et al. 2008).

Besides the above discussed radio gischt there are (2)AGN relicsand (3)Radio phoenices.
AGN relics are associated with extinct or dying radio galaxies. The radio plasma has a steep
curved spectrum due to synchrotron and IC losses. AGN relicscan be compressed adiabatically
by merger shock waves producing so-called radio phoenices (Enßlin & Gopal-Krishna 2001;
Enßlin & Brüggen 2002). Phoenices again have steep and curved radio spectra due toradiation
losses. Proposed examples of phoenices are the relics foundby Slee et al.(2001).

1.4 This thesis

Because radio halos and relics are diffuse, have low luminosities and steep radio spectra, they
are difficult to observe with radio telescopes that mostly operate above 1 GHz. Therefore studies
of non-thermal processes in the ICM, as traced by the diffuse radio sources, are mainly limited
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to the brightest and most nearby clusters. It is expected though that there are still a significant
number of radio halos and relics to be found in the NVSS (Condon et al. 1998), WENSS (Ren-
gelink et al. 1997) and VLSS (Cohen et al. 2007) surveys, but a problem is how to recognize
these sources in the survey data. As a result there are only a few dozen radio halos and relics
known. The origin of the radiating electrons is currently still being debated, and for many radio
halos and relics spectral and polarization studies are missing which could distinguish between
the different acceleration models. Some of the main questions that need to be answered are:

• How are the particles accelerated that form the radio halos and relics?

• How common are diffuse cluster radio sources? What is the occurrence of these sources
as function of cluster properties, such as mass, temperature and substructure.

• What are the properties of merging clusters (mass ratios, impact parameters) and how do
these properties evolve over cosmic time?

• What is the contribution of cosmic rays and magnetic fields tothe energy budget of the
ICM?

• What are the properties of the magnetic fields (topology and strength) in the ICM? How
do they relate to models for the origin of these fields in clusters?

To start answering these questions (i) larger samples of diffuse cluster radio sources have to
be compiled, (ii) multi-frequency and polarization observations are needed, (iii) halos and relics
should be observed at very low frequencies, and (iv) radio observations of merging clusters need
to be compared with simulations and observations at other wavelengths.

In this thesis an interferometric study of diffuse radio sources in and around galaxy clus-
ters is performed to address some of the above mentioned points. Multi-frequency observations
from the Giant Metrewave Radio Telescope (GMRT), Westerbork Synthesis Radio Telescope
(WSRT), and Very Large Array (VLA) radio telescopes are analyzed to measure the spectral
and polarimetric properties of diffuse cluster sources. A search for new relics and halos is car-
ried out based on existing radio surveys. As a theoretical part of this thesis numerical simulations
of cluster mergers, with the aim of constraining the clustermergers parameters from observa-
tions of double radio relics, are carried out. In addition, one of the first LOFAR observations of
cluster-scale diffuse radio emission is presented. LOFAR is a new pan-Europeanradio telescope
that operates at the lowest radio frequencies accessible from the surface of the Earth. These ob-
servations are very challenging due the large fields of view,radio frequency interference (RFI),
ionospheric phase distortions, differential Faraday rotation, spatially and time varying stations
beams, direction dependent calibration, and enormous data-rates. In spite of these challenges,
the LOFAR images are the deepest ever obtained at frequencies below 100 MHz.

In Chapters2 and3 GMRT, VLA, and WSRT observations of a sample of 26 diffuse (angu-
lar size& 15′′) ultra-steep spectrum radio sources selected from the 74 MHz VLSS survey are
presented. Most of these sources have a spectral index ofα ≤ −1.35, between 74 and 1400 MHz.
The aim of these observations was to search for steep-spectrum radio halos and relics, either as-
sociated with clusters or the cosmic web. It turns out that the majority of the sources in the
sample are associated with galaxies in clusters or groups. Most likely these sources trace old
(possibly compressed) radio plasma from AGN activity. One large radio halo and relic in a dis-
tant massive galaxy cluster is found (see alsoChapter 5). By complementing the observations



Section 1.4. This thesis 7

with measurements from the literature, correlations between the physical size and spectral index
of relics are found, in the sense that smaller relics have steeper spectra. Furthermore, larger
relics are mostly located in the outskirts of clusters whilesmaller relics are located closer to the
cluster center.

In Chapter 4 a search for radio halos and relics in the NVSS and WENSS surveys is de-
scribed. Candidate halos and relics were followed up with GMRT, WSRT, and VLA observa-
tions. These observations revealed 6 new radio relics and 2 radio halos. In addition, the presence
of diffuse radio emission in four galaxy clusters is confirmed. Witha sample of 35 radio relics, it
is found that relics are mostly located along the major axis of the X-ray emission from the ICM,
while their orientation is perpendicular to this axis. The location and orientation of radio relics
with respect to the ICM elongation is consistent with the scenario that relics trace merger shock
waves. The X-ray luminosity and redshift distributions of clusters with relics are compared to
an X-ray selected cluster sample from the NORAS and REFLEX surveys. There is evidence for
an increase in the relic fraction with X-ray luminosity and redshift.

In Chapter 5 the diffuse radio emission in the cluster MACS J0717.5+3745 (z= 0.5548) is
discussed. This cluster hosts the most luminous and distantradio halo. MACS J0717.5+3745 is
also one of the hottest (∼ 11.6 keV) and most X-ray luminous clusters known and display signs
of undergoing a triple merger event. Furthermore, the cluster hosts a giant relic, which location
roughly coincides with regions of the ICM that have a significant enhancement in temperature
as shown by Chandra. This could mean that the relic traces a merger-related shock wave, where
particles are accelerated via the diffusive shock acceleration mechanism. Alternatively, the relic
traces an accretion shock of a large-scale galaxy filament extending to the southeast.

Chapters6 and7 deal with the discovery of double radio relics in the galaxy clusters ZwCl
2341.1+0000 and ZwCl 0008.8+5215. Both clusters show an elongated ICM and the galaxy
distributions are also either elongated or bimodal. The relics are located on opposite sides of the
cluster center, along the major axis of the X-ray emission, at the location where outwards travel-
ing merger shock waves are expected. For ZwCl 0008.8+5215 there is steepening of the spectral
index across the relics in the direction towards the clustercenter. It is concluded that the double
relics in ZwCl 2341.1+0000 and ZwCl 0008.8+5215 are best explained by two outward mov-
ing shock waves in which particles are (re)accelerated through the diffusive shock acceleration
mechanism.

In Chapter 8 GMRT, WSRT and VLA observations of a new radio relic in the cluster CIZA
J2242.8+5301 are presented. This relic has a large∼ 2 Mpc extent, but its width measures only
55 kpc. For the relic, highly aligned magnetic fields and a strong spectral index gradient, in
the direction towards the cluster center, are observed. Thepower-law integrated spectral index,
clear spectral index gradient and aligned magnetic fields are evidence for particle acceleration in
an outward moving shock wave. The very small width of the relic makes it possible to derive the
magnetic field strength at the location of the relic, withoutresorting to equipartition arguments.
A magnetic field strength of 5–7µG is found.

In Chapter 9 multi-frequency and polarization observations of a new massive galaxy cluster
(z = 0.225) are analyzed. The cluster hosts a large bright 1.9 Mpc radio relic, an elongated
∼ 2 Mpc radio halo, and two fainter relics. Part of the bright radio relic has a very peculiar
linear morphology. For the bright relic, a clear spectral index gradient is observed, with spectral
steepening in the direction towards the cluster center. Theresults from Rotation Measure (RM)
Synthesis suggest that some of the observed Faraday rotation is caused by the ICM and is not
due to galactic foregrounds. Color-color radio diagrams for the bright relic are constructed,
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which allow for a detailed spectral analysis. This points towards (i) an injection spectral index
of −0.6 to −0.7, (ii) increasing spectral index and curvature in the post-shock region, and (iii)
an overall power-law spectrum between 74 MHz and 4.9 GHz withα = −1.10± 0.02. From the
analysis, it is found that mixing of emission in the beam and spectral ageing are probably the
dominant factors that determine the shape of the radio spectra. Changes in the magnetic field,
total electron content, or adiabatic gains/losses do not seem to play a major role.

In Chapter 10 simulations of binary cluster merger events are carried out. A method is
developed to use these simulations in combination with the observations to derive cluster merger
parameters. This method is applied to the double radio relics in the cluster CIZA J2242.8+5301
(see alsoChapter 8). It is found that CIZA J2242.8+5301 is undergoing a merger in the plane
of the sky (less then 10◦ from edge-on) with a mass ratio of about 2 : 1, and an impact parameter
. 400 kpc. The core passage of the clusters happened about 1 Gyrago. From these simulations
it is also concluded that the morphology of radio relics constrains the degree of clumping in
the outskirts of the ICM. Determining the ICM clumping is important to properly measure the
baryon fraction, density and entropy profiles, around the virial radius and beyond.

GMRT 325 MHz and WSRT 115–165 MHz radio continuum observations of Abell 2256
are presented inChapter 11. Three new steep-spectrum (α . −1.5) sources are revealed in the
cluster, located about 1 Mpc from the cluster center. Two arelocated to the west of the cluster
center, and one to the southeast. The extremely steep spectral index suggests these sources are
most likely the result of adiabatic compression of fossil radio plasma due to merger shocks. We
did not find any optical counterparts to the radio sources in the WHT images. The discovery of
the steep spectrum sources implies the existence of a population of faint diffuse radio sources
in (merging) clusters with such steep spectra that they havegone unnoticed in higher frequency
(& 1 GHz) observations. Considering the timescales related toAGN activity, synchrotron losses,
and the presence of shocks, we find that most massive clustersshould possess similar sources.

LOFAR observations of Abell 2256 are discussed inChapter 12. The observations were
taken at 18 to 67 MHz with 25 stations. The longest baseline for these observations was about
80 km. The 63 MHz image clearly reveals the radio halo and relic. In addition, the presence
of an ultra-steep spectrum source, earlier reported in deepGMRT and WSRT observations, is
confirmed (seeChapter 11). Images made around 20 and 30 MHz also reveal the diffuse cluster
emission, but they are affected by direction dependent ionospheric phase distortions. Removing
these effects will be crucial to fully exploit the high-spatial resolution LOFAR offers at low
frequencies.

1.5 Future prospects

During the last decade considerable progress has been made in our understanding of diffuse
radio emission in galaxy clusters. In addition, new radio telescope are becoming operative (e.g.,
LOFAR, ASKAP, MWA) and older telescopes are being upgraded (VLA, WSRT, GMRT).

These new and upgraded facilities will greatly improve our knowledge about the non-thermal
component in clusters. Extending the wavelength coverage towards much lower frequencies is
a crucial aspect. In particular, the turbulent re-acceleration model predicts the existence of large
population of ultra-steep spectrum radio halos that can only be uncovered through sensitive
low-frequency observations (e.g.,Cassano et al. 2010a). Also, it is expected that there should be
many fossil radio sources, dying radio galaxies or AGN relics, that have such steep radio spectra
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that they are missed by current higher frequency (& 100 MHz) observations.
Extending the wavelength coverage to frequencies& 5 GHz is also important. The high-

frequency spectral shapes can be used to distinguish between various models for the origin of
the synchrotron emitting electrons. Polarization measurements are another area where progress
can be made. This will allow to study the magnetic field strength and topology in more detail
(e.g.,Govoni et al. 2006; Vacca et al. 2010; Pizzo et al. 2011; Bonafede et al. 2011).

Models for the formation of relics and halos can be tested through statistical studies of
correlations between the non-thermal and thermal components of the ICM (Liang et al. 2000;
Feretti et al. 2006; Cassano et al. 2006, 2007, 2008, 2010a). With large unbiased samples it
is possible to study the redshift evolution of halos and relics. LOFAR will play a crucial role
here because of its (i) good sensitivity, (ii) large field of view, and (iii) multi-beaming capability.
At higher frequencies, the ASKAP and upgraded WSRT will complement the LOFAR surveys.
Extremely deep observations of selected clusters, with LOFAR and the extended VLA, might
also reveal new and unexpected phenomena.

Finally, combining the radio data with observations at other wavelengths is important, in par-
ticular with sensitive X-ray, gamma ray, and Sunyaev-Zel’dovich effect (Zeldovich & Sunyaev
1969) measurements. This will allow a much better understandingof shocks, particle accel-
eration mechanisms, magnetic fields, and the interplay between the non-thermal and thermal
components of the ICM.
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CHAPTER 2

A search for steep spectrum radio relics and halos with the
GMRT

Abstract. Diffuse radio emission, in the form of radio halos and relics, traces regions in clusters
with shocks or turbulence, probably produced by cluster mergers. The shocks and turbulence
are important for the total energetics and detailed temperature distribution within the intracluster
medium (ICM). Only a small fraction of clusters exhibit diffuse radio emission, whereas a large
majority of well-studied clusters shows clear substructure in the ICM. Some models of diffuse
radio emission in clusters indicate that virtually all clusters should contain diffuse radio sources
with a steep spectrum. External accretion shocks associated with filamentary structures of galax-
ies could also accelerate electrons to relativistic energies and hence produce diffuse synchrotron
emitting regions. The detection of radio emission from suchfilaments is important for our under-
standing of the origin of the Warm-Hot Intergalactic Medium(WHIM), and relativistic electrons
and magnetic fields in the cosmic web. Here we report on Giant Metrewave Radio Telescope
(GMRT) observations of a sample of steep spectrum sources from the 74 MHz VLSS survey.
These sources are diffuse on scales& 15′′, and not clearly associated with nearby (z . 0.1)
galaxies. The main aim of the observations is to search for diffuse radio emission associated
with galaxy clusters or the cosmic web. We have carried out GMRT 610 MHz continuum
observations of unidentified diffuse steep spectrum sources. We have constructed a sample
of diffuse steep spectrum sources, selected from the 74 MHz VLSS survey. We identified eight
diffuse radio sources probably all located in clusters. We foundfive radio relics, one cluster with
a giant radio halo and a radio relic, and one radio mini-halo.The giant radio halo has the highest
radio power (P1.4) known to date. By complementing our observations with measurements from
the literature we find correlations between the physical size of relics and the spectral index, in
the sense that smaller relics have steeper spectra. Furthermore, larger relics are mostly located
in the outskirts of clusters while smaller relics are located closer to the cluster center.

R. J. van Weeren, H. J. A. Röttgering, M. Brüggen, and A. Cohen
Astronomy& Astrophysics, 508, 75, 2009
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2.1 Introduction

Studies of large-scale structure (LSS) formation have madesignificant advances during the last
decade. It has been found that nearly all massive clusters have undergone at least several mergers
in their history and that presently clusters are still in theprocess of accreting matter. A significant
fraction of the accreting mass is in the form of (smaller) clusters and galaxy groups. Cluster
mergers are the most energetic events in the present day Universe, with kinetic energies of the
order of 1063−1064 erg, which are dissipated in giant shock waves and turbulence. An important
aspect is the total energy budget and the detailed temperature distribution within the ICM, both
of them are affected by the merger history of a cluster (e.g.,Dolag et al. 2008).

Diffuse steep spectrum radio emission is observed in about 50 massive merging and post-
merging galaxy clusters (see the review byFerrari et al. 2008, and references therein). This
diffuse emission is difficult to detect due to its low surface brightness and steep spectral index1,
so the fraction of clusters hosting diffuse radio emission is probably larger than we currently
know. The diffuse emission in clusters is commonly divided into three mainclasses (Feretti &
Giovannini 1996). Radio Halosare extended (& 1 Mpc) diffuse unpolarized (. 5%) sources,
located in the center of clusters. They have a regular smoothappearance, and follow the thermal
X-ray emission. Radio Relicsare elongated structures with an irregular morphology, mostly
located in the periphery of clusters. Relics can be highly polarized (10−50%). Several different
subclasses have been identified (Kempner et al. 2004). Most known radio relics and halos are
found in clusters which show signs of a current or recent merger. This supports the scenario in
which the relativistic electrons are accelerated by merger-induced shocks or turbulence. How-
ever,Radio Mini-halosare not associated with merging clusters. They are found in the centers of
cool core clusters (e.g.,Fabian et al. 1991; Peterson & Fabian 2006) and are associated with the
central cluster galaxy and typically have sizes. 500 kpc, with the diffuse emission surrounding
the central cluster galaxy (e.g.,Govoni et al. 2009).

Two different mechanisms for in-situ acceleration of particles have been proposed to explain
relics in clusters: (i) adiabatic compression of fossil radio plasma by a passing shock wave
producing a so called radio “phoenix” (Enßlin & Gopal-Krishna 2001; Enßlin & Brüggen 2002),
or (ii) diffusive shock acceleration (DSA) by the Fermi-I process (e.g., Drury 1983; Blandford
& Eichler 1987; Jones & Ellison 1991; Ensslin et al. 1998; Malkov & O’C Drury 2001). In the
first scenario, radio relics should have toroidal and complex filamentary morphologies. These
relics are capable of producing very steep, curved radio spectra due to inverse Compton (IC) and
synchrotron losses. In the DSA scenario the electrons are accelerated by multiple crossings of
the shock front (in a first order Fermi process). These relicshave large sizes (Mpc) and are direct
tracers of shock fronts in clusters. The spectral index is determined by the balance between the
continuous acceleration at the shock front and energy losses in the post-shock region.

The diffuse emission within clusters reveals the presence of relativistic electrons and mag-
netic fields on scales∼ 1 Mpc. Spectral aging, due to synchrotron and IC losses of theemitting
electrons may explain the steep spectra. If the electrons are injected via Fermi acceleration
(DSA), their energy follows a power-law distribution. The power-law index of the injected elec-
trons is related to the Mach number of the shocks (e.g.,Hoeft & Brüggen 2007): shocks with
a low Mach number have steeper radio spectra. Clearly, low-frequency surveys are needed to
locate and study these sources (Cassano et al. 2006, 2007, 2008). Interestingly,Brunetti et al.
(2008) discovered a radio halo in the cluster Abell 521, which was previously known to host a

1Fν ∝ να, with α the spectral index
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radio relic, with a spectral index of∼ −2.1, suggesting the existence of a population of diffuse
source in clusters with spectral indices< −1.5.

Numerical simulations show the development of various types of shocks during structure
formation (Miniati et al. 2000). These shocks differ in their location with respect to the cluster
center and Mach numbers (Miniati et al. 2000; Miniati 2002; Ryu et al. 2003; Pfrommer et al.
2006; Vazza et al. 2009). External accretion shocks haveM ≫ 1 and process the low-density,
unshocked intergalactic medium (IGM). This results in relatively flat spectral indices of about
−0.5 at the location of the shock front. Further away from the shock front the spectral index
steepens due to synchrotron and IC losses. Internal shocks,(i.e., merger and flow shocks) occur
within the cluster. The Mach numbers of these shocks are lower resulting in steeper spectral
indices. Binary merger shocks are the result of a cluster merging with a another cluster or a
large sub-structure. In this case a double radio relic is expected (e.g.,Roettiger et al. 1999a;
Hoeft et al. 2008; van Weeren et al. 2009b).

As pointed out byCen & Ostriker(1999), hydrodynamic models indicate that up to half of
the baryons at present time should have temperatures in the range of 105−107 K. Unfortunately,
studying the abundance and distribution of this WHIM is verychallenging, since its main tracers
are highly excited Oxygen lines which are difficult to observe (e.g.,Nicastro et al. 2005). A
fraction of the accretion shocks will be supersonic and can accelerate energetic electrons up
to energies of 1018 − 1019 eV (e.g.,Norman et al. 1995; Kang et al. 1996; Inoue et al. 2008).
In the presence of magnetic fields, such electrons will emit faint diffuse synchrotron radiation.
The detection of these radio filaments is very important as this would provide a probe of the
WHIM. Recent magnetohydrodynamical modeling indicates that detecting radio emission from
the filamentary cosmic web should be possible (e.g.,Keshet et al. 2004; Hoeft & Brüggen 2007).
Hoeft et al.(2008); Pfrommer(2008); Pfrommer et al.(2008) however find that in the outskirts of
clusters (at a few times the virial radius) or filaments, external accretion shocks cause little radio
emission, owing to the low density of both magnetic field energy and cosmic ray (CR) particles
there (Miniati et al. 2001). They are therefore difficult to detect even with the sensitivity of
upcoming radio telescopes such as LOFAR. Relic emission from internal accretion shocks occur
in a higher density environment so that they should be detected with current radio facilities.

When searching for radio halos, relics and filaments in low-frequency radio surveys, various
other steep spectrum sources are also present. These include ultra-steep (angular size. 15′′)
spectrum sources (USS, seeMiley & De Breuck 2008, for a review) associated with high-z radio
galaxies (HzRG), “fossil” or “dying” FR-I (Fanaroff & Riley 1974) radio sources, and “head-
tail” sources, the last two having a steep spectrum due to spectral aging of the radio emission. In
high-resolution (. 5′′) observations, for example at 1.4 GHz with the Very Large Array (VLA),
diffuse objects will be resolved out due to missing short baselines. This provides a method for
selecting diffuse radio sources associated with galaxy clusters or the cosmic web. FR-I sources
can be partly excluded by removing sources that are clearly associated with individual galaxies.

The 74 MHz VLA low-frequency Sky Survey (VLSS),Cohen et al.(2007), covers about
3π steradians of sky north ofδ = −30◦. The resolution of the survey is 80′′ (FWHM) and the
rms noise level is about 0.1 Jy beam−1. The source catalog contains roughly 70, 000 sources with
a point source detection limit of 0.7 Jy beam−1. A new calibration algorithm (Cotton et al. 2004)
was used to remove the ionospheric distortions, which can besevere at this low-frequency. The
1.4 GHz NRAO VLA Sky Survey (NVSS),Condon et al.(1998), covers the entire sky above
δ = −40◦. The NVSS images have a rms noise of about 0.45 mJy beam−1, and a resolution of
45′′(FWHM). The catalog contains about 2× 106 sources above a flux of∼ 2.5 mJy.
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In this paper we present radio continuum observations of 26 diffuse (angular size& 15′′)
steep spectrum sources selected from the VLSS survey with the GMRT at 610 MHz. The main
aim of this project is to determine the morphology of the sources and search for diffuse structures
which could be associated with shock fronts or turbulence inclusters, and accretion shocks onto
filaments of galaxies.

The layout of this paper is as follows. In Sect.2.2 we discuss the sample selection, this
is followed by an overview of the observations and data reduction in Sect.2.3. In Sect.2.4 we
present the radio maps of the most interesting sources and discuss these sources individually. By
combining our radio observations with data from the literature (X-ray and optical observations)
we have tried to classify the sources. In Sect.2.5, spectral indices are modeled using our flux
measurements combined with literature values. We end with adiscussion and conclusions in
Sects.2.6and2.7.

Throughout this paper we assume aΛCDM cosmology withH0 = 71 km s−1 Mpc−1, Ωm =

0.3, andΩΛ = 0.7.

2.2 Sample selection

Spectral indices (between 1400 and 74 MHz) were calculated for all sources in the VLSS survey.
We selected sources withα ≤ −1.35 which resulted in a total of 176 sources. This cutoff is
somewhat arbitrary, but a significant lower cutoff resulted in a very small number of sources
selected while a higher cutoff would select too many sources for follow-up observations. VLA
B-array 1.4 GHz∼ 5 min snapshot observations were carried out on March 25–29 and May
10, 2005 of a subsample of 68 from the 176 sources. Two intermediate frequencies (IFs) with a
bandwidth of 50 MHz each were used, centered at 1385 and 1465 MHz. From this 68 sources, 36
were found to be resolved out. This showed that these sourceshad extended emission on scales
& 15′′. From the 36 sources 13 were identified with known nearby galaxies. The remaining
23 sources were included in the sample. We have also searchedfor additional sources with
α ≤ −1.15, by making use of the 1.4 GHz FIRST survey (5′′ FWHM, Becker et al. 1995).
Sources with a FIRST flux at least 8 times lower than the 1.4 GHzNVSS flux were initially
selected and visually inspected to remove obvious double lobe sources. The spectral index cutoff
of −1.15 was chosen because higher values resulted in too many double lobes to be selected for
visual inspection. Furthermore, most known radio halos andrelics have spectral indices steeper
than this value. The amount of flux resolved out in the selection criterium was a tradeoff as
lower values also resulted in too many sources to be selectedfor visual inspection. After visual
inspection we found three additional sources which showed the presence of diffuse emission.
None of these sources were clearly associated with nearby individual galaxies in the POSS-II or
SDSS surveys (Abazajian et al. 2009). The final list of sources and their coordinates are given
in Table2.1.

2.3 Observations & data reduction

High-sensitivity radio observations at 610 MHz were carried out with the GMRT in February
and November 2008 of a sample of 26 diffuse steep spectrum radio sources. We divided a total
102 hours of observation time evenly between the 26 sources.A total of 32 MHz bandwidth was
recorded, using both the upper (USB) and lower sidebands (LSB) which included both RR and
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LL polarizations. The data were collected in spectral line mode with 128 channels per sideband
(IF), resulting in a spectral resolution of 125 kHz per channel. To increase UV-coverage we
cycled between various sources, typically spending 40 min on a sources before moving to the
next source. However, due to scheduling constraints it was only possible to do this for about half
of our sources. The observations resulted in a net on-sourcetime of ∼ 3 hours, after flagging
certain time-ranges which were affected by radio frequency interference (RFI) or had other
problems.

The data were reduced and analyzed with the NRAO Astronomical Image Processing System
(AIPS) package. Bandpass calibration was carried out usingthe standard flux calibrators: 3C48,
3C147, and 3C286. Fluxes of 29.43 Jy (3C48), 38.26 Jy (3C147), and 21.07 Jy (3C286) at
610 MHz were assigned to these sources using thePerley & Taylor(1999) extension to the
Baars et al.(1977) scale. A set of 6 channels free of RFI was taken to normalize the bandpass
(channel 15− 20) for each antenna. Strong RFI was removed automatically (with the AIPS
task ‘FLGIT’). The data was then visually inspected for remaining low-level RFI using the
AIPS tasks ‘SPFLG’ and ‘TVFLG’. After that an initial phase and amplitude calibration was
carried out using the bandpass and secondary calibrators, where we also transferred the flux
densities from the primary calibrators to the secondary calibrators. The found solutions were
then transferred to the target sources. We have not chosen toaverage any channels in order to
minimize the effects of bandwidth smearing and to aid further removal of RFI.The first and last
few channels of the data were discarded as they were noisy.

For making images we used the polyhedron method (Perley 1989; Cornwell & Perley 1992)
to minimize the effects of non-coplanar baselines. Both USB and LSB were simultaneously
gridded, imaged and cleaned. We used a total of 199 facets to cover∼ 2 times the full primary
beam. This made the removal of sidelobes from strong sourcesfar away from the field center
possible. After a first round of imaging, in some cases “ripples” were seen in the maps which
were subsequently removed after identifying the corresponding baseline(s). Several rounds of
phase self-calibration were carried out before doing a finalamplitude and phase selfcalibration.
Images were made using robust weighting (robust= 0.5, Briggs 1995) and corrected for the
primary beam attenuation. Images were cleaned to 3 times therms noise level to minimize
clean bias effects.

The thermal noise in each map is expected2 to be

σthermal=

√
2Ts

G
√

n(n− 1)NIF∆νtint
, (2.1)

with Ts = 92 K the system temperature,G = 0.32 K Jy−1 the antenna gain,n ≈ 28 the num-
ber of working antennas,NIF = 2 the number of sidebands used (both recording RR and LL
polarizations),∆ν = 13.5 MHz the bandwidth per sideband, andtint the net integration time.
The expected thermal noise for 3 hrs integration time is about 32 µJy beam−1, where we have
taken into account that typically 20% of the data is flagged due to RFI. The noise levels in our
maps range from 40 to 202µJy beam−1. The noise levels dependent on the UV-coverage and
the presence of strong confusing sources in the field of view limiting the dynamic range. The
lowest noise level of 40µJy beam−1 is quite close to the thermal noise level. The uncertainty in
the calibration of the absolute flux-scale is between 5− 10%, seeChandra et al.(2004).

2http://www.gmrt.ncra.tifr.res.in/gmrt hpage/Users/doc/manual/UsersManual/node13.html
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Figure 2.1: Left: GMRT 610 MHz radio map. The Gaussian beam size is shown at the bottom left corner.
Contour levels are drawn at

√
[1, 2,4,6, 8,16, 32, ...] × 4σrms, see Table2.1. The dotted lines indicate the

region where the 610 MHz flux (S610), reported in Table2.1, has been extracted. Right: SDSS r band image
overlaid with GMRT 610 MHz contours. Contour levels are drawn at

√
[1, 8,32, 128, 512, ...] × 4σrms.

2.4 Results

All sources, except VLSS J2229.1−0136, were detected in the GMRT images. The NVSS
counterpart of VLSS J2229.1−0136 has a position offset of about 40′′, the flux density in the
NVSS and VLSS surveys of these sources is also close to the detection threshold. We therefore
conclude that VLSS J2229.1−0136 is most likely a noise peak as the GMRT observations should
have easily detected the source. From here on we have left outVLSS J2229.1−0136 in the
further discussions. A summary of the beam parameters and noise levels for the maps is given in
Table2.1. To identify optical counterparts overlays were made usingSDSS and POSS-II images.
Spectroscopic redshifts were included from the literature. For sources without a spectroscopic
redshift, but having SDSS DR7 coverage we took the SDSS photometric redshift. For other
sources we used thatK andR magnitudes of massive elliptical galaxies correlate with redshift
(K-zandR-z relations, e.g.,Willott et al. 2003; de Vries et al. 2007).

We have also checked for any X-ray counterparts to the radio sources. In the next subsection
we describe the most interesting sources that appear to be related to shocks or turbulence in
clusters or filaments. The other sources are discussed in Appendix2.8.

2.4.1 Individual sources

2.4.1.1 VLSS J1133.7+2324

The radio emission shows two parallel filamentary structures and a northern patch of diffuse
emission connected with the western filamentary component.Some faint radio emission is ex-
tending towards the west. This extension coincides with thegalaxy UGC 6544 (MCG+04-27-
065; PGC 35694) located a z=0.02385 (Haynes et al. 1997). This galaxy was classified as a Sbc
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Table 2.1: Source properties and results

Source Name RA DEC Beam sizeσrms Sj,k
610 α1400MHz

74MHz LASh Redshift
(J2000) (J2000) arcsec µJy mJy arcsec z

VLSS J0004.9−3457 00 04 53.63−34 56 34.1 11.4× 6.6 73 158± 16 −1.40± 0.04 116 0.29± 0.08a

VLSS J0227.4−1642 02 27 26.74−16 42 47.2 5.3× 4.0 94 37.0± 6.2 −1.50± 0.06 89 & 0.7
VLSS J0250.5−1247 02 50 30.83−12 47 30.3 9.4× 3.7 118 33.2± 3.3 −1.94± 0.07 21 & 0.7
VLSS J0511.6+0254 05 11 37.79+02 54 19.4 8.7× 6.1 139 98.0± 10.3 −1.42± 0.05 45 0.20± 0.05a

VLSS J0516.2+0103 05 16 17.89+01 03 40.1 8.1× 6.5 79 17.4± 4.4 −1.73± 0.06 35 & 0.7
VLSS J0646.8−0722 06 46 52.10−07 22 37.9 5.7× 4.8 63 120± 13 −1.70± 0.05 59 0.23± 0.06a

VLSS J0717.5+3745i 07 17 30.92 +37 45 29.7 8.2× 6.0 78 501± 50 −1.15± 0.04 171 0.5548f

VLSS J0915.7+2511i 09 15 41.51 +25 11 48.2 8.6×5.9 134 194± 21 −1.52± 0.04 63 0.324c

VLSS J1117.1+7003 11 17 06.46+70 03 57.1 7.8× 4.3 52 9.1± 0.9 −1.87± 0.07 18 & 0.7
VLSS J1133.7+2324 11 33 44.73+23 24 50.6 6.6× 3.9 51 80.6± 10.1 −1.69± 0.06 84 0.61± 0.16d

VLSS J1431.8+1331 14 31 49.90+13 31 54.1 5.3× 4.8 51 120± 13 −2.03± 0.05 101 0.159936c

VLSS J1515.1+0424i 15 15 09.18 +04 24 41.1 7.6× 5.4 79 192± 33 −1.50± 0.05 169 0.0972g

VLSS J1636.5+3326 16 36 34.93+33 26 33.9 5.2× 4.7 40 16.1± 1.9 −1.84± 0.14 28 0.65± 0.19d

VLSS J1710.5+6844 17 10 35.03+68 44 58.4 8.9× 4.7 63 23.3± 2.8 −1.75± 0.06 45 0.28± 0.08a

VLSS J1930.4+1048 19 30 27.19+10 48 02.5 5.3× 4.8 56 67.4± 7.0 −1.90± 0.06 101 . . .
VLSS J2043.9−1118 20 43 58.46−11 18 45.6 5.8× 4.2 77 53.9± 6.3 −1.74± 0.05 41 0.43± 0.15b

VLSS J2044.7+0447 20 44 43.64+04 47 24.5 10.5× 7.5 202 57.7± 5.8 −1.55± 0.06 71 0.46± 0.15b

VLSS J2122.9+0012 21 22 54.14+00 12 03.4 5.8× 3.8 81 24.0± 2.4 −2.00± 0.08 12 & 1.4
VLSS J2209.5+1546 22 09 32.91+15 46 29.9 6.9× 6.2 64 36.4± 3.8 −1.56± 0.07 61 & 0.7
VLSS J2213.2+3411 22 13 12.45+34 11 51.6 5.5× 4.6 94 127± 13 −1.55± 0.04 62 1.6± 0.5a,e

VLSS J2217.5+5943 22 17 30.39+59 43 05.3 6.3× 4.3 47 79.9± 8.0 −2.20± 0.06 99 . . .
VLSS J2229.1−0136 22 29 11.95−01 36 58.8 8.6× 4.2 101 . . . . . . . . . . . .
VLSS J2241.3−1626 22 41 22.57−16 25 35.7 6.1× 5.8 129 69.7± 7.3 −1.44± 0.06 47 & 0.7
VLSS J2341.1+1231 23 41 06.91+12 31 36.9 5.5× 4.4 50 117± 14 −1.70± 0.04 115 0.62± 0.15b

VLSS J2345.2+2157 23 45 15.47+21 57 55.1 4.8× 4.2 63 79.3± 8.4 −2.14± 0.05 70 0.23± 0.06a

VLSS J2357.0+0441 23 57 05.54+04 41 14.7 7.8× 4.9 82 . . . . . . . . . . . .

a redshift estimated using the fitted Hubble-K relation fromWillott et al. (2003)
b redshift estimated using the fitted Hubble-R relation fromde Vries et al.(2007)
c spectroscopic redshift from SDSS DR7
d median photometric redshift from SDSS DR7
e using the Ks band magnitude fromDe Breuck et al.(2002b)
f Edge et al.(2003)
g Struble & Rood(1999)
h LAS = largest angular size
i resolved out in the 1.4 GHz FIRST survey
j fluxes are extracted from the regions indicated in the figuresby dotted lines.
k for the compact sources (LAS< 45′′) the fluxes were measured by fitting single Gaussians to
the sources after convolving the maps to the 45′′NVSS resolution
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spiral byNilson (1973) andPaturel et al.(2003). The source is also listed in the IRAS Faint
Source Catalog (F11311+2341) and detected at 60 and 100µm (Moshir & et al. 1990). The
galaxy has been included in 21 cm hydrogen emission line surveys.Springob et al.(2005) give
a self-absorption corrected line flux of 2.97± 0.32 Jy km s−1 and a line-width of 372± 3 km
s−1.The galaxy also has a small UV-excess (Miyauchi-Isobe & Maehara 2002).

Using the IRAS fluxes we can estimate the star forming rate (SFR) in this galaxy (Solomon
et al. 1997) by calculating the Far Infrared Luminosity (LFIR)

LFIR = 3.94× 105(2.58S60µm + S100µm)r(S60µm/S100µm)D2
L , (2.2)

with LFIR in L⊙, the fluxS in Jy, DL the luminosity distance in Mpc, andr(S60/S100) a color
correction factor (Lonsdale & Helou 1985) which is of the order of one. This gives a SFR of
∼ 3M⊙yr−1, using SFR (M⊙yr−1) = LFIR/(5.8 × 109L⊙), Kennicutt(1998). The radio flux of
the galaxy is difficult to measure as part of the radio emission from the galaxy overlaps with
the emission from the filamentary source. For the part which does not overlap with the steep
spectrum source we measure a flux of about 6 mJy. We adopt a total flux for the galaxy of
10 mJy, assuming we missed about 40% of the previously reported flux. The luminosity at
1.49 GHz (L1.49GHz) is L = 4πD2

LSν(1+ z)−α−1, with Sν the observed flux at the rest frequency,
andα ∼ −0.5. This results inL1.49 GHz = 8.2× 1021 W Hz−1. Using the FIR radio correlation
(Condon et al. 1991) we find a luminosity of∼ 1022 W Hz−1, in good agreement.

The galaxy is unlikely to be associated with the filamentary radio structure to the east, given
the above calculation, the steep spectral index, morphology, and spatial offset. In the background
(partly behind the spiral galaxy) there is an overdensity offaint red galaxies. These have a
median photometric redshift of about 0.6 (SDSS DR7) and follow roughly the filamentary radio
source. This is probably a cluster or a galaxy filament, with the foreground galaxy hiding part
of the cluster/filament. Based on the morphology, the radio source is then classified as a relic. If
the steep spectrum radio source is located at a distance ofz = 0.6, the LAS of 84′′corresponds
to a physical size of of 660 kpc.

2.4.1.2 VLSS J1431.8+1331

The radio emission shows two distinct components, the brightest one located to the east. This
source has an optical counterpart, the cD galaxy of the cluster MaxBCG J217.95869+13.53470
(Koester et al. 2007). The cluster is also detected in X-rays by ROSAT (Voges et al. 1999, 2000)
as source 1RXS J143150.6+133256. A SDSS DR7 spectrum puts the cD galaxy at a distance of
z = 0.160. Three other sources in the cluster have a measured redshifts of 0.15962, 0.159153,
and 0.164794. At this redshift the radio emission corresponds to aphysical size of 170 kpc
for the eastern and 125 kpc for the western component. The eastern component is an irregular
curved structure with several bright knots. One of these corresponds with the nucleus of the cD
galaxy. The morphology suggests that we are either seeing the interaction of radio plasma from
the central AGN with the surrounding ICM or a small central radio source with a bright relic
tracing a shock front (seen in projection).

The western fainter component does not seem to be associatedwith any galaxy. The source
could either be remnant radio emission from a previous AGN episode or the signature of a shock
wave. In the former case, the spectral index should be steeper then eastern component because
of spectral aging.
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Figure 2.2: Left: GMRT 610 MHz radio map. Contour levels are drawn as in Fig.2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contour levels are drawn as in Fig.2.1(right
panel).

2.4.1.3 VLSS J2217.5+5943, 24P73

This source was found to have an ultra-steep spectrum (α = −2.58± 0.14) by the Synthesis
Telescope of the Dominion Radio Observatory (DRAO) Galactic plane survey at 408 MHz and
1.42 GHz (Higgs 1989; Joncas & Higgs 1990). Since this source was located in the galactic
plane,Joncas & Higgs(1990) suggested the sources might be a pulsar. However, they noted that
the source seemed to be slightly extended at 408 MHz. At 1.42 GHz the source was resolved into
two distinct components. Both of these components were alsolisted as a single source 25P23.
The source was also detected in the 38 MHz 8C survey (Rees 1990; Hales et al. 1995). Subse-
quent L-band (1.4 GHz) and X-band (8.4 GHz) observations with the VLA byGreen & Joncas
(1994), separated the source clearly into two components. A compact northern component and
a southern diffuse component. The X-band observations only detected the northern component.
By comparing the fluxes of the VLA and DRAO observations they concluded that the southern
diffuse component had an ultra-steep spectrum and provided the bulk of the emission at low
frequencies. Since the source was resolved this ruled out a pulsar identification. In fact it was
suggested that this source might be a radio halo or relic located in a galaxy cluster behind the
galactic plane.

GMRT observations of 24P73 show a complex filamentary source. The source has some
similarities with the relic sources in Abell 85 and Abell 133(Slee et al. 2001). POSS-II and
2MASS images covering the area do not show the presence of anycluster. However this is not
unexpected given the extinction ofAB = 6.7 (Schlegel et al. 1998). Given the steep spectral
index and morphology we conclude that the sources is a radio relic. Deep NIR imaging will be
necessary to identify the galaxy cluster associated with the relic.
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Figure 2.3: GMRT 610 MHz radio map. Contour levels are drawn as in Fig.2.1 (left panel).

Figure 2.4: Left: GMRT 610 MHz radio map. Contour levels are drawn as in Fig.2.1 (left panel). Right:
POSS-II red image overlaid with GMRT 610 MHz contours. Contour levels are drawn as in Fig.2.1(right
panel).
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2.4.1.4 VLSS J0004.9−3457

The central component of the radio source is associated witha K=14.86 mag elliptical galaxy.
An overdensity of galaxies indicates the presence of a cluster, candidate B02291 (Zanichelli
et al. 2001) from radio-optically selected clusters of galaxies. We estimate a redshift for the
cluster of 0.29± 0.08 (using the K-band magnitude and the K-z relation). The cluster may
be linked to a larger cluster about 3′ towards the southwest at a redshift of 0.33± 0.09. The
X-ray source 2E 0002.2-3515 (Harris et al. 1996) is probably associated with this cluster of
galaxies visible in POSS-II images. The diffuse radio emission surrounding the central elliptical
galaxy resembles a mini-halo. No X-ray emission from the ICMof the cluster is detected in the
ROSAT All Sky Survey. This implies that the cluster is not very massive. The object is similar
to the mini-halo in the cluster MRC 0116+111 located atz= 0.131 (Gopal-Krishna et al. 2002;
Bagchi et al. 2009), which was also not detected in the ROSAT All Sky Survey. Thesize of
the mini-halo is about 200 kpc, similar to other mini-halos (e.g.,Govoni et al. 2009). The radio
image shows a bright knot at RA 00h 04m 52.5s DEC −34◦ 56′ 55′′, to the south of the main
component. This knot has an optical counterpart. To the eastan arc-like structure extends from
the central component and bends towards the south. The arc isnot associated with an optical
counterpart. The origin of the arc is unclear, it could be part of a disturbed FR-I source, or a
relic-like structure of fossil radio plasma.

2.4.1.5 VLSS J0717.5+3745, MACS J0717.5+3745

The radio source is associated with the massive X-ray luminous cluster MACS J0717.5+3745 at
z=0.5548, with an overall ICM temperature of 11.6 keV (Ebeling et al. 2001; Edge et al. 2003;
Ebeling et al. 2007). The cluster shows a pronounced substructure in optical images.Ebeling
et al.(2004) reported the discovery of a large-scale filamentary structure of galaxies connected
to the cluster. NVSS, WENSS and VLSS images reveal the presence of a steep-spectrum radio
source (α = −1.15). The radio source was classified as a radio relic byEdge et al.(2003).
Ma et al.(2009) presented X-ray (Chandra) and optical observations (Hubble Space Telescope,
ACS; Keck-II, DEIMOS) of the cluster. They found the clusterto be an active triple merger.
Temperatures in the cluster exceeding 20 keV were found in some regions. Regions with a
lower temperature of∼ 5 keV were found at the position of two subclusters, probablyremnants
of cool cores.

Here we shortly describe our results for this cluster, a moredetailed analysis in combination
with additional archival VLA observations has been presented in a separate paper (van Weeren
et al. 2009d), see alsoBonafede et al.(2009a). Our radio maps reveal a complex source, consist-
ing of different components. The main component is a twisted structure, with enhanced regions
of radio emission in the north and southwest of the cluster. These regions are connected by
two bridges of emission to a bright central elongated source. The structure has a linear size of
700 kpc. No obvious counterparts are visible for both the north and south-west components.
The presence of the two radio bridges suggest a relation withthe central component. Although,
no obvious counterpart was found for the central component by Edge et al.(2003), we identify
an elliptical galaxy at RA 07h 17m 35s.5, DEC+37◦ 45′ 05.′′5 as a possible counterpart. If this
is indeed the case then the source could be a wide-angle tail (WAT) source with the two bridges
being the tails of the central source and the north and south-west components the hotspots. The
eastern boundary of the structure is sharp, while on the other side some faint emission is seen ex-
tending further westwards. Diffuse radio emission is also seen to the south of the main structure.
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Figure 2.5: Left: GMRT 610 MHz radio map. Contour levels are drawn as in Fig.2.1 (left panel). Right:
HST F814W ACS image overlaid with GMRT 610 MHz contours. Contour levels are drawn as in Fig.2.1
(right panel).

Figure 2.6: Left: Chandra X-ray map overlaid with radio contours at 610 MHz from the GMRT. The color
scale represents the X-ray emission from 0.5 − 7.0 keV. The image has been adaptively smoothed using
the TARAa package using a minimal significance of 5. Contour levels aredrawn at [1,2, 4,8, 16, 32, ...] ×
0.312 mJy beam−1. Right: X-ray emission from ROSAT in the 0.1− 2.0 keV energy band. The image has
been convolved with a circular Gaussian of 225′′. The solid contours represent the radio emission at 610
MHz from the GMRT. The radio contours are drawn at [1,2, 4,8, 16, 32, ...]×7σrms. Dashed contours show
the galaxy distribution from SDSS DR7. Only galaxies with a photometric redshift between 0.06+ zerr <

z< 0.15−zerr were selected from the catalogs, withzerr the error in the photometric redshift andz= 0.0972
The galaxy isodensity contours are drawn at [6,9, 12, 15, ...] galaxies arcmin−2.
a http://www.astro.psu.edu/xray/docs/TARA
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Figure 2.7: Left: GMRT 610 MHz radio map. Contour levels are drawn as in Fig.2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contour levels are drawn as in Fig.2.1(right
panel).

The diffuse emission within the cluster has a total size of about 1.2 Mpc and given that it roughly
follows the X-ray emission we classify it as a radio halo. Clearly, the emission is not associated
with individual sources. Using a spectral index of−1.2, typical for radio halos, we estimate the
radio power (P1.4) to be 5× 1025 W Hz−1. This makes it the most powerful radio known to date,
in agreement with the X-ray luminosity-radio power (LX − P1.4) and temperature-radio power
(T − P1.4) correlations (Liang et al. 2000; Enßlin & Röttgering 2002; Cassano et al. 2006).

Towards the south a fainter linear structure is seen. A compact core, located halfway the
linear structure is associated with a bright elliptical foreground galaxy (RA 07h 17m 37s.2,
DEC+37◦ 44′ 23′′). The source is probably a FR-I source associated with the compact core.

Interestingly, the main twisted radio structure is locatedin between the brightest X-ray emis-
sion of the cluster. The main cool core visible in the X-ray image has no radio emission associ-
ated with it. The central radio structure also coincides with regions having a significantly higher
X-ray temperature& 15 keV. The ICM temperature and X-ray morphology of the cluster favor
of a relic-like interpretation. We therefore conclude thatthe twisted radio structure is a giant
relic tracing a shock front linked to the merger activity of the system.

2.4.1.6 VLSS J0915.7+2511

The radio map shows a diffuse region of emission associated with a cluster of galaxies(MaxBCG
J138.91895+25.19876) at a redshift of 0.324. The radio source consists of a northern compo-
nent and a fainter southern one. To the west a source is associated with an elliptical galaxy
(RA 09h 15m 39s.7, DEC+25◦ 11′ 37′′). A few possible counterparts are visible in SDSS DR7
images for the northern diffuse component. The southern diffuse component has no obvious
optical counterpart. This could be a radio relic with a projected size of about 190 kpc. High-
resolution observations will be needed to confirm this interpretation.
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Figure 2.8: Left: GMRT 610 MHz radio map. Contour levels are drawn as in Fig.2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contour levels are drawn as in Fig.2.1(right
panel).

2.4.1.7 VLSS J1515.1+0424, Abell 2048

The radio image shows a filamentary radio source in the periphery of the cluster Abell 2048
at a redshift of 0.0972. The source consists of three elongated structures orientated roughly
east-west. The three structures connect to the east. The source could be a complex double
WAT source. However, the radio structure itself does not seem to be connected to any particular
galaxy. The source has a projected size of 310 kpc, if locatedin the cluster. In the southeast
a compact double-lobe source is associated with a large elliptical galaxy (RA 15h 15m 14s.1,
DEC +04◦ 23′ 10′′) located in the cluster. On the other side of the cluster a 0.19 Jy source
(PMN J1515+0421) limits the dynamic range. The cluster is also detectedin X-rays as RX
J1515.2+0421 (Bade et al. 1998). A substructure on the east-side of the main cluster is visible,
hinting at a possible cluster merger, see Fig.2.6 (right panel). Given the location of the radio
source at the edge of the cluster, the lack of a connection with a single optical counterpart, the
steep radio spectrum, and the morphology, we classify the source as a peripheral radio relic.

2.5 Spectral index modeling

Radio spectra can be an important tool to understand the origin of the relativistic electrons and
to determine the age of the radio emitting plasma. We have combined our flux measurements at
610 MHz with literature values to determine the radio spectra for the sources in our sample. We
have included flux measurements from the following surveys:38 MHz 8C (Rees 1990; Hales
et al. 1995), 74 MHz VLSS, 151 MHz 7C (Waldram et al. 1996; Hales et al. 2007), 232 MHz
Miyun (Zhang et al. 1997), 325 MHz WENSS (Rengelink et al. 1997), 352 MHz WISH (De
Breuck et al. 2002a), 365 MHz TEXAS (Douglas et al. 1996) and 1400 MHz NVSS.
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Table 2.2: JP model fits withαinj = −0.75

Source Name tCI tRE B′eq

108 yr 108 yr µGauss
VLSS J0646.8−0722 0.227± 0.0775 0.0869± 0.00624 24.5
VLSS J1133.7+2324 0.121± 0.034 0.0870± 0.00634 23.3
VLSS J1710.5+6844 0.421± 0.259 0.0946± 0.00812 23.1
24P73 (VLSS J2217.5+5943),z= 0.05 0.156± 0.0464 0.120± 0.00406 29.1
24P73 (VLSS J2217.5+5943),z= 0.10 0.173± 0.0534 0.131± 0.00503 27.0
24P73 (VLSS J2217.5+5943),z= 0.15 0.176± 0.0557 0.131± 0.00443 26.4
24P73 (VLSS J2217.5+5943),z= 0.20 0.169± 0.0500 0.129± 0.00497 26.3

We model the integrated radio spectra using the Jaffe-Perola (JP) model (Jaffe & Perola
1973) described byKomissarov & Gubanov(1994), see alsoSlee et al.(2001). We assume
that (i) synchrotron self-absorption is negligible as thisonly occurs in compact sources, (ii)
radiative energy losses dominate over other losses such as adiabatic ones, (iii) the magnetic field
is spatially uniform and constant in time, (iv) radiative electrons do not escape from the region,
(v) the emission in the region is uniform, (iv) relativisticelectrons were injected at a single point
with a power-law distribution of energy, and (vii) the pitchangles of the synchrotron emitting
electrons are assumed to be continuously isotropized on a timescale shorter than the radiative
timescale. Relativistic electrons lose their energy by synchrotron emission and IC scattering off
the cosmic microwave background (CMB).

In the Kardashev-Pacholczyk (KP) model (Kardashev 1962; Pacholczyk 1970), also used by
Komissarov & Gubanov(1994), the pitch angle of the electrons remains in its original orienta-
tion with respect to the magnetic field. This introduces one more free parameter in the spectral
index modeling (the ratio between the source magnetic field (B) and the effective magnetic field
for IC losses (BIC). We have chosen not to fit this model to limit the number of free parame-
ters. Furthermore, 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 by self-induced Alfvén waves(e.g.,Carilli et al. 1991;
Slee et al. 2001).

Our adopted scenario is as follows: When the source starts, we assume that it is fueled at
a constant rate for a certain timetCI (the time of the continuous injection (CI) of relativistic
electrons, with an injection spectral indexαinj). This is followed by a relic phase (RE) where
the injection of electrons is switched off (tRE). During both of these phases the electrons lose
energy by synchrotron and IC losses. The total source age istage= tRE + tCI.

In the spectrum two break frequencies occur both related to spectral aging. The first is the
break frequencyνb of the first injected electron population (at the beginning of the CI phase)

νb ∝
B

(

[B2 + B2
IC]t

)2
. (2.3)

A second higher frequency breakν′b is caused by the last electron population injected, at the
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end of the CI phase

ν′b = νb
(

1+
tCI

tRE

)2

. (2.4)

The injection spectral index (αinj) is determined by the AGN in the case of (relic) radio lobes
or radio phoenices. For relics where the particles are accelerated by DSA the injection spectral
index is related to the Mach number (M) of the shock. In linear theory the relevant expression
is

αinj = −
3M−2 + 1
2− 2M−2

, (2.5)

seevan Weeren et al.(2009b). The injection time must be comparable with the crossing time of
the relic region by the shock front. Since “DSA-relics” are mostly located in the cluster periph-
ery, where the pressure of the ICM gas is lower, adiabatic energy losses may become important.
These adiabatic energy losses affect the radio spectrum, depending on the expansion rate of the
relic and evolution of the magnetic field strength (B(t)) with time (Kardashev 1962; Goldshmidt
& Rephaeli 1994; Murgia et al. 2002). However, we only have a limited number of flux mea-
surements for our sources and only one proposed DSA-relic with enough flux measurements to
model the spectrum. Furthermore, the location of this relicin the cluster as well as the iden-
tification of the cluster itself are uncertain. We thereforechose to ignore the effects adiabatic
expansion losses.

The JP model is thus characterized by four free parameters: (1) the injection spectral index
αinj , (2) the length of the CI phasetCI, (3) the length of the RE phasetRE, and (4) a flux normal-
ization constant. To reduce the number of free parameters wehave chosen to keepαinj fixed to
a value of−0.75 (Parma et al. 2007).

The spectra are fitted by minimizing theχ-squared value of the fit in a two-step process. We
first determine the shape of the spectrum for different values oftRE andtCI, both ranging from 0
to 109 yrs in 25 equal logarithmically spaced steps. Then an overall flux scaling (normalization)
constant is determined by multiplying the spectrum with a constant until theχ-squared value
is minimized. In this way, a 2-dimensional (25× 25) array ofχ-squared values is created. We
continue the fitting using the same process but now centeringthe tRE andtCI values around the
minimumχ-squared value in the array and increasing the time resolution by a factor of 1.5. The
process is repeated until bothtRE andtCI converge to a constant value, i.e., do not change by more
than 1% between subsequent iterations. The formal errors inthe fitted parameters are determined
by the corresponding distribution of theχ-squared values. For the sources where we successfully
fitted the JP-model we should take in mind that some of the simplifying assumptions we made
may not be valid and could have affected our results.

For the magnetic field strength we use the revised equipartition magnetic field strengthB′eq
(Brunetti et al. 1997; Beck & Krause 2005). We use the same procedure as invan Weeren et al.
(2009b) and take for the depth of the source (d) the average of the major and minor axis. The
ratio of energy in relativistic protons to that in electrons(k) is set to 100. For the low-energy
cutoff (γmin, the energy boundary indicated by the Lorentz factor) we take 100. For other values
of k andγmin, B′eq scales withγ(1+2α)/(3−α)

min (1+ k)1/(3−α), with α the spectral index.
We have only fitted the radio spectra for sources with a redshift (because the energy loss rate

due to IC scattering is proportional to (1+ z)4) and at least four flux measurements available.
An exception is 24P73 (or VLSS J2217.5+5943) for which we have no redshift. If 24P73 has
a similar size as the relic in A85 (150 kpc,Slee et al. 2001), then its redshift would be around
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0.1. Since this is a very rough estimate we have also fitted the radio spectrum using redshifts of
0.05, 0.15, and 0.2.

The fluxes for the sources could be contaminated by the presence of field sources within
the beam of the low-resolution surveys. In the case of 24P73,there is a 5.0 mJy NVSS source
(NVSS J221736+594403) nearby which is blended with the diffuse source in the 8C, VLSS,
and WENSS surveys. We fitted a second order polynomial in log-log space to the 610 MHz
GMRT, NVSS, and the 1.4 and 8.4 GHz fluxes fromGreen & Joncas(1994) for this source.
We then extrapolated the flux to 325, 74, and 38 MHz and subtracted off this flux to recover
the uncontaminated flux for the diffuse source. For the three other diffuse sources no unrelated
sources were found that could have significantly contributed to the flux.

The fitted radio spectra are show in Fig.2.9. The values fortCI, tRE, andB′eq are reported
in Table2.2. The fitting process for the sources VLSS J1636.5+3326, VLSS J2213.2+3411,
VLSS J0004.9−3457 did not converge. For VLSS J1636.5+3326 the 1.4 GHz flux measurement
is relatively high, in this case the source may have restarted its activity causing the high 1.4 GHz
flux value. This is also seen for several radio sources byParma et al.(2007). For the other
sources the flux measurements are too closely spaced in frequency to provide enough constraints
for the fitting process.

For the sources where we successfully modeled the synchrotron spectrumtCI > tRE. All of
these sources show steepening of the radio spectrum at higher frequencies which is expected
in case of spectral aging. For 24P73 the spectral index modeling is consistent with the source
being a radio phoenix with a total source age of 3×107 yrs. We find that the derived synchrotron
age does not critically depend on the adopted redshift of 0.1for this source (see Table2.2).

2.6 Discussion

Based on their toroidal or filamentary morphologies and curved radio spectra two of our relics
could be classified as radio phoenices: VLSS J1515.1+0424 and VLSS J2217.5+5943. Con-
trary, VLSS J1133.7+2324 and the twisted structure in MACS J0717.5+3745 are probably the
result of DSA from structure formation shocks. In the case ofVLSS J0717.5+3745, the dis-
torted morphology and high temperature of the ICM are clear evidence for a cluster undergoing
a merger. For the other relics more observations are needed to determine their origin.

Most of the sources in our sample are associated with galaxies in clusters and show irregular
morphologies. This can be caused by the interaction of the radio plasma with the ICM. The
steep spectrum of the sources is caused by spectral aging, e.g., in some cases the central AGN
activity may have stopped, producing a so called “dying” radio source. Confinement of the radio
plasma by the ICM could also have contributed to the steep radio spectra, as in this case the radio
plasma has “the time” to display the effects of spectral aging.

We have calculated the physical size (largest extent), projected distance from the cluster
center (Rprojected), and 1.4 GHz radio power (P1.4) for the radio relics in our sample. We have
complemented this with values from the literature for radiorelics with measured spectral indices:
A13, A85, A133, and A4038 (Slee et al. 2001), A1240 and A2345 (Bonafede et al. 2009b),
A3667 (Röttgering et al. 1997), A548b (Feretti et al. 2006), A2256 (Clarke & Ensslin 2006),
A521 (Giacintucci et al. 2008), 1253+275 (Giovannini et al. 1991), A2163 (Feretti et al. 2004),
A2744 (Orrú et al. 2007), AS753 (Subrahmanyan et al. 2003), A115 (Govoni et al. 2001) A610
(Giovannini & Feretti 2000) and RXC J1314.4-2515 (Venturi et al. 2007). The spectral indices
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Figure 2.9: Jaffe-Perola fit to the flux measurements. The duration of the CI and RE phases are in-
dicated in the figure. Top left: VLSS J0646.8−0722; Top right: VLSS J1133.7+2324; Bottom left:
VLSS J1710.5+6844; Bottom right: VLSS J2217.5+5943 (24P73 and usingz= 0.1).
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Table 2.3: Radio relic properties

Source Name α1400MHz
74MHz spectral curvature P1.4 sizea Rprojected

α610MHz
74MHz − α1400MHz

610MHz 1024 W Hz−1 kpc kpc
VLSS J1133.7+2324 −1.69 0.96 24.1 570
VLSS J1431.8+1331d . . . . . . . . . 125 175
24P73 (VLSS J2217.5+5943) −2.20 2.0 . . . . . . . . .
MACS J0717.5+3745 −1.09b −0.02 138b 700 320
Abell 2048 (VLSS J1515.1+0424) −1.50 1.60 0.566 310 310
Abell 2256 −1.2 . . . 3.95 1100 300
Abell 1240-N −1.2 . . . 0.427 650 700
Abell 1240-S −1.3 . . . 0.730 1250 1100
Abell 2345-E −1.3 . . . 2.62 1500 890
Abell 2345-W −1.5 . . . 2.83 1150 1000
Abell 13 −1.79 0.65 0.853 260 170
Abell 85 −2.30 1.36 0.322 150 430
Abell 133 −1.70 1.39 1.07 55 40
Abell 4038 −1.88 1.03 0.0983 55 35
Abell 3667 −1.1 . . . 17.4 1920 1950
Abell 548b A ∼ −2 . . . 0.260 310 500
Abell 548b B < −2.0 . . . 0.250 370 430
Abell 521 −1.48 . . . 2.90 1000 930
Coma clusterc −1.18 . . . 0.284 850 1940
Abell 2163 −1.02 . . . 2.23 450 1550
Abell 2744 −1.1 . . . 6.20 1620 1560
Abell S753 −2.0 . . . 0.205 350 410
Abell 115 −1.1 . . . 16.7 1960 1510
Abell 610 −1.4 . . . 0.444 330 310
RXCJ1314.4-2515-E −1.41 . . . 2.08 920 685
RXCJ1314.4-2515-W −1.40 . . . 4.81 920 685

a largest linear scale
b excluding the flux of the halo and central head-tail source (see alsovan Weeren et al. 2009d;
Bonafede et al. 2009a)
c 1253+275
d blended with a nearby AGN (except in the GMRT 610 MHz image), therefore no spectral
index or spectral curvature could be calculated
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for our newly found relics were calculated between 74 and 1400 MHz. The spectral indices for
the relics taken from the literature were usually measured between 325 and 1400 MHz, but for
some relics the frequency range is somewhat different (for more details the reader is referred the
references given above).

The spectral index of the radio relics, versus the physical size is shown in Fig.2.10 (left
panel). The projected distance from the cluster center is color coded. We find that on average
the smaller relics have steeper spectra. There are two different explanations for this correlation.
The found correlation between physical size and spectral index may (partly) be the result of the
proposed radio phoenices occupying the lower left region inFig. 2.10. Ignoring the proposed
radio phoenices the trend remains, although the scatter is large so this result is less significant.
Such a trend though, is in line with predictions from shock statistics derived from cosmological
simulations (Hoeft et al. 2008; Skillman et al. 2008; Battaglia et al. 2009). They find that
larger shock waves occur mainly in lower-density regions and have larger Mach numbers, and
consequently shallower spectra. Conversely, smaller shock waves are more likely to be found in
cluster centers and have lower Mach numbers and steeper spectra. We note that more spectral
index measurements of high quality are needed to confirm the correlation between physical size
and spectral index (leaving out the proposed radio phoenices).

The size of the relics versusRprojected is shown in Fig.2.10 (right panel). The projected
distance from the cluster center for the shallow spectra relics is indeed on average larger than
for the steep spectrum relics, indicating that they are mostly located in the periphery of clusters
where the Mach numbers of the shock are higher. We contributethis to the fact that in the
periphery the shock surfaces are larger and the density/pressure of the ICM is lower. Therefore
large radio relics are mainly located in the cluster periphery. Because we are using the projected
distance from the cluster center, and not the (unknown) de-projected distance, some additional
scatter is introduced in the plot. Furthermore, the spectral indices for the various radio relics
are calculated using data from radio telescopes with different array configurations, sensitivities,
and/or frequencies ranges, adding to the scatter.

Giant Mpc-scale radio relics are probably caused by DSA in anoutwards traveling shock
front. It is unlikely that they are the result of compressionand reignition of fossil radio plasma as
the time to compress such a large radio “ghost” would remove most of the electrons responsible
for the radio emission by radiative energy losses (Clarke & Ensslin 2006). In the case of giant
peripheral relics shock-acceleration is ongoing resulting in relatively flat spectral indices of
about−1, i.e., a balance between electron cooling in the post-shock regions and continuous
acceleration at the shock front. Behind the shock front, thespectral index is indeed observed to
steepen for some giant relics (e.g.,Röttgering et al. 1997). After a few times 108 yrs the electrons
behind the shock front have lost most of their energy and cause little synchrotron emission. It
takes of the order of 1 Gyr for a shock wave to travel from the center of the cluster to about the
virial radius.

As has been mentioned, an alternative explanation for the found size-spectral index corre-
lation could be a possible different origin of the smaller radio relics. With the smaller radio
relics originating from the adiabatic compression of fossil radio plasma. In fossil radio plasma,
the high-frequency synchrotron emitting electrons have lost most of their energy. Due to com-
pression and the increase in magnetic field strength the radio plasma becomes visible again.
Therefore these sources are characterized by (very) steep and curved spectra. Proposed exam-
ples of such sources are 24P73 and those found bySlee et al.(2001). If spectral aging occurs,
the steeper radio spectra should be more curved.
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Figure 2.10: Left: Spectral index of radio relics versus their size. Squares are the proposed radio phoenices,
i.e., the sources fromSlee et al.(2001), 24P73 and the relic in Abell 2048. Diamonds represent the radio
relics tracing merger shocks where particles are being accelerated by the DSA mechanism. The brightness
coding is according to the projected distance from the cluster center. For the relics represented by black
symbols we could not obtain a reliable projected distance tothe cluster center. Right: Projected distance
from the cluster center of radio relics versus their size.

It would be interesting to determine the injection spectralindices (αinj) for the radio relics.
This requires reliable flux measurements over a wide range offrequencies, especially below
the break frequencyνb. With enough flux measurements it should be possible to separate the
effect of spectral aging and a steepαinj . In particular, if the correlation is explained by the
different Mach numbers of shocks the injection spectral indicesfor smaller relics located close
to the cluster center should be steeper than that of larger relics. If this is indeed the case this
is evidence for DSA. For radio phoenices the injection spectral index should be around−0.5 to
−0.75 because the fossil radio plasma originated from AGN. Their steep spectral indices should
then solely be the result of spectral aging and not a steep injection spectral index. Currently, with
a limited number of flux measurements, mainly at frequencieswhere electrons have already
lost some of their energy, there is a degeneracy between the injection spectral index and the
amount of spectral aging. New low-frequency radio facilities, such as LOFAR, will be needed
to determineαinj for radio relics.

The spectral index versus the 1.4 GHz radio power for the relics is shown in Fig.2.11(left
panel). From the figure we can see that there is a lack of high power sources with steep radio
spectra. This is not surprising since relics with less steepspectra are larger (Fig.2.10) and
therefore should have a higher radio power.

We have plotted the amount of spectral curvature for our sources versus their spectral index,
between 74 and 1400 MHz, in Fig.2.11 (right panel). The curvature is defined asα74−610 −
α610−1400. A higher positive value for the curvature implies that the spectra are steeper at higher
frequencies. We have only added the four sources fromSlee et al.(2001) for which flux mea-
surements at both 1.4 GHz and 74 MHz (VLSS) are available. We calculated the 610 MHz
fluxes by interpolating the fluxes (linearly in log-log space) between 408 and 834 MHz. For
other radio relics, flux measurements are less reliable or not available at 74 and/or 610 MHz. As
shown in Fig.2.11there is an indication that the curvature is higher for the sources with a steeper
spectral index, although the number of sources in the plot israther low. If the spectral index of
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Figure 2.11: Left: Radio power at 1.4 GHz of radio relics versus their spectral index. Symbols are defined
in Fig. 2.10. Right: Curvature of the radio spectra versus their spectral index between 74 and 1400 MHz.
The curvature is defined asα74−610 − α610−1400.

relics steepens by spectral aging such a trend is expected, but more measurements of spectral
curvature will be needed to show that this correlation with the spectral index really exists.

2.7 Conclusions

We carried out 610 MHz radio continuum observations with theGMRT of 26 diffuse steep
spectrum sources. All of these sources were resolved out by 1.4 GHz VLA B-array snapshot
observations or in the 1.4 GHz FIRST survey. Of these 26 sources 25 were detected with the
GMRT. The radio observations show a wide range of sources: radio relics, a giant radio halo, a
mini-halo, FR-I, head-tail, and USS sources. Here we shortly summarize the properties of the
relics and halos in our sample.

-The radio relic 24P73 (VLSS J2217.5+5943) is located close to the galactic plane. This
source was previously known to have a steep spectrum but remained unclassified due to the
limited sensitivity and resolution of previous observations. Due to the crowed Milky Way field
and high extinction no cluster is found in POSS-II images. Deep NIR imaging will be needed to
reveal the presence of a cluster. The sources has an extremely steep curved spectrum, likely the
result of adiabatic compression of fossil radio plasma and spectral aging.

-VLSS J1133.7+2324 is a filamentary relic located next to a nearby spiral galaxy. The radio
source breaks up into two parallel filamentary structures. This relic source is probably associated
with a structure of galaxies located at a distance ofz∼ 0.6. The nearby spiral galaxy itself is also
detected in the radio images, the flux density consistent with that predicated by the FIR-radio
correlation (using IRAS fluxes for this galaxy). The galaxy is partly blocking our view of the
distant structure of galaxies, making follow-up observations more difficult.

-VLSS J1431.8+1331 consists of two components. The eastern part is probably associated
with a cD galaxy in the center of the cluster MaxBCG J217.95869+13.53470 atz = 0.16. The
radio morphology suggests we are seeing signs of interaction between the radio plasma and the
ICM. The other part is probably a relic source. These sourcesmakes an interesting target for
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follow-up X-ray observations.
-VLSS J0004.9−3457 is associated with an elliptical galaxy in a small cluster atz ∼ 0.3.

The diffuse radio emission surrounds the galaxy in the form of a mini-halo. The source has an
arc-like extension to the east.

- VLSS J0717.5+3745 is located in the cluster MACS J0717.5+3745, a massive merging
system at a redshift of 0.5548. The radio emission is complex, consisting of a large elongated
radio relic and a giant 1.2 Mpc radio halo. The halo has a radiopower (P1.4) of 5×1025 W Hz−1,
the highest one known to date. The relic might trace a giant shock wave related to the cluster
merger. This is consistent with the very hot ICM and relatively flat spectral index.

-VLSS J1515.1+0424 is a radio relic consisting of three filamentary structures in the periph-
ery of the cluster Abell 2048. Adiabatic compression of fossil radio plasma probably resulted in
the complex morphology.

We find that larger relics are mostly located in the cluster periphery, while smaller relics are
found closer to the cluster center. We also discovered a correlation between the spectral index
and the physical size of the relics. A likely explanation forthis correlation is that the larger shock
waves occur mainly in lower-density regions and have largerMach numbers. As a consequence
they have shallower spectra. However, the correlation can also (partly) be explained by invoking
different origins for relics. Relics formed by diffusive shock acceleration are direct tracers of
large shock fronts in clusters, while the compression of fossil radio plasma is thought to produce
relatively small relics with steep curved spectra.

If the correlation is explained by the fact that the larger shock waves occur mainly in lower-
density regions and have larger Mach numbers then the injection spectral indices should flatten
away from the cluster center for the various relics. To measure this requires a sufficient number
of flux measurements, especially below the break frequency in the spectrum. With upcoming
new radio facilities operating at lower frequencies it should therefore be possible to break the
degeneracy between the injection spectral index and spectral aging.

Follow-up observations to measure the polarization properties are currently underway. We
also plan to create spectral index maps for our sources whichshould give more information on
the life-times of the various synchrotron emitting regions. Optical observations have been taken
to characterize the large-scale environment around the radio sources. For two of our diffuse
sources these observations should confirm the presence of a cluster. X-ray observations will be
needed to study the dynamical state of the clusters and reveal the presence of shock fronts in the
ICM.
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2.8 Appendix: Other sources in the sample

VLSS J0227.4−1642

The radio map shows two resolved elongated patches of emission. The brighter eastern com-
ponent has a flux of 25.8 mJy and the weaker western component 11.2 mJy. Both components
are resolved, 28.3′′ by 10.3′′ (eastern component) and 22.3′′ by 9.0′′ (western component), and
show structure at the limit of the∼ 5′′ beam. The position angles of the longest axes are roughly
the same, which suggests a link between the two components. No optical counterpart is detected
at the limit of the POSS-II survey. The steep spectral index of about−1.5 could be explained
if this source is a FR-I type AGN, where the central engine hasstopped and the synchrotron
emission in the two lobes has steepened by spectral aging. Inthis case both components should
roughly have the same spectral index.

VLSS J0250.5−1247

The radio observations show a double source. The two components are slightly resolved, have
a similar flux and seem to be connected by a faint bridge. The separation between the two radio
components is 15′′. No optical counterpart is detected.

VLSS J0646.8−0722

The radio map shows a source with an angular size of 1.0′ by 0.5′. An optical counterpart
(PCG 76039, magR=18.4) is detected in both the POSS-II and 2MASS surveys. Thisgalaxy was
also listed in the catalog of Galaxies Behind the Milky Way (CGMW 1-0379,Saito et al. 1990)
and in the catalog Galaxies in the “zone of avoidance” (ZOAG G218.99-04.37,Weinberger et al.
1995) and was in both cases classified as an elliptical galaxy. Theamount of extinction in this
region is AB = 2.2 mag. The radio map shows a one-sided tail originating from the optical
counterpart. This might indicate that the source is locatedin a cluster and we see the effects of
the interaction between radio plasma and the surrounding ICM.

VLSS J1117.1+7003

This source has a remarkable steep and straight radio spectrum without any indication of a flux
turnover at lower frequencies. The source is resolved into asmooth featureless roughly spherical
blob ( 26′′ by 23′′). No optical counterpart is detected. Given the steep straight radio spectrum it
could be a radio halo, however the small size of the source argues against such an identification.
The source could be a mini-radio halo surrounding a central cD galaxy of a distant (proto)
cluster.

VLSS J1636.5+3326

The radio map shows two compact components, with the northern component extending to the
west. SDSS images show several faint mostly red galaxies around the radio source. Photometric
redshifts (SDSS DR7) indicate the presence of a cluster atz= 0.65± 0.19. Several galaxies can
be identified as possible optical counterparts.
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VLSS J1710.5+6844

This “head-tail” radio source has a length of 0.73′ and a width of 0.27′. An optical counterpart
is detected, a galaxy with a K-magnitude of 14.75. An opticali-band image from the 2.5m
Isaac Newton Telescope (INT) shows that this source is located within a cluster at a redshift of
z ∼ 0.3. An east-west elongated X-ray source 1RXS J171034.0+684403 follows roughly the
galaxy distribution confirming the presence of a cluster.

VLSS J1930.4+1048

The radio map shows an elongated source with a LAS of 101′′. The radio morphology is con-
sistent with a FR-I radio source. No optical counterpart is detected at the position of the core,
but this is not surprising given the amount of extinction (AB = 3.759) at this galactic latitude of
−3.6 degrees and the high star density in the POSS-II images. A 69.6 mJy (probably unrelated)
radio source is located 70′′to the north.

VLSS J2043.9−1118

An optical counterpart for this source is detected in POSS-II images. The faint optical source is
located on the peak of the radio emission. The radio emissionsurrounds the galaxy and there is
a hint of a faint extension to the east.

VLSS J2044.7+0447

The source is elongated in the east-west direction and has a LAS of 101′′. A R-magnitude
19.56 galaxy corresponds to a peak in the radio emission, consistent with this being a FR-I
radio source. The high rms noise is the radio map is caused by dynamic range limitations from
4C 04.71, a 1.24 Jy source (610 MHz), located 3.3′ to the south.

VLSS 2122.9+0012

The radio source is compact, 11.6′′ by 10.7′′. This is probably a USS source associated with a
HzRG. The lack of an optical counterpart in SDSS images in consistent with this explanation,
and implies the source is located atz& 1.4.

VLSS J2213.2+3411

This source was also included in the USS sample ofDe Breuck et al.(2000), WN J2213+3411.
A K s band image fromDe Breuck et al.(2002b) showed a possible counterpart. However,
because no high-resolution (. 10′′) VLA images were available the identification was uncertain
on the basis of position alone. Our high-resolution 5′′ image shows a distorted double-lobe
source. The central radio core is not detected. The NIR counterpart is located in between the
two lobes, confirming that this is indeed the host galaxy. TheK-band magnitude of 18.3 implies
a redshift of 1.6± 0.5 for this source using the K-z relation.
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VLSS J2341.1+1231

The radio map shows a FR-I type radio source. The northwestern and southeastern lobes are
listed as NVSS J234104+123203 and NVSS J234107+123126, respectively. An optical coun-
terpart is detected on POSS-II images at roughly the expected position based on the location of
the lobes. This source may be a so called “dying” radio source.

VLSS J2345.2+2157

The radio source shows an S-shape symmetry. An optical counterpart is detected in 2MASS and
POSS-II images being the central cD galaxy of a cluster. Thisis confirmed by the presence of
the X-ray source 1RXS J234518.4+215753.

VLSS J0511.6+0254

The radio map shows a FR-I type radio source. Two possible optical counterparts are detected
which are the central elliptical galaxies in a cluster at a redshift of about 0.2.

VLSS J0516.2+0103

VLSS J0516.2+0103 is a relatively compact source, without a double lobe structure. The source
does not have an optical counterpart in POSS-II images. Thisimplies the source is probably
located atz& 0.7.

VLSS J2209.5+1546

The radio map shows an elongated source. No optical counterpart is detected at the limit of the
POSS-II images. The source is probably a distant FR-I source. Optical imaging will be needed
to confirm this classification.

VLSS J2241.3−1626

This source could be a disturbed FR-I source, no optical counterpart is detected. Optical imaging
will be needed to confirm this classification.

VLSS J2357.0+0441

The source is found to be a blend of three compact sources, allwithout optical counterparts.
By convolving the GMRT image to the NVSS resolution (45′′) it seems that the two outer
components are responsible for the steep spectrum. These are probably distant FR-II sources.
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Figure 2.12: GMRT 610 MHz radio maps. Contour levels are drawn as in Fig.2.1(left panel).



Section 2.8. Appendix: Other sources in the sample 39

Figure 2.13: GMRT 610 MHz radio maps. Contour levels are drawn as in Fig.2.1(left panel).
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Figure 2.14: Optical images for radio sources with counterparts. Images are from SDSS or POSS-II (red),
except for VLSS J1710.5+6844 for which we took seveni-band images from the INT Wide Field Camera
with a total exposure time of 2520 sec. GMRT 610 MHz contour levels are drawn as in Fig.2.1 (right
panel).



CHAPTER 3

Diffuse steep-spectrum sources from the 74 MHz VLSS survey

Abstract. Galaxy clusters grow by a sequence of mergers with other clusters and galaxy groups.
During these mergers, shocks and/or turbulence are created within the intracluster medium
(ICM). In this process, particles could be accelerated to highly relativistic energies. The syn-
chrotron radiation from these particles is observed in the form of radio relics and halos that
are generally characterized by a steep radio spectral index. Shocks can also revive fossil radio
plasma from a previous episode of AGN activity, creating a so-called radio “phoenix”. Here
we present multi-frequency radio observations of diffuse steep-spectrum radio sources selected
from the 74 MHz VLSS survey. Previous Giant Metrewave Radio Telescope (GMRT) obser-
vations showed that some of these sources had filamentary andelongated morphologies, which
are expected for radio relics. We attempt to understand the nature of diffuse steep-spectrum
radio sources and characterize their spectral index and polarization properties. We carried out
radio continuum observations at 325 MHz with the GMRT. Observations with the Very Large
Array (VLA) and Westerbork Synthesis Radio Telescope (WSRT) were taken at 1.4 GHz in
full polarization mode. Optical images around the radio sources were taken with the William
Herschel and Isaac Newton Telescope (WHT, INT). Most of the sources in our sample consist
of old radio plasma from AGNs located in small galaxy clusters. The sources can be classified
as AGN relics or radio phoenices. The spectral indices across most of the radio sources display
large variations. We conclude that diffuse steep-spectrum radio sources are not only found
in massive X-ray luminous galaxy clusters but also in smaller systems. Future low-frequency
surveys will uncover large numbers of steep-spectrum radiorelics related to previous episodes
of AGN activity.

R. J. van Weeren, H. J. A. Röttgering, and M. Brüggen
Astronomy& Astrophysics, 527, 114, 2011
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3.1 Introduction

Studies of large-scale structure formation show that galaxy clusters grow through mergers with
other clusters and galaxy groups, as well as through the continuous accretion of gas from the in-
tergalactic medium (IGM). The baryonic content of clustersis mostly in the form of hot thermal
gas visible at X-ray wavelengths. Several clusters also have a non-thermal component within the
ICM, which is observable at radio wavelengths (e.g.,Ferrari et al. 2008; Giovannini et al. 2009;
Giovannini & Feretti 2000; van Weeren et al. 2010). The idea is that shocks and/or turbulence
generated during cluster merger events can accelerate particles to relativistic energies, and in the
presence of a magnetic field, synchrotron radiation is emitted (e.g.,Ensslin et al. 1998; Miniati
et al. 2001; Hoeft & Brüggen 2007; Hoeft et al. 2008; Pfrommer 2008; Battaglia et al. 2009;
Skillman et al. 2011). These radio sources, which trace the non-thermal component of the ICM,
can be divided into several classes.

Radio halosare found at the center of merging galaxy clusters and have typical sizes of
about a Mpc. They follow the X-ray emission from the thermal ICM and are mostly unpolarized,
although there are some exceptions (seeGovoni et al. 2005; Bonafede et al. 2009a). Radio halos
have been explained by turbulence injected by recent mergerevents. This injected turbulence
might be capable of re-accelerating relativistic particles (e.g., Brunetti et al. 2001; Petrosian
2001). Alternatively, the energetic electrons are secondary products of proton-proton collisions
(e.g.,Dennison 1980; Blasi & Colafrancesco 1999; Dolag & Enßlin 2000). The turbulent re-
acceleration model currently seems to provide a better explanation of the occurrence of radio
halos (e.g.,Brunetti et al. 2008).

Mini-halos (also called core-halo systems) are diffuse radio sources with sizes. 500 kpc
located in relaxed galaxy clusters, in which diffuse emission surrounds the central cluster galaxy
(Murgia et al. 2009; Govoni et al. 2009; Gitti et al. 2007, 2004; Bacchi et al. 2003; Gitti et al.
2002; Burns et al. 1992).

Radiorelics are irregularly shaped radio sources with sizes ranging from 50 kpc to 2 Mpc,
which can be divided into three groups (Kempner et al. 2004). Radio gischtare large elongated,
often Mpc-sized, radio sources located at the periphery of merging clusters. They probably trace
shock fronts in which particles are accelerated via the diffusive shock acceleration mechanism
(DSA; Krymskii 1977; Axford et al. 1977; Bell 1978a,b; Blandford & Ostriker 1978; Drury
1983; Blandford & Eichler 1987; Jones & Ellison 1991; Malkov & O’C Drury 2001). Among
these are rare double-relics that have two relics located onboth sides of the cluster center (e.g.,
Bonafede et al. 2009b; van Weeren et al. 2009b; Venturi et al. 2007; Bagchi et al. 2006; Röttger-
ing et al. 1997; van Weeren et al. 2010; Brown et al. 2011). According to DSA theory, the
integrated radio spectrum should be a single power-law.Radio phoenicesandAGN relicsare
both related to radio galaxies. AGN relics are associated with extinct or dying radio galaxies.
The radio plasma has a steep curved spectrum due to synchrotron and inverse Compton (IC)
losses. Fossil radio plasma from a previous episode of AGN activity can also be compressed
by a merger shock wave producing a radio phoenix (Enßlin & Gopal-Krishna 2001; Enßlin &
Brüggen 2002), these sources again having steeply curved radio spectra.Proposed examples of
these are those found bySlee et al.(2001).

In van Weeren et al.(2009c), we presented observations of a sample of 26 diffuse steep-
spectrum sources, withα ≤ −1.15, selected from the 1.4 GHz NVSS (Condon et al. 1998)
and 74 MHz VLSS (Cohen et al. 2007) surveys. These sources were either resolved out in the
VLA B-array 1.4 GHz snapshot observations or 1.4 GHz FIRST survey (Becker et al. 1995).
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GMRT 610 MHz observations of these 26 sources detected one distant powerful radio halo with
a radio relic (van Weeren et al. 2009d), five radio relics including two radio phoenices, and one
possible mini-halo. The remaining sources were classified as radio sources directly related to
AGN activity. The spectral indices of the radio relics in thesample are generally steeper than
most previously known relics. By complementing our observations with results for other relics
from the literature, we found that the larger relics generally have flatter spectra and are located
farther away from the cluster center. This is in line with predictions from shock statistics derived
from cosmological simulations (Hoeft et al. 2008; Skillman et al. 2008; Battaglia et al. 2009).
In these simulations, it is found that larger shock waves occur mainly in lower-density regions
and have larger Mach numbers, and consequently shallower spectra. On the other hand, smaller
shock waves are more likely to be found in cluster centers andhave lower Mach numbers, thus
steeper spectra.

In this paper, we present follow-up radio observations of six sources (i.e., those most likely
related to radio relics and halos) found invan Weeren et al.(2009c). GMRT 325 MHz as well as
VLA and WSRT 1.4 GHz observations were obtained to create spectral index and polarization
maps. Optical images were acquired with the 4.2m WHT and 2.5mINT telescopes at the posi-
tion of the radio sources to search for optical counterpartsand identify galaxy clusters associated
with the radio sources.

The layout of this paper is as follows. In Sect.3.2, we present an overview of the observa-
tions and data reduction. In Sect.3.3, we present the radio and spectral maps as well as optical
images around the radio sources. In Sect.3.4, we show additional optical images around five
slightly more compact radio sources (also from the sample of26 sources) to search for optical
counterparts. These sources are not located in nearby galaxy clusters and their nature remains
unclear. We end with a discussion and conclusions in Sects.3.5and3.6.

Throughout this paper, we assume aΛCDM cosmology withH0 = 71 km s−1 Mpc−1, Ωm =

0.3, andΩΛ = 0.7. All images are in the J2000 coordinate system.

3.2 Observations & data reduction

3.2.1 GMRT 325 MHz observations

Radio continuum observations with the GMRT at 325 MHz were carried out on 14, 15, and
17 May, 2009. Both upper (USB) and lower (LSB) sidebands (IFs, which included RR and
LL polarizations) were recorded with a total bandwidth of 32MHz. The observations were
carried out in spectral line mode with 128 channels per IF to facilitate the removal of radio
frequency interference (RFI) and reduce the effect of bandwidth smearing. The integration time
per visibility was 8 sec. Each source was observed for about 4hrs in total. The data were
reduced with the NRAO Astronomical Image Processing System(AIPS) package.

The data was visually inspected for the presence of RFI, which was subsequently removed
(i.e., “flagged”). We carried out an amplitude and phase calibration on the flux and bandpass
calibrators 3C147 and 3C286 on a timescale of 8 sec. For this,we chose three neighboring
frequency channels free of RFI. These gain solutions were applied before determining the band-
pass response of the antennas. This assures that any amplitude and/or phase variations during
the scans on the calibrators are corrected before determining the bandpass solutions. At higher
frequencies (e.g., 1.4 GHz), both amplitude and phases are assumed to be constant during band-
pass calibration. However, for the GMRT observing at low frequencies, this assumption is not
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Table 3.1: GMRT 325 MHz observations

rms noise beam size
µJy beam−1 arcsec

VLSS J1431.8+1331 178 11.8′′ × 7.8′′

VLSS J1133.7+2324 132 10.4′′ × 7.7′′

Abell 2048 248 9.7′′ × 9.6′′

24P73 162 13.6′′ × 9.0′′

VLSS J0004.9−3457 309 13.5′′ × 11.0′′

VLSS J0915.7+2511 412 14.7′′ × 8.1′′

always valid and can affect the quality of the bandpass solutions as well as the determination of
the flux scale.

After correcting for the bandpass response, both the amplitude and phase solutions for both
primary and secondary calibrators were determined but in this case using the full channel range.
The fluxes of the primary calibrators were set according to thePerley & Taylor(1999) extension
to theBaars et al.(1977) scale. The flux densities for the secondary calibrators were boot-
strapped from the primary calibrators. The amplitude and phase solutions were interpolated and
applied to the target sources. Some targets were observed over multiple days (observing runs),
the resulting different data sets were combined with the AIPS task ‘DBCON’.

For each of the target sources, we created a model of the surrounding field using the NVSS
survey with a spectral index scaling of−0.7. We carried out a phase-only self-calibration against
this model to improve the astrometric accuracy. This was followed by several rounds of phase
self-calibration and two final rounds of amplitude and phaseself-calibration. To produce the
images, we used the polyhedron method (Perley 1989; Cornwell & Perley 1992) to minimize
the effects of non-coplanar baselines. The model was then subtracted from the data, a step that
facilitated the removal of additional RFI or baselines withproblems. Final images were made
using robust weighting (robust= 0.5,Briggs 1995). Images were cleaned using the automatic
clean-box windowing algorithm in AIPS and cleaned down to 2 times the rms noise level (2σrms)
within the clean boxes. The final images were corrected for the primary beam response1. The
uncertainty in the calibration of the absolute flux-scale isin the range 5− 10%, seeChandra
et al.(2004). The resulting noise levels and beam sizes are shown in Table3.1.

Radio observations at 610 MHz were taken with the GMRT in February and November 2008
of the sources in Table3.1. The reduction of these observations is similar to the GMRT 325 MHz
data and is described in more detail invan Weeren et al.(2009c). We used these images to create
the spectral index maps.

3.2.2 VLA 1.4 GHz observations

We carried out L-band observations of four sources with the VLA (see Table3.2). The observa-
tions were taken in standard continuum mode with two IFs, each having a bandwidth of 50 MHz
recording all polarization products (RR, LL, RL, and LR). Gain solutions were determined for
the calibrator sources and transferred to the target sources. The fluxes for the primary calibrators

1http://gmrt.ncra.tifr.res.in/gmrt hpage/Users/doc/manual/UsersManual/node27.html
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Table 3.2: VLA 1.4 GHz observations

VLSS J1133.7+2324 MaxBCG J217.95869+13.53470 VLSS J0004.9−3457 Abell 2048
Frequency bands (IFs) 1385, 1465 MHz 1385, 1465 MHz 1385, 1465 MHz 1385, 1465 MHz
Bandwidth 2× 50 MHz 2× 50 MHz 2× 50 MHz 2× 50 MHz
Polarization RR, LL, RL, LR RR, LL, RL, LR RR, LL, RL, LR RR, LL,RL, LR
Observation dates 4 Nov 2008, 17 Apr 2009, 2 Nov 2008, 18 Apr 2009, 11 Jun 2009 15 Jul 2009

10 Aug 2009 31 Jul 2009
Project code AV305, AV312 AV305, AV312 AV312 AV312
Integration time 3.3 s 3.3 s 3.3 s 3.3 s
Total on-source time 5.0 hr, 6.8 hr, 3.9 hr 4.9 hr, 6.8 hr, 3.9 hr 4.0 hr 4.0 hr
VLA configuration A+B+C A+B+C CnB C
Beam size 1.3′′ × 1.4′′a, 6.7′′ × 6.7′′b 1.6′′ × 1.5′′a, 6.4′′ × 5.3′′b 19.8′′ × 10.3′′ 13.0′′ × 12.4′′

Rms noise (σrms) 14a, 19b µJy beam−1 15a, 17b µJy beam−1 49µJy beam−1 88µJy beam−1

a Briggs weighting (robust= −1.0)
b natural weighting
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Table 3.3: WSRT observations

Frequency bands 21 cm (IFs) 1311, 1330, 1350, 1370, 1392, 1410, 1432, 1450 MHz
Frequency bands 18 cm (IFs) 1650, 1668, 1686, 1704, 1722, 1740, 1758, 1776 MHz
Bandwidth per IF 20 MHz
Number of channels per IF 64
Channel width 312.5 kHz
Polarization XX, YY, XY, XY
Observation dates 11, 17, and 18 March, 2009
Integration time 30 s
Total on-source time 6.5 hr 21cm+ 6.5 hr 18cm
Beam size 19.0′′ × 16.5′′

Rms noise (σrms) 37µJy beam−1

were set according to thePerley & Taylor(1999) extension to theBaars et al.(1977) scale. The
effective feed polarization parameters (the leakage terms or D-terms) were found by observing
the phase calibrator over a wide range of parallactic anglesand simultaneously solving for the
unknown polarization properties of the source. The polarization angles were set using the po-
larized sources 3C286 and 3C138. For the R-L phase difference, we assumed values of−66.0
and 15.0 deg for 3C286 and 3C138, respectively. Stokes Q and U imageswere compiled for
each source. From the Stokes Q and U images, the polarizationangles (Ψ) were determined
(Ψ = 1

2 arctan (U/Q)). Total polarized intensity (P) images were also made (P =
√

Q2 + U2).
The polarization fraction were found by dividing the total polarized intensity by the total inten-
sity (Stokes I) image (

√

Q2 + U2/I).

3.2.3 WSRT1.3− 1.7 GHz observations of 24P73

WSRT observations were taken of a single source (24P73) not included in the VLA observations.
Every 5 min, the frequency setup was changed within the L-band, alternating between the 21cm
and 18cm setups. Both of these frequency setups have 160 MHz bandwidth divided over 8 IFs,
each having 20 MHz bandwidth. The data were recorded in spectral line mode with 64 spectral
channels per IF in 4 polarizations. The observations were carried out in three runs on 11, 17,
and 18 March, 2009 resulting in a more or less complete 12-hour synthesis run, see Table3.3.

The data were partly calibrated using the CASA (formerly AIPS++)2 package. The L-band
receivers of the WSRT telescopes have linearly polarized feeds3. The leakage terms (D-terms)
for the WSRT are frequency dependent (e.g.,Brentjens 2008). As a first step, we flagged the
autocorrelations, and removed any obvious RFI and corrupted data. Time ranges of antennas
affected by shadowing were also taken out. Bandpass and gain solutions were determined using
observations of two standard calibrators, both at the startand end of an observing run. The
fluxes for the calibrators were set according to thePerley & Taylor(1999) extension to the
Baars et al.(1977) scale. We used both polarized (3C138 or 3C286) and unpolarized (CTD93,

2http://casa.nrao.edu/
3The WSRT records XX= I − Q, YY = I − Q, XY = −U + iV, and XY = −U − iV, where I, Q, U, and V are the

Stokes parameters.
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3C48) calibrator sources. The bandpass and gain solutions were applied and the data were
calibrated for the leakage terms using the unpolarized calibrator source. The polarization angles
were set using the polarized calibrators sources, the angles being the same as in Sect.3.2.2. The
data was then exported into AIPS for two rounds of phase only and two rounds of amplitude
and phase self-calibration (separately for each IF). The solutions for the amplitude and phase
self-calibrations were determined by combing both XX and YYpolarizations as Stokes Q is not
necessarily zero.

The images for each IF were cleaned to about 2σrms using clean boxes. The images for
each IF were combined into a deep image by convolving the images of the individuals IFs to a
common resolution and using a spectral index scaling of−1.

3.2.4 Optical WHT & INT imaging

Optical images around the radio sources were made using the PFIP camera on the 4.2m WHT
telescope and the WFC camera on the INT. The observations were carried out between 15 and
19 April, 2009 (WHT) and 1− 8 October, 2009 (INT). The field of view was 16′ × 16′ for the
PFIP and 34′ × 34′ for the WFC camera. The seeing varied between 0.6′′ and 2.0′′, but was
mostly between 1.0′′ and 1.5′′. Most nights were photometric. The total integration time per
target was about 1500 s for both V, R, and I bands for the WHT observations and 4000 s for the
INT observations. The data were reduced with IRAF (Tody 1986, 1993) and themscredpackage
(Valdes 1998). All images were flat-fielded and bias-corrected. The I and Rband images were
fringe corrected. The individual exposures were averaged,with pixels being rejected above
3.0σrms to remove cosmic rays and other artifacts.

Zero-points were determined using various observations ofstandard stars taken during the
nights. Images taken on non-photometric nights were scaledsuch that the flux of a few targets
within the field of view agreed with that of the images taken onphotometric nights.

3.3 Results

A list of the observed sources with their integrated fluxes and redshifts is given in Table3.4.
For sources without a spectroscopic redshift, we used the Hubble-K or Hubble-R relations to
estimate the redshift (Willott et al. 2003; Snellen et al. 1996; de Vries et al. 2007). Spectral index
maps were also made for the radio sources. Only common UV-ranges were used to minimize
errors due to differences in the UV-coverage and the individual maps were convolved to the
same resolution. For sources with high-resolution (. 10′′) 1.4 GHz observations, we created
a high-resolution spectral index map between 610 and 1425 MHz. A low-frequency spectral
index map between 325 and 610 MHz was also made for most sources. Pixels below 4σrms

at either one of the two frequency maps were blanked. Low-resolution spectral index maps
between 325, 610, and 1425 MHz were created to map the spectral index in low signal-to-noise
ratio (SNR) regions. We fitted a single (power-law) spectralindex through the three frequencies,
pixels below 2.5σrms being neglected.

For two sources, the SNR was high enough to create spectral curvature maps. The spectral
curvature we defined asα325−610− α610−1425. Pixels with a spectral index error larger than 0.06
were blanked in the spectral curvature maps. The errors in the spectral index map are based
on the noise levels (rms) of the individual images. In the following subsections, the radio and
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spectral index maps are presented together with optical overlays.

3.3.1 VLSS J1133.7+2324, 7C 1131+2341

VLSS J1133.7+2324 is a filamentary radio source, possibly associated witha galaxy cluster
at z = 0.61 (van Weeren et al. 2009c). To the west of the filamentary source, our 610 MHz
image detected diffuse emission associated with the foreground galaxy UGC 6544located at
z= 0.02385 (Haynes et al. 1997).

The 325 MHz image (see Fig.3.1 left panel), is similar to our previous 610 MHz image.
In the 325 MHz image, the southern part of the filamentary source is significantly brighter than
the northern part, while little emission from UGC 6544 is detected at 325 MHz. The VLA
1.4 GHz image made with natural weighting is shown in Fig.3.1(right panel) and reveals much
more emission from UGC 6544. The southern part of the filamentary source is quite faint
at 1.4 GHz, confirming that it has a steep spectrum. A high-resolution VLA image, also at
1.4 GHz, reveals only three faint compact radio sources, seeFig. 3.3 (left panel). This shows
that the emission from the steep-spectrum source is truly diffuse, and cannot be attributed to the
combined emission from compact sources. We do not detect anypolarized emission from the
source at 1425 MHz. We place a 5σ upper limit of 5% on the polarization fraction.

The spectral index map, between 325 and 610 MHz, is shown in Fig. 3.2 (left panel). The
spectral index of the southern part of the filamentary sourceis −2.0, while for the rest of the
diffuse emission it isα ∼ −1.7. Towards UGC 6544, the spectral index flattens. The spectral
index map between 610 and 1425 MHz is shown in Fig.3.2 (right panel). Here the spectral
index steepens toα ≤ −2.5 for the southern part of the filamentary source. The spectral index
of the foreground galaxy UGC 6544 is relatively flat withα ∼ −0.5.

VLSS J1133.7+2324 was also observed byDwarakanath & Kale(2009) at 1287 MHz with
the GMRT and at 330 MHz with the VLA. The reported integrated spectral indices were−1.6±
0.03 between 74 and 328 MHz and−1.9 ± 0.08 between 328 and 1278 MHz. The integrated
flux density was 151± 12 mJy at 328 MHz. We measure a flux of 273± 28 mJy at 325 MHz,
which is significantly higher than the reported value fromDwarakanath & Kale. This may be
partly caused by the higher SNR of our image as we may pick up additional emission beyond
what is visible in theDwarakanath & Kaleimage. Although, this cannot completely explain the
difference in fluxes.

The source could be old radio plasma from a previous episode of AGN activity, although
UGC 6544 is a spiral galaxy which normally do not host AGN. If the radio emission were
explained by relic lobes, they would be expected to be located symmetrically with respect to the
nucleus of the galaxy, which is not the case. The flat spectrumradio emission we detect from the
galaxy is fully consistent with that predicted by the far-infrared radio correlation (van Weeren
et al. 2009c).

At the location of the filamentary radio source, we detected an overdensity of faint galaxies
(see Fig.3.3). These galaxies are partly hidden behind UGC 6544. The median SDSS photomet-
ric redshift is 0.61 for these galaxies. To confirm the presence of a cluster, X-ray observations
and/or spectroscopic redshifts of several galaxies are needed.

If this is indeed a distant galaxy cluster, the radio emission is very likely to be associated with
the cluster. The source may then trace a shock wave in the cluster where particles are accelerated
by the DSA mechanism. In that case the integrated radio spectrum should be a single power-
law. Our flux measurements however indicate a slightly curved spectrum. A redshift of 0.61
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Table 3.4: Source list & properties

source/cluster z S325 S1425 α74−1400 curvature LLS classificationh

Jy mJy α74−610− α610−1425 kpc
VLSS J1431.8+1331 0.1599 0.373± 0.040 14.6± 1.1 −2.03± 0.05 1.03f 125 AGN+ AGNR or PHNX
VLSS J1133.7+2324 0.61± 0.16g 0.273± 0.028 12.3± 1.1 −1.69± 0.06 0.96 570g AGNR or DSAR
Abell 2048 0.0972 0.559± 0.061 18.9± 4.3 −1.50± 0.05 1.6 310 PHNX
24P73 0.15± 0.1b,g 0.307± 0.033 12.0± 3.0 −2.20± 0.06 2.0 270 PHNX
VLSS J0004.9−3457 0.3± 0.1e 0.417± 0.046 32.2± 1.9 −1.40± 0.04 0.30f 200 AGN (or MH+ DSAR?)
VLSS J0915.7+2511 0.324 0.417± 0.046 24.7± 1.5a −1.52± 0.04 1.02 190 AGNR or PHNX
VLSS J1117.1+7003 0.8± 0.4d 0.030± 0.006c 2.9± 0.5a −1.87± 0.07 0.0 130 AGN?
VLSS J2043.9−1118 0.5± 0.3d . . . 7.7± 0.6a −1.74± 0.05 0.84 250 AGN (MH?+ DSAR?)
VLSS J0516.2+0103 1.2± 0.7d . . . 4.3± 0.4a −1.73± 0.06 0.0 290 AGN (or MH?)
VLSS J2209.5+1546 1.1± 0.7d . . . 7.0± 0.9a −1.56± 0.07 0.59 500 AGN?
VLSS J2241.3−1626 0.5± 0.3d . . . 14.6± 1.1a −1.44± 0.06 0.0 290 AGN?

a flux from NVSS (Condon et al. 1998)
b identification of the cD galaxy uncertain
c flux from WENSS (Rengelink et al. 1997)
d redshift estimated using the fitted Hubble-R relation fromde Vries et al.(2007), since it is unclear whether there is a common underlying
population of massive elliptical galaxies for extended steep-spectrum radio sources we have taken the 3C Hubble-R relation from Snellen
et al.(1996) as an upper limit for the redshift (i.e., the 3C galaxies areabout 1 mag brighter at the same redshift)
e redshift estimated using the fitted Hubble-K relation fromWillott et al. (2003)
f varies across the source
g association with cluster uncertain
h PHNX = radio phoenix, AGNR= AGN relic, MH = radio mini-halo, DSAR= relic tracing shock wave with DSA
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Figure 3.1: Left: GMRT 325 MHz map. Contour levels are drawn at
√

[1,2,4, 8, . . .]×4σrms. The position
of is UGC 6544 is indicated by the dashed ellipse. Right: VLA 1425 MHz map. Contour levels are drawn
as in the left panel.

would correspond to a physical size of about 500 kpc. The verysteep and somewhat curved
radio spectrum then suggest the source to be an AGN relic, rather than a radio phoenix because
the source is quite large and the time to compress such a largeradio “ghost” would remove
most of the electrons responsible for the radio emission by radiative energy losses (Clarke &
Ensslin 2006). Additional flux measurements at lower and/or higher frequencies will be needed
to confirm whether the radio spectrum is indeed curved.

3.3.2 VLSS J1431.8+1331, MaxBCG J217.95869+13.53470

VLSS J1431.8+1331 is located in the galaxy cluster MaxBCG J217.95869+13.53470 (z =
0.1599,Koester et al. 2007) and associated with the central cD galaxy of the cluster. The clus-
ter has a moderate X-ray luminosity ofLX, 0.1−2.4 keV ∼ 1 × 1044 erg s−1 based on the ROSAT
count rate (Voges et al. 1999). The GMRT 325 MHz image (see top left panel Fig.3.4) shows
a bright elongated source. To the west a somewhat fainter diffuse component can be seen. This
component is not associated with any optical galaxy (see Fig. 3.3, right panel). A third fainter
source is located further to the southwest. The first two components are connected by a faint
radio “bridge”. This bridge was not seen in our previous 610 MHz image. The bright source
is a currently active radio galaxy with the radio core clearly being visible in our VLA 1.4 GHz
images (see Fig.3.4 top middle and right panels). Probably, radio plasma from the core flows
westwards and then forms the north-south elongated structure.

The spectral index maps (see Fig.3.4bottom panels), are indicative of a relatively flat spec-
tral index of−0.5 for the radio core between 325 and 610 MHz. Spectral steepening is observed
to the north and south of the elongated structure. The spectral index for the southern part of
the elongated structure steepens to−3.5 between 610 and 1425 MHz. The spectral index of the
southwestern component is about−1.5 between 325 and 610 MHz, there being smaller spectral
index variations across it than in the brighter western component. Between 610 and 1425 MHz,
the spectral index steepens to about−2.5. The spectral curvature map (α325−610−α610−1425) (see
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Figure 3.2: Left: Spectral index map between 325 and 610 MHz at a resolution of 11.75′′ ×7.65′′. Contour
levels are from the 325 MHz GMRT image and drawn at levels of [1,2,4, 8, . . .] × 6σrms. Right: Spectral
index between 610 and 1425 MHz. Contour levels are from the 1425 MHz VLA image and drawn at levels
of [1, 2,4, 8, . . .] × 5σrms. The beam size is 6.7′′ × 6.7′′.

Figure 3.3: Left: Optical WHT color image for VLSS J1133.7+2324. GMRT 610 MHz contours are over-
laid. The beam size is 6.6′′ × 3.9′′. Three compact sources detected in the VLA 1425 MHz high-resolution
image are marked with crosses. Right: Optical WHT color image for MaxBCG J217.95869+13.53470.
GMRT 610 MHz contours are overlaid. The beam size is 5.3′′ × 4.8′′. Contour levels are drawn as in the
left panel.
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Figure 3.4: Top left: GMRT 325 MHz map. Contour levels are drawn as in Fig.3.1. Top middle: VLA
1425 MHz map. Contour levels are drawn as in Fig.3.1. Top right: VLA 1425 MHz high-resolution
image. The image was made using Briggs weighting with robustset to−1. Contour levels are drawn at√

[1, 2,4, 8, . . .] × 4σrms. Bottom left: Spectral index map between 325 and 610 MHz at a resolution of
10.4′′ × 7.7′′. Contour levels are from the 325 MHz GMRT image and drawn at levels of [1, 2,4, 8, . . .] ×
6σrms. Bottom middle: Spectral index between 610 and 1425 MHz. Contour levels are from the 610 MHz
GMRT image and drawn at levels of [1, 2,4, 8, . . .] × 5σrms. The beam size is 6.41′′ × 5.26′′. Bottom right:
Spectral curvature map. Contour levels are drawn as in the left panel and the resolution is 10.4′′ × 7.7′′.

Fig. 3.4 bottom right panel), shows that the southwestern source hasa very curved radio spec-
trum. The southern end of the radio structure from the activeAGN is also quite curved. The high
spectral curvature is likely to be the result of spectral ageing, the gradient in the spectral index
away from the core providing evidence of this. The two diffuse sources the southwest of the
active AGN are probably old “bubbles” of radio plasma linkedto this AGN, which is consistent
with the curved radio spectrum. The presence of a faint radiobridge also suggests a relation
between this southwestern component and the radio galaxy. The southwestern component can
therefore be classified as a radio phoenix (if the radio plasma has been compressed) or an AGN
relic. XMM-Newton observations of the cluster will be presented by Ogrean et al. (submitted).

3.3.3 VLSS J2217.5+5943, 24P73

This source was discovered during the Synthesis Telescope of the Dominion Radio Observatory
(DRAO) Galactic plane survey at 408 MHz and 1.42 GHz (Higgs 1989; Joncas & Higgs 1990).
Green & Joncas(1994) found the source to be diffuse and have an ultra-steep spectrum (α =

−2.58± 0.14). Our GMRT 610 MHz observations (see Fig.3.5 bottom right panel) detected a
very complex filamentary source, resembling the relics found in Abell 13 and Abell 85 (Slee
et al. 2001). Our GMRT 325 MHz image, Fig.3.5 top left panel, is similar to the 610 MHz
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image. In our combined WSRT 1.3− 1.8 GHz image (top right panel), the fainter western part
of the relic is only marginally detected, which is indicative of a steep spectral index in this
region. We set an upper limit to the polarization fraction of5% for the source at 1.4 GHz.

The spectral index map between 325 and 610 MHz is shown in the bottom left panel of
Fig. 3.5. The spectral index varies between−1.4 and−2.9 over the source. The western part of
the source has the steepest spectrum. Towards the southwest, the spectral index flattens to about
−1.0. This part may be associated with a separate compact radio AGN.

Our optical WHT image (bottom right panel Fig.3.5) is dominated by foreground stars as the
source is located in the Galactic plane, at Galactic latitude of 2.44 degrees. However, there are
also several faint red galaxies seen in the image that may belong to a galaxy cluster, and these
are marked by circles. The brightest galaxy (located southwest) has an R-band magnitude of
20.69. Using the Hubble-R relation (de Vries et al. 2007), we estimate a redshift of 0.15± 0.1,
including an extinction in the R-band of 4.173 mag (Schlegel et al. 1998). We note that this
redshift estimate is based on the corrected identification of the cD galaxy in the cluster. If the
source is indeed located atz = 0.15, then its largest physical extent is 270 kpc. We classify the
source as a radio phoenix given the filamentary morphology and extreme spectral index. In fact,
the relic is very similar to the proposed phoenix in Abell 13 (Slee et al. 2001). To confirm the
presence of a cluster, deep near-infrared (NIR) imaging will be necessary.

3.3.4 VLSS J0004.9−3457

The radio source is located in a small galaxy cluster or group, B02291 (Zanichelli et al. 2001).
The cluster/group is located at a redshift of 0.3 ± 0.1 (van Weeren et al. 2009c). No X-ray
emission from the system is detected in the ROSAT All-Sky Survey (Voges et al. 1999, 2000),
which implies that the system is not very massive. An opticalPOSS-II color composite is shown
in Fig. 3.6 (bottom right panel). The various radio components are labeled alphabetically (see
Fig. 3.6top right panel).

Our GMRT 325 MHz image of VLSS J0004.9−3457 (top left panel) displays a diffuse source
(A) centered on a K-mag=14.86 galaxy. The source extends somewhat further northwards than
in the 610 MHz image (bottom right panel).

Source B is associated with another galaxy, C does not have anoptical counterpart and seems
to be related to source A. Source D is a fainter source (resolved in the 610 MHz image) located
just east of VLSS J0004.9−3457 at RA 00h 04m 50s, Dec−34◦ 56′ 38′′. In the CnB-array
VLA 1.4 GHz image, shown in Fig.3.6 (top right), component C is less prominent than in the
325 MHz image, while source B is clearly visible.

The spectral index map between 325 and 610 MHz is shown in Fig.3.7(right panel). Source
B has a flat spectral index of∼ −0.5. Source D has a steeper spectral index of−1.1. The spectral
index of A steepens away from the center (defined as the peak flux and located at the position
of the K-mag=14.86 galaxy). The central region has a spectral index of−1.2. Outwards, the
spectral index steepens to< −2. Component C has a spectral index of about−1.5. A spectral
index map, for the frequencies 325, 610, and 1425 MHz, is shown in Fig. 3.7 (middle panel).
The spectral curvature map, in the right panel of Fig.3.7, shows the least curvature (i.e., less
than 0.5 units) for the western part of A and source B. Emission to the east of A shows more
spectral steepening, with a curvature of about 1.0 units.

Polarized emission from source A, B, and component C is observed in the VLA images,
Fig. 3.6(bottom left panel). Source B is polarized at the 8% level. The polarization fraction at
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Figure 3.5: Top left: GMRT 325 MHz map. Contour levels are drawn as in Fig.3.1. Top right: WSRT
1.3− 1.8 GHz map. Contour levels are drawn as in Fig.3.1. Bottom left: Spectral index map between 325
and 610 MHz at a resolution of 13.44′′ × 8.96′′. Contour levels are from the 325 MHz image and drawn as
in Fig. 3.2. Bottom right: Optical WHT color image for 24P73. GMRT 610 MHz contours are overlaid.
The beam size is 6.4′′ × 4.3′′. Contour levels are drawn as in Fig.3.3. Several faint galaxies in the image
are marked by circles.
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the center of A is roughly 6%. The arc-like southeast extension (C) is highly polarized, with a
polarization fraction between 25 and 35%.

We tentatively classify the source as a 200 kpc “mini-halo” (or core-halo), because the radio
emission of diffuse source A surrounds a central galaxy in a cluster or galaxygroup. The spectral
steepening away from the core is then the result of synchrotron and IC losses. The eastern
arc-like extension could be a radio relic based on its elongated nature and high polarization
fraction. The high polarization fraction is indicative of the presence of ordered magnetic fields.
Therefore it is likely that this component traces a region inthe ICM that has been compressed by
a shock wave. Radio mini-halos usually occur in massive relaxed galaxy clusters. The possible
presence of a radio relic indicates merger activity so it is possible that the “mini-halo” can also
be linked to the merger activity of the system. Radio plasma from the central AGN might have
been re-accelerated or compressed by this merger event. Thesource is somewhat similar to
MRC 0116+111 studied byGopal-Krishna et al.(2002) andBagchi et al.(2009). We find that
MRC 0116+111 exhibits two bubble-like radio lobes, whereas VLSS J0004.9−3457 seems to
consist of a single component. The morphology of the source is more similar to the core-halo
system in ZwCl 1454.8+2223 and candidate core-halo system in Abell 3444 (Venturi et al. 2008,
2007). The cluster/group would make an interesting target for future X-ray observations to study
the relation between the radio sources and the surrounding ICM.

3.3.5 VLSS J0915.7+2511, MaxBCG J138.91895+25.19876

The radio source is located in the cluster MaxBCG J138.91895+25.19876. The source consists
of a northern component (Fig.3.8left panel) and a slightly more extended fainter component to
the south. A compact source to the west is associated with thegalaxy J091539.68+251136.9.
This source has a spectroscopic redshift (SDSS DR7,Abazajian et al. 2009) of 0.324. This
cluster has a photometric redshift of 0.289 (Koester et al. 2007), but the galaxy seems to be part
of the cluster, hence we adopt a redshift of 0.324 for the cluster. The compact source is resolved
in our 610 MHz GMRT image and displays a double lobe structure(see Fig.3.8right panel).

The spectral index map between 325 and 610 MHz is shown in Fig.3.8(middle panel). The
spectral index map is noisy because of dynamic range limitations from the source 4C+25.24
(1.35 Jy at 325 MHz) located about 3′ to the southeast. The eastern part of the northern compo-
nent has the steepest spectrum with an index ofα ∼ −2, although the SNR is low in this region.
The compact source to the west has a flat spectral index of about −0.2.

The classification of the source is unclear. The source mightcontain old radio plasma that
originated in the AGN to the west. In this case, the source could be classified as a radio phoenix
or AGN relic.

3.3.6 VLSS J1515.1+0424, Abell 2048

VLSS J1515.1+0424 is located in the cluster Abell 2048 (z = 0.0972; Struble & Rood 1999)
to the east of the cluster center. The source has a largest extent of 310 kpc (see Fig.3.9 top left
panel), and has a complex morphology. Only the brighter parts of the source are seen in the VLA
1.4 GHz C-array image (Fig.3.9top right panel). No polarized flux is detected from the source.
We set an an upper limit on the polarization fraction of 8% forthe source, again requiring a SNR
of 5 for a detection. An optical V, R, and I color image of the cluster with 610 MHz contours
overlaid does not reveal an obvious optical counterpart forthe source.
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Figure 3.6: Top left: GMRT 325 MHz map. Contour levels are drawn as in Fig.3.1. Top right: VLA
1425 MHz map. Contour levels are drawn as in Fig.3.1. Bottom left: VLA 1425 MHz polarization map.
Total polarized intensity is shown as grayscale image. Vectors refer to the polarization E-vectors, with
their length representing the polarization fraction. A reference vector for a polarization fraction of 100%
is shown in the bottom left corner. The polarization fractions were corrected for Ricean bias (Wardle &
Kronberg 1974). No polarization E-vectors were drawn for pixels with a SNRless than 3 in the total
polarized intensity map. Contours show the total intensityimage (Stokes I) at 1425 MHz. Contour levels
are drawn at [1, 16, 256, 4096, . . .] × 0.147 mJy beam−1. Bottom right: Optical POSS-II color image for
VLSS J0004.9−3457. GMRT 610 MHz contours are overlaid. The beam size is 6.4′′ × 4.3′′. Contour
levels are drawn as in Fig.3.3.
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Figure 3.7: Left: Spectral index map between 325 and 610 MHz at a resolution of 13.5′′ × 11.0′′. Contour levels are from the 325 MHz image and drawn
as in Fig.3.2. Middle: Power-law spectral index fit between 325, 610, and 1425 MHz. Contours are from the 325 MHz image and drawn at levels of
[1,2, 4,8, . . .] × 4σrms. The beam size is 19.83′′ × 12.0′′. Right: Spectral curvature map. Contour are drawn as in the middle panel.
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Figure 3.8: Left: GMRT 325 MHz map. Contour levels are drawn as in Fig.3.1. Middle: Spectral index map between 325 and 610 MHz at a resolution of
14.7′′ × 8.1′′. Contour levels are from the 325 MHz image and drawn as in Fig.3.2. Right: Optical WHT color image for VLSS J0915.7+2511. GMRT
610 MHz contours are overlaid. The beam size is 8.6′′ × 5.9′′. Contour levels are drawn as in Fig.3.3.
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The spectral index map between 325, 610, and 1425 MHz, is shown in Fig.3.9(bottom left
panel). No systematic spectral index gradients are seen across the source. A region with a flat
spectral index (α > −0.5) is located under the southern “arm” of the source at RA 15h 15m 08.6s,
Dec+04◦ 23′ 08′′. This part is associated with the galaxy 2MASX J15150860+0423085 in front
of the cluster (z = 0.047856 from SDSS DR7) (see Fig.3.9 bottom right panel). The spectral
index of the relic is steep with an average value of about−1.7 between 1425 and 325 MHz.

The complex morphology of the radio source suggests that thesource can be classified as
a radio phoenix. The steep curved radio spectrum is consistent with this interpretation. If the
source is indeed a radio phoenix, the radio plasma should have originated in a galaxy that has
gone through phases of AGN activity. A candidate is the elliptical galaxy MCG+01−39−011
(z = 0.095032; Slinglend et al. 1998). This galaxy is currently active and located close to the
eastern end of the southern “arm”. However, there are several other elliptical galaxies around,
although at the moment they are not radio-loud. A ROSAT image(seevan Weeren et al. 2009c)
of the cluster shows a substructure to the east of the main cluster, which implies that the cluster
is presently undergoing a merger. The velocity dispersion,σ, of the galaxies in the cluster is
857 km s−1 (Shen et al. 2008). The bolometric X-ray luminosity is 1.914× 1044 erg s−1. On the
basis of theLX − σ relation (X-ray luminosity versus velocity dispersion) fromShen et al.

log

(

LX

1044 erg s−1

)

= 4.39 log

(

σ

500 km s−1

)

− 0.530 , (3.1)

we predict a velocity dispersion of 765± 40 km s−1 given the X-ray luminosity. This is lower
than the observed value, which is not inconsistent with the cluster having undergone a recent
merger event. A shock wave generated by the proposed merger event might have compressed
fossil radio plasma and produced the radio phoenix. Future X-ray observations will be needed to
study the dynamical state of the cluster and the relation between the ICM and the radio phoenix.

3.4 Optical imaging around five compact steep-spectrum
sources

We present optical images around five slightly more compact steep-spectrum radio sources,
which nature was found to be unclear invan Weeren et al.(2009c).

3.4.1 VLSS J2043.9−1118

The radio source has a largest angular size of 41′′. An optical counterpart (R band magnitude of
20.1) is visible in our WHT image (see Fig.3.10). The radio emission surrounds the galaxy and
there is a hint of a faint extension to the east. We estimate a redshift of 0.5± 0.3 for the optical
counterpart, which implies a physical extent of 250 kpc for the radio source. The source could
be a mini-halo or core-halo system given its steep spectral index of−1.74± 0.05 (between 74
and 1400 MHz). Alternatively, we are detecting radio plasmafrom an AGN that has undergone
a significant amount of spectral ageing.
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Figure 3.9: Tot left: GMRT 325 MHz map. Contour levels are drawn as in Fig.3.1. Top right: VLA
1425 MHz map. Contour levels are drawn as in Fig.3.1. Bottom left: Power-law spectral index fit between
325, 610, and 1425 MHz. Contours are from the 1.4 GHz VLA imageand drawn as in Fig.3.2(left panel).
The resolution is 13.0′′×12.4′′. Bottom right: Optical WHT color image for Abell 2048. GMRT 610 MHz
contours are overlaid. The beam size is 7.6′′ × 5.4′′. Contour levels are drawn as in Fig.3.3.
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Figure 3.10: Left: Optical WHT color image for VLSS J2043.9−1118. GMRT 610 MHz contours are
overlaid. The beam size is 5.8′′ × 4.2′′. Contour levels are drawn as in Fig.3.3. A circle indicates the
proposed optical counterpart. Right: Optical WHT color image for VLSS J1117.1+7003. GMRT 610 MHz
contours are overlaid. The beam size is 7.8′′ × 4.3′′. Contour levels are drawn as in Fig.3.3. A circle
indicates the proposed optical counterpart.

3.4.2 VLSS J1117.1+7003

This source has a remarkably steep radio spectrum (α74−1400 = −1.87± 0.07) without any indi-
cation of a spectral turnover at low frequencies. The sourceis resolved into a smooth featureless
roughly spherical blob (26′′ by 23′′). We identify a red galaxy, with an R magnitude of 21.2, as
a possible counterpart, which would put the source at a redshift of 0.8± 0.4. A blue galaxy is
located only 5′′ north of the red galaxy. This might also be the counterpart ofthe radio source.
The integrated R-band magnitude is about the same as the redder galaxy putting it at about the
same redshift if it were the optical counterpart. Atz = 0.8, the radio emission would have a
physical extent of 130 kpc.

3.4.3 VLSS J2209.5+1546

The radio map shows an elongated source. We find a faint (R bandmagnitude of 22.4) coun-
terpart halfway along the elongated source. We estimate a redshift of z = 1.1 ± 0.7 (using the
Hubble-R relation), giving a physical extent of 500 kpc.

3.4.4 VLSS J0516.2+0103

VLSS J0516.2+0103 is a slightly elongated source that does not have an optical counterpart
in POSS-II images. In our INT image, we identify a possible faint red counterpart with an R
magnitude of 22.9. This implies a redshift of 1.2± 0.7 (including an extinction of 0.367 in the
R band), which gives a size of 290 kpc and makes it a candidate mini-halo or core-halo system.
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Figure 3.11: Left: Optical WHT color image for VLSS J2209.5+1546. GMRT 610 MHz contours are
overlaid. The beam size is 6.9′′ × 6.2′′. Contour levels are drawn as in Fig.3.3. A circle indicates the
proposed optical counterpart. Right: Optical INT color image for VLSS J0516.2+0103. GMRT 610 MHz
contours are overlaid. The beam size is 8.1′′ × 6.5′′. Contour levels are drawn as in Fig.3.3. A circle
indicates the proposed optical counterpart.

3.4.5 VLSS J2241.3−1626

The morphology of this source is complex. A potential optical counterpart has an R-band mag-
nitude of 20.2 giving a redshift of 0.5± 0.3 and a physical extent of 290 kpc for the source. The
optical counterpart is located roughly halfway along the extended source. The enhancements
in the radio emission to the east and west of the proposed counterpart suggest that these are
the lobes of an AGN. The fainter more-extended radio emission might be older radio plasma
causing the steep radio spectrum.

3.5 Discussion

Most radio relics and halos known till date are located within massive X-ray luminous clusters.
The majority of these sources were discovered in the NVSS andWENSS surveys by visual
inspection of the radio maps in and around known galaxy clusters (mostly Abell clusters,Gio-
vannini et al. 1999; Kempner & Sarazin 2001). Venturi et al.(2007, 2008) carried out a search
in a complete sample of 50 massive X-ray selected (LX, 0.1−2.4 keV > 5× 1044 erg s−1) clusters to
determine the fraction of radio halos in these systems. The fraction of clusters hosting a giant
radio halo was found to be 0.29± 0.09. The number of small galaxy clusters with low X-ray
luminosity known to host a diffuse radio source is very small. An example is the radio halo in
Abell 1213 identified byGiovannini et al.(2009) with LX, 0.1−2.4 keV = 0.1× 1044 erg s−1.

We note that the sources presented in this paper were selected on the basis of their steep
spectral index and diffuse nature. There was no requirement for the radio sources tobe located
in a galaxy cluster. The question arises of whether most radio relics and halos are indeed located
in massive galaxy clusters or whether they also occur in poorclusters and galaxy groups.
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Figure 3.12: Optical INT color image for VLSS J2241.3−1626. GMRT 610 MHz contours are overlaid.
The beam size is 6.1′′×5.8′′. Contour levels are drawn as in Fig.3.3. A circle indicates the proposed optical
counterpart.

None of the sources in our sample, withα < −1.35 (between 74 and 1400 MHz), are
located in massive known galaxy clusters. Only VLSS J1515.1+0424 (in Abell 2048) and
VLSS J1431.8+1331 (in MaxBCG J217.95869+13.53470) are found in clusters detected in the
ROSAT All-Sky Survey. The X-ray luminosities of these clusters are moderate, with values
between 1–2×1044 erg s−1. Therefore, our observations indicate that diffuse steep-spectrum
sources do also occur in less massive clusters and galaxy groups. Most of the sources seem to be
radio relics related to previous episodes of AGN activity: either AGN relics or radio phoenices.
Some other sources in our sample can be classified as core-halo or mini-halo candidates, where
the radio emission surrounds a central galaxy of a poor cluster or galaxy group. In our case, they
are not found in massive cool-core clusters.

Amongst the sources in our sample, there are also a number of more distant (z ∼ 1) fila-
mentary radio sources related to AGN activity. These could be relatively “nearby” ultra-steep
spectrum (USS) sources (e.g., seeMiley & De Breuck 2008, for a review). As they are rel-
atively nearby, they are clearly extended in for example the1.4 GHz FIRST survey images
(5′′ resolution) and therefore included in our sample.

We did not detect any ultra-steep spectrum radio halos (Brunetti et al. 2008) in our sample.
This could be because the surface brightness of these objects is too low for them to be detected
in the 74 MHz VLSS survey (Brunetti et al. 2008; Macario et al. 2010). The 74 MHz VLSS
survey is relatively shallow with an average rms noise of 0.1Jy beam−1.

Since poor galaxy clusters and groups are more numerous, it is expected that the sources
in our sample are only the tip of the iceberg and many more of them should turn up in low-
frequency surveys, as will be carried out for example by LOFAR in the near future. In terms also
of the timescales related to AGN activity and the ubiquity ofshocks, these surveys will uncover
large populations of AGN relics and radio phoenices. One of the difficulties will be to classify
these sources on the basis of the radio morphology, polarization, and spectral index alone. The
differences between radio phoenices, AGN relics, and relics tracing shock fronts with DSA are
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often subtle. The AGN relics and phoenices should have very curved radio spectra, while relics
caused by electrons accelerated at shocks should have straight radio spectra. Nevertheless, deep
optical/NIR and X-ray surveys will play an important role in identifying the nature of these
diffuse radio sources.

3.6 Conclusions

We have presented 325 MHz and 1.4 GHz radio observations of six diffuse steep-spectrum
sources. The sources were selected from an initial sample of26 diffuse steep-spectrum (α <
−1.15) sources (van Weeren et al. 2009c). Optical WHT and INT images were taken at the po-
sitions of 10 radio sources from the sample. We briefly summarize the results.
-The radio source VLSS J1431.8+1331 is located in the cluster MaxBCG J217.95869+13.53470
(z = 0.16) and associated with the central cD galaxy. A second radiosource is located 175 kpc
to the east. This source is connected by a faint radio bridge to the central radio source. This
source probably traces an old bubble of radio plasma from a previous episode of AGN activity
of the central source. The spectral curvature of this sourceis large, indicating the radio plasma
is old, which is consistent with the above scenario.
-VLSS J1133.7+2324 is an elongated filamentary steep spectrum source, the nature of the source
is unclear. It might be a radio relic located in a galaxy cluster atz∼ 0.6.
-The relic in Abell 2048 and the source 24P73 are both classified as radio phoenices, which con-
sist of compressed fossil radio plasma from AGNs. We detect several galaxies close to 24P73,
probably belonging to the cluster hosting the radio phoenix.
-VLSS J0004.9−3457 is a diffuse radio source with emission surrounding the central elliptical
galaxy of a small cluster or galaxy group. The source could bea radio mini-halo (or core-halo
system). An arc-like structure is located to the east of the source which has a high polarization
fraction of about 30% at 1.4 GHz indicative of ordered magnetic fields. This is probably a relic,
where either particles are accelerated by the DSA mechanismor radio plasma from the central
AGN is compressed.
-The origin of VLSS J0915.7+2511, a diffuse radio source in MaxBCG J138.91895+25.19876,
is somewhat unclear. The source is most likely an AGN relic orradio phoenix.
We also presented optical images around five other diffuse radio source from the sample. For
these sources, we could not find optical counterparts in POSS-II and 2MASS images. We de-
tected candidate counterparts for all of these sources withredshifts in the range 0.5 < z < 1.2.
Some of these sources are radio galaxies, some others may be classified as mini-halos as the
radio emission surrounds the host galaxy.

From our observations, we conclude that radio relics are located not only in the most massive
merging galaxy clusters. They can also be found in smaller galaxy clusters and groups. Most of
these sources probably trace old radio plasma from previousepisodes of AGN activity. Several
other sources resemble mini-halos or core-halos that are also found in less massive systems.
Future low-frequency surveys will probably uncover large numbers of these sources, which can
then be used to constrain timescales related to AGN activityand study the interaction between
radio plasma and the ICM in clusters and galaxy groups.

Acknowledgements.We thank the staff of the GMRT who have made these observations possible. The
GMRT is run by the National Centre for Radio Astrophysics of the Tata Institute of Fundamental Research.
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CHAPTER 4

Radio continuum observations of new radio halos and relics
from the NVSS and WENSS surveys: Relic orientations,

cluster X-ray luminosity and redshift distributions

Abstract. Radio halos and relics are diffuse radio sources found in galaxy clusters showing
significant substructure at X-ray wavelengths . These sources provide important information
about non-thermal processes taking place in the intracluster medium (ICM). Until now only a
few dozen relics and halos are known, while models predict that a much larger number of these
sources exist. In this paper we present the results of an extensive observing campaign to search
for new diffuse radio sources in galaxy clusters. We carried out radio continuum observations
with the Westerbork Synthese Radio Telescope (WSRT), GiantMetrewave Radio Telescope
(GMRT) and Very Large Array (VLA) of clusters with diffuse radio emission visible in NVSS
and WENSS survey images. Optical images were taken with the William Herschel and Isaac
Newton Telescope (WHT, INT). We discovered 6 new radio relics, including a probable double
relic system, and 2 radio halos. In addition, we confirm the presence of diffuse radio emission
in four galaxy clusters. By constructing a sample of 35 radiorelics we find that relics are
mostly found along the major axis of the X-ray emission from the ICM, while their orientation
is perpendicular to this axis. We also compared the X-ray luminosity and redshift distributions
of clusters with relics to an X-ray selected sample from the NORAS and REFLEX surveys.
We find tentative evidence for an increase of the cluster’s relic fraction with X-ray luminosity
and redshift. The major and minor axis ratio distribution ofthe ICM for clusters with relics is
broader than that of the NORAS-REFLEX sample. The location and orientation of radio relics
with respect to the ICM elongation is consistent with the scenario that relics trace merger shock
waves.

R. J. van Weeren, M. Brüggen, H. J. A. Röttgering, M. Hoeft,S. E. Nuza, H. T. Intema
Astronomy& Astrophysics, 533, 35, 2011
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4.1 Introduction

Radio halos and relics are found in massive merging galaxy clusters. These radio sources indi-
cate the presence of magnetic fields and in-situ particle acceleration within the ICM (e.g.,Jaffe
1977; Govoni & Feretti 2004). Galaxy clusters form through mergers with other clustersand
galaxy groups as well as through continuous accretion of gasfrom the intergalactic medium.
Since giant radio halos and relics are found in merging clusters (e.g.,Buote 2001; Govoni et al.
2004; Barrena et al. 2007; Brunetti et al. 2009; Cassano et al. 2010b), it has been proposed
that a small fraction of the energy released during a clustermerger event is channeled into the
(re)acceleration of particles.

One scenario for the origin of radio relics is that they tracemerger shock waves within the
ICM in which particles are accelerated by the diffusive shock acceleration (DSA) mechanism
(Krymskii 1977; Axford et al. 1977; Bell 1978a,b; Blandford & Ostriker 1978; Drury 1983;
Blandford & Eichler 1987; Jones & Ellison 1991; Malkov & O’C Drury 2001). In the presence
of a magnetic field these particles emit synchrotron radiation at radio wavelengths (e.g.,Ensslin
et al. 1998; Miniati et al. 2000). The efficiency with which collisionless shocks can accelerate
particles is unknown and may not be enough to produce the observed radio brightness of relics.
A closely linked scenario is that of shock re-acceleration of pre-accelerated electrons in the ICM,
which is a more efficient mechanism for weak shocks (e.g.,Markevitch et al. 2005; Giacintucci
et al. 2008; Kang & Ryu 2011).

An alternative scenario has been proposed byKeshet(2010) based on a secondary cosmic
ray electron model, where the time evolution of magnetic fields and the cosmic ray distribution
are taken into account to explain both halos and giant relics. Detailed spectral maps, at multiple
frequencies, and measurements of the magnetic field via the polarization properties can test
this model. For relics, strong magnetic fields (B > Bcmb = 3.25× (1+ z)2) are predicted and the
spectral index1 at the outer edges of relics should be flat, withα ≃ −1.

Unlike relics, radio halos are found in the center of merginggalaxy clusters and follow the X-
ray emission from the ICM. Radio halos have been explained byturbulence injected by recent
merger events. The injected turbulence is thought to be capable of re-accelerating relativistic
particles (e.g.,Brunetti et al. 2001; Petrosian 2001; Cassano & Brunetti 2005). Alternatively,
the energetic electrons are secondary products which originate from hadronic collisions between
relativistic protons and thermal ions (e.g.,Dennison 1980; Blasi & Colafrancesco 1999; Dolag
& Enßlin 2000; Keshet & Loeb 2010; Enßlin et al. 2011). Recent observations put tension on
the secondary models (e.g,Donnert et al. 2010a,b; Jeltema & Profumo 2011; Brown & Rudnick
2011; Bonafede et al. 2011). The existence of ultra-steep spectrum radio halos is alsoclaimed
not to be in agreement with these secondary models (Brunetti et al. 2008), but they can be
explained by the turbulent re-acceleration model. However, currently only a few of these ultra-
steep spectrum radio halos are known so more observations, such as presented in this paper, are
needed to increase this number and provide better measurements of the radio spectra.

In the last decade a number of successful searches have been carried out to find new diffuse
radio sources in galaxy clusters (e.g.,Giovannini et al. 1999; Giovannini & Feretti 2000; Govoni
et al. 2001; Kempner & Sarazin 2001; Bacchi et al. 2003; Venturi et al. 2007, 2008; Giovannini
et al. 2009; van Weeren et al. 2009c; Rudnick & Lemmerman 2009). However, our understand-
ing of the formation of these sources is still limited. Models for the formation of relics and halos
can be tested through statistical studies of correlations between the non-thermal radio emission

1Fν ∝ να, whereα is the spectral index
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and global properties of the clusters, such as mass, temperature, and dynamical state (Liang
et al. 2000; Feretti et al. 2006; Cassano et al. 2006, 2007, 2008, 2010a).

We recently discovered two large radio relics in the NVSS andWENSS surveys (van Weeren
et al. 2010, 2011c). Interestingly, these relics remained unnoticed for about 15 years. This
suggests that more diffuse radio sources could be discovered by inspection of the NVSS (Condon
et al. 1998) and WENSS (Rengelink et al. 1997) survey images. We therefore carried out a visual
inspection of the NVSS and WENSS images around known clusters detected by ROSAT (Voges
et al. 1999, 2000; Ebeling et al. 1998; Böhringer et al. 2000; Kocevski et al. 2007; Ebeling et al.
2002; Böhringer et al. 2004).

Candidate clusters hosting diffuse radio emission were observed with the WSRT, GMRT
and/or VLA. Clusters with existing published observations werenot re-observed. In this paper
we present the radio images and global properties of the clusters. In addition, we investigate the
position and orientation of radio relics with respect the ICM, and compare the X-ray luminosity
and redshift distributions of clusters with relics to an X-ray selected sample. In a follow-up
paper we will present the polarization and detailed spectral properties of the radio emission in
these clusters. The layout of this paper is as follows. In Sect. 4.2 we give an overview of the
observations and the data reduction. In Sect.4.3we present the radio images and give an short
overview of the cluster’s properties. We end with discussions and conclusions in Sects.4.4and
4.5.

Throughout this paper we assume aΛCDM cosmology withH0 = 71 km s−1 Mpc−1, Ωm =

0.27, andΩΛ = 0.73. All images are in the J2000 coordinate system.

4.2 Observations & data reduction

4.2.1 Radio observations

Most of candidate clusters with diffuse radio emission were observed with the WSRT. GMRT or
VLA observations were taken of a few clusters which were missed by the WSRT observations.
A summary of the observations is given in Table4.1. The WSRT observations were taken in
frequency switching mode, alternating every 5 minutes between the 21 and 18 cm bands. In this
paper we will only use the 21 cm data, except for the clusters Abell 697 and Abell 2061. The
other data will be presented in a future paper which will focus on the polarization properties and
rotation measure synthesis. The total integration time forthe WSRT observations was 6 hr per
cluster, except for Abell 3365 (see Table4.1). VLA observations of Abell 523 were taken in
D-array. We also included archival observations from project AB1180 (L-band D and C-array).
Abell 3365 L-band VLA observations were taken in DnC and CnB array (project AR690).

GMRT 325 MHz observations (with the hardware correlator) were taken of Abell 1612 on
May 13, 2009, recording both RR and LL polarizations with 32 MHz bandwidth. We observed
Abell 1612 and CIZA J0649.3+1801 at 610/241 MHz with the GMRT. The 610/241 MHz ob-
servations were taken in dual-frequency mode, recording RRpolarization at 610 MHz and LL
polarization at 241 MHz. Total recorded bandwidth was 32 MHzat 610 MHz and 6 MHz at
241 MHz. The GMRT software backend (GSB;Roy et al. 2010) was used.

For the data reduction we used the NRAO Astronomical Image Processing System (AIPS)
package. Standard gain calibration and RFI removal were performed. Bandpass calibration was
carried out for observations done in spectral line mode. Forthe 241 MHz observations RFI was
fitted and subtracted from the data using the technique described byAthreya(2009) which was
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Table 4.1: Observations

Cluster observation date frequency bandwidth integrationtime map resolution rms noise
MHz MHz hr arcsec µJy beam−1

Abell 1612 GMRT, 13 May, 2009 325 32 4.0 11.6′′ × 9.5′′ 236
GMRT, 22 Nov, 2009 610, 241 32, 6 2.5, 2.5 7.7′′ × 4.7′′, 21′′ × 12′′ 64, 777

Abell 523 VLA Aug, 25, 2005; 1425 37.5 1.1a1, 3.7a2 21′′ × 20′′d 40
Nov 28, 2005; Dec 28, 2009

Abell 697e WSRT, 24 Aug, 2009 1382, 1714 160, 160 6.0, 6.0 34′′ × 21′′b 24, 32
Abell 3365e WSRT, 22 Feb, 2009 1382 160 12.0 108′′ × 13′′ 29
Abell 3365 VLA, 30 Sep, 2009 1425 2× 50 0.7g1, 2.5g2 43′′ × 35′′, 13.5′′ × 9.2′′ 84, 27

30 May, 2009
Abell 746e WSRT, 19 Sep, 2009 1382 160 6.0 23′′ × 18′′ 28
Abell 2034f WSRT, 26 Jul, 2009 1382 160 6.0 30′′ × 16′′ 24
Abell 2061f WSRT, 23 Jul, 2009 1382, 1714 160, 160 6.0, 6.0 32′′ × 16′′b 22, 26
RXC J1053.7+5452e WSRT, 14 Mar, 2009 1382 160 6.0 24′′ × 18′′ 30
CIZA J0649.3+1801 GMRT, 22 Nov, 2009 610, 241 32, 6 3.0, 3.0 25′′ × 25′′c, 17′′ × 14′′ 515, 1800
RX J0107.8+5408e WSRT, 29 Aug, 2009 1382 160 6.0 21′′ × 17′′ 29

a1 D array
a2 C array
b the WSRT 1714 MHz image was convolved to the same resolution as the 1382 MHz image
c convolved to a beam of 25′′ × 25′′
d D and C array data were combined
e The minimum baseline length is 36 m.
f The minimum baseline length is 54 m.
g1 DnC array
g2 CnB array
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implemented in Obit (Cotton 2008). The fluxes of the primary calibrators were set according
to the Perley & Taylor(1999) extension to theBaars et al.(1977) scale. Several rounds of
phase self-calibration were performed before doing two final rounds of amplitude and phase
self-calibration.

For GMRT data in the imaging step we used the polyhedron method (Perley 1989; Cornwell
& Perley 1992) to minimize the effects of non-coplanar baselines. Images were made using
“Briggs” weighting (with robust set to 0.5,Briggs 1995) and cleaned down to 2 times the rms
noise level (2σrms) using clean boxes. Finally, we corrected the image for the primary beam
attenuation. For more details on the data reduction the reader is referred tovan Weeren et al.
(2011e).

4.2.2 Optical WHT & INT images

For the clusters Abell 1612, Abell 523, Abell 3365, Abell 2034, CIZA J0649.3+1801 and RX
J0107.8+5408 we made use of optical V, R and I band images taken with theWHT (PFIP cam-
era) and INT (WFC camera) telescopes between 15–19 April (WHT) and 1–8 October (INT),
2009 (for more details seevan Weeren et al. 2011e).

4.3 Results

In this section we present the radio continuum images of the clusters. We briefly discuss the
results of the radio observations for each cluster, a summary is given in Table4.2. To com-
pute the integrated fluxes for the diffuse radio sources we subtracted the flux contribution from
the discrete sources. We alphabetically labeled these discrete sources for each cluster where
applicable. The fluxes of the discrete sources are reported in Table4.3 and they are measured
from images made with uniform weighting. We included the uncertainties in the subtraction of
the discrete sources in the uncertainty for the integrated flux measurements of the diffuse cluster
emission in Table4.2. We assume that the uncertainties for the discrete sources are uncorrelated.
More details are given in the subsections of the individual clusters.

We also display overlays onto ROSAT images and galaxy iso-density contours (mostly de-
rived from SDSS DR7 photometric redshifts,Abazajian et al. 2009). The iso-densities were
computed by counting the number of galaxies per unit surfacearea within a certain photometric
redshift range (for SDSS) or V–R and R–I color range (for INT images). For the INT images
we created a catalog of objects using Sextractor (Bertin & Arnouts 1996). We then removed all
point-like objects (i.e., stars) from the catalogs. To exclude galaxies not belonging to the cluster
we selected only galaxies with R−I and V−R colors within 0.15 magnitude from the average
color of a massive elliptical cD galaxy in the cluster. The range of 0.15 in the colors was taken
to maximize the contrast of the cluster with respect to the fore and background galaxies in the
field, but not being too restrictive so that a sufficient number of candidate cluster members was
selected.

4.3.1 Abell 1612

Abell 1612 is a little studied cluster atz = 0.179 (Popesso et al. 2004) with a moderate X-
ray luminosity ofLX, 0.1−2.4 keV = 2.41× 1044 erg s−1 (Böhringer et al. 2004). In the NVSS
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Table 4.2: Cluster properties

Relic z S1382 MHz P1.4 GHz LX, 0.1−2.4 keV
d LLSa classificationb

mJy 1024 W Hz−1 1044 erg s−1 kpc
Abell 1612 0.179 62.8± 2.6e 7.9 2.41 780 R
Abell 746 (center, periphery) 0.232 18± 4, 24.5± 2.0 3.8, 6.8 3.68 850, 1100 H, R
Abell 523 0.10 61± 7f 1.7 0.89 1350 H or R
Abell 697 0.282 5.2± 0.5, 4.0± 0.5g 2.2 19.42 750 H
Abell 2061 0.0784 27.6± 1.0, 21.2± 2.1g 0.45 3.95 675 R
Abell 3365 0.0926 42.4± 3.0 j, 5.4± 0.5k 1.1j, 0.14k 0.859 560j, 235k DR

42.6± 2.6f , j, 5.3± 0.5f ,k

CIZA J0649.3+1801 0.064 321± 46i 1.2h 2.38 800 R
RX J0107.8+5408c 0.1066 55± 5 1.8 5.42 1100 H
Abell 2034 (center, periphery) 0.113 7.3± 2.0, 24± 2 0.28, 0.89, 3.56 600, 220 H or R, R
RXC J1053.7+5452 0.0704 15± 2 0.2 0.44 600 R

a largest linear size
b R = radio relic, H= radio halo, DR= double radio relic
c also known as CIZA J0107.7+5408 or ZwCl 0104.9+5350
d Abell 3365 and Abell 1612: Böhringer et al. (2004), CIZA J0649.3+1801 and RX J0107.8+5408: Ebeling et al. (2002),
RXC J1053.7+5452: Popesso et al.(2004), Abell 697: (Popesso et al. 2004), Abell 2034 and Abell 2061:Ebeling et al.(1998),
Abell 523:Böhringer et al.(2000), Abell 746: this work
e NVSS flux
f VLA flux at 1425 MHz
g WSRT flux at 1714 MHz
h using a typical relic spectral index of−1.3
i GMRT flux at 610 MHz
j eastern relic
k western relic
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Table 4.3: Fluxes of compact sources embedded in the diffuse emission

A B C D E F H I J Figure
A746 1.52± 0.09 0.36± 0.06 0.24± 0.06 0.37± 0.06 0.45± 0.07 0.93± 0.06 0.51± 0.07 0.33± 0.06 0.34± 0.06 4.4
A523 10.9± 0.2 5.7± 0.1 2.9± 0.1 4.6
A697a 0.50± 0.07 0.29± 0.06 0.22± 0.06 0.25± 0.08 0.16± 0.06 0.19± 0.05 4.9
A697b 0.38± 0.08 0.24± 0.07 0.17± 0.05 0.12± 0.05d 0.15± 0.06d 0.07± 0.05d 4.9
A2061a 0.53± 0.08 0.41± 0.07 0.36± 0.07 4.12
A2061b 0.31± 0.08d 0.33± 0.08 0.20± 0.08d 4.12
A3365c 1.5± 0.1 0.53± 0.06 0.62± 0.06 4.14
CIZA J0649.3+1801 7.7± 0.8 1.2± 0.1 2.5± 0.3 4.16
RX J0107.8+5408 2.6± 0.2 1.1± 0.1 1.0± 0.1 0.7± 0.1 4.17
A2034 0.93± 0.06 0.59± 0.06 0.34± 0.05 4.18
RXC J1053.7+5452 1.2± 0.1 1.4± 0.1 4.20

Note: reported fluxes are in mJy
a 1382 MHz
b 1714 MHz
c from VLA CnB array image
d by measuring the flux at the 1382 MHz source position
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Figure 4.1: Left: GMRT 325 MHz image of Abell 1612. Radio contours are drawn at levels of [1,2, 4, . . .]×
4σrms. Dashed contours are drawn at−3σrms. Right: A1612 X-ray emission from ROSAT, tracing the
thermal ICM, is shown by the color image. The original image from the ROSAT All Sky Survey was
convolved with a 270′′FWHM Gaussian. Solid contours are from the GMRT 325 MHz imageand drawn
at levels of [1, 2,4, . . .] ×3σrms. Dashed contours show the galaxy iso-density distributionderived from the
SDSS survey. Contours are drawn at [1.0,1.4, 1.8, . . .] × 1.1 galaxies arcmin−2 selecting only galaxies with
0.16< zphot < 0.20.

survey we found an elongated radio source located about 5′ to the south of the cluster center.
The source was completely resolved out in the 1.4 GHz 5′′ FIRST survey (Becker et al. 1995)
indicating diffuse emission on scales of about 4′. In our GMRT 325 MHz image (Fig.4.1, left
panel) the source has a total extent of 4.5′, which corresponds to a physical size of 780 kpc.
We could not identify an optical counterpart for the source (Fig. 4.3, left panel). We therefore
classify the source as a radio relic. In the 610 MHz image (Fig. 4.2, left panel) the source
is connected to a tailed radio galaxy to the north. Combiningflux measurements at 1.4 GHz
(NVSS) and GMRT fluxes at 241, 325 and 610 MHz givesα ≈ −1.4. However, we note that
the individual flux measurements give a large scatter (Fig.4.3, right panel). We checked the
absolute flux calibration between the different frequencies by measuring the integrated fluxes
of several compact sources. This did not reveal any problems. Some of the short baselines in
the 325 and 241 MHz observations were affected by RFI which could have affected the flux
measurement since the source is quite extended. In addition, the declination is close to 0◦which
gives a non-optimal uv-coverage.

Probably the relic traces a shock in which particles are accelerated or re-accelerated by a
merger-related shock wave. The large extent makes it unlikely that the source traces compressed
fossil radio plasma (Clarke & Ensslin 2006). The connection with the tailed radio source to the
north favors a re-acceleration scenario. In this case, the seed relativistic electrons could be
supplied by the tailed-radio source. The elongated galaxy iso-density contours and ICM, see
Fig. 4.1(right panel), also hint at a merger event along a northwest-southeast axis.
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Figure 4.2: GMRT 610 (left) and 241 MHz (right) image of A1612. Contour levels are drawn as in Fig.4.1.
Black dotted lines in the 610 MHz image indicate the integration area for the flux measurements.

Figure 4.3: Left: WHT V, R, I color image of Abell 1612. Overlaid are the radio contours from Fig.4.2
(left panel). Right: A1612 radio relic spectrum. Flux measurements at 241, 325, and 610 MHz are from
the GMRT observations. The 1.4 GHz flux is from the NVSS surveyimage.
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4.3.2 Abell 746

Abel 746 is a Bautz-Morgan (B/M) class III type cluster located atzphot = 0.232±0.01 (Koester
et al. 2007). Based on the ROSAT flux fromBöhringer et al.(2000) we calculateLX, 0.1−2.4 keV ∼
3.68× 1044 erg s−1. We discovered an elongated radio source located northwestof the cluster
center in the NVSS survey. The diffuse source is resolved out in the FIRST image, except for
an unresolved source located at the southern tip of the diffuse source. In our WSRT image the
elongated source is easily detected (Fig.4.4, left panel) . The source has a largest angular extent
of 5′, which corresponds to a physical size of 1.1 Mpc at the distance of Abell 746. The source
has a width of 345 kpc and is located at a distance of 1.7 Mpc from the cluster center.

We do not find it very likely that the point source at the southern end of the elongated source
is the hotspot of a radio galaxy because the second hotspot ismissing. In addition, we do not
detect any radio core. The compact source at the southern endof the diffuse source does not
have an optical counterpart in SDSS images. The SDSS images are contaminated by the bright
star f Uma (Vmag= 4.5). We only conclude that a possible optical counterpart should be located
farther away than A746. This limit on the redshift does not provide any useful constraints to
rule it out as a giant radio galaxy on the basis of its physicalsize or radio luminosity. The
morphology of the source is more typical for a radio relic. The size of the sources an its location
would also agree with this interpretation. As an additionalcheck, we analyzed the polarization
data from the WSRT observation. Radio relics are often polarized at a level of∼ 20% or more
(e.g.,Clarke & Ensslin 2006; Bonafede et al. 2009b; van Weeren et al. 2010). Indeed, we find
that the elongated source is polarized up to the∼ 50% level (Fig.4.5), which provides additional
support for the classification as radio relic.

Galaxy iso-density contours show the cluster to be somewhatelongated along a northwest-
southeast axis, see Fig.4.4 (right panel). The ROSAT image reveals little structure. However,
the number of photons detected from the cluster is low.

The WSRT image reveals additional diffuse emission in the center of the cluster, albeit at
a low SNR. The emission has an extent of at least 850 kpc which is typical for a giant radio
halo. The flux of this radio halo is difficult to estimate due to the low SNR, but subtracting the
contribution from the compact sources we find a flux of about 18± 4 mJy for the radio halo.
To better image the diffuse emission we subtracted the clean components from the compact
sources using an image made with uniform weighting. We then convolved the image (made with
natural weighting) to a resolution of 1′. The contours from this image are overlaid in Fig.4.4
(right panel). The halo is now better detected and the radio emission roughly follows the X-ray
emission. The radio power of 3.8× 1024 W Hz−1 is above theLX–P1.4GHz correlation for giant
radio halos (e.g.,Liang et al. 2000; Cassano et al. 2006). The fitted relation fromCassano et al.
(2006) gives a power of 0.64× 1024 W Hz−1. We note that both the integrated radio flux and
LX (from ROSAT) are uncertain, and that the intrinsic scatter in theLX–P1.4GHz relation is quite
large (Brunetti et al. 2009). The measured radio power is therefore still marginally consistent
with being on theLX–P1.4GHz correlation.

4.3.3 Abell 523

Abel 523 is a little studied galaxy cluster located atz = 0.10 (Struble & Rood 1999), with
LX, 0.1−2.4 keV = 0.89× 1044 erg s−1 (Böhringer et al. 2000). Galaxy iso-densities derived from
INT images show a north-south elongated cluster consistingof two galaxy clumps. The VLA
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Figure 4.4: Left: WSRT 1382 MHz image of A746. Contour levelsare drawn as in Fig.4.1. Black
dotted lines indicate the integration areas for the flux measurements. Discrete sources embedded in the
diffuse emission are alphabetically labeled, see Table4.3. Right: A746 X-ray emission from ROSAT in
orange. The original image from the ROSAT All Sky Survey was convolved with a 225′′ FWHM Gaussian.
Solid contours are from the WSRT 1382 MHz natural weighted image convolved to a resolution of 60′′.
Compact sources were subtracted and contours are drawn at levels of [1, 2,4, 8, . . .] × 0.4 mJy beam−1.
Dashed contours show the galaxy iso-density distribution derived from the SDSS survey. Contours are
drawn at [1.0, 1.4,1.8, . . .] × 0.6 galaxies arcmin−2 selecting only galaxies with 0.16< zphot < 0.29.
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Figure 4.5: WSRT 1382 MHz polarization map of A746. Total polarized intensity is shown as a grayscale
image. Vectors depict the polarization E-vectors, their length represents the polarization fraction. The
length of the E-vectors are corrected for Ricean bias (Wardle & Kronberg 1974). A reference vector for a
polarization fraction of 100% is shown in the bottom left corner. No vectors were drawn for pixels with a
SNR< 4 in the total polarized intensity image. Contour levels aredrawn at [1,4,16, 64, . . .] × 4σrms and
are from the Stokes I image.

image (Fig.4.6, left panel) reveals a large, irregular and diffuse radio source in the cluster as well
as a number of compact sources related to AGN activity. Our radio image and galaxy distribution
agree with the recent results fromGiovannini et al.(2011) which showed the presence of diffuse
radio emission in this cluster.

The brightest radio source is a tailed radio galaxy projected relatively close to the cluster
center. The color of the optical counterpart is similar to other galaxies in the cluster making
it likely that the radio source is associated with cluster. The optical INT image is shown in
Fig. 4.7. We also detect some radio emission from the largest cD galaxy in the cluster located
north of the tailed radio source. In the southern part of the cluster there is a brighter compact
source associated with another large elliptical galaxy.

The diffuse source has a patchy morphology, with the brightest part of the diffuse source
located to the northwest of the tailed radio source. To the west the diffuse source extends into
two filamentary structures. The total flux of the diffuse radio source, minus the point sources
and head-tail galaxy, is 61± 7 mJy. The diffuse source has a largest extent of 1.35 Mpc. Both
numbers are consistent with the result fromGiovannini et al.(2011).

The large extent and morphology make it unlikely that the diffuse sources is directly related
to the tailed radio galaxy.Giovannini et al.(2011) classify the source as a radio halo. They
note that the radio emission permeates both galaxy clumps. However, the possibility that the
source is a radio relic projected onto central region of the cluster should also be considered. The
source has a very patchy morphology unlike typical radio halos for which the surface brightness
follows that of the X-ray emission. Currently we have too little constraints to completely rule
out the relic scenario. Deep X-ray observations will be needed to characterize the dynamical
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Figure 4.6: Left: A523 VLA 1.4 GHz image. Contour levels are drawn as in Fig.4.1. Black dotted lines
indicate the integration area for the flux measurement. Discrete sources embedded in the diffuse emission
are alphabetically labeled, see Table4.3. Right: A523 X-ray emission from in orange. The original image
from the ROSAT All Sky Survey was convolved with a 225′′ FWHM Gaussian. Solid contours are from
the VLA 1425 MHz image and drawn at levels of [1, 2,4, 8, . . .] × 4σrms. Dashed contours show the galaxy
iso-density distribution derived from INT images. Contours are drawn at [1.0, 1.2,1.4, . . .] × 1.6 galaxies
arcmin−2 selecting only galaxies with colors 1.12 < V − R < 1.42, 0.25 < R− I < 0.55, i.e., within 0.15
magnitudes the V–R and R–I color of the central cD galaxy.

state of the cluster. Polarization observations can be usedto distinguish between the radio halo
and relic scenarios as radio relics are usually strongly polarized (at the 10–20% level or more)
while halos are mostly unpolarized.

4.3.4 Abell 697

Abell 697 is a massive Bautz-Morgan (B/M) type II-III cluster, located atz= 0.282, with a high
X-ray luminosity ofLX, 0.1−2.4 keV = 19.42× 1044 erg s−1 (Popesso et al. 2004). The ICM has an
elliptical shape and an overall temperature of 8.8+0.7

−0.6 keV determined from Chandra observations
by Maughan et al.(2008). Cavagnolo et al.(2009) reported a slightly higher temperature of
9.52 keV.Girardi et al.(2006) found a velocity dispersion of 1334+114

−96 km s−1 for the cluster.
They noted this is expected in the case of energy-density equipartition between galaxies and gas.
They suggested that the cluster has undergone a complex cluster merger event, occurring mainly
along the LOS, with a transverse component in the SSE-NNW direction.

Kempner & Sarazin(2001) first suggested the presence of diffuse radio emission in the
cluster. Venturi et al.(2008) showed the presence of a radio halo using 610 MHz GMRT ob-
servations, the halo was also reported byRudnick & Lemmerman(2009) andGiovannini et al.
(2009). Macario et al.(2010) presented a more detailed study which included GMRT 325 MHz
observations. They found the radio halo to have a an ultra-steep spectrum (α1.4 GHz

325 MHz) with α
about -1.7 to -1.8.

We detect the radio halo at both 1382 and 1714 MHz with better SNR than the previous
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Figure 4.7: INT V, R, I color image of Abell 523. Overlaid are the radio contours from Fig.4.6.

observations at 1.4 GHz. In our 1382 MHz image we find a total extent of about 750 kpc for the
radio halo which is lower than the 1.3 Mpc reported byMacario et al.(2010) at 325 MHz. The
lower 1382 MHz extent is expected due to the steep radio spectrum of the halo. To better image
the diffuse emission and remove the contribution from compact sources, we made images with
uniform weighting and excluded data< 2.5kλ at both 1382 and 1714 MHz. We then subtracted
the clean components of the compact sources from the uv-databefore re-imaging. To increase
the SNR we combined the 21 and 18 cm images after convolving them to a common resolution
of 29′′ × 17′′, see Fig.4.9.

The discrete sources D, E, and F (see Fig.4.9) were not detected with a SNR> 3. By using
the positions from the 1382 MHz image, we could still get an approximate estimate of their
fluxes. We subtracted the flux from the discrete sources (Table4.3) and took the fluxes reported
by Macario et al.(2010) to fit a power-law radio spectrum through the flux measurement with
α = −1.64± 0.06, see Fig.4.8. This confirms that the radio halo has a very steep spectral index,
although it is marginally flatter than the−1.7 to−1.8 reported byMacario et al.(2010).

We do not detect any polarized flux from the radio halo in our WSRT observations. We set
an upper limit on the radio halo polarization fraction of 6% at 1382 MHz.

4.3.5 Abell 2061

Abell 2061 is a Bautz-Morgan (B/M) type III cluster located atz = 0.0784. The cluster has a
X-ray luminosity ofLX, 0.1−2.4 keV = 3.95× 1044 erg s−1 (Ebeling et al. 1998). The cluster has
a velocity dispersion of 673+49

−40 km s−1 (Oegerle & Hill 2001). The ROSAT image shows the
cluster to be extended in the northeast-southwest direction, see Fig.4.10(left panel). Previous
studies report that the cluster is part of the Corona Borealis supercluster (Small et al. 1998;
Marini et al. 2004). The galaxy iso-density contours display three substructures located roughly
along a northeast southwest axis.
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Figure 4.8: Left: WSRT 1382 MHz image of Abel 697. Contour levels are drawn as in Fig.4.1. Black dotted lines indicate the integration area for the
flux measurements. Middle: WSRT 1714 MHz image of Abell 697. Contour levels are drawn as in Fig.4.1. Right: A697 radio halo spectrum. Flux
measurements at 325 and 610 MHz are taken fromMacario et al.(2010).
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Figure 4.9: WSRT combined 1382 and 1714 MHz image of the radiohalo in Abel 697, compact sources
were subtracted from the uv-data. Dashed contour levels aredrawn at [1,2, 4,8 . . .] × 60 µJy beam−1.
Solid contours display the compact sources at 1382 MHz. Thishigh-resolution image (19′′ × 10′′)
was made with uniform weighting and data< 2.5kλ was excluded. Contour levels are drawn at√

[1, 2,4, 8 . . .] × 100 µJy beam−1. Discrete sources embedded in the diffuse emission are alphabetically
labeled, see Table4.3.

Abell 2067 is located at a projected distance of only 1.8h−1 Mpc north from Abell 2061,
and the cluster’s systematic velocities are separated by∼ 1600 km s−1 (Oegerle & Hill 2001).
Therefore, they probably form a bound system (Marini et al. 2004; Rines & Diaferio 2006)
consisting of a massive cluster (A2061) with a smaller in-falling group/cluster (A2067). A2061
also contains an X-ray extension in the direction of A2067 (towards the north-east) which also
suggests a dynamical connection between the two systems (Marini et al. 2004). According to
Marini et al., the interaction between the clusters is in the phase in which the cores have not yet
met and in which the formation of a shock is expected. The global temperature for A2061 is
reported to be 4.53+0.48

−0.38 keV from BeppoSax observations (Marini et al. 2004). A region with a
higher temperature is found in the northern part of A2061 with a temperature of 10.67+3.90

−2.47 keV.
This region could correspond to the presence of an internal shock.

Kempner & Sarazin(2001) reported a possible relic in the southwest periphery of A2061
in WENSS images. They found a flux of 104± 15 and 19± 3 mJy at 327 MHz and 1.4 GHz,
respectively. This would give a spectral index ofα = −1.17± 0.23. Rudnick & Lemmerman
(2009) also listed the presence of the diffuse peripheral source and measured a flux of 120 mJy in
the WENSS image. They also claimed the presence of additional diffuse emission in the center
of the cluster which could make up a radio halo.

With our WSRT observations we confirm the presence of the diffuse radio source in the
southwestern periphery of A2061 and we also classify it as radio relic. We cannot confirm the
presence of a radio halo. The radio relic is clearly seen in both the 21 and 18 cm WSRT images,
Fig. 4.11. The relic is located at a distance of 1.5 Mpc from the clustercenter and has a largest
angular extent of 7.7′, corresponding to a physical size of 675 kpc. In the direction towards the
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Figure 4.10: Left: A2061 X-ray emission from ROSAT in orange. The original image from the ROSAT All
Sky Survey was convolved with a 225′′ FWHM Gaussian. Solid contours are from the WSRT 1382 MHz
image and drawn at levels of [1, 2,4, 8, . . .] × 4σrms. Dashed contours show the galaxy iso-density distri-
bution derived from the SDSS survey. Contours are drawn at [1.0,1.4, 1.8, . . .] × 0.55 galaxies arcmin−2

selecting only galaxies with 0.05 < zphot < 0.1. Right: A2061 radio relic spectrum. Flux measurement at
325 MHz is taken fromRudnick & Lemmerman(2009).

cluster center the relic has an extent of∼ 320 kpc. The western outer boundary of the relic is
somewhat more pronounced, while the emission fades more slowly inwards to the cluster center.
The relic consist of a northern and fainter southern component. Two compact sources are found
directly to the north and south of the relic.

An optical color image at the location of the relic is shown inFig. 4.12. This image does not
reveal any obvious counterparts to the radio relic. One galaxy is located at the brightest region of
the relic, but no compact radio source is associated with that galaxy. The bright compact sources
to the north and south of the relic are both associated with background galaxies unrelated to
A2061 because of their small angular sizes (. 3′′) and very red color. For comparison, we have
marked two galaxies located approximately at the distance of A2061 (Fig.4.12).

The radio spectrum is fitted by a single power-law spectrum, see Fig.4.10 (right panel).
We findα = −1.03± 0.09. The 325 MHz WENSS flux is fromRudnick & Lemmerman. The
325 MHz measurement is however uncertain as the SNR on the relic is low. To better constrain
the spectral index an additional low-frequency flux measurement is needed.

The picture that emerges from our observations is that of a radio relic tracing a shock wave
from a cluster merger event. The merger event does not seem tobe directly related to the cluster
A2067, located north of A2061. Instead the shock wave is morelikely related to the observed
substructures seen in the SDSS galaxy iso-density contours.
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Figure 4.11: Left: A2061 WSRT 1382 MHz image. Contour levelsare drawn as in Fig.4.1. Black dotted
lines indicate the integration area for the flux measurements. Right: A2061 WSRT 1714 MHz image.
Contour levels are drawn as in Fig.4.1.

4.3.6 Abell 3365

Abell 3365 (Abell et al. 1989) is located at a redshift ofz = 0.0926 (Struble & Rood 1999).
The cluster is listed as a Bautz-Morgan (B/M) type II cluster. The ESO Nearby Abell Cluster
Survey (ENACS,Katgert et al. 1996) measured a velocity dispersion of 1153 km s−1 (Mazure
et al. 1996) for A3365, quite high compared to other clusters in the sample. Galaxy cluster
RXC J0548.8-2154 is located 9′ to the west of the NED listed position for A3365 at a redshift
of z = 0.0928. The galaxy distribution, see Fig.4.13 (right panel), peaks at the center of
A3365, while the X-ray peak is located at the position of RXC J0548.8-2154. The galaxy
distribution around A3365 is complex, with two main concentrations along an east-west axis
and a smaller concentration at the far west. The ICM distribution is also complex and elongated
in the east-west direction. Based on the very similar redshift, and complex X-ray emission and
galaxy distribution, we conclude that A3365 and RXC J0548.8-2154belong to the same merging
system to which we will simply refer as A3365.

In the NVSS image we noted the presence of a peripheral elongated radio source to the
east of the cluster center. The WSRT image (Fig.4.13, left panel) reveals a second smaller
diffuse source on the west side of the cluster. The diffuse sources are also detected in the VLA
images (Fig.4.14). For both sources we cannot identify obvious optical counterparts in our INT
images (Fig.4.15). The east and western sources have an angular extent of 5.5′ and 2.3′, which
correspond to 560 and 235 kpc at the distance of A3365. We classify the eastern source as a
radio relic. Most likely, the western source is another radio relic, which means that A3365 hosts
a double radio relic system, but more observations are needed to confirm this classification.
This interpretation is supported by the elongated X-ray andgalaxy distribution which suggests a
merger event along an east-west axis (Fig.4.13right panel). We also made an image where we
subtracted the compact sources from the uv-data. To make this image, we subtracted the clean
components from a uniformly weighted image (CnB array), from the DnC array data. This
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Figure 4.12: A2061 optical WHT V, R, I color image at the location of the radio relic. Radio contours are
from Fig.4.11. The two circles indicate galaxies with spectroscopic redshifts of 0.0815 (west) and 0.061
(east) (Abazajian et al. 2009). Discrete sources embedded in the diffuse emission are alphabetically labeled
and marked with dashed circles, see Table4.3.
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Figure 4.13: Left: A3365 WSRT 1382 MHz image. Contour levelsare drawn as in Fig.4.1. Right:
A3365 X-ray emission from ROSAT in orange. The original image from the ROSAT All Sky Survey was
convolved with a 225′′ FWHM Gaussian. Solid contours are from a VLA 1.4 GHz image with compact
sources subtracted from the uv-data. This DnC array image has a resolution of 47′′ × 42′′. Contours
are drawn at levels of [1, 2,4, 8, . . .] × 0.4 mJy beam−1. Dashed contours show the galaxy iso-density
distribution derived from INT images. Contours are drawn at[1.0,1.1,1.2, . . .] × 0.78 galaxies arcmin−2

selecting only galaxies with colors 0.6 < V − R < 0.9, 0.54 < R− I < 0.84, i.e., within 0.15 magnitudes
the V–R and R–I color of the largest cD galaxy.

image is overlaid in Fig.4.13.

4.3.7 CIZA J0649.3+1801

CIZA J0649.3+1801 is a little studied galaxy cluster located atz= 0.064 discovered byEbeling
et al. (2002) at a galactic latitude ofb = 7.668◦. The cluster has a moderate X-ray luminosity
of LX, 0.1−2.4 keV = 2.38× 1044 erg s−1. The cluster forms part of a supercluster in the Zone of
Avoidance hidden by the Milky Way (Kocevski et al. 2007).

We discovered the presence of a diffuse∼ 10′ elongated source to the west of the cluster
in the NVSS survey. We do not find an optical counterpart for the source in our WHT images.
In the GMRT image, see Fig.4.16 (left panel), the source has a total extent of 10.6′ which
corresponds to a size of about 800 kpc at the distance of CIZA J0649.3+1801. We therefore
classify the source as a peripheral radio relic located at 0.8 Mpc from the cluster center. The
relic is also visible in the 241 MHz image, although the SNR onthe relic is very low (Fig.4.16
right panel).

The ROSAT image reveals another fainter X-ray source located between the radio relic and
the cluster center. The source is not resolved and thereforeit could be unrelated to the cluster.
Also we do not detect any group or cluster of galaxies associated with this source in our optical
WHT images. Therefore, this X-ray source seems to be unrelated to CIZA J0649.3+1801.
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Figure 4.14: A3365 VLA 1.4 GHz DnC (left) and CnB (right) array images. Contour levels are drawn as
in Fig. 4.1. Black dotted lines indicate the integration areas for the flux measurements. Discrete sources
embedded in the diffuse emission are alphabetically labeled, see Table4.3.

Figure 4.15: A3365 optical INT V, R, I color images at the location of the radio relics. Radio contours are
from Fig.4.14(right panel).
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Figure 4.16: Left: CIZA J0649.3+1801 X-ray emission from ROSAT in orange. The original imagefrom
the ROSAT All Sky Survey was convolved with a 225′′ FWHM Gaussian. Solid contours are from the
GMRT 610 MHz image convolved to a resolution of 25′′ and drawn at levels of [1,2, 4,8, . . .] ×4σrms. The
source NVSS J064928+175700 was removed using the “peeling”-method (e.g.,Noordam 2004). Black
dotted lines indicate the integration area for the flux measurement. Discrete sources embedded in the
diffuse emission are alphabetically labeled, see Table4.3. Right: CIZA J0649.3+1801 GMRT 241 MHz
image. Contour levels are drawn as in Fig.4.1. The dashed line is the 15 mJy beam−1contour of the
241 MHz images convolved to a circular beam of 45′′.
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Figure 4.17: Left: CIZA J0107.7+5408 WSRT 1382 MHz image. Contour levels are drawn as in Fig.4.1.
Black dotted lines indicate the integration area for the fluxmeasurement. Discrete sources embedded in
the diffuse emission are alphabetically labeled, see Table4.3. Right: CIZA J0107.7+5408 X-ray emission
from ROSAT in orange. The original image from the ROSAT All Sky Survey was convolved with a
225′′ FWHM Gaussian. Solid contours are from the WSRT 1382 MHz image convolved to a resolution of
40′′. Compact sources were subtracted and contours are drawn at levels of [1,2, 4,8, . . .]×0.3 mJy beam−1.
Dashed contours show the galaxy iso-density distribution derived from INT images. Contours are drawn
at [1.0,1.2,1.4, . . .] × 0.3 galaxies arcmin−2 selecting only galaxies with colors 0.85 < V − R < 1.15,
0.6 < R− I < 0.9, i.e., within 0.15 magnitudes the V–R and R–I color of the central cD galaxy.

4.3.8 CIZA J0107.7+5408

CIZA J0107.7+5408 is located atz= 0.1066 (Crawford et al. 1995) and has quite a high X-ray
luminosity ofLX, 0.1−2.4 keV = 5.42× 1044 erg s−1 (Ebeling et al. 2002). The cluster is projected
relatively close to the galactic plane withb = −8.65◦. Both the NVSS and WENSS survey
images display an extended diffuse radio source located roughly at the cluster center. Our WSRT
image clearly reveals the presence of a somewhat elongated radio halo with a largest extent in
the north-south direction of 1.1 Mpc. The galaxy and ICM distribution are also elongated along
the major axis of the radio halo, see Fig.4.17, which supports the scenario that the cluster
is currently undergoing a merger event. An image of the radiohalo with the discrete sources
subtracted (using the same technique as described in Sect.4.3.4) is overlaid with contours. The
radio power of 3.8× 1024 W Hz−1 is consistent with theLX–P1.4GHz correlation for giant radio
halos.

4.3.9 Abell 2034

Abell 2034 is a merging galaxy cluster as revealed by a Chandra X-ray study fromKempner
et al.(2003). White (2000) reported a global cluster temperature of 7.6 keV in agreement with
the value of 7.9±0.4 keV found byKempner et al.(2003). Kempner & Sarazin(2001) suggested
the presence of a radio relic on the basis of a WENSS image. Thediffuse emission is located
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close to the position of a cold front found byKempner et al.(2003). The presence of diffuse
emission was confirmed byGiovannini et al.(2009) and was classified as an irregular elongated
radio halo.

We also observe the diffuse emission to brighten at the position of the cold front in the
WSRT image. The SDSS galaxy distribution (Fig.4.18, right panel) is bimodal which supports
the scenario that the cluster is undergoing a merger event. We consider the classification of the
source uncertain, since the radio emission does not show a very clear correlation with the X-
rays. It could therefore also be a radio relic. The radio power (P1.4GHz = 0.28× 1024 W Hz−1)
though is in agreement with theLX–P1.4GHz correlation for giant radio halos (e.g.,Liang et al.
2000; Cassano et al. 2006). The total flux we find is 7.3±2.0 mJy, lower than the 13.6±1.0 mJy
reported byGiovannini et al.(2009). The reason for the difference is unclear becauseGiovannini
et al. (2009) do not report the integration area and the fluxes of the discrete sources that were
subtracted. Deeper observations which sufficient resolution are needed to classify the nature of
the diffuse emission. Polarimetric observations could be very helpful here as radio relics are
usually highly polarized.

We report the detection of a new relatively small radio reliclocated west of the cluster
center (NVSS J150940+333119, WN B1507.6+3342, 7C 150739.39+334252.00). This relic is
already visible in the previous studies mentioned above butwas not recognized as a radio relic
probably because it is quite compact. The source has a size about 220 by 75 kpc and a spectral
index≈ −1.2, including flux measurements from the NVSS, WENSS and 7C (Hales et al. 2007)
surveys . A high-resolution 610 MHz GMRT of the relic overlaid on an optical WHT image is
shown in Fig.4.19. The source does not have an optical counterpart which should have easily
been visible in the WHT image. The radio plasma could have originated from the compact radio
source located immediately south of the relic. On the other hand the spectral index is more
typical of a relic directly tracing a shock wave.

4.3.10 RXC J1053.7+5452

RXC J1053.7+5452 is located atz= 0.0704.Aguerri et al.(2007) reported a velocity dispersion
of 665+51

−45 km s−1 and anr200 radius of 1.52 Mpc based on SDSS data.Rudnick & Lemmerman
(2009) mentioned the presence of a diffuse radio relic with an extent of about 1 Mpc on the west
side of the cluster.Rudnick & Lemmermanreported a total flux of 0.36 Jy at 325 MHz. The
low-surface brightness radio relic is also visible in the WSRT image. We find a total extent of
600 kpc, lower than that ofRudnick & Lemmerman(2009). The ROSAT image overlaid with
SDSS galaxy iso-density contours and the 1382 MHZ WSRT imageare shown in Fig.4.20. The
galaxy distribution seems irregular with the main peak to the southeast of the X-ray center and
a second peak to the northwest. The radio relic is roughly located along a line connecting these
two galaxy concentrations. This is expected for a cluster merger event, with the shock waves
traveling outwards along the merger axis. Deeper radio observations are necessary to better map
the extent of this faint radio relic.

4.4 Discussion

Giant radio relics are proposed to directly trace merger shock waves in galaxy clusters. Sim-
ulations show that in the case of a binary merger event two shell-like shock waves form at the
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Figure 4.18: Left: A2034 WSRT 1382 MHz image. Contour levelsare drawn as in Fig.4.1. Black dotted
lines indicate the integration areas for the flux measurements. Discrete sources embedded in the diffuse
emission are alphabetically labeled, see Table4.3. Right: A2034 X-ray emission from ROSAT in orange.
The original image from the ROSAT All Sky Survey was convolved with a 180′′ FWHM Gaussian. Solid
contours are from the WSRT 1382 MHz image and drawn at levels of [1, 2,4, 8, . . .] × 4σrms. Dashed
contours show the galaxy iso-density distribution derivedfrom the SDSS survey. Contours are drawn at
[1.0, 1.2,1.4, . . .] × 1.1 galaxies arcmin−2 selecting only galaxies with 0.07< zphot < 0.16.

moment of core passage (e.g.,Roettiger et al. 1999a; Ricker & Sarazin 2001). These shock
waves then move outwards into the lower density ICM of the cluster’s outskirts. Double radio
relics are thought to trace these binary merger events, withtwo symmetric shock waves on each
side of the cluster center. However, often merger events aremore complex with multiple sub-
structures merging, so that relics are not necessarily symmetric structures and not always come
in pairs. Also, the shock structures may break up when they interact with the galaxy filaments
connected to the cluster (e.g.,Paul et al. 2011). Still, it is expected that relics are mainly found
along the main axis of a merger event, while their orientation is perpendicular to this axis.

We have tested this prediction by constructing a sample of 35relics, taking relics from the
literature and those presented in this paper (see Table4.4). We did not include any radio relics
classified as AGN relics or radio phoenices and selected onlyrelics in clusters which are detected
in the ROSAT All Sky Survey (RASS) images.

For every relic we record the end positions of their largest spatial extent (R1, R2), see
Fig.4.21. The line connecting these two points we define as the relic’smajor axis. The midpoint
between the two extrema we take as a the relic’s center position. The RASS image can be used
to estimate the position of a possible merger axis. We convolve the ROSAT X-ray images for
each cluster to the same spatial resolution of 650 kpc. We then fit a 2-dimensional elliptical
Gaussian to the X-ray emission. We record both the position of the major axis and the center
of the fitted Gaussian. For the merger axis we take as a proxy the major axis of the fitted X-ray
emission. Finally, we compute the angle (αr) between the major axis of the ICM and the line
cluster center–radio relic center. The resulting histogram is shown in Fig. 4.21. From this
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Figure 4.19: A2034 WHT V, R, I color image around the small radio relic. Contours at 610 MHz from
the GMRT are overlaid and drawn at levels of [1,2,4, 8, . . .] × 4σrms. The noise level in the image is
41µ Jy beam−1 and the beam size is 6.8′′ × 4.3′′.
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Figure 4.20: Left: RXC J1053.7+5452 WSRT 1382 MHz image. Contour levels are drawn as in Fig.4.1.
Black dotted lines indicate the integration area for the fluxmeasurement. Right: RXC J1053.7+5452 X-
ray emission from ROSAT in orange. The original image from the ROSAT All Sky Survey was convolved
with a 225′′FWHM Gaussian. Solid contours are from the WSRT 1382 MHz image and drawn at levels of
[1, 2,4, 8, . . .] × 4σrms. Dashed contours show the galaxy iso-density distributionderived from the SDSS
survey. Contours are drawn at [1.0, 1.2,1.4, . . .] × 0.25 galaxies arcmin−2 selecting only galaxies with
0.05 < zphot < 0.1. Discrete sources embedded in the diffuse emission are alphabetically labeled, see
Table4.3.

Figure 4.21: Left: Schematic illustration of the angle between the major axis of the ICM and the line relic
center–cluster center (αr), and the angle between the relic orientation and major axisof the ICM (β), see
Table4.4. Top Right: Histogram of angles between the major axis of theX-ray emission and the line
connecting the cluster center with the center of the relic. Bottom Right: Histogram of angles between the
major axis of the X-ray emission and the relic’s major axis.
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histogram we see that relics are preferably found along the major axis of the ICM. This is in
line with the simple picture that shock waves propagate outwards along the merger axis. We
also calculate the angle (β) between the major axis of the ICM and the relic’s major axis.We
find that most relics are oriented perpendicular to the ICM major axis, also in agreement with a
proposed shock origin for radio relics.

4.4.1 Comparison with the REFLEX and NORAS X-ray clusters

We also compared the properties of cluster hosting radio relics with the X-ray clusters from the
NORAS (Böhringer et al. 2000) and REFLEX (Böhringer et al. 2004) surveys. The NORAS
survey contains 378 galaxy clusters and has an estimated completeness of about 50% at an
X-ray Flux of FX, 0.1−2.4 keV = 3.0 × 10−12 erg s−1 cm−2. The REFLEX sample contains 447
galaxy clusters and has and a completeness of about 90% at thesame flux level as the NORAS
survey. For each cluster in this sample, we fitted a 2-dimensional elliptical Gaussian to the
X-ray emission from the RASS image, using the same procedureas for the clusters hosting
giant relics. For some clusters the fitting procedure did notconverge because of nearby bright
confusing X-ray sources, these cluster were not included inthe analysis. The resulting histogram
is displayed in Fig.4.22. The distribution of the major-minor axis ratios for the relic cluster
sample is broader. This is expected since relics should be found in merging cluster which are
typically more elongated.

In addition, we compare both the X-ray luminosity and redshift distribution of the NORAS-
REFLEX sample with the relic sample. We selected all clusters with a flux larger than 3.0 ×
10−12 erg s−1 cm−2 in the ROSAT band. Below this flux limit the NORAS is more than 50%
incomplete, see Fig.4.23(left panel). The total number of clusters above this flux limit is 540,
and the number of clusters with relics is 16 (using the same flux cutoff). From this we find that
the currently observed fraction of clusters hosting relicsis 3% in this sample. The list of relics is
given in Table4.5and the radio power are plotted as function of redshift are plotted in Fig.4.23
(right panel).

The resulting histograms are displayed in Fig.4.24. Although the number of known relics is
rather small, and the relics were selected using various methods, there are few interesting trends
visible. Apparently, the fraction of clusters with relics increases with the X-ray luminosity, from
about a percent atLX, 0.1−2.4 keV = 1× 1044 erg s−1 to more than 10% above∼ 1× 1045 erg s−1.
Also, the redshift distribution for cluster with relics is somewhat broader than the corresponding
NORAS-REFLEX sample. Therefore, the chance of finding a relic above a certain flux density
increases with redshift for clusters selected from flux-limited X-ray surveys. Since the number
of clusters with relics is small this might be a statistical fluctuation. However, given that the
average fraction of clusters with relics is 3 %, the probability to find four (or even more) in
the 26 clusters withLX > 1045 erg s−1 is 0.7%. Hence, a pure statistical fluctuation is rather
unlikely. This rises the question if selection effects may causes this trend.

As discussed above, the NORAS-REFLEX sample is roughly complete to a flux of 3×
10−12 erg s−1 cm−2. The relic sample in contrast is probably not complete up to aspecific flux
limit. For example, large low-surface brightness relics could be missed, as are relics in more
distant clusters because they are barely resolved in the NVSS and WENSS surveys images and
therefore not easily recognizable. The construction of a flux-limited relic sample is therefore
challenging as selection effects due to angular size, morphology and surface brightnessneed to
be properly taken into account. In addition, one needs to properly identify other diffuse radio
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Table 4.4: Clusters with radio relics and measured orientations

Cluster name z αr β

“location PA” (deg) “orientation PA” (deg)
Abell 115 0.197 45 78
Abell 521 0.247 6 64
Abell 523a 0.100 23 39
Abell 548bb 0.042 87(A), 40(B) 84(A), 48(B)
Abell 746 0.232 25 56
Abell 1240 0.159 13(N), 15(S) 85(N), 85(S)
Abell 1612 0.179 62 69
Abell 1664 0.128 3 78
Abell 2061 0.078 15 77
Abell 2163 0.203 1 67
Abell 2255 0.081 61 38
Abell 2256 0.059 26 77
Abell 2345 0.176 13(W), 24(E) 87(W), 43(E)
Abell 2744 0.308 20 81
Abell 3365 0.093 20(W), 141(E) 82(W), 43(E)
Abell 3376 0.046 3(W), 8(E) 85(W), 67(E)
Abell 3667 0.055 13(W), 0(E) 75(W), 75(E)
Coma cluster 0.023 22 60
CIZA J2252.8+5301 0.192 27 (N), 4(S) 67(N), 84(S)
MACS J0717.5+3745 0.555 2 79
RXC J1053.7+5452 0.070 19 76
RXCJ1314.4-2515 0.244 30(W), 99(E) 26(W), 46(E)
ZwCl 0008.8+5215 0.104 10(W), 11(E) 76(W), 85(E)
ZwCl 2341.1+0000 0.270 14(N), 8(S) 88(N), 63(S)

- for double relics two values are measured (N=north, S=south, E=east, W=west)
- references: Abell 2255 (main relic only)Pizzo & de Bruyn(2009); Govoni et al.(2005),
MACS J0717.5+3745 van Weeren et al.(2009d); Bonafede et al.(2009a), Abell 548b (2
relics) Feretti et al.(2006), Abell 2256 Clarke & Ensslin(2006), Abell 521 Giacintucci
et al. (2008), Coma ClusterGiovannini et al.(1991); Brown & Rudnick (2011), Abell 2163
Feretti et al.(2001), Abell 2744Govoni et al.(2001), Abell 115 and Abell 1664Govoni et al.
(2001). Symmetric double relics included from the literature are: Abell 1240 and Abell 2345
Bonafede et al.(2009b), Abell 3376Bagchi et al.(2006), Abell 3667Röttgering et al.(1997),
ZwCl 0008.8+5215van Weeren et al.(2011c), CIZA J2242.8+5301van Weeren et al.(2010),
ZwCl 2341.1+0000van Weeren et al.(2009b); Giovannini et al.(2010), RXC J1314.4-2515
Venturi et al.(2007).
a identification uncertain (either relic or halo)
bA548b: A and B refer to the names used inFeretti et al.(2006)
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sources (such as radio halos and giant radio galaxies) to prevent them from ending up in the relic
sample.Rudnick & Lemmerman(2009) give a good overview of some of the problems involved
in constructing these samples. The important question is whether there is any systematic effect
which leads to a preferential detection of relics in luminous clusters. Since the luminous clusters
are on average at higher redshift, see Fig.4.23, relic detection is less affected by a too low surface
brightness. However, it is possibly affected by resolution effects. This will only decrease the
detection probability at higher redshift (luminosity) andhence there is no evident reason why
relics in more luminous clusters should have a better chanceof being discovered.

Skillman et al.(2011) found in simulations, based on DSA, that the radio power of clusters
with relics scatters largely for a given X-ray luminosity. In addition, they found that the mean
radio power strongly correlates with the X-ray luminosity.Hence, the fraction of clusters with
relics should increase with X-ray luminosity. To compute the actual fractions many factors need
to be considered, namely the X-ray flux limit, the discovery probability for radio relics, the
radio power distribution of relics and the abundance of clusters as function of X-ray luminosity
and redshift. InNuza et al.(2011) we cary out this analysis in detail. We postulate a radio
relic probability density based on numerical simulationsp(P,Mvir, z, νobs), whereP is the radio
luminosity,Mvir is the virial mass of the cluster andνobs is the observing frequency. We convolve
this with the cosmological abundance of dark matter halos. As a result we indeed find that the
fraction of radio relics in the NORAS-REFLEX sample should increase with both the X-ray
luminosity and the redshift, see Fig.4.24(solid lines).

The reason why in simulations more massive clusters show on average much brighter radio
relics is unclear. We speculate that multiple aspects contribute: temperature and density are
higher and shock fronts are larger in more massive clusters.It seems also likely that mergers
of more massive clusters result in higher Mach numbers. Since according to the sub-grid mod-
els used in the simulation the radio emission strongly increases with Mach number (Hoeft &
Brüggen 2007), a rather small increase of the Mach numbers would have a large effect on the
resulting radio luminosity. (We note that the simulation ofHoeft & Brüggen(2007) is also based
on DSA.) Finally, the merger rate increases with redshift. However, it needs to be clarified from
simulations why an increase of the radio power with X-ray luminosity is expected. The fractions
of relics in X-ray selected cluster samples is therefore a powerful tool to put constraints on the
models used in the simulations, and hence on the evolution ofmagnetic fields and on particle
acceleration in the ICM.

4.4.2 X-ray peak and galaxy distribution separation

Cluster mergers are thought to decouple the baryonic mattercomponent from the dark matter
(DM). This causes and offset between the gravitational center (measured from lensing) and X-
ray center of the cluster. A clear example is the “Bullet cluster” (e.g.,Clowe et al. 2006), but
the effect has also been measured for other clusters (e.g.,Shan et al. 2010). Radio relics and
halos are mostly found in merger cluster and are thus good candidates to measure this effect.
We do not have lensing measurements for the clusters in our sample, but simply taking the
galaxy distribution as a proxy for the dark matter distribution we note offsets between the X-ray
emission from ROSAT and the galaxy distribution in the clusters A2034, A3365, A2061, A523
and RXC J1053.7+5452 for example. These clusters would therefore make interesting targets
for future X-ray and lensing observations.
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Table 4.5: Clusters with radio relics in the NORAS and REFLEXsurveys

Cluster name z P1.4GHz (total for cluster) LX, 0.1−2.4 keV

1024 W Hz−1 1044 erg s−1

A3376 0.0468 1.6 1.01
A2744 0.3066 7.7 11.68
A4038c 0.0292 0.1 1.00
A0548Wb 0.0424 0.5 0.10
RXC J1314.4-2515 0.2439 8.2 9.92
A133c 0.0569 1.1 1.40
A1300 0.3075 6.3 12.12
A13c 0.0940 0.9 1.24
A2345 0.1760 6.2 3.91
A521 0.2475 3.4 7.44
A754 0.0542 0.04 3.79
A85c 0.0555 0.3 5.18
A2163 0.2030 2.8 19.62
A1612 0.1797 7.9 2.41
A523a 0.1034 1.8 0.89
Coma cluster 0.0231 0.29 3.63
A781b 0.2952 5.8 4.15
A2034a 0.1130 1.17 3.56
A1758 0.2799 4.1 10.90
A746b 0.232 6.8 3.68
RXC J1053.7+5452 0.0704 0.2 0.44
A2255 0.0809 0.8 3.08
A2256 0.0581 4.2 3.69

references: Abell 754Macario et al.(2011); Abell 1758Giovannini et al.(2009); Abell 781
Venturi et al.(2011); Abell 1300Reid et al.(1999); Abell 13, 85, 133, and 4038Slee et al.
(2001); for other clusters see Table4.4
a identification uncertain (either relic or halo)
b below X-ray flux limit of FX, 0.1−2.4 keV = 3× 10−12 erg s−1 cm−2

c radio phoenix, not included in sample
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Figure 4.22: Histograms showing the distribution of the major and minor axis ratio. The red histogram is
for clusters from the NORAS and REFLEX surveys, the black histogram is for clusters containing giant
radio relics (see the caption of Fig.4.21). The black histogram was scaled by a factor of six for easier
comparison with the NORAS-REFLEX sample. Clusters for which the 2 dimensional Gaussian fit did not
converge were not included.

Figure 4.23: Left:LX-redshift distribution for the NORAS and REFLEX surveys. The solid blue line is
the flux cutoff of 3.0 × 10−12 erg s−1 cm−2 we use for comparison with the relic cluster sample. Right:
P1.4GHz-redshift distribution for the relics in Table4.5. The solid line is for a relic flux limit of 10 mJy, the
dashed line for 30 mJy. Radio phoenices are not included.
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Figure 4.24: Histograms showing the X-ray luminosity (left) and redshift (right) distribution. Dark grey
histograms shows the NORAS-REFLEX sample, light grey the relic cluster sample. The solid thick black
line displays the predicted luminosity/redshift distributions fromNuza et al.(2011) for clusters with fluxes
> 3.0 × 10−12 erg s−1 cm−2 , while the thick white line is the prediction for clusters hosting relics in the
simulation. The fraction of clusters with relics is given bythe black thin solid line (the ratio of the two
thick lines).

4.5 Conclusions

We have presented WSRT, VLA and GMRT observations of galaxy clusters with diffuse emis-
sion selected from the WENSS and NVSS surveys. We find peripheral radio relics in the clus-
ters Abell 1612, Abell 746 and CIZA J0649.3+1801 and a smaller relic Abell 2034. Abell 3365
seems to host a double radio relic system. Our observations reveal radio halos in the clus-
ters Abell 746 and RX J0107.8+5408. We confirm the presence of radio relics in Abell 2061,
RXC J1053.7+5452 and diffuse emission in Abell 523 and Abell 2034 (for which the classifi-
cation is uncertain). In addition, we detect the radio halo Abell 697 providing additional flux
measurements around 1.4 GHz.

By constructing a sample of 35 relics we have found that relics are generally located along
the major axis (which can be used as a proxy for the merger axis) of the cluster’s elongated ICM.
Their orientation is mostly perpendicular to this major axis. The distribution of the major-minor
axis ratios for the relic cluster sample is broader than thatof the NORAS-REFLEX sample.
These results are consistent with the scenario that relics trace shock waves which form along
the merger axis of clusters. We also compared the redshift and X-ray luminosity distributions of
clusters with relics to a sample of clusters from the NORAS and REFLEX surveys. Interestingly,
we find indications that the observed fraction of clusters hosting relics increases with X-ray
luminosity and redshift. However, selection biases for radio relics play a role and this needs
to be investigated further. The significantly improved sensitivity of upcoming radio telescopes
(e.g., the EVLA and LOFAR) will allow to find many more radio relics. Correlating this larger
relic sample with cluster samples selected at X-rays wavelengths will provide a powerful tool to
constrain the evolution of relics in galaxy clusters.
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CHAPTER 5

Diffuse radio emission in the merging cluster MACS
J0717.5+3745: the discovery of the most powerful radio halo

Abstract. Hierarchical models of structure formation predict that galaxy clusters grow via
mergers of smaller clusters and galaxy groups, as well as through continuous accretion of gas.
MACS J0717.5+3745 is an X-ray luminous and complex merging cluster, located at a redshift
of 0.5548. The cluster is suspected to host a bright radio relic, but up until now no detailed
radio observations have been reported. Here we present Giant Metrewave Radio Telescope
(GMRT) radio observations at 610 MHz of this cluster, complemented by Very Large Array
(VLA) archival observations at 1.4, 4.9 and 8.5 GHz. We have find a radio halo in the clus-
ter MACS J0717.5+3745 with a size of about 1.2 Mpc. The monochromatic radio power at
1400 MHz (P1.4) is 5× 1025 W Hz−1, which makes it the most powerful radio halo known to
date. A 700 kpc radio structure, which we classify as a radio relic, is located in between the
merging substructures of the system. The global spectral index of radio emission within the
cluster is found to be−1.24±0.05 between 4.9 GHz and 610 MHz. We derive a value of 5.8 µG
for the equipartition magnetic field strength at the location of the radio halo. The location of the
relic roughly coincides with regions of the intra-cluster medium (ICM) that have a significant
enhancement in temperature as shown by Chandra. The major axis of the relic is also roughly
perpendicular to the merger axis. This shows that the relic might be the result of a merger-related
shock wave, where particles are accelerated via the diffusive shock acceleration (DSA) mecha-
nism. Alternatively, the relic might trace an accretion shock of a large-scale galaxy filament to
the southeast.

R. J. van Weeren, H. J. A. Röttgering, M. Brüggen, and A. Cohen
Astronomy& Astrophysics, 505, 991, 2009
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Table 5.1: Observations

GMRT 610 MHz VLA 1.4 GHz VLA 4.9 GHz VLA 8.5 GHz
Frequency (VLA band) 610 MHz 1385, 1465 MHz (L) 4835, 4885 MHz(C) 8435, 8485 MHz (X)
Bandwidth 2× 16 MHz 2× 50 MHz 2× 50 MHz 2× 50 MHz
Channel width 125 kHz 50 MHz 50 MHz 50 MHz
Observation dates 6 & 8 Nov 2008 15 Jul 2002, 22 Aug 1997 27 Nov 2001 22 Aug 1997
Project Code 15HRa01 AE0147, AE0111 AH0748 AE0111
Total on-source time ∼ 4 hrs 49 min, 18 min 89 min 8 min
VLA configuration B, C D C
Beam size 8.2′′ × 6.0′′ 6.1′′ × 6.1.′′ 17′′ × 17′′ 3.0′′ × 2.9′′

rms noise (σ) 78µJy beam−1 49µJy beam−1 22µJy beam−1 . . .
Largest angular scale ∼ 4′ 15′ 5′ ∼ 1.5′ a

a the largest detectable angular scale is about two times smaller than the theoretical value for
short integration times

5.1 Introduction

According to hierarchical structure formation, galaxy clusters grow via mergers of smaller clus-
ters and galaxy groups. During cluster mergers an enormous amount of energy is released. This
energy can heat the intra-cluster medium and accelerate particles to highly relativistic energies
(e.g.,Sarazin 2002; Dolag et al. 2008; Takizawa & Naito 2000). In the presence of magnetic
fields these particles will emit diffuse synchrotron radiation, known as radio relics and halos
(see the reviews byFeretti & Giovannini 1996; Feretti 2005; Ferrari et al. 2008, and references
therein). Radio halos have a typical size of about 1 Mpc and the radio emission has a regular
smooth morphology that follows the thermal X-ray emission from the ICM. Radio halos are
unpolarized up to a few percent level. One of the main problems for understanding the presence
of halos in clusters is the origin of the synchrotron-emitting electrons. The lifetime of these par-
ticles is much shorter than their diffusion time over the full extent of the halo (Jaffe 1977). Two
main possibilities have been proposed to explain the presence of the relativistic particles produc-
ing the radio halos: (i) the re-acceleration models, where relativistic particles are re-accelerated
in situ by turbulence in the ICM generated by merger events (e.g.,Brunetti et al. 2001; Petrosian
2001; Fujita et al. 2003), and (ii) the secondary models, where the energetic electrons are sec-
ondary products of proton-proton collisions (e.g.,Dennison 1980; Blasi & Colafrancesco 1999;
Dolag & Enßlin 2000). Currently, the re-acceleration models provide a better explanation for
the occurrence of radio halos since (i) halos seem to occur only in clusters which are undergoing
a merger (e.g.,Venturi et al. 2007, 2008), and (ii) the spectra of some radio halos show the
expected high frequency cutoff (e.g.,Brunetti et al. 2008). This in contrast to secondary models
that predict that halos should be present in all massive clusters and the spectral indices should
follow simple power-laws, both of which appears to contradict observations.

Unlike halos, radio relics are irregular structures and canbe highly polarized. Their sizes
vary but relics with sizes of megaparsecs have been found in some clusters. These giant radio
relics are thought to trace merger shocks, where particles are accelerated through the diffusive
shock acceleration (DSA) mechanism (Drury 1983; Ensslin et al. 1998; Miniati et al. 2001).

An extreme example of a merging cluster is MACS J0717.5+3745 (Ebeling et al. 2001; Edge
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et al. 2003). This massive X-ray luminous cluster (LX = (24.6± 0.3)× 1044 erg s−1) is located
at z = 0.5548, with an overall ICM temperature of 11.6± 0.5 keV (Ebeling et al. 2007). The
cluster shows pronounced substructure in optical images. Alarge-scale filamentary structure of
galaxies connected with the cluster was discovered byEbeling et al.(2004). Steep spectrum1

radio emission (α = −1.15, between 1400 and 74 MHz) in the direction of the cluster isfound
in the NVSS (Condon et al. 1998), WENSS (Rengelink et al. 1997) and VLSS (Cohen et al.
2007) surveys. The radio emission within the cluster was classified as a radio relic byEdge
et al.(2003), no radio halo was found.Ma et al.(2009) presented X-ray (Chandra) and optical
observations (Hubble Space Telescope (HST), ACS; Keck-II,DEIMOS) of the cluster. Instead
of just two clusters merging, as is the case for 1ES0657-56 (Markevitch et al. 2002), they found
the situation in MACS J0717.5+3745 to be more complex. A comparison of the galaxy and
gas distribution with the radial velocity information showed the cluster to be undergoing a triple
merger event. As pointed out byMa et al., the partial alignment of the merger axes for the
subclusters suggests that these mergers are linked to the large-scale filament to the southeast of
the cluster. ICM temperatures exceeding 20 keV were found insome regions of the merging
system. Near two of the merging subclusters regions with decrements in the ICM temperature
were observed. These regions are probably remnants of cool cores.

One of the main questions is whether the radio relic in MACS J0717.5+3745 is the result of
a large shock wave, where particles are accelerated via the DSA mechanism. According toMa
et al., the high temperature of the ICM in the cluster could to some extent be explained by shock
heating from the ongoing mergers. However, the size of the high temperature ICM regions is
very large (∼ 1 Mpc). Therefore they conclude that it is more likely we are seeing the result of
contiguous accretion of gas along the cluster-filament interface.

In this paper we present 610 MHz continuum observations of MACS J0717.5+3745 with the
GMRT. These observations are complemented by unpublished VLA archival observations. The
layout of this paper is as follows. In Sect.5.2we give an overview of the observations and data
reduction. The radio images, spectral index maps, and X-rayoverlay are presented in Sect.5.3.
This is followed by a discussion and conclusions in Sects.5.4 and5.5. Throughout this paper
we assume aΛCDM cosmology withH0 = 71 km s−1 Mpc−1, Ωm = 0.3, andΩΛ = 0.7.

5.2 Observations & data reduction

MACS J0717.5+3745 was observed with the GMRT as part of a larger sample of diffuse steep
spectrum sources selected from the 74 MHz VLSS survey. Here we shortly describe the re-
duction of these observations, for further details the reader is referred to van Weeren et al. 2009
(submitted). The cluster was observed in the 610 MHz band on 6and 8 November, 2008. The to-
tal on-source time was about 4 hours, see Table5.1. The observations recorded both RR and LL
polarizations in two intermediate frequency bands (IFs), each having 128 channels, with a total
bandwidth of 32 MHz. We used the NRAO Astronomical Image Processing System (AIPS) for
reducing the data. The data was flux and bandpass calibrated using the primary calibrators 3C48,
3C147 and 3C286. We used thePerley & Taylor(1999) extension to theBaars et al.(1977) scale
for the absolute flux calibration. Special care was taken to remove radio frequency interference
(RFI). To track gain variations during the observations thesecondary calibrator 0713+438 was
observed several times. After this initial calibration several rounds of phase selfcalibration were

1Fν ∝ να, with α the spectral index
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carried out followed by two final rounds of amplitude and phase selfcalibration. We used the
polyhedron method (Perley 1989; Cornwell & Perley 1992) for making images to minimize the
effects of non-coplanar baselines. Both IFs were simultaneously gridded, imaged and cleaned.
About two times the primary beam radius was covered with 199 facets to remove sidelobes from
sources away from the field center.

MACS J0717.5+3745 was observed with the VLA, in the L-band on 15 July 2002 inB-array,
in the C-band on 27 November 2001 in D-array, and in the L and X-bands on 22 August 1997 in
C-array, see Table5.1. These observations were carried out in single channel continuum mode
with two IFs, each with a bandwidth of 50 MHz. The L-band B-array data was calibrated in the
standard way using the flux calibrator 3C48 and phase calibrator 0713+438. Several rounds of
phase only selfcalibration was followed by a final round of amplitude and phase selfcalibration.
The L and X-band C-array observations lacked a usable scan ona flux calibrator, so we could
only use the secondary calibrator 0713+438. Flux calibration for the L-band data was carried
out by an amplitude and phase selfcalibration against the B-array clean-component model, re-
stricting the UV-range to avoid the inclusion of short baselines. This produced the desired result
after checking the flux of the compact sources in the corrected images. The B and C-array L-
band UV-datasets were then combined and imaged simultaneously. An extra round of amplitude
and phase selfcalibration was carried out on the combined data. Flux calibration for the X-band
data was not carried out as we only used the images to identifycompact sources related to AGN.
The calibrated C-band observations were taken from the NRAOVLA Archive Survey2. We
carried out an additional round of amplitude and phase selfcalibration.

5.3 Results: images, equipartition magnetic field & spectral
index maps

Our GMRT radio image with a noise of 78µJy beam−1 (using robust weighting 0.5;Briggs
1995) is shown in Fig.5.1(left panel). The 1.4, 4.9 and 8.5 GHz images are shown in Figs. 5.1
(right panel) and5.5(the 4.9 GHz image as overlay on the spectral index map). The noise levels
are 49 and 22µJy beam−1 for the 1.4 and 4.9 GHz images, respectively, see Table5.1. We have
indicated the various sources found in Fig.5.1 (right panel). The 610 MHz, 1.4 and 4.9 GHz
images reveal a bright elongated source, defined as R, which we have further subdivided into R1
to R4. The source runs from north to south and then turns southwest at a compact source HT.
In the north and in the southwest, at the end of the elongated structure R, there are two regions
with enhanced emission R1 and R4. The linear size of the entire structure is about 700 kpc.
On the basis of the spectral index map and location within themerging system we classify this
source, except the central component (HT), as a radio relic (see Sects.5.3.2and5.4). The bright,
relatively compact region, HT, is located roughly halfway along this elongated source. To the
southwest a straight elongated linear source (FR-I) is seen, most likely related to a nearby AGN.
Around the radio relic (R), both to the south (H1) and northwest (H2), we detect faint diffuse
radio emission with a total size of about 1.2 Mpc.

The 8.5 GHz image, Fig.5.1, shows four compact sources. HT is located on the elongated
radio relic. A hint of diffuse emission is seen from the northern brighter region R1. The second
compact source is located halfway along the fainter linear structure (FR-I) to the southeast.

2This NVAS image was produced as part of the NRAO VLA Archive Survey, (c) AUI/NRAO. The NVAS can be
browsed through http://www.aoc.nrao.edu/˜vlbacald/
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Figure 5.1: Left: GMRT 610 MHz radio image. Contour levels are drawn at
√

[1,2, 4,6, 8,16, 32, ...] ×
234µJy beam−1. The image has a noise of 78µJy beam−1. The beam size is 8.2′′ × 6.0′′ and is indicated
in the bottom left corner. Right: Greyscale 8.5 GHz VLA C-array image with a resolution of 3.0′′ × 2.9′′.
Contours are from the VLA B+C array 1.4 GHz radio image. This image has a restoring beam size of
6.1′′ × 6.1′′ (shown at the bottom left corner) and a rms noise of 49µJy beam−1. Contours levels are drawn
at [1, 2,4, 8,16, 32, ...] × 3σrms. Indicated in the figure are the radio halo (H1 & H2), radio relic (R1−R4),
central head-tail source (HT), source FR-I to the southeast, and two other compact sources (C1 & C2).

Figure 5.2: Left: Chandra X-ray image overlaid with radio contours at 610 MHz from the GMRT. The
beam size is 8.2′′ × 6.0′′ and is indicated in the bottom left corner. The greyscale image shows the X-ray
emission from 0.5−7.0 keV. The image has been adaptively smoothed (3σ confidence) using theASMOOTH
algorithm (Ebeling et al. 2006). Contour levels are drawn at [1, 2,4, 8,16, 32, ...] × 0.312 mJy beam−1.
Right: Temperature map (Fig. 2 fromMa et al. 2009) overlaid with 610 MHz radio contours. Contour
levels are drawn as in the left panel.
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Compact source C2 is located just south of FR-I, and compact source C1 is located to the north
of R1. All these compact sources are related to AGN. No obvious optical counterpart was found
for the central compact radio source (HT) byEdge et al.(2003). We identify an elliptical galaxy
located within the cluster at RA 07h 17m 35s.5, DEC+37◦ 45′ 05.′′5 as a likely counterpart. The
source can be classified a “head-tail” source. The tail is notvisible in the 8.5 GHz image due to
its steep spectral index, but it is detected at all three frequencies below 8.5 GHz. The spectral
index map clearly shows spectral steepening along the 20′′ long tail as expected, see Fig.5.4.
The southeast source FR-I with its compact core is associated with a bright elliptical foreground
galaxy (RA 07h 17m 37s.2, DEC+37◦ 44′ 23′′). The faint linear extensions on both sides of the
compact radio core probably make up a FR-I type (Fanaroff & Riley 1974) radio source.

The large-scale diffuse radio emission, H1+H2, is classified as a radio halo given the large
size of about 1.2 Mpc and the emission following roughly the galaxy distribution and X-ray
emission from the ICM. The monochromatic radio power (P1.4) is estimated to be (5± 1) ×
1025 W Hz−1 using the 610 MHz image, a spectral index of−1.1 (see Fig.5.5), an extent of
1.2 Mpc, and the AIPS task ‘TVSTAT’3. The uncertainty in the radio power is based on a
spectral index error of about 0.3. We have extrapolated the halo flux at the location of the bright
radio relic using the average flux from the halo per unit surface area outside the relic region. This
increased the radio power by a factor of 1.23. This makes it the most powerful radio halo known
as the radio power is higher than the halo in 1E0657-56 which hasP1.4 = 3 × 1025 W Hz−1

(Liang et al. 2000). In fact, we could have underestimated the radio power as wemay have
missed some additional diffuse emission due to our limited sensitivity on large angularscales.
The high radio power is in agreement with the X-ray luminosity-radio power (LX − P1.4) and
temperature-radio power (T − P1.4) correlations (Liang et al. 2000; Enßlin & Röttgering 2002;
Cassano et al. 2006), see Fig.5.3.

A radio overlay on Chandra image is shown in Fig.5.2(left panel). The radio relic is roughly
located between the merging substructures as indicated byMa et al.(2009).

5.3.1 Equipartition magnetic field strength

The existence of a radio halo reveals the presence of magnetic fields within the cluster on a
scales of about 1 Mpc. We can estimate the equipartition magnetic field strength on the basis of
the minimum energy density of the magnetic field for the radiohalo. We use the same procedure
as invan Weeren et al.(2009b) and taked = 1.2 Mpc (the depth of the source),k = 100 (the
ratio of energy in relativistic protons to that in electrons), and a spectral index of−1.1. Using
these values and a flux of 6.8µJy arcsec−2 (integrated flux of the halo divided by the surface
area) givesBeq = 3.2 µG. For different values ofk, the equipartition magnetic field strength
scales with (1+ k)2/7. This method assumes fixed frequency cutoffs (νmin = 10 MHz and
νmax = 100 GHz). This is not entirely correct, rather low and high energy cutoffs (γmin, γmax) for
the particle distribution should be used (Brunetti et al. 1997; Beck & Krause 2005). Assuming
thatγmin ≪ γmax and using a lower energy cutoff γmin = 100, the revised equipartition magnetic
field strengthB′eq is 5.8 µG. For different values ofk, the revised equipartition magnetic field
strength (B′eq) scales with (1+ k)1/(3−α). These equipartition magnetic field strength values are
similar to those found for other radio halos (e.g.,Giovannini et al. 1993; Kim 1999; Thierbach
et al. 2003; Clarke & Ensslin 2006).

3TVSTAT measures the integrated flux in a user defined region ofan image
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Figure 5.3: Left: X-ray luminosity versus 1.4 GHz radio power. The circles are radio halos from the
list compiled byCassano et al.(2006). The square represents the radio halo in MACS J0717.5+3745.
Right: ICM temperature versus 1.4 GHz radio power. The circles are radio halos from the list compiled by
Cassano et al.(2006). The square represents the radio halo in MACS J0717.5+3745.

The equipartition energy density in the magnetic field can becompared to the thermal energy
density for the cluster. For the density profile of the cluster we use theβ-model (e.g.,Cavaliere
& Fusco-Femiano 1976) derived byMa et al. (2008). We find that in the cluster center the
thermal energy density is 1.9× 10−10 erg cm−3, the equipartition energy density in the magnetic
field is 9.4 × 10−13 erg cm−3. At a distance of 0.6 Mpc from the cluster center the thermal
energy density drops to 5.9× 10−11 erg cm−3. The thermal energy density is about two orders of
magnitude higher than the equipartition energy density in the magnetic field. This is consistent
with the fact that a small fraction of the thermal energy is being used to accelerate particles to
highly relativistic energies.

5.3.2 Spectral index

We have created a spectral index map between 1.4 GHz and 610 MHz at a resolution of 6.1′′(see
Fig. 5.4). Pixels below 5σrms in each of the images were blanked before computing the spectral
index map. A second, lower resolution 17′′ spectral index map, see Fig.5.5, was created by
fitting single power-law spectra to the combined images at 0.61, 1.4 and 4.9 GHz. The spectral
index is only shown in regions where the flux is larger than 2.5σrms at all three frequencies.
Differences in the UV coverage and calibration errors may have resulted in additional errors in
the spectral index.

Steepening along the tail of the central compact source (HT)is clearly visible in Fig.5.4.
This is most likely caused by spectral aging due to synchrotron and Inverse Compton (IC) losses.
The spectral index of the head-tail source is steeper than that of the surrounding halo and relic.
The origin of the synchrotron emitting electrons in HT and the halo/relic are different. For HT
the relativistic electrons are produced in an AGN, after that spectral aging in the tail produces
the steep spectrum. The electrons in the relic/halo are probably continuously being accelerated,
the spectral index thus depends on the balance between agingand acceleration. On top of that,
the equipartition magnetic field strength in the tail is higher than that of the surrounding radio
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Figure 5.4: Left: Spectral index map between 610 MHz and 1.4 GHz at a resolution of 6.1′′ × 6.1′′.
Contours are from the 610 MHz image and drawn at levels of [1,2, 4,8, 16, 32, ...] × 0.468 mJy beam−1.
Right: Spectral index uncertainty map between 1.4 GHz and 610 MHz based on the rms noise in both radio
images. The absolute flux calibration uncertainty is not included.

halo. The values of the (equipartition) magnetic field strength for the halo, tail, and equivalent
magnetic field strength of the microwave background (BIC = 3.25(1+ z)2 in units ofµG, e.g.,
Miley 1980; Slee et al. 2001) are 3.2, 36, and 7.8µG, respectively. Comparing these values, we
find that the energy losses are higher in the tail compared to the halo, also resulting in a steeper
spectral index.

In the high-resolution spectral index map (Fig.5.4), the spectral index in the two regions with
enhanced emission (R1 and R4), at the north and southwest endof the relic, steepens to the west.
This might be caused by spectral aging behind a shock front, where particles are accelerated by
the DSA mechanism, located on the west side of R1 and R4 (see also Sect.5.4.2). This effect is
also visible to some extent at R2 in Fig.5.4. Alternatively, the relic traces a wider region with
multiple shocks. Variations in the Mach number of the shockswould then cause variation in
the (injection) spectral indices. The overall spectrum is thus determined by the balance between
spectral aging, acceleration of particles, and the injection spectral index (determined by the
Mach number of the shock). At present, it is not possible to separate between these effects.
Furthermore, spectral index variations on scales smaller than the beam size have been smoothed
out.

The low-resolution spectral index map is similar to the higher resolution one. However, the
tail of the central compact radio source HT has a spectral index of only−1.55 compared to−2.2
in the high-resolution map. This is explained by the lower resolution of the second spectral index
map. In this map the tail has been partly blended with the emission from regions surrounding
it having a shallower spectrum. The low-resolution spectral index map provides us with some
indication of the spectral index of the radio halo. We find that on averageα ≈ −1.1 for the radio
halo. More observations are needed to better constrain thisvalue and create a good spectral
index map of the radio halo.

The total integrated spectral index, excluding the southeast FR-I source, is−1.04± 0.13
between 610 MHz and 1.4 GHz,−1.37± 0.06 between 1.4 and 4.9 GHz, and−1.24± 0.05
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Figure 5.5: Left: Power-law spectral index fit between 0.61,1.4, and 4.9 GHz at a resolution of 17′′ × 17′′.
Contours are from the 4.9 GHz image and drawn at levels of [1, 2,4, 8,16, 32, ...] × 0.14 mJy beam−1.
Right: Spectral index uncertainty map between 4.9 GHz, 1.4 GHz and 610 MHz based on the rms noise in
the three radio images. The absolute flux calibration uncertainty is not included.

between 610 MHz and 4.9 GHz. The errors in the spectral indices are dominated by the absolute
flux calibration uncertainty which we have taken to be 5% for the VLA4 and 10% for the GMRT
(Chandra et al. 2004). These values for the spectral index are consistent with the spectral index
of −1.15±0.04 derived from the 1.4 GHz NVSS, 325 MHz WENSS, and 74 MHz VLSSfluxes.
The radio spectrum is thus relatively straight, although there is evidence for a small amount
of spectral steepening at the higher frequencies due to spectral aging. This indicates particle
acceleration is currently still ongoing, as otherwise a strong high frequency cutoff would be
expected.

The southeast linear structure (FR-I) has a relatively shallow spectral index of−0.52± 0.13
between 610 MHz and 4.9 GHz. In the high resolution map (Fig.5.4) the spectral index seems
to flatten somewhat (from−0.6 to−0.3) away from the center of this source (the compact core
seen in Fig.5.1). This could be explained by the presence of hotspots at the end of the lobes from
the FR-I source. The flattening is not seen in the low-resolution spectral index map (Fig.5.5).

5.4 Discussion

5.4.1 Alternative explanations for the elongated radio structures

The bright elongated radio structure R could be a 700 kpc wideangle tail (WAT) source, with
the enhanced regions of emission to the north and southwest (R1 and R4) the lobes/hotspots of
this WAT. However, the spectral index map does not support such an explanation as there is no
obvious connection with the central head-tail source (HT).The central head-tail source has a
size of about 115 kpc, much smaller than the total extent of the bright elongated radio structure.
Furthermore, the proposed lobes have a spectral index of about −1.1 and steepen towards the

4VLA Calibrator Manual
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west. If the source was a 700 kpc WAT source, then a steepeningof the spectral index along the
proposed tails would be expected. This is not observed.

Another possible interpretation for the fainter diffuse linear structure to the southeast (FR-
I) is that of a second radio relic since the linear structure lies parallel to a “ridge” of X-ray
emission visible in Chandra image (Fig.5.2). This relic would then be seen in projection against
the compact radio source located in front of it. However, we prefer a FR-I interpretation since (i)
the source has a shallow spectral index of−0.5, and (ii) a central component is associated with
a nearby active elliptical galaxy, also detected in the Chandra observations. This component is
located halfway along the linear structure. High-resolution observations (. 5′′) will be needed
to confirm our proposed classification.

5.4.2 Origin of the radio relic

The projected merger axes of the subgroups in the plane of thesky run in a direction that all
point towards the large-scale galaxy filament to the southeast. The large elongated radio source
(R) has an orientation roughly perpendicular to the merger axis which is expected for a relic
tracing a large shock front, where electrons are accelerated via the DSA mechanism in a first-
order Fermi process (e.g.,Hoeft et al. 2008). Since the relic is expected to trace a shock wave in
the ICM, it is interesting to compare our radio image with thelow-resolution temperature maps
that have been published byMa et al.(2009), see Fig.5.2 (right panel). The south part of the
relic (R3) is located north, but relatively close to a regionhavingkT ∼ 25 keV. The northern part
of the relic (R1 and R2) directly follows akT ∼ 20 keV extension to the north of cluster. The
spectral index for the north part of the relic seems to steepen away from these hot ICM regions.
This is expected in the case of an outwards (to the east) traveling shock front where particles
lose energy by synchrotron and IC losses in the post-shock region. The southern part of the relic
(R4) also passes through regions havingkT ∼ 20 keV. Close to HT the relic does not directly
trace any regions with a high temperature. However, the temperature map fromMa et al.has a
fairly low resolution so a one-to-one comparison with the position of the relic is currently not
possible. The temperature map also does not have the resolution to identify the location of a
shock wave related to the ongoing merger.

Because of the large 1 Mpc extent of the high-temperature regions,Ma et al. conclude that
it is more likely that the ICM is heated as a result of contiguous accretion of gas along the
cluster-filament interface. In this case, the radio relic might trace an accretion shock rather than
a merger shock. Merger and accretion shocks generally differ in their location with respect to the
cluster and also in Mach numbers (Miniati et al. 2000; Miniati 2002; Ryu et al. 2003; Pfrommer
et al. 2006; Hoeft & Brüggen 2007; Hoeft et al. 2008; Vazza et al. 2009). Accretion shocks have
high mach numbers (M ≫ 1) and process the low-density, un-shocked inter-galacticmedium
(IGM). Merger shocks have lower Mach numbers and occur within the cluster, at radii smaller
than about 1 Mpc. The relic in MACS J0717.5+3745 is located relatively close to the cluster
center, although this may (partly) be the result of projection. The spectral index over the relic
varies roughly between−0.8 and−1.5. Therefore the radio observations do not exclude any of
the two scenarios. Additional Chandra observations will beneeded to establish the location of
the proposed shock front and link this to the location of the radio relic.

Polarization observations of the radio relic will be important to investigate the relation be-
tween the relic and the suggested shock wave that has either been created by the merger or by
the accretion of gas. Shocks waves in the ICM/IGM can compress and order magnetic fields.
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If the magnetic field is seen under some angle (between the normal of the shock front and the
line of sight) the projected magnetic field is expected to be parallel to the major axis of the
relic (Ensslin et al. 1998). The polarization E-vectors are then perpendicular to theshock front.
This is indeed what has been observed for the double relics inAbell 1240 and Abell 2345 by
Bonafede et al.(2009b) for example. Therefore, future polarization observations of the relic
in MACS J0717.5+3745 will be important to test the shock wave scenario, whereparticles are
accelerated by the DSA mechanism (either created by a cluster merger or by accretion of gas).

5.5 Conclusions

We have presented GMRT 610 MHz radio observations of the complex merging cluster MACS
J0717.5+3745. We confirm the presence of a bright radio relic. We also report on the presence
of additional diffuse emission in the cluster in the form of a radio halo, withα ≈ −1.1. The
radio halo has the highest radio power (P1.4) known to date. This high radio power is in line
with scaling relations, relating it to X-ray luminosity andICM temperature. The integrated
spectral index of the radio emission within the cluster is−1.24± 0.05 between 610 MHz and
4.9 GHz. We have derived an equipartition magnetic field strength of 3.2 µG for the radio halo.
A somewhat higher value of 5.8µG is obtained by using lower and higher energy cutoffs instead
of fixed frequency cutoffs.

The location of the bright relic roughly coincides with regions in the cluster having higher
temperatures. The major axis of the relic is orientated approximately perpendicular to the merger
axis of the system. This shows that the relic is probably the result of a large-scale shock wave
within the cluster where particles are accelerated via the DSA mechanism. Spectral index maps
created using additional archival VLA observations show the presence of a 115 kpc head-tail
source located roughly halfway the bright radio relic.

Follow-up polarization observations will be important to test the prosed shock wave scenario
for the origin of the relic. High sensitivity radio observations at 8 GHz with a resolution. 2′′

will allow a more detailed morphological study of the radio relic. This would also provide
spectral indices with lower errors due to the larger spectral baseline and allow a search for
spectral breaks or curvature.

Deep Chandra observations will be needed to create high spatial resolution temperature maps
and pinpoint the location of the proposed shock wave. These observations might also be able to
discriminate between the merger and accretion shock scenarios.
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CHAPTER 6

Radio observations of ZwCl 2341.1+0000: a double radio relic
cluster

Abstract. Hierarchal models of large-scale structure (LSS) formation predict that galaxy clus-
ters grow via gravitational infall and mergers of smaller subclusters and galaxy groups. Diffuse
radio emission, in the form of radiohalosandrelics, is found in clusters undergoing a merger,
indicating that shocks or turbulence associated with the merger are capable of accelerating elec-
trons to highly relativistic energies. Double relics are a rare class of radio sources found in the
periphery of clusters, with the two components located symmetrically on the opposite sides of
the cluster center. These relics are important probes of thecluster periphery as (i) they provide
an estimate of the magnetic field strength, and (ii) togetherwith detailed modeling can be used
to derive information about the merger geometry, mass, and timescale. Observations of these
double relics can thus be used to test the framework of LSS formation. Here we report on radio
observations of ZwCl 2341.1+0000, a complex merging structure of galaxies located atz= 0.27,
using Giant Metrewave Radio Telescope (GMRT) observations. The main aim of the observa-
tions is to study the nature of the diffuse radio emission in the galaxy cluster ZwCl 2341.1+0000.
We carried out GMRT 610, 241, and 157 MHz continuum observations of ZwCl 2341.1+0000.
The radio observations are combined with X-ray and optical data of the cluster. The GMRT
observations show a double peripheral radio relic in the cluster ZwCl 2341.1+0000. The spec-
tral index is−0.49± 0.18 for the northern relic and−0.76± 0.17 for the southern relic. We have
derived values of 0.48−0.93µGauss for the equipartition magnetic field strength. The relics are
probably associated with outward traveling merger shock waves.

R. J. van Weeren, H. J. A. Röttgering, J. Bagchi, S. Raychaudhury, H. T. Intema,
F. Miniati, T. A. Enßlin, M. Markevitch, and T. Erben
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6.1 Introduction

Galaxy clusters grow by mergers of smaller subclusters and galaxy groups as predicted by hier-
archical models of large-scale structure formation. During a clusters merger a significant amount
of energy is released, of 1063− 1064 ergs for the most massive mergers according to these mod-
els. All massive clusters have undergone several mergers intheir history and presently clusters
are still in the process of accreting matter. Key propertiesfor testing models of large-scale struc-
ture (LSS) formation include the total energy budget and thedetailed temperature distribution
within a cluster, which are both strongly affected by the cluster’s merger history. Moreover, the
physics of shock waves in the tenuous intra-cluster medium (ICM) and the effect of cosmic rays
on galaxy clusters are all fundamental for our understanding of LSS formation.

Diffuse radio sources with relatively steep spectra1 (α . −0.5), which are not directly as-
sociated with individual galaxies, are observed in a numberof clusters (e.g., see the review by
Ferrari et al. 2008). The vast majority of clusters with diffuse extended radio sources are mas-
sive, X-ray luminous and show signs of undergoing a merger. Shocks and turbulence associated
with the merger are thought to be responsible for (re)accelerating electrons to highly relativistic
energies and synchrotron radiation is produced in the presence of magnetic fields (e.g.,Ensslin
et al. 1998; Miniati et al. 2000; Brunetti et al. 2001; Petrosian 2001; Fujita et al. 2003). The
correlation between cluster mergers and diffuse radio emission is strongly suggested by current
observational and theoretical work, however the connection between the diffuse radio emission
and clusters mergers has still not been fully understood.

The diffuse radio sources in clusters are commonly divided into three groups: radio halos,
radio mini-halos, and relics. Radio halos have smooth morphologies, are extended with sizes
& 1 Mpc, unpolarized (with upper limits of a few percent, except Abell 2255;Govoni et al.
2005), and are found in the center of clusters. Radio halos followthe thermal X-ray emitting
gas from the ICM. Radio mini-halos are not associated with merging clusters and are found
in the centers of cool core clusters (e.g.,Fabian et al. 1991; Peterson & Fabian 2006). They
are associated with the central, brightest cluster galaxy and have typical sizes. 500 kpc (e.g.,
Govoni et al. 2009). Radio relics can be highly polarized, are usually found inthe periphery of
clusters, and have a filamentary or elongated irregular morphology. Their polarization fraction,
morphology, and location can vary significantly, possibly reflecting different physical origins or
conditions in the ICM; seeKempner et al.(2004).

Giant radio relics are observed in the cluster periphery, with sizes up to several Mpc (e.g.,
Giovannini et al. 1991; Röttgering et al. 1994; Clarke & Ensslin 2006). These giant radio relics
sometimes show symmetric or ring-like structures and are highly polarized (10− 50% at 1.4
GHz). They are probably signatures of electrons accelerated at large-scale shocks. Smaller relics
have been found closer to cluster centers. In this case they could be “radio ghosts”, i.e., remnants
of past AGN activity. All known radio relics and halos are found in clusters that show signs of
undergoing a merger. This gives strong support for the scenario in which the electrons are
accelerated by merger-induced shocks or turbulence.Giacintucci et al.(2008) reported that the
location of the peripheral relic in Abell 521 coincided withan X-ray brightness edge. This edge
could well be the shock front where particles are accelerated. The spectral index of−1.48±0.01
for the A521 relic is in agreement with the low Mach numbers expected in clusters mergers (see
below). This suggests that at least in some clusters, the relativistic particles responsible for the
presence of a peripheral radio relic are accelerated in a shock front. However, not all merging

1Fν ∝ να, with α the spectral index
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clusters host a diffuse radio source, indicating that other processes must be identified for a full
understanding of this phenomena.

The class of double radio relics is particular interesting because, based on current models
of electron acceleration for this class of radio sources, itenables us to explore the connection
between clusters mergers and shock waves (e.g.,Roettiger et al. 1999a; Ensslin et al. 1998). In
this case two (sometimes ring-like) relics are found in the periphery, symmetric with respect to
the cluster center as traced by the X-ray emission. These relics are thought to trace an outward
traveling shock emanating from the cluster center, which was created during a cluster merger
with a smaller substructure. An alternative shockwave-inducing mechanism is that of external
“accretion” shocks where the intergalactic medium (IGM) infilaments of galaxies funnels deep
into the cluster (Miniati et al. 2000; Miniati 2003; Keshet et al. 2003). The merger shocks are
weaker than external accretion shocks, since the gas has already been heated by these external
shocks. The external accretion shocks occur farther out than the merger shocks up to a few
times the virial radius of a cluster. However, the gas density is much higher closer to the cluster
center so the energy densities in cosmic ray (CR) electrons and magnetic fields are also higher.
Accretion shocks of filaments can therefore also be responsible for the occurrence of peripheral
radio relics (Miniati et al. 2001). While double relics are allowed in the filament accretion pic-
ture, they are not necessarily symmetric with respect to theX-ray elongation axis. A symmetric
configuration arises naturally in the binary cluster mergerpicture (e.g.,Roettiger et al. 1999a).

Double relics are rare, with only five of them known in total. Abell 3667 hosts a giant double
relic (Röttgering et al. 1997) with a total size of 3.8 Mpc. A numerical model for the diffuse radio
and X-ray emission in A3667 was presented byRoettiger et al.(1999a) where the formation of
the double relics was explained by an outgoing merger shock front. The model suggested that
the two relics were produced by a slightly off-axis merger about 1 Gyr ago, with the merging
subcluster having 20% of the mass of the primary cluster. Their model correctly predicted (i)
the orientation of the X-ray emission, (ii) the spectral index gradients of the radio relics with
steeper spectra farther away from the shock front due to spectral aging, (iii) the approximate
location of the radio emission with respect to the X-ray emission, and (iv) roughly the shape of
the two relics.

The double radio relic around Abell 3376 (Bagchi et al. 2006) has a maximum size of about
2 Mpc. Bagchi et al.(2006) argue that the relics can be explained by outgoing merger shocks
or by accretion shocks tracing the infall of the IGM or warm-hot intergalactic medium (WHIM)
onto the cluster at approximately the viral radius. RXC J1314.4−2515 (Valtchanov et al. 2002;
Feretti et al. 2005; Venturi et al. 2007) also hosts a double relic. This is the only cluster known
to have a radio halo and a double radio relic.

Bonafede et al.(2009b) present observations of double relics in Abell 2345 and Abell 1240.
The polarization fraction for the relics in A2345 was found to be 22% and 14%. For A1240,
values of 26% and 29% were derived. Steepening of the spectral index was observed away from
the shock front towards the center of the cluster for one relic in A1240 (the data for the other
relic was consistent with this trend), as well as for one relic in A2345. They concluded that
these trends are consistent with shock model predictions. An opposite trend has been seen for
the second relic in A2345, i.e., steeper spectra farther away from the cluster center. This trend
could be explained by the peculiar position of the relic between two merging substructures.

In this paper we present deep low-frequency Giant MetrewaveRadio Telescope (GMRT)
observation of the merging system ZwCl 2341.1+0000 at 610, 241, and 157 MHz. These ob-
servations were taken to investigate the nature of the diffuse radio emission within the cluster
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and explore the connection between the radio and the X-ray emission. ZwCl 2341.1+0000
(α = 23h43m40s, δ = 00◦16′39′′) is a complex cluster galaxies, composed out of several differ-
ent subclusters, probably at the junction of supercluster filaments (Raychaudhury et al.in prep.;
Bagchi et al. 2002). The system is located at a redshift ofz = 0.27 (using SDSS DR7 spec-
troscopic redshifts of several galaxies in the vicinity). The cluster is also listed as SDSS CE
J355.930756+00.303606 and NSCS J234339+001747. Galaxy isodensity maps, derived from
SDSS imaging data, show an elongated cluster of galaxies, including several subclusters dis-
tributed roughly along a north-south axis. A galaxy filamentis seen branching off from the main
structure towards the northeast.

Bagchi et al.(2002) discovered the presence of diffuse radio emission in 1.4 GHz NVSS
images (FWHM 45′′ Condon et al. 1998), as the emission was not seen in higher resolution
5′′ FIRST images (White et al. 1997; Becker et al. 2003) around ZwCl 2341.1+0000. Very Large
Array (VLA) observations at 325 MHz confirmed the presence ofdiffuse emission in the cluster,
although the resolution in the corresponding images was rather low (108′′), making it difficult
to disentangle the diffuse emission from compact sources. At 325 MHz an extension ofdiffuse
emission towards the northeast was suggested, with a spectral index< −0.9, as well diffuse
radio emission following the north-south galaxy distribution. The spectral index (between 1400
and 325 MHz) of the diffuse emission was found to be∼−0.5, which is not steep compared to
other diffuse radio sources in clusters. The derived equipartition magnetic field strength was
0.3− 0.5µGauss.Bagchi et al.also found the system to be an extended source in ROSAT PSPC
All-Sky X-ray Survey. They concluded that the diffuse radio emission was the first evidence of
cosmic-ray particle acceleration taking place at cosmic shocks in a magnetized IGM on scales
≥ 5 Mpc.

Raychaudhury et al.(in prep.) obtained high sensitivity X-ray observations ofthe cluster
ZwCl 2341.1+0000 with the Chandra and XMM-Newton satellites. They find the X-ray emis-
sion span about 3.3 Mpc in the north-south direction. An extension towards the east is also
visible (see Fig.6.1). The X-ray data show a complex, clearly disturbed ICM, indicating a
merger in progress.

The layout of this paper is as follows. In Sect.6.2we give an overview of the observations
and data reduction. In Sects.6.3 and6.4 we present the radio maps and compare them to the
X-ray and galaxy distribution. In Sect.6.5 we present the spectral index maps and derive the
equipartition magnetic field strength. We end with a discussion and conclusions in Sects. ref-
sec:discussionzwcl and6.7.

Throughout this paper we assume aΛCDM cosmology withH0 = 71 km s−1 Mpc−1, Ωm =

0.27, andΩΛ = 0.73. At a distance ofz= 0.27, 1′ corresponds to a physical scale of 246 kpc.

6.2 Observations & data reduction

High-sensitivity radio observations of the merging cluster ZwCl 2341.1+0000 were carried out
with the GMRT at 610, 241, and 157 MHz. The 241 and 610 MHz observations were carried
out simultaneously using the dual-frequency mode. At 610 MHz only the righthanded circular
polarization (RR) was recorded and at 241 MHz only the left-handed circular polarization (LL).
Both upper (USB) and lower (LSB) sidebands were recorded at 610 MHz resulting in a total
bandwidth of 32 MHz. At 241 MHz only the USB was recorded with aeffective bandwidth of
6 MHz (see below). The data were collected in spectral line mode with 128 channels per side-
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Table 6.1: Observations

610 MHz 241 MHz 157 MHz
Bandpass & flux calibrator(s) 3C 48, 3C 147 3C 48, 3C 147 3C 48, 3C 286
Phase calibrator(s) 2225-049 2225-049 0025-260
Bandwidth 32 MHz 6 MHza 8 MHz
Channel width 125 kHz 125 kHz 62.5 kHz
Polarization RR LL RR+LL
Sidebands USB+LSB USB USB
Observation dates 3, 4, 5, 6 Sep 2003 3, 4, 5, 6 Sep 2003 2, 3 Jun 2006
Integration time per visibility 16.9 s 16.9 s 16.9 s
Total durationb 12.90 hr 12.90 hr 6.25 hr
Beam sizec 6.9′′ × 4.3′′ 17.5′′ × 10.3′′ 21.1′′ × 17.1′′

rms noise (σ) 28µJy beam−1 297µJy beam−1 1.36 mJy beam−1

a the total bandwidth is 16 MHz but only 6 MHz is usable due to RFI
b on-source time (not including calibrators and slewing time)
c restoring beam, robust weighting parameter was set to 0.5 (Briggs 1995)

band (IF), resulting in a spectral resolution of 125 kHz per channel. The 157 MHz observations
recorded the LSB sideband and included both LL and RR polarizations. The data were also
collected in spectral line mode with 128 channels and a totalbandwidth of 8 MHz (62.5 kHz per
channel). The total integration time for the dual-frequency 610 and 241 MHz observations was
12.9 hours. For the 157 MHz observations this was 6.25 hours.A summary of the observations
is given in Table6.1.

The data was reduced and analyzed with the NRAO AstronomicalImage Processing System
(AIPS) package. Bandpass calibration was carried out usingthe standard flux calibrators: 3C48,
3C147, and 3C286. The flux densities for our primary calibrators were taken from thePerley
& Taylor (1999) extension to theBaars et al.(1977) scale. This results in 29.43 Jy for 3C48
and 38.26 Jy for 3C147 at 610 MHz; 51.05 Jy and 59.42 Jy at 241 MHz. At 157 MHz, the flux
density scale gives 62.71 Jy for 3C 48 and 31.02 Jy for 3C 286. A set of channels (typically
5) free of radio frequency interference (RFI) were taken to normalize the bandpass for each
antenna. We removed strong radio frequency interference (RFI) automatically with the AIPS
task ‘FLGIT’, but also carefully visually inspected the data for remaining RFI using the AIPS
tasks ‘SPFLG’ and ‘TVFLG’. The RFI was partially strong at 241 and 157 MHz. The antenna
gains were set using the primary (bandpass) and secondary calibrators and applied to our target
source. We have not chosen to average any channels to aid further removal of RFI at a later
stage. The first and last few channels of the data were discarded as noisy. At 241 MHz, only the
first ∼50% of the 16 MHz bandwidth is usable.

For making the images (used subsequently in the selfcalibration), we used the polyhedron
method (Perley 1989; Cornwell & Perley 1992) to minimize the effects of non-coplanar base-
lines. At 610 MHz the USB and LSB were reduced separately. We used a total of 199 facets
covering∼2 times the full primary beam in order to remove sidelobes from strong sources far
away from the field center. After a first round of imaging, “ripples” in the background were
subsequently removed by identifying corresponding bad baseline(s). Several rounds of phase
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Figure 6.1: X-ray emission from Chandra in the 0.5− 3.0 keV energy band. Point sources were excluded
from the image, seeRaychaudhury et al.(in prep.). The image has been convolved with a circular Gaussian
of 24′′. The solid contours represent the radio emission at 610 MHz from the GMRT. The radio map has
been convolved to a circular beam of 15′′ to better show the diffuse radio emission. The radio contours are
drawn at [1,2, 4,8, 16, 32, ...] × 0.224 mJy beam−1. Dashed contours show the galaxy isodensity contours
from SDSS, corresponding roughly to a limit ofMV = −18.1 (i.e., M∗ + 2.4). The dashed contours are
drawn at [2,3, 4,5, ...] galaxies arcmin−2, using the redshift cuts described in the text.
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Figure 6.2: Radio map at 610 MHz. The greyscale image represent the high-resolution map with a restoring
beam size of 6.9′′ × 4.3′′, indicated in the bottom left corner.
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selfcalibration were carried out before doing a final amplitude and phase selfcalibration. A
deep image was made, and the corresponding clean component model was subtracted from the
UV-data. This data was then visually inspected for remaining low-level RFI and flagged auto-
matically with ‘FLGIT’ using a 6σ rms clip before adding back the clean component model to
the UV-data. The data was then averaged to 22 (610 MHz), 8 (241MHz), and 11 (157 MHz),
channels. The 610 MHz USB and LSB were combined using the tasks ‘UVFLP’2 (Garn et al.
2007) written by D. A. Green, ‘BLOAT’, and ‘DBCON’ so they could besimultaneously imaged
and cleaned.

The 157 MHz data was further calibrated for ionospheric phase distortions, because they can
become quite severe at this frequency, using the SPAM package byIntema et al.(2009). Phase
solutions of the 10 brightest sources within the field of viewwere used to fit an ionospheric
model to the data. The resulting direction-dependent phasecorrections were applied during
imaging using the Cotton-Schwab clean algorithm (Schwab 1984; Cotton 1999; Cornwell et al.
1999). This lowered the rms noise in the image by factor of 1.2 with respect to conventional self-
calibration. The final 610 and 241 MHz images were made using CASA (formerly AIPS++)3,
using w-projection (Cornwell et al. 2005, 2008) with 512 internal planes4. We weighted our UV-
data using robust weighting 0.5 (Briggs 1995), increasing the noise level in the maps by about
15%. The 610 and 241 MHz were cleaned with the Multi-scale CLEAN algorithm (Cornwell
2008) yielding significantly better results than Clark CLEAN forlarge-scale diffuse emission.
Five different convolving scales were used at 610 MHz (0.0′′, 3.6′′, 18.0′′, 60.0′′, 120.0′′) and
three at 241 MHz (0.0′′, 9.3′′, 15.5′′). We checked absolute flux calibration by obtaining flux
measurements from the literature for 15 strong compact sources within our field from 74 MHz
to 4.8 GHz. These flux measurements were fitted with second order polynomials in log-space
to obtain the radio spectra. The fitted spectra were then compared to fluxes measured from the
GMRT maps. The accuracy of the absolute flux calibration was found to be about 5−10% at all
three frequencies, in agreement with values derived byChandra et al.(2004).

The theoretical thermal noise in the image is given by5

σthermal=

√
2Tsys

G
√

n(n− 1)NIF∆νtint
, (6.1)

with theTsys the system temperature (Tsys = TR + Tsky + Tground, with TR, Tsky, andTground the
receiver, sky, and ground temperatures respectively),G = 0.32 K Jy−1 the antenna gain,n ≈ 26
the number of working antennas,NIF the number of sidebands used (both recording RR and LL
polarizations),∆ν the bandwidth per sideband, andtint the net integration time. At 610 MHz
Tsys= 92 K, NIF = 16, ∆ν = 13.5 MHz, andtint = 12.9 hrs. The expected thermal noise for 12.9
hrs integration time is about 22µJy beam−1, where we take into account that typically 25% of
the data is flagged due to RFI. The noise level in our maps is 28µJy beam−1, which is close to the
thermal noise since weighting increased our noise level by about 10%. The system temperature
at 157 MHz is 482 K and 177 K at 241 MHz. In both casesTsky dominates the contribution over
TR (at all frequenciesTground< TR). The thermal noise at 241 MHz (∆ν = 6.9 MHz, NIF = 0.5,

2http://www.mrao.cam.ac.uk/˜dag/UVFLP/
3http://casa.nrao.edu/
4The 157 MHz images could not be made with the CASA imager sincethe direction-dependent phase corrections

could only be applied using specialized imaging routines from the SPAM package.
5http://www.gmrt.ncra.tifr.res.in/gmrt hpage/Users/doc/manual/UsersManual/node13.html
6There are two sidebands but only one polarization is recorded
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tint = 12.9 hrs) is expected to be 96µJy beam−1. At 157 MHz we expect 245µJy beam−1

(∆ν = 6.0 MHz, NIF = 1, andtint = 6.25 hrs). The noise levels in our 241 and 157 MHz images
are 297µJy beam−1 and 1.36 mJy beam−1, respectively. These are a factor 3.1 and 5.5 higher
than the expected thermal noise. This is probably caused by remaining RFI, pointing errors,
and other phase/amplitude errors, which cannot be solved for in our calibration. A significant
amount of RFI is still present on short baselines at 157 MHz. By flagging these baselines, the
noise level decreases to about 0.97 mJy beam−1. We have, however, not chosen to use this map
as the diffuse emission from the cluster is removed together with the RFI.

6.3 Results

A summary of the maps made, the corresponding restoring beamvalues and noise levels, is
given in Table6.1. The high-resolution maps at three different frequencies are shown Figs.6.2
and6.3.

We labeled the compact (. 30′′) radio sources alphabetically in order to clarify the dis-
cussion of the different sources found in the maps, see Fig.6.2 and Appendix6.8. We only
chose to label the brightest sources and those located closeto regions with diffuse emission.
The 610 MHz, as well as the 241 MHz image, show two regions of diffuse emission, one to the
north of the cluster center (RN: relic north) and one in the south (RS: relic south). The southern
diffuse region consists of three different components labeled RS-1, RS-2, and RS-3. RS-3 seems
to be detached from RS-1 and RS-2. A hint of the diffuse emission is visible in the 157 MHz
map at the 3σ level. Given that the diffuse sources are located in the periphery of the cluster and
the diffuse emission does not seem to be associated with any of the radio galaxies, we will refer
to them as relics (see Sect.6.6). Several compact sources related to AGNs, including several
possible head-tail sources, are located within the cluster. Other compact sources are related to
AGNs located behind or in front of the cluster. An overview ofthe labeled sources with their
flux densities and spectral indices is given in Table6.2.

Source A is located in the center of the clusters (near the X-ray emission peak, see Sect.
6.4). Other bright sources include B northeast to RN, D in the farnorth, and G in the south north
of RS-2. Several fainter sources are visible close to relic RN, namely E and F, and nearby RS,
namely H, I, J, K, and L.

Sources A, B, and D are also detected by the 1.4 GHz FIRST survey. Source G is not listed
in the FIRST catalog, but a hint is seen in the FIRST image. In the 1.4 GHz NVSS image sources
A, B, D, and G are visible, and the combined emission from sources I, J, K, L, RS-2, and RS-1.
A hint of source RN is seen (blended with B). In the 325 MHz image fromBagchi et al.(2002)
source A and B are visible, although the resolution is not high enough to separate source B from
the relic RN. The northeast extension of diffuse emission towards source D, which was detected
at the 2σ-level in the 325 MHz image fromBagchi et al., is not visible in any of our maps,
indicating that this feature is not real.

The deep high-resolution 610 MHz map shows that the radio relics RN and RS are truly
diffuse and do not originate from compact sources. RN has a size ofabout 1.5′ by 1′ (0.37 by
0.25 Mpc) and a total flux of 14, 21, and 36 mJy at 610, 241, and 157 MHz, respectively. RS
(RS-1+ RS-2+ RS-3) has a size of about 5′ by 2′ (1.2 by 0.49 Mpc) and a total flux of 43
mJy (610 MHz), 72 (241 MHz), and 70 mJy (157 MHz), see Table6.2. We subtracted the flux
contribution of the compact sources (E, F, I, J, K, and L) at 610 MHz from RS and RN. At 241
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Table 6.2: Source properties

Source RAa DEC F610 F241 F157 αb resolved/unresolved morphology/type
mJy mJy mJy

A 23 43 39.3 00 18 43.6 29.6± 2.9 69.4± 7.0 69.7± 7.8 −0.92± −0.15 resolved head-tail
B 23 43 40.3 00 20 52.8 10.1± 1.2 20.4± 2.6 38.5± 7.6 −0.76± 0.19 resolved head-tail
C 23 43 40.7 00 20 29.3 1.53± 0.18 . . . . . . . . . unresolved . . .
D 23 43 50.1 00 22 39.7 12.9± 1.2 15.8± 1.6 19.5± 3.0 −0.22± 0.15 unresolved . . .
E 23 43 36.2 00 20 51.0 0.79± 0.12 . . . . . . . . . unresolved . . .
F 23 43 34.6 00 20 36.5 0.66± 0.11 . . . . . . . . . unresolved . . .
G 23 43 45.8 00 16 05.8 10.2± 1.2 42.2± 4.7 53.2± 5.3 −1.53± 0.17 resolved head-tail
H 23 43 46.0 00 15 33.5 2.33± 0.25 6.36± 1.2 . . . −1.08± 0.23 unresolved . . .
I 23 43 48.6 00 15 06.5 1.30± 0.37 . . . . . . . . . unresolved . . .
J 23 43 48.7 00 15 30.9 1.44± 0.25 . . . . . . . . . resolved . . .
K 23 43 49.6 00 15 05.5 1.76± 0.43 . . . . . . . . . resolved . . .
L 23 43 47.9 00 14 00.4 1.33± 0.32 . . . . . . . . . unresolved . . .
RN ∼23 43 35 ∼00 21 00 14± 3 21± 7 ∼36 −0.49± 0.18c resolved diffuse, relic
RS-1+ RS-2 ∼23 43 50 ∼00 14 20 37± 13 72± 21 ∼70 −0.76± 0.17c resolved diffuse, relic
RS3 ∼23 43 52 ∼00 16 15 6± 3 . . . . . . . . . resolved diffuse, relic

a position (peak flux) derived from the 610 MHz map
b spectral index between 610 and 241 MHz
c Spectral index was calculated using our fluxes at 610, 241, and 157 MHz, combined with the fluxes at 325 and 1400 MHz fromBagchi
et al.(2002), see Sect.6.5.1
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Figure 6.3: Left: Radio map at 241 MHz. The restoring beam size is 17.4′′ × 10.3′′. Right: Radio map at
157 MHz. The restoring beam size is 21.1′′ × 17.1′′.

and 157 MHz we assumed a spectral index of−0.5, because the resolution at those frequencies
was too low to properly identify these sources within the diffuse emission. The flux of RN and
RS was determined by measuring the flux within a region showing the diffuse emission (using
the lowest contour visible in the convolved 610 MHz image in Fig. 6.1) with the AIPS task
‘TVSTAT’.

A description of the compact sources and their optical counterparts is given in Appendix6.8.

6.4 Radio, X-ray, and galaxy distribution comparison

An X-ray map of 0.5− 3.0 keV X-ray emission from Chandra with radio contours is shown in
Fig. 6.1. The Chandra image was taken fromRaychaudhury et al.(in prep). These observa-
tions had a net exposure time of 29.5 ks, and the cluster was placed on the ACIS I3 CCD array.
Point sources were removed from the maps based on the criteria described inRaychaudhury
et al.. The X-ray image shows extended emission roughly in the north-south direction. A fainter
northeastern extension is also visible. The morphology clearly shows a highly distorted ICM, an
indication of a recent or ongoing merger. The global temperature in the cluster was found to be
∼ 5 keV. The cluster has a total X-ray luminosity (LX , 0.3−8.0 keV) of 3×1044 erg s−1. The com-
bined (restframe) radio powerP1.4 GHz of the two relics is∼ 5× 1024 W Hz−1. The two diffuse
radio structures are located to the north and the south of theX-ray emission, symmetrically with
respect to the cluster center. The radio emission is locatedoutside the X-ray bright area, similar
to the double relics found in A3667, A3376, A2345, and A2140 (Röttgering et al. 1997; Bagchi
et al. 2006; Bonafede et al. 2009b). The relics appear elongated perpendicular to the direction of
the main merger apparent from the X-ray data (the main mergeraxis is orientated north-south).
No central radio halo is detected, with a limit on the surfacebrightness of∼ 1.5 µJy arcsec−2.
The largest spatial scale detectable in the 610 MHz map is about 4′, which corresponds to a
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Figure 6.4: Large-scale galaxy distribution around ZwCl 2341.1+0000. The optical R band image, a
combination of several individual exposures resulting in atotal exposure time of 7800 s, was obtained with
the WFI at the MPG/ESO 2.2m telescope. Dashed contours show the galaxy isodensity contours from
SDSS, for details see Fig.6.1. The image shows an area of 16′ × 16′ (∼ 4 Mpc× 4 Mpc) in size.
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Figure 6.5: Left: Spectral index map between 610 and 241 MHz with a resolution of 18′′. The black
contours show the 610 MHz radio map convolved to a resolutionof 15′′. The radio contours are drawn
at [1, 2,4, 8,16, 32, ...] × 0.224 mJy beam−1. Right: Spectral index uncertainty map between 610 and
241 MHz. The uncertainty of about 10% in the absolute flux calibration, resulting in an additional uncer-
tainty of±0.15 in the spectral index, is not included.

physical size of 1 Mpc. This indicates that a possible radio halo in ZwCl 2341.1+0000 has a
size& 1 Mpc, or a very low surface brightness; or alternatively, itdoes not exist at all.

An optical R band image from the Wide Field Imaging (WFI) system at the MPG/ESO 2.2m
telescope, showing the large-scale galaxy distribution around ZwCl 2341.1+0000, is shown in
Fig. 6.4. For more details about this image seeRaychaudhury et al.(in prep.). The galaxy
isodensity contours are also indicated in Figs.6.1and6.4. The surface density of galaxies (per
square arcmin) was computed using the photometric redshifts from the SDSS DR7 catalogs.
Galaxies between 0.24+ zerr < z < 0.31− zerr were selected from the catalogs, withzerr (typi-
cally between 0.02 and 0.06) the error in the photometric redshift. This assures thatgalaxies at
approximately the distance of the cluster are selected while fore-/background galaxies are omit-
ted. The galaxy distribution more or less follows the X-ray emission. The fainter northeastern
extension in the X-ray emission is associated with a galaxy filament extending roughly in the
same direction. Several substructures are visible within the main north-south galaxy structure.

6.5 Spectral index & equipartition magnetic field strength

6.5.1 Spectral index

Radio spectra can be an important tool for understanding theorigin of the relativistic electrons.
We have created a spectral index map between 610 and 241 MHz, by convolving the 610 MHz
image to the 241 MHz resolution, see Fig.6.5 (left panel). We blanked pixels with a signal-
to-noise ratio (SNR) below 3 in both maps. The errors in the spectral index are displayed in
Fig. 6.5 (right panel) and are based on the rms noise in the images. Taking the uncertainty of
about 10% in the absolute flux calibration into account results in an additional systematic error
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in the spectral index of±0.15.
Spectral index variations are visible for RS and RN. At the location of compact sources (I,

J, K, and L) embedded within the relic RS, the spectral index is relatively flat, around−0.5. A
region with steep steep spectra is found in the northern region of RS-2. The spectral index of
RN seems to steepen towards the east. However one has to be careful not to overinterpret these
variations, as residual calibration errors may have resulted in artificial variations. Furthermore,
differences in the UV-coverage can also have introduced spurious variations in the spectral index
map. For source A, there is an indication of spectral steepening towards the northwest consistent
with the hypothesis that the core of the radio source is located southeast. The same is observed
for source B, with steepening towards the north.

The integrated spectral index for RN (excluding the compactsources) is−0.49±0.10±0.15 ,
with the second error the previously reported systemic flux calibration error. The spectral index
of −0.49 is consistent with the value of−0.47± 0.2 measured byBagchi et al.(2002). For RS
(not including RS-3), we find−0.76±0.09±0.15, somewhat steeper than the value of−0.5±0.15
reported byBagchi et al.but consistent within the errors. The spectral indices weredetermined
by fitting a simple power-law spectra through the integratedfluxes for RN and RS. The flux
measurements in this work were combined with those measuredfrom the images presented by
Bagchi et al.(2002). The fluxes were determined in a fixed region, which was the same at all
frequencies (without blanking). Compact sources were subtracted using the flux measurements
at 610 MHz and a spectral index of−0.5.

6.5.2 Equipartition magnetic field

The presence of magnetic fields in the cluster on scales∼1 Mpc is demonstrated from the ob-
served synchrotron radiation from the two radio relics (RN and RS). The strength of the mag-
netic field can be estimated by assuming minimum energy densities in the radio sources. The
minimum energy density (in units of erg cm−3) is given by

umin = ξ(α, ν1, ν2)(1+ k)4/7ν
−4α/7
0 (1+ z)(12−4α)/7I4/7

0 d−4/7 (6.2)

with ξ(α, ν1), a constant tabulated inGovoni & Feretti(2004), typically between 10−12− 10−14,
I0 the surface brightness (mJy arcsec−2) at frequencyν0 (MHz), d the depth of the source (kpc),
andk the ratio of the energy in relativistic protons to that in electrons (taken often ask = 1 or
k = 0, behind a shock k is in the range 1−100). A volume-filling factor of one has been assumed
in the above equation. The equipartition magnetic field strength can then be calculated as

Beq =

(

24π
7

umin

)1/2

. (6.3)

This method calculates the synchrotron luminosity using a fixed high and low-frequency cut-
off (ν1 andν2). However, this is not entirely correct since the upper and lower limits should
not be fixed during the integration because they dependent onthe energy of the radiating elec-
trons. Instead, low and high energy cutoffs for the particle distribution should be used (Brunetti
et al. 1997; Beck & Krause 2005). Taking this into account (and assuming thatγmin ≪ γmax,
the energy boundaries indicated by the Lorentz factor), therevised equipartition magnetic field
strength (B′eq) is

B′eq ∼ 1.1γ(1+2α)/(3−α)
min B7/(6−2α)

eq . (6.4)
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Using a ratio of unity for the energy in relativistic protonsto that in electrons (i.e.,k = 1) and
applying the first of the previous two methods, we derive an equipartition magnetic field of
Beq = 0.59µGauss for the northern relic (ξ = 2.13× 10−12, ν1 = 10 MHz, ν2 = 10 GHz), and
Beq = 0.55 µGauss for the southern relic (ξ = 8.75× 10−13). For the depth along the line of
sight, we have taken the average of the major and minor axis ofthe relics. Using the lower and
higher energy cutoff limits results inB′eq = 0.64µGauss (RN) and 0.93µGauss (RS), assuming
γmin = 100. Usingγmin = 5000 leads toB′eq = 0.66µGauss and 0.48µGauss, respectively. The
exact value for the lower cutoff is difficult to estimate. The Lorentz factor (γ) can be estimated
according toγ ∼ 5 × 102 × (ν[MHz]/B⊥[µGauss]). The exact value forγmin depends on the
shape of the radio spectrum. Takingk = 100 results in magnetic field strengths of about a factor
of three higher thank = 1.

6.6 Discussion

We have interpreted the diffuse radio emission in the periphery of ZwCl 2341.1+0000 as a dou-
ble radio relic, arising from outgoing shock fronts becauseof a cluster merger. This interpreta-
tion is based on (i) the location of the diffuse radio emission with respect to the X-ray emission,
(ii) the presence of an elongated structure of galaxies in optical images, (iii) the orientation of the
symmetry axis of the double relic perpendicular to the elongation axis of the X-ray and optical
emission, (iv) the morphology of the X-ray emission, (v) thelack of a direct connection between
the diffuse emission and the radio galaxies within the cluster, and (vi) the presence of head-tail
galaxies, which are commonly found in merging clusters (e.g., Burns et al. 1994a). This is all
clear evidence that we are witnessing a merging system of subclusters where electrons are (re-
)accelerated by large-scale shocks. Neither the Chandra nor the XMM-Newton X-ray images
(Raychaudhury et al.) show any shock fronts at the location of the relics. However, both obser-
vations are probably too short to see any sharp details in thelow-brightness X-ray regions so far
from the cluster center.

6.6.1 Alternative explanations

AGN also provides a source of relativistic electrons, and the question arises whether the diffuse
radio emission could be related to an AGN. In particular, could RS and RN be the lobes of
a giant radio galaxy located within the cluster? This seems unlikely, as (i) no host galaxy is
visible located roughly halfway between RN and RS. The most likely candidate would then be
source A, but this source has the morphology of a compact headtail source, with no indication
of a large-scale jet. The arm-length ratio of 1.9 between thetwo lobes and the core would also be
quite extreme, because arm-length ratios are typically smaller than 1.5 (e.g.,Konar et al. 2008).
A faint 0.6 mJy source (RA 23h 43m 39.7s, DEC 00◦ 17′ 55.′′ 0) is located below A, resulting
in a more reasonable arm-length ratio of about 1.3. But this source seems to be associated with
a much more distantzphot = 0.70 galaxy. It could also be that the host galaxy is no longer
active and therefore no central radio source is visible; however, in this case the spectral index
of the lobes is expected to be steeper than about−1, which is not observed. (ii) This would
make it one of the largest radio galaxies known with a size of 2.2 Mpc, but radio galaxies of
this size are very rare. The largest known radio source is J1420−0545, with a projected size of
4.69 Mpc (Machalski et al. 2008), and (iii) these giant radio galaxies do not reside in a high-
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density cluster environment.Bagchi et al.(2002) came to the same conclusion that sources
RN and RS are probably not related to a giant radio galaxy. Another possibility is that the
electrons originate from some of the compact sources located in or around the regions with
diffuse emission. However, RN does not seem to be associated withthe proposed head-tail
source B, with the tail pointing north and RN located to the west. Source E and F are located
within the diffuse emission but are unresolved. Source F would then be the most likely candidate
because it is located at the distance of the cluster (source Eis located behind the cluster with
zphot = 0.45). However, in that case we would expect some head-tail morphology, but the source
is compact.

RS-1 and RS-2 could be the radio lobes from source L, which coincides with an elliptical
galaxy (probably a member of the cluster,zphot = 0.30). The radio source would then span a size
of about 700 kpc. However the morphology of RS-1 and RS-2 is not entirely consistent with this
scenario because no obvious lobe structure is visible. Furthermore there are no jets originating
from L and the radio bridge connecting the two relics (RS-1 and RS-2) is very wide. In fact
source L is completely embedded within the diffuse emission. The diffuse emission could also
be associated with sources J, K, which could have supplied the radio plasma. However, no clear
connection is visible although sources J and K are resolved.Both of these scenarios also fail to
explain the presence of RS-3. An association with source G isalso unlikely since it seems to be
completely detached from the diffuse emission.

6.6.2 Comparison of spectral indices and magnetic field strengths with
other double relics

Röttgering et al.(1997) report a spectral index of∼ −1.1 for the northern relic of A3667 (be-
tween 85.5, 408, and 843 MHz). For RXC J1314.4−2515,Venturi et al.(2007) report a spectral
index of about−1.4 for both relics between 1400 and 610 MHz.Bonafede et al.(2009b) report
integrated spectral indices of−1.5 and−1.3 between 1400 and 325 MHz for A2345 and−1.2,
−1.3 for A1240. Spectral steepening was observed away from the shock front towards the center
of the cluster for one relic in A1240 (the data for the other relic was consistent with this trend) as
well as for one of the relics in A2345. If the relics trace outward traveling shock fronts, spectral
steepening towards the cluster center is expected because of spectral aging. Our low SNR in
the 241 MHz map means that this cannot be tested for the doublerelics in ZwCl 2341.1+0000,
although this prediction relies on several assumptions about the viewing angle, the magnetic
field structure, and some assumptions about the merger geometry. A detailed merger scenario is
presently unavailable from optical and X-ray observations.

Our derived spectral indices of−0.49 (RN) and -0.76 (RS) are not particularly steep, al-
though the errors in the spectral indices are relatively large. We also note that some large-scale
variations in the background flux level are present, in particular east of the northern relic. By
measuring the total flux within with an area just east of RN, weestimate that this could have po-
tentially resulted in the flux loss of 10 mJy. If correct, thissuggests a spectral indices of∼ −0.6
for RN. High-sensitivity observations, at for example 325 MHz, are needed to resolve this issue
and create better spectral index maps.

Equipartition magnetic fields of about 1µGauss have been derived for several clusters having
radio halos or relics (e.g.,Govoni & Feretti 2004). Our derived equipartition magnetic field
strength of approximately 0.6 µGauss is comparable to values derived for other double relics.
Bagchi et al.(2006) derive a value of 0.5 − 3.0 µGauss for the double relics in A3376, and
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Bonafede et al.(2009b) derived field strengths of 1.0−2.5µGauss for A1240 and 0.8−2.9µGauss
for A2345.

Equipartition field strength should be used with caution, not only for their dependence on
merely guessed properties of the electron spectrum, but also for the assumption of equipartition
between relativistic particle and magnetic field energies,which may or may not be established
by physical processes in the synchrotron emitting region. Faraday rotation and inverse Compton
(IC) scattering of CMB photons by relativistic electrons inthe relics can also give an independent
estimate of the magnetic field strength. Both techniques give similar results (within a factor of
10) to the derived equipartition magnetic field strength, indicating that the assumptions made are
reasonable (seeGovoni & Feretti 2004; Ferrari et al. 2008; Bonafede et al. 2009b, and references
therein).

6.6.3 Origin of the double relic

The presence of Mpc scale radio emission in the periphery of the cluster requires an acceleration
mechanism for emitting relativistic particles. This is naturally provided by the diffusive shock
acceleration mechanism (DSA;Krymskii 1977; Axford et al. 1977; Bell 1978a,b; Blandford &
Ostriker 1978; Drury 1983; Blandford & Eichler 1987; Jones & Ellison 1991) via the Fermi-
I process (Ensslin et al. 1998; Miniati et al. 2001). In this scenario the synchrotron spectral
index,α, of the relativistic electrons is determined by the slope,q, of the underlying CR dis-
tribution function, which in turn depends on the shock Mach number,M (Landau & Lifshitz
1959; Sarazin 2002). The relevant expressions (in linear theory) are

α = −q− 3
2

, q =
4

1−M−2
or,α = −3M−2 + 1

2− 2M−2
. (6.5)

For strong shocks,M≫ 1, resulting in a flat spectral index of about−0.5.
However, the high-energy electrons responsible for the synchrotron emission have a finite

lifetime given by

tage= 1060
B0.5

B2 + B2
IC

[(1 + z)νb]−0.5 [Myr] , (6.6)

with B the magnetic field strength andBIC = 3.25(1+ z)2 the equivalent magnetic field strength
of the microwave background both in units ofµGauss (e.g.,Miley 1980; Slee et al. 2001). We
have no information about the break frequencyνb (expressed in GHz) but assume a reasonable
value of& 1 GHz, because the spectral indices between 241 and 610 MHz are not particularly
steep. Then for a magnetic field strength of 0.6µGausstage. 50 Myr.

In the post-shock flow, the accelerated particles are most likely trapped by the strong tur-
bulent field generated by the shock itself. Then, the extent of the region within which diffuse
radio emission is expected to be visible can be roughly estimated by taking the product of the
particles cooling time and the shock speed (Miniati et al. 2001). This typically gives a few hun-
dred kpc, roughly consistent with the thickness of the sources observed in Fig.6.1. The lateral
extent, on the other hand, is related to the size and strengthof the shock. In addition, the energy
losses mean that the longer the distances from the acceleration site (shock front), the lower the
energy cutoff appearing in the particle distribution function. As it turns out, the combination of
the particles distribution functions at different locations has a slope that is steeper by one unit
with respect to the one at the acceleration site (Bagchi et al. 2002). As a result, although the
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spectrum is flat at the acceleration site (α ∼ −0.5), we expect to measure a spectral index closer
to minus one. Higher values than this (i.e., flatter radio spectra) can either indicate a continuous
acceleration in the post-shock region, incomplete shock acceleration model, a systematic error
in the calculation of the spectral index, or a combination thereof.

Our spectral spectral indices are relatively flat and marginally consistent with the above
description in which the radio emitting electrons are shock-accelerated. Such flat spectral indices
have also been found for other merger related relics. An example is the relic in Abell 2256.
Brentjens(2008) measures a spectral index of∼ −0.5 for some parts of the relic between 338
and 365 MHz. The integrated spectral index for the relic was found to be−0.72± 0.02, similar
to that in ZwCl 2341.1+0000.

High mach number shocks are required for efficient particle acceleration (Blandford & Eich-
ler 1987). Numerical simulations indicate the development of different types of shocks during
structure formation, including external accretion shocks, as well as merger and flow shocks,
both of which are internal to a galaxy cluster (Miniati et al. 2000). These shocks differ in their
respective Mach number, (e.g.,Miniati et al. 2000; Miniati 2002; Ryu et al. 2003; Pfrommer
et al. 2006; Skillman et al. 2008). External accretion shocks, which process the low-density, un-
shocked IGM, haveM≫ 1, which result in flat spectral indices at the acceleration site of about
−0.5. Although some level of diffuse radio emission is expected there, the surface brightness
is too low to be detected by current facilities, owing to the expected low density of both mag-
netic field energy and CR particles there (Miniati et al. 2001; Hoeft et al. 2008; Pfrommer et al.
2008). Nevertheless, these shocks could possibly shine and be detected in gamma rays (Loeb
& Waxman 2000; Miniati 2002, 2003; Keshet et al. 2003; Miniati et al. 2007). Internal shocks
produced by accretion through filaments are weaker than the external accretion shocks but still
strong enough to produce flat spectra at the shock front. In addition, unlike external accretion
shocks, they occur in a high enough density environment to bedetected by current radio facil-
ities. Finally, binary merger shocks are weak and inefficient in the initial stages of the impact.
As the shocks propagate outward into the lower density environment, however, they steepen and
evolve into high Mach number shocks. Therefore, these shocks too are viable candidates for the
origin of the observed radio emission. Also, a weak shock withM ∼ 2.3 seems to be able to
produce a peripheral radio relic in A521 (Giacintucci et al. 2008), so it may be that the Mach
numbers do not need to be that high for efficient particle acceleration.

While, in principle, according to simulations double relics are allowed in the filament-shock-
accretion picture discussed above, there is no reason why they should be symmetric with respect
to any particular axis. Instead, a symmetric configuration with respect to the X-ray elonga-
tion axis arises quite naturally in the binary merger picture (Roettiger et al. 1999a). Thus the
morphological and symmetry properties of the source as theyemerge from the combined X-ray
and radio image seem to strongly suggest that the double radio relic is associated with a binary
merger scenario.

6.7 Conclusions

We have presented low-frequency radio observations of the merging cluster ZwCl 2341.1+0000
at 610, 241, and 157 MHz taken with the GMRT. The radio maps show two diffuse structures to
the north and south of the cluster, which we classify as a double radio relic, where the particles
are accelerated by the DSA mechanism in an outward moving shock. Our interpretation is



Section 6.7. Conclusions 131

different fromBagchi et al.(2002), which proposed that the radio emission originated from
cosmic shocks in the IGM. The relics are located along the elongated X-ray axis (i.e, the merger
axis). Their orientation is perpendicular to this axis and the radio emission straddles the outer
boundary of the X-ray emission. Several possible head-tailsources are also found within the
cluster.

The derived galaxy distribution shows an elongated structure consisting out of several sub-
structures, and a galaxy filament extending towards the northeast that seems to be connected to
the main structure. This extension is also visible in the Chandra X-ray images. The radio spec-
tral indices found are relatively flat,−0.49± 0.18 for the northern relic and−0.76± 0.17 for the
southern relic. The derived equipartition magnetic field strength is∼ 0.6 µGauss, comparable
to values derived for other double relics. The two radio relics on both sides of the cluster are
probably outward traveling shocks caused by a major merger event. High SNR radio spectral
index maps, together with more detailed optical and X-ray analyses of the cluster, will be needed
to further test the merger scenario, in particular whether radial spectral steepening of the relics
is observed towards the cluster center. This would be evidence of an outward traveling shock.
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6.8 Appendix: Compact sources at 610 MHz and optical coun-
terparts

To identify optical counterparts for the radio sources we have overlaid the 610 MHz radio con-
tours on SDSS images, see Figs.6.6and6.7.

Source A is resolved, 13′′ by 19′′, with the brightest part of the emission located to the
southeast. The resolution is insufficient to classify the source, but the morphology is consistent
with a head-tail source. A spectral index gradient is also observed towards the northwest (Sect.
6.5.1). An optical counterpart is visible to the southwest of the center of the radio source, close
to the peak of the radio emission (see Fig.6.6). The photometric redshift (zphot) of this galaxy
is 0.32, consistent with being a cluster member. The E/S0 galaxy (magr = 18.65) has a close
companion (magr = 21.12) about 3′′ to the southwest. The spectral index of A is−0.92, between
157 and 1400 MHz, typical for a radio galaxy. The source therefore does not seem to be directly
related to the diffuse emission within the cluster, as suggested byBagchi et al.(2002).

Source B has a peculiar morphology, resembling a head-tail galaxy. A magr = 18.65 E/S0
counterpart is located atzphot = 0.29. The direction of the tail suggest the galaxy is falling in
from the north towards the cluster center. The spectral index of the source is−0.76 (between 241
and 610 MHz). Other sources north of the cluster center are sources C, E, and F. Source C has
a blue star-forming galaxy (magr = 17.87) as an optical counterpart atz= 0.261 (spectroscopic
redshift). The SDSS DR6 spectrum of this galaxy shows strongemission lines (in particular
Hα). A close companion is located about 4′′ to the west. The E/S0 magr = 18.06 counterpart of
source F has a spectroscopic redshift of 0.269, and the SDSS spectrum shows a strong Balmer
break. The magr= 20.11 optical counterpart of E is located atzphot = 0.45 and may therefore not
be associated with the cluster.

To the south of the cluster center we have sources G, H, I, J, K,and L. Source G is probably
a head-tail source, with the tail pointing south, indicating the galaxy is also falling towards the
cluster center. The spectral indexα610

241 of −1.53 is consistent with such an identification, and
there is a hint of spectral steepening towards the south. Thecounterpart of source G is an E/S0
magr = 18.35 galaxy (located atzphot = 0.35) with two close companions. The counterpart of
source H is a blue magr = 18.02 galaxy atzphot = 0.28. The spectral indexα610

241 of ∼−1.08, quite
steep for a star-forming galaxy (e.g.,Windhorst et al. 1993; Thompson et al. 2006; Bondi et al.
2007), this indicates that an AGN may also be present. The counterpart of source I is an E/S0
magr = 18.45 galaxy located atzphot = 0.26. The counterpart of source L is an E/S0 magr = 19.84
galaxy withzphot = 0.30 andα610

241 ∼ −0.5. The galaxy is located roughly in the middle between
RS-1 and RS-2. Radio sources J and K are diffuse with sizes of about 10′′. Source K has no
counterpart, while source J has a possible magr= 22.23,zphot = 0.18 counterpart. However, J
and K could also be the two lobes of a distant radio galaxy.
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Figure 6.6: SDSS DR7 color images (g, r, and i bands) of the cluster center (left panel) and northern
part of the cluster (right panel), overlaid with radio contours. The 610 MHz contour levels are drawn at√

[1,8, 32, 128, ...] × 84µJy beam−1. The beam size of 6.9′′ × 4.3′′ is indicated in the bottom left corner.
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Figure 6.7: SDSS DR7 color image (g, r, and i bands) of the southern part of the cluster overlaid with
610 MHz radio contours. Contours are drawn at the same levelsas in Fig.6.6.



CHAPTER 7

A double radio relic in the merging galaxy cluster
ZwCl 0008.8+5215

Abstract. Some merging galaxy clusters host diffuse elongated radio sources, also called radio
relics. It is proposed that these radio relics trace shock waves in the intracluster medium (ICM)
created during a cluster merger event. Within the shock waves particles are accelerated to rela-
tivistic energies, and in the presence of a magnetic field synchrotron radiation will be emitted.
Here we present Giant Metrewave Radio Telescope (GMRT) and Westerbork Synthesis Radio
Telescope (WSRT) observations of a new double relic in the galaxy cluster ZwCl 0008.8+5215.
The aim of the observation is to understand the phenomenon ofradio relics. We carried out
radio continuum observations at 241 and 610 MHz with the GMRT, and 1.3− 1.8 GHz obser-
vations with the WSRT in full polarization mode. Optical V, R, and I band images of the cluster
were taken with the 2.5m Isaac Newton Telescope (INT). An optical spectrum, to determine the
redshift of the cluster, was taken with the William HerschelTelescope (WHT). Our observations
show the presence of a double radio relic in the galaxy cluster ZwCl 0008.8+5215, for which
we find a spectroscopic redshift ofz = 0.1032± 0.0018 from an optical spectrum of one of the
cD galaxies. The spectral index of the two relics steepens inwards to the cluster center. For part
of the relics, we measure a polarization fraction in the range∼ 5− 25%. A ROSAT X-ray image
displays an elongated ICM and the large-scale distributionof galaxies reveals two cluster cores,
all pointing towards a binary cluster merger event. The radio relics are located symmetrically
with respect to the X-ray center of the cluster, along the proposed merger axis. The relics have a
linear extent of 1.4 Mpc and 290 kpc. This factor of five difference in linear size is unlike that of
previously known double relic systems, for which the sizes do not differ by more than a factor
of two. We conclude that the double relics in ZwCl 0008.8+5215 are best explained by two
outward moving shock waves in which particles are (re)accelerated through the diffusive shock
acceleration (DSA) mechanism.

R. J. van Weeren, M. Hoeft, H. J. A. Röttgering, M. Brüggen,H. T. Intema, and S. van Velzen
Astronomy& Astrophysics, 528, 38, 2011
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7.1 Introduction

Radio relics are filamentary structures often located in theperiphery of galaxy clusters. It is pro-
posed that large radio relics trace shock waves generated bycluster merger events (Ensslin et al.
1998; Miniati et al. 2001). At the shock front particles from the thermal gas are accelerated to
relativistic energies by DSA mechanism in a first-order Fermi process (Krymskii 1977; Axford
et al. 1977; Bell 1978a,b; Blandford & Ostriker 1978; Drury 1983; Blandford & Eichler 1987;
Jones & Ellison 1991; Malkov & O’C Drury 2001). In the presence of a magnetic field these
particles emit synchrotron radiation at radio wavelengths. Another possibility mentioned by
Markevitch et al.(2005), is that the shock re-accelerates relativistic fossil electrons injected pre-
viously into the ICM by for example AGN. They note that from anobservational point of view,
this case will probably be indistinguishable from the direct shock acceleration mentioned above.
An alternative scenario has been recently proposed, namelythat relics arise from emission of
secondary cosmic ray electrons (Keshet 2010).

Some smaller radio relics (. 500kpc) have been been explained by old (“fossil”) radio
plasma from a previous episode of AGN activity. These sources are calledAGN relics (see
Kempner et al. 2004, for an overview of the classification of diffuse radio sources). The fossil ra-
dio plasma could also have been compressed, creating a radiophoenix(Enßlin & Gopal-Krishna
2001; Enßlin & Brüggen 2002). Both radio phoenices and AGN relics, are characterized bya
very steep (α . −1.5, Fν ∝ να, whereα is the spectral index) and curved radio spectra due to
synchrotron and Inverse Compton (IC) losses.

In the hierarchical model of structure formation galaxy cluster grow by the accretion of
gas from the surrounding intergalactic medium (IGM) and through mergers with other clusters
and galaxy groups. Large radio relics are exclusively foundin disturbed clusters, indicative of
merger activity. This supports the idea that shocks generated during cluster merger events can be
responsible for the non-thermal radio emission. Hydrodynamical models of structure formation,
including particle acceleration mechanisms (e.g.,Hoeft & Brüggen 2007; Hoeft et al. 2008;
Pfrommer 2008; Battaglia et al. 2009) make predictions about the location, orientation and radio
power of relics in merging clusters. Amongst the several dozen radio relics known to date (e.g.,
van Weeren et al. 2009c; Rudnick & Lemmerman 2009; Pizzo & de Bruyn 2009; Giacintucci
et al. 2008; Brentjens 2008; Kempner & Sarazin 2001; Giovannini et al. 1999, 1991), there are
a few rare double relic systems, with two relics located symmetrically on opposite sites of the
cluster center (e.g.,van Weeren et al. 2010; Brown et al. 2011; Bonafede et al. 2009b; van
Weeren et al. 2009b; Venturi et al. 2007; Bagchi et al. 2006; Röttgering et al. 1997). These
double relics can be used to constrain the merger geometry and timescales involved (Roettiger
et al. 1999a). If radio relics trace outward traveling shock waves in which DSA takes place,
then the radio plasma in the post-shock region should have a steeper spectrum due to IC and
synchrotron losses. For a relic seen close to edge-on, the luminosity profile across the width of
the relic can then be used to constrain the magnetic fields strength at the location of the shock
(Markevitch et al. 2005; Finoguenov et al. 2010). This is because the downstream luminosity
profile should directly reflect the synchrotron losses, which in turn depend on the magnetic field
strength. Invan Weeren et al.(2010) we presented observations of a double relic in the merging
cluster CIZA J2242.8+5301, which provided evidence for DSA in galaxy cluster merger shocks.
For the largest relic we derived a magnetic field strength of about 5–7µGauss by modeling the
relic’s luminosity profile across the width of the relic (although a strength of about 1.2µGauss
could not be completely ruled out).
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Because there are only a few double relics systems known, we carried out an extensive
search in the 1.4 GHz NVSS (Condon et al. 1998), 325 MHz WENSS (Rengelink et al. 1997),
and 74 MHz VLSS (Cohen et al. 2007) surveys for the presence of arc-like radio structures
around X-ray selected galaxy clusters from the ROSAT All-Sky Survey. This search already
resulted in the discovery of several new radio relics, seevan Weeren et al.(2009b,c,d). In this
paper we present the discovery of a double relic in the galaxycluster ZwCl 0008.8+5215 which
showed faint elongated structures in both NVSS and WENSS images.

The layout of this paper is as follows. In Sect.7.2we give an overview of the observations
and the data reduction. In Sect.7.3 we present the radio and spectral index maps as well as
optical images around the radio sources. In Sect.7.4 we discuss the merger scenario and the
magnetic field strength at the location of the relics. We end with conclusions in Sect.7.5.

Throughout this paper we assume aΛCDM cosmology withH0 = 71 km s−1 Mpc−1, Ωm =

0.3, andΩΛ = 0.7. All images are in the J2000 coordinate system.

7.2 Observations & data reduction

7.2.1 GMRT observations

The GMRT observations were taken in dual-frequency mode, recording RR polarization at
610 MHz and LL polarization at 241 MHz. Total useable bandwidth was 30 MHz at 610 MHz
and 6 MHz at 241 MHz. The GMRT software backend (GSB;Roy et al. 2010) was used giv-
ing 512 spectral channels. The total on source time was 220 min (3.7 hr). A summary of the
observations is given in Table7.1.

For the reduction we used the NRAO Astronomical Image Processing System (AIPS) pack-
age. The 610 MHz dataset was visually inspected for the presence of radio frequency interfer-
ence (RFI) which was subsequently removed. Strong RFI on short baselines was present in the
241 MHz band. This RFI was fitted and subtracted from the data using the technique described
by Athreya(2009) which was implemented in Obit (Cotton 2008). Summarized, the fringe-
stopped correlator output of a baseline oscillates with thefringe-stop period in the presence of
RFI. The fitting routine tries to fit such a signal and subtracts it from the data (Athreya 2009).
This has the advantage that most of the visibilities from theshort baselines are not removed (i.e.,
flagged) and hence spatial structure on large angular scalesis preserved. We assumed the RFI
to be constant over periods of 10 min and required a minimal amplitude of 5 Jy for the RFI to
be subtracted. Further visual inspection of the data was carried out to remove some remaining
RFI which could not be fitted because of short timescale variations of the RFI signal.

Amplitude and phase corrections were obtained for the calibrator sources using 5 neigh-
boring channels free of RFI. These solutions were applied tothe data before determining the
bandpass. The bandpass was then applied and gain solutions for the full channel range were
determined. The fluxes of the primary calibrators were set according to thePerley & Taylor
(1999) extension to theBaars et al.(1977) scale. Several rounds of phase self-calibration and
two final rounds of amplitude and phase self-calibration were carried out. We used the poly-
hedron method (Perley 1989; Cornwell & Perley 1992) for making the images to minimize the
effects of non-coplanar baselines. Both in the 610 and 241 MHz images, there were several
bright sources in the field that limited the dynamic range. Direction dependent gain solutions
for these sources were obtained and these sources were subtracted from the data. This method
is commonly referred to as “peeling” (e.g.,Noordam 2004).



138 Chapter 7. A double radio relic in the merging galaxy cluster ZwCl 0008.8+5215

Table 7.1: GMRT observations

241 MHz 610 MHz
Observation date November 22, 2009 November 22, 2009
Usable bandwidth 6 MHz 30 MHz
Channel width 62.5 kHz 62.5 kHz
Polarization LL RR
Integration time 8 sec 8 sec
Total on-source time 220 min 220 min
Beam size 14.65′′ × 12.5′′ 6.3′′ × 5.3′′

Rms noise (σrms) 483µJy beam−1 38µJy beam−1

Table 7.2: WSRT observations

Frequency bands 21 cm (IFs) 1311, 1330, 1350, 1370, 1392, 1410, 1432, 1450 MHz
Frequency bands 18 cm (IFs) 1650, 1668, 1686, 1704, 1722, 1740, 1758, 1776 MHz
Bandwidth per IF 20 MHz
Number of channels per IF 64
Channel width 312.5 kHz
Polarization XX, YY, XY, XY
Observation dates 28 March, 25 & 31 May, 7 & 16 June 7, 2009
Integration time 30 sec
Total on-source time 12.5 hr (21cm) , 12.5 hr (18cm)
Beam size 23.5′′ × 17.0′′ (21cm), 23.5′′ × 17.0′′ (18cm)
Rms noise (σrms) 27µJy beam−1 (21cm), 33µJy beam−1 (18cm)

Final images were made using “briggs” weighting (with robust set to 0.5,Briggs 1995).
Images were cleaned down to 2 times the rms noise level (2σrms) within the clean boxes. The
images were corrected for the primary beam response1. The uncertainty in the calibration of the
absolute flux-scale is between 5− 10%, seeChandra et al.(2004).

7.2.2 WSRT 1.3–1.7 GHz observations

WSRT observations of ZwCl 0008.8+5215 were taken in the L-band, see Table7.2. The obser-
vations were spread out over various runs of several hours, resulting in more or less full 12 hours
synthesis coverage. Frequency switching, between the 18 and 21 cm setups, was employed ev-
ery 5 min to increase the spectral baseline of the observations. Each setup had a total bandwidth
of 160 MHz, evenly divided over 8 sidebands (IF). All four polarization products were recored
with 64 channels per IF.

The data were calibrated using the CASA2 package. The L-band receivers of the WSRT

1http://gmrt.ncra.tifr.res.in/gmrt hpage/Users/doc/manual/UsersManual/node27.html
2http://casa.nrao.edu/
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antennas have linearly polarized feeds3. Bandpass and gain solutions were determined from
observations of the standard calibrators 3C48, 3C138, 3C147, 3C286, and CTD93. Time ranges
for antennas affected by shadowing were removed. Some IFs were also affected by RFI and
had to be partly flagged. The fluxes for the calibrators were set according to thePerley &
Taylor(1999) extension to theBaars et al.(1977) scale. Frequency (channel) dependent leakage
terms (D-terms) were calculated from observations of a bright unpolarized point source, while
the polarization angles were set using either 3C138 or 3C286. We assumed−66.0◦ and 15.0◦

for the R-L phase difference of 3C286 and 3C138, respectively. The data were then exported
into AIPS and several rounds of phase self-calibration, followed by two rounds of amplitude
and phase self-calibration, were carried out. The solutions for the amplitude and phase self-
calibration were determined combining both XX and YY polarizations because Stokes Q is not
necessarily zero. Separate images for each IF were made (16 in total) using robust weighting of
0.75 (21 cm) and 1.25 (18 cm) giving roughly the same resolution. These images were corrected
for the primary beam attenuation (A(r))

A(r) = cos6 (r × ν ×C) , (7.1)

with r the distance from the pointing center in degrees,ν the observing frequency in GHz and
C = 68, a constant4.

Images were cleaned to about 2σrms and clean boxes were used. For each frequency setup
the eight images from each IF were combined, convolving the images to the same resolution of
23.5′′×17.0′′ and weighting the images inversely proportional toσ2

rms. The images are centered
at frequencies of 1382 and 1714 MHz. The final noise levels are27 and 33µJy beam−1 for the
21 cm and 18 cm images, respectively.

7.2.3 Optical images & spectroscopy

Optical images of the cluster were made with the Wide Field Camera (WFC) on the INT. The
observation were taken between 1 and 8 October, 2009. The seeing varied between 0.9 and
1.3′′ during the observations. Most nights were photometric. Total integration time was about
6000 sec per filter. The data were reduced in a standard way using IRAF (Tody 1986, 1993)
and themscredpackage (Valdes 1998). The R and I band images were fringe corrected. The
individual exposures were averaged, pixels were rejected above 3σrms to remove cosmic rays
and other artifacts. Observations of standard stars on photometric nights were used to calibrate
the flux scale. The images have a depth (signal to noise radio (SNR) of 5 for point sources) of
approximately 24.5, 23.9, 23.3 magnitude (Vega) in the V, R and I band, respectively.

To determine the redshift of the cluster a 600 sec WHT ACAM long-slit spectrum, with the
V400 grating, was taken of 2MASX J00112171+5231437 (Skrutskie et al. 2003). On the INT
images this galaxy was identified being the largest cD galaxyof the cluster. The spectrum was
taken on November 2, 2010 with a slit width of 1.5′′. Standard long-slit calibration was done in
IRAF.

3The WSRT records XX= I −Q, YY = I −Q, XY = −U + iV, and XY = −U − iV. I, Q, U, and V are the standard
Stokes parameters

4from the WSRT Guide to Observations
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Figure 7.1: Left: Spectrum of the galaxy 2MASX J00112171+5231437 taken with the WHT ACAM
V400 grating. Various absorption features are indicated. Right: X-ray emission from ROSAT, tracing
the thermal ICM, is shown by the greyscale image. The original image from the ROSAT All Sky Survey
was convolved with a 200′′ FWHM Gaussian. Solid contours are from the WSRT 1382 MHz image and
drawn at levels of [1, 2,4, 8, . . .] × 4σrms. The resolution of the WSRT image is 23.5′′ × 17.0′′. Dashed
contours show the galaxy iso-density distribution derivedfrom the INT images. Contours are drawn at
[1,1.1, 1.2,1.3, 1.4 . . .] × 0.38 galaxies arcmin−2 using the color cuts as described in Sect.7.3.2.

7.3 Results

7.3.1 Redshift of ZwCl 0008.8+5215

No redshift is available in the literature for the galaxy cluster ZwCl 0008.8+5215, with co-
ordinates RA 00h11m25.6s, DEC +52◦31′41′′. The cluster is located relatively close to the
galactic plane at a galactic latitudeb = −9.86◦. Galactic extinction is 0.812 mag in the R-
band and 0.111 in the K-band according toSchlegel et al.(1998). The spectrum of cD galaxy
2MASX J00112171+5231437 is shown in Fig.7.1 (left panel). From this spectrum we de-
termine a redshift of 0.1032± 0.018 for the galaxy, which we adopt as the redshift for ZwCl
0008.8+5215. 2MASX J00112171+5231437 is associated with a complex disturbed radio
source, see Sect.7.3.5.

7.3.2 Thermal ICM and galaxy distribution

ZwCl 0008.8+5215 is seen in the ROSAT All-Sky Survey as an east-west elongated source,
see Fig.7.1 (right panel), and listed as 1RXS J001145.3+523147 (Voges et al. 1999). Using
the redshift and the ROSAT count rate we find an X-ray luminosity (LX, 0.1−2.4 keV) of ∼ 5 ×
1043 erg s−1. With theLX, 0.1−2.4 keV-temperature scaling relation fromPratt et al.(2009), Table
B.2 BCES Orthogonal Fitting Method, we find a corresponding temperature of∼ 3 to 4 keV.

We computed galaxy iso-densities from the INT images. We first created a catalog of objects
using Sextractor (Bertin & Arnouts 1996). We then removed all point-like objects (i.e., stars)
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Table 7.3: Relic & source properties

Source S241 MHz S610 MHz S1382 MHz S1714 MHz α1714 MHz
241MHz P1.4 GHz LLSb

Jy mJy mJy mJy 1024 W Hz−1 kpc
RW 0.11± 0.03 56± 8 11± 1.2 8.9± 1.2 −1.49± 0.12a 0.37 290
RE 0.82± 0.09 230± 25 56± 3.5 37± 2.7 −1.59± 0.06a 1.8 1400
A 0.186± 0.020 86± 9.0 37± 1.9 29± 1.6 −0.96± 0.06 1.1 270
B 0.112± 0.015 87± 9.0 34± 1.9 28± 1.6 −0.81± 0.06 0.99 289
C 0.423± 0.045 205± 21 88± 4.6 69± 3.6 −0.94± 0.06 2.6 249
D . . . 2.2± 0.3 1.06± 0.1 1.2± 0.1 −0.63± 0.16c 0.030 . . .
E 2.81± 0.28 1016± 102 387± 20 302± 15 −1.14± 0.05 11.9 200
F 0.280± 0.030 135± 14 58± 3 47± 3 −0.93± 0.06 1.7 151
G 0.040± 0.005 16± 2 7.3± 0.4 6.3± 0.4 −0.94± 0.07 0.22 38
H . . . 8.7± 1.2 2.6± 0.2 2.7± 0.2 −1.18± 0.15c 0.081 60
I . . . 2.8± 0.5 1.2± 0.19 0.76± 0.18 −1.15± 0.23c 0.037 45

a see also Fig.7.10(left panel)
b largest linear size
c between 610 and 1714 MHz

from the catalogs. To exclude galaxies not belonging to the cluster we selected only galaxies
with R−I and V−R colors within 0.15 magnitude from the average color of the massive el-
liptical cD galaxy 2MASX J00112171+5231437 (see Fig.7.9 and Sect.7.3.1). The range of
0.15 in the colors was taken to maximize the contrast of the cluster with respect to the fore
and background galaxies in the field, but not being too restrictive so that a sufficient number of
candidate cluster members was selected. The galaxy iso-density contours are shown in Fig.7.1.
The cluster shows a pronounced bimodal structure, with two cores separated by about 700 kpc.
The cluster extends somewhat further in the east-west direction than the X-ray emission from
ROSAT. The cD galaxy 2MASX J00112171+5231437 belongs to the western subcluster (i.e.,
it is located at the center of the subcluster). The eastern subcluster also hosts a separate cD
galaxy (2MASX J00121892+5233460, see Fig.7.8 (right panel)). Although we do not have a
spectroscopic redshift for this galaxy, the (i) color and (ii) R and K magnitudes are in agreement
with a subcluster located at the same redshift as the westernsubcluster (e.g.,Willott et al. 2003;
de Vries et al. 2007). The same is true for the other massive elliptical galaxiesfound in both
subclusters, see Sect.7.3.5. Therefore, both the X-ray and optical observations point towards
a bi-modal galaxy cluster, indicative of an ongoing merger event. As we will show in the next
sections, the radio observations also point towards a merger scenario.

7.3.3 Radio continuum maps

The WSRT 1382 MHz image is shown in Fig.7.2 (left panel). It reveals a large arc of diffuse
emission on the east side of the cluster and a smaller faint diffuse source on the west side of
the cluster, symmetrically with respect to the cluster center. We classify these sources as radio
relics based on their location with respect to the cluster center, their morphology, and the lack of
optical counterparts. The relics are located about 850 kpc from the center of the X-ray emission.



142 Chapter 7. A double radio relic in the merging galaxy cluster ZwCl 0008.8+5215

Figure 7.2: Left: WSRT 1382 MHz image. Contour levels are drawn at [−1,1,2, 4,8, . . .]×4σrms. Negative
contours are shown by the dotted lines. The beam size is 23.5′′ ×17.0′′ and shown in the bottom left corner
of the image. Sources are labeled as in Fig.7.4(right panel). The white+ symbols mark the centers of the
two subclusters based on the iso-density contours from Fig.7.3.2(right panel). Right: WSRT 1714 MHz
image. Contour levels are drawn at [−1,1,2, 4,8, . . .] × 4σrms. Negative contours are shown by the dotted
lines. The beam size is 23.5′′ × 17.0′′ and shown in the bottom left corner of the image.

Several complex tailed radio sources, related to AGN activity, are also visible. The WSRT
1714 MHz image is similar to the 1382 MHz image, although the overall signal to noise ratio
is less, therefore revealing less of the diffuse extended relics. The radio relics are also visible in
the GMRT 610 and 241 MHz images (Figs.7.3and7.4), although at 241 MHz the SNR on the
relics is. 5 per beam.

To facilitate the discussion we have labeled various sources in Figs.7.2and7.4(right panel).
Optical overlays can be found Sect.7.3.5. The integrated fluxes, spectral indices, radio power
and largest linear size for the two relics (RE & RW) are displayed in Table7.3.

Relic RE consist of two parts, a smaller region of emission tothe north and a larger one
in the south (most clearly seen in Figs.7.3 and7.4, right panel). In the 1382 MHz image the
two regions are seen connected. The eastern boundary of RE issomewhat more pronounced,
while on the western side the emission fades more slowly in the direction of the cluster center.
The relic has a total extent of 1.4 Mpc. The surface brightness varies across the relic fading at
the extreme northern and southern ends. The northern diffuse patch has a “notch” like region
of higher surface brightness. Relic RW has a much smaller extent of 290 kpc. The western
boundary is more pronounced in the WSRT images. A compact source in the middle of RW is
associated with a background galaxy.

The cluster also hosts a number of complex radio sources related to AGN activity, for a short
discussion on these sources see Sect.7.3.5.
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Figure 7.3: GMRT 610 MHz image. Contour levels are drawn at [−1,1, 2,4, 8, . . .] × 4σrms. Negative
contours are shown by the dotted lines. The beam size is 6.3′′ × 5.3′′ and shown in the bottom left corner
of the image.
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Figure 7.4: Left: GMRT 241 MHz image. Contour levels are drawn at [−1,1,2, 4,8, . . .] ×4σrms. Negative
contours are shown by the dotted lines. The beam size is 14.65′′ × 12.50′′ and shown in the bottom left
corner of the image. Right: GMRT 610 MHz image with sources labeled. The+ symbols mark the centers
of the two subclusters based on the iso-density contours from Fig.7.1 (right panel).

7.3.4 Spectral index and polarization maps

A spectral index map was computed using both the WSRT and GMRTimages, including only
common UV ranges. Both the WSRT and GMRT datasets have relatively good inner UV-
coverage. The largest detectable angular scale is limited to about 16′ at 610 MHz, which is
sufficient not to resolve out the extended radio relics. The inclusion of maps at four different
frequencies enables us to map the spectral index over the lowsurface brightness radio relics.
Spectral index maps made with only two frequency images weretoo noisy to map the spec-
tral index across the relics. The spectral index map was created by fitting a single power-law
through the flux measurements at 241, 610, 1382, and 1714 MHz.In this way, we only fitted
for the slope and normalization of the radio spectrum, ensuring the number of free variables in
the fit remains as low as possible (at the cost of detecting spectral curvature). The technique
of combining maps at more than two frequencies has another advantage that errors in the maps
arising from RFI, calibration errors, deconvolution errors, slightly different UV coverage, etc.,
are suppressed in the spectral index map as long as they do notcorrelate at the same location
and spatial frequencies on the sky.

Pixels in the spectral index map were blanked if any of corresponding pixels in the individual
maps fell below 1.5σrms. Special care was taken about the precise alignment of the maps, we
slightly shifted the GMRT maps by about a quarter of the synthesized beam, removing a small
spectral index gradient visible across all the point sources. The result is shown in Fig.7.5.

For relic RW, the spectral index steepens to the north and eastwards to the cluster center,
from −0.9 to−2.0. The spectral index for relic RE also varies roughly between −0.9 and−2.0.
The overall spectral index at the east side of relic RE is about −1.2 There is an overall trend
of spectral steepening towards the west, see also Fig.7.10(right panel). The spectral index is
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Figure 7.5: Left: Spectral index map. Spectral indices werecomputed by fitting a single power-law radio
spectrum through the fluxes at 241, 610, 1382, and 1714 MHz. Solid contours are from the 1382 MHz
WSRT map and drawn at levels of [1, 4,16, 64, . . .] × 6σrms. The resolution of the map is 23.5′′ × 17.0′′.
Right: Spectral index uncertainty map. The map is computed on the basis ofσrms values for the individual
maps.

correlated with the surface brightness of the relic, the brightest parts have a flatter spectral index.
The polarization map from the WSRT at 1382 MHz is shown in Fig.7.6. No useful polariza-

tion information could be extracted from the WSRT 18 cm observations. The polarization map
reveals that most of the compact sources are polarized belowthe 5% level. Some polarized emis-
sion is detected from the two radio relics, although at low SNR. For relic RW the polarization
fraction is around 5−10% (reported polarization fractions are corrected for Ricean bias;Wardle
& Kronberg 1974). For RE the polarization fraction varies, with a maximum of∼ 25%. For the
fainter parts of the relics no polarized emission is detected, but this is expected if the relics are
polarized at the 30% level or less. Most polarization E-vectors are aligned perpendicular to the
major axis of the two relics (for the parts where polarized emission was detected).

Spectral index and polarization properties for the compactsources are discussed in Sect.7.3.5.

7.3.5 Radio galaxies in the cluster

The cluster hosts several interesting tailed radio sources. Radio overlays on optical images are
shown in Figs.7.7to 7.9. Sources are referred to as in Fig.7.4(right panel). The morphology of
these radio sources is as expected for a system undergoing a merger, with high galaxy velocities
with respect to the ICM. The radio powers reported for the sources in Table7.3, are consistent
with them being FR-I sources (Fanaroff & Riley 1974) located in the cluster (e.g.,Owen &
White 1991; Owen & Ledlow 1994; Baum et al. 1995).

Source A is a “head-tail” source belonging to the ellipticalgalaxy 2MASX J00120320
+5234132. The spectral index steepens along the tail, from−0.6 to −2.1 to the west. The
“head” is polarized at the 1% level. The tail has a total extent of 270 kpc in the 610 MHz
image. Source B is a double-lobe radio source (also listed asNVSS J001242+522717 or
B0010.0+5210) consisting of a central core and two radio lobes. Additional diffuse emis-
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Figure 7.6: WSRT 1382 MHz polarization E-vector map. Total polarized intensity is shown as grayscale
image. Vectors depict the polarization E-vectors, their length represents the polarization fraction. The
length of the E-vectors are corrected for Ricean bias (Wardle & Kronberg 1974). A reference vector for a
polarization fraction of 100% is shown in the bottom left corner. No vectors were drawn for pixels with a
SNR< 5 in the total polarized intensity image. Contour levels aredrawn at [1, 2,4, 8, . . .] × 5σrms and are
from the Stokes I 1382 MHz image. The beam size is 23.5′′ × 17.0′′ and shown in the bottom left corner
of the image.
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sion is seen surrounding the lobes and the central radio core. The spectral index does not vary
much over the core and radio lobes, the average spectral index is about−0.6. The radio emis-
sion from the source has a polarization fraction between 10 and 20%. An optical counterpart
(2MASX J00124217+5227182) is centered on the radio core. The source could be a cluster
member as its color is similar to that of other galaxies in thecluster.

Source C is a narrow angle tailed (NAT) radio source with 2MASX J00112859+5228096
being the optical counterpart. The spectral index steepensfrom −0.6 to−1.7 along the tails as
expected for a radio galaxy moving eastwards with respect tothe ICM. The radio emission is
polarized at the 2− 4% level. Source D belongs to the cD galaxy 2MASX J00121892+5233460
in the eastern part of the cluster and has a spectral index of−0.8. No polarized emission is
detected from the source.

Source E is the brightest radio source (4C+52.01) in the cluster and has a very complex mor-
phology. The radio emission has a sharp western boundary, while the eastern boundary is more
diffuse with “fans” of emission. The counterpart is the galaxy 2MASX J00112171+5231437,
which has a close companion to the west. The spectral index steepens to the north and south
from−0.9 to−1.7. Fractional polarization for the brightest emission is below 1%.

Source F has a complex morphology and is located to the northwest of E. There is a bridge of
steep spectrum emission (withα ∼ −1.4) between E and F. The polarization fraction of F varies
between 2 and 10%. The brighter parts of the source have a spectral index of−0.75. Because the
spectral index here is flatter than the bridge of emission between E and F, this suggests the source
is a separate radio galaxy with the emission not coming from E. The most likely counterpart is
the galaxy 2MASS J00111135+5232421. The complex morphology of both E and F suggest
that the radio sources are significantly disturbed, possibly due to the merger event. The radio
morphology of both E and F suggest the sources moves westwards with respect to the ICM.

We could not identify optical counterparts for sources G, H and I. However, a diffraction
spike in the INT images from a nearby bright star partly covers source G, likely blocking our
view of the optical counterpart. The high surface brightness of G indicates the source is probably
associated with an AGN.

7.4 Discussion

7.4.1 Origin of the double radio relic

Hydrodynamical simulations of cluster mergers show that the process takes of the order of 109 yr
(e.g.,Vazza et al. 2010; Paul et al. 2011; Battaglia et al. 2009; Skillman et al. 2008; Hoeft et al.
2008; Pfrommer et al. 2008; Ricker & Sarazin 2001). During a cluster merger, “internal” shock
waves are generated. Typically, these have lower Mach numbers (M . 5) than “external” shock
waves which are generated by the infall of unprocessed gas from the surrounding IGM and
havingM > 10. The Mach numbers of internal shocks are low because the sound speed in
the gas of the main (bigger) cluster and the velocity of the in-falling subcluster both reflect the
same gravitational potential of the main cluster. Merger events which generate shock waves
withM & 3 are rare, and these are mainly formed in major merger events, with the mass ratio of
the two merging clusters approaching unity. In the case of a binary cluster, merger two shocks
are produced along the merger axis. As the shock waves propagate outward into a lower density
environment their Mach number increases. The shock structure may get broken when it interacts
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Figure 7.7: Left: Source A. GMRT 610 MHz contour are drawn at levels of
√

[1,2,4, 8, . . .] × 4σrms. The
beam size is 11.75′′ × 7.65′′ and shown in the bottom left corner of the image. Right: Source B. GMRT
610 MHz contour levels are displayed as in the left panel.

Figure 7.8: Left: Source C. GMRT 610 MHz contour levels are displayed as in Fig.7.7. Right: Source D.
GMRT 610 MHz contour levels are displayed as in Fig.7.7.
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Figure 7.9: Source E & F. GMRT 610 MHz contour levels are displayed as in Fig.7.7.
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with the galaxy filaments connected to the cluster. This may explain the presence of the “notch-
like” feature observed in the north of relic RE (Paul et al. 2011). These notch-like structures are
also observed for the double relics in Abell 3376 (Bagchi et al. 2006) and Abell 3667 (Röttgering
et al. 1997).

At the location of the shock front particles are proposed (Ensslin et al. 1998) to be accelerated
(or re-accelerated) by the DSA mechanism. In this case, the injection spectral index of the radio
emission is related to the Mach number of the shock. Behind the shock front particles cool
through IC and synchrotron losses. The spectral index should thus steepen inwards to the cluster
center. The overall integrated spectral is still a power-law though, but steeper by about 0.5 unit
(e.g.,Blandford & Eichler 1987; Sarazin 1999, 2002) than the injection spectral index. Relics
which such power-law spectra have been found for example in Abell 521 and the Coma cluster
(Giacintucci et al. 2008; Giovannini et al. 1991).

We have fitted a power-law radio spectrum for the integrated fluxes of the radio relic reported
in Table7.3. The fitted radio spectra for the two relics are displayed in Fig. 7.10(left panel).
RE is well fitted by a single power-law spectrum with a spectral index of −1.59± 0.06. For
the western relic we find a spectral index of−1.49± 0.12. We note that the 241 MHz flux
measurement and the corresponding error are somewhat difficult to estimate as the noise in the
image increases sharply towards bright radio source E because of residual calibration errors, see
also Fig.7.4.

As reported in Sect.7.3.4, the spectral indices at the front of the relics are about−1.2± 0.2
and−1.0 ± 0.15 for RE and RW, respectively. The errors give the variationin spectral index
across the outer edges of the relic. The integrated spectralindices are consistent with this values
(if we assume that DSA takes place), being steeper by about 0.5 units. We take the values at
the front of the relic as the injection spectral indices. This then gives Mach numbers of 2.2+0.2

−0.1
and 2.4+0.4

−0.2 for relics RE and RW, respectively (van Weeren et al. 2009b). The uncertainties in
the Mach number are based on the variation in spectral index at the front of the relics of about
−0.15 units. These Mach number are in agreement with those foundin other merging clusters,
typically being between 1.5 and 3 (Markevitch et al. 2002, 2005; Markevitch 2006; Russell et al.
2010; Finoguenov et al. 2010).

Compression of fossil radio plasma (Enßlin & Gopal-Krishna 2001) does not seem to be
a likely scenario to explain the relics in ZwCl 0008.8+5215, because regions with a spectral
index of−0.9 are seen in front of the relic, not very steep for a radio phoenix. The integrated
radio spectra do also not reveal significant spectral curvature (see for exampleSlee et al. 2001).
Furthermore, relic RE has a size of 1.4 Mpc and the time to compress such a large radio ghost
would have removed most of the energetic particles responsible for the radio emission (Clarke &
Ensslin 2006). Relic RW is located not far from the complex sources E and F.If RW is directly
associated with E and F, one would not expect the spectral index to steepen across RW in the
direction of E and F. Also, the overall polarization fraction of RW is considerably higher than
that of sources E and F. Therefore, our preferred scenario isthat of relics tracing shock fronts
where particles are accelerated or re-accelerated by the DSA mechanism.

The large difference of a factor of five in linear extent for relic RE and RW, is unlike that of
previously known double relics. This large ratio in linear size could be explained by a relatively
large mass ratio between the merging clusters, as the size ofthe shock waves formed during a
binary cluster merger event roughly scale with the radii/masses of the merging components. The
galaxy iso-density contours in Fig.7.1show two subclusters, with the eastern subcluster being
slightly larger. Another possibility is that the shock front on the west side of the cluster is partly
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Figure 7.10: Left: Integrated fluxes for the relics. We find a spectral index of−1.59 for relic RE and−1.49
for relic RW by fitting a single power-law spectrum through the flux measurements at 241, 610, 1382, and
1714 MHz. Right: Radio luminosity profile across the width ofrelic RE. Solid line displays the 1382 MHz
luminosity profile, averaged over the full 1.4 Mpc extent, ofthe relic RE. Dashed line displays the resulting
spectral index profile (labeling on the right axis), also averaged over the full 1.4 Mpc extent, between 1382
and 241 MHz. The averaging was done by adding up the total flux at each frequency in a spherical shell
and then calculating the spectral index.

broken up due to the presence of substructures or galaxy filaments. In case of re-acceleration, a
supply of fossil electrons is needed. Therefore, a third possibility is that if these electrons have
a limited spatial distribution, the shock front might be illuminated only locally.

The overall configuration of the relics is largely symmetricaround the east-west merger axis,
indicating that the impact parameter for the merger is closeto zero (Ricker & Sarazin 2001).

7.4.2 Radio luminosity profile for the eastern relic

The width of a relic (lrelic), tracing a plane shock wave, to first order reflects the downstream
velocity of the shockv2, a characteristic timescale due to spectral ageingtageing, and the angleφ
between the shock front normal and the plane of the sky

lrelic ≈
v2 × tageing

cosφ
. (7.2)

The characteristic timescale due to spectral ageing is given by

tageing[yr] = 3.2× 1010 B1/2

B2 + B2
CMB

[(1 + z)ν]−1/2 , (7.3)

with B the magnetic field at the shock front inµGauss,BCMB the equivalent magnetic field
strength of the CMB inµGauss, andν the observed frequency in MHz. Atz = 0.103, BCMB

is 4.0 µGauss. Ifv2 andφ are known this gives a method for determining the magnetic field
strength. Even ifφ is not known, limits on the magnetic field can be obtained if the observed
width (lrelic) is smaller than the maximum width allowed from Eq.7.2.
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To get an estimate ofv2, we use a temperature in the post-shock region of 6 keV, i.e, about
twice the average cluster temperature. This factor of two increase is roughly what has been ob-
served in other clusters with shocks (e.g.,Russell et al. 2010; Ma et al. 2009). We use Rankine-
Hugoniot jump conditions (Landau & Lifshitz 1959), with an adiabatic indexγ = 5/3, and take
the Mach number from the injection spectral index. This gives

T2

T1
=

5M4 + 14M2 − 3
16M2

, (7.4)

with indices 1 and 2 referring to the pre-shock and post-shock regions. The downstream speed
is given byv2 = Mcs,1/C, with cs,1 the pre-shock sound speed,(γkBT1/mHµ)1/2, with µ = 0.6
the mean molecular weight. The compression ratioC is given by

1
C
=

3
4M2

+
1
4

. (7.5)

Filling in the numbers givesC = 2.4 andcs,1 = 1100 km s−1. We then obtainv2 = 750 km s−1.
The downstream velocity depends only weakly on the adopted downstream temperature. For
example, using a downstream temperature of 10 keV increasesof v2 to about 950 km s−1. For
the remainder we will adoptv2 = 750 km s−1. This then gives for the width of the relic (FWHM)
observed at 1382 MHz

lrelic [kpc] ≈ 628× B1/2

B2 + B2
CMB

cos−1 φ , (7.6)

with the magnetic field strengths in units ofµGauss.
For φ = 0◦, the maximum width is 46 kpc, which corresponds toB ≈ 2 µGauss. This

is smaller than the observed width of about 150 kpc (see Fig.7.10, right panel) and hence no
constraints on the magnetic field can be put since the angleφ is not known. It is possible to set
limits on φ using the observed polarization fraction (Ensslin et al. 1998). A 20% polarization
fraction impliesφ < 50◦. This limit onφ is not consistent with the observed width which would
requireφ > 72◦. Although, for large sections of the relic the polarizationfraction is unknown
and could be smaller than 20%.

7.4.3 Simulated radio luminosity and spectral index profiles

In the above analysis we assumed that a relic traces a planar shock wave. In a more realistic
model of a relic would trace a shock wave that forms a part of a sphere. This is illustrated by the
curved shape of relic RE. The observed width is about a factorof three larger than the maximum
intrinsic allowed width, max(lrelic(φ = 0, B)). This implies that projection effects probably play
an important role. The questions is then why do we still see a clear spectral index gradient
(Fig. 7.10) across the relic?

To answer this questions we use a more realistic model of a shock front. The spherical
shock subtends an angleΨ into the plane of the sky and has a radius of curvatureRprojected.
The total angle subtended by the relic is 2Ψ. We compute the radio luminosity profiles at the
observed frequencies of 241 and 1382 MHz. The injection spectral index is taken to be−1.0.
Synchrotron cooling processes, based on the distance of theemitting radio plasma from the
front of the shock, which in turn depend on the downstream velocity v2 = 750 km s−1, are taken
into account. For the magnetic field we assumeB = 2 µGauss, which maximizes the intrinsic
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width of the relic to 46 kpc. A spectral index profile is computed using the profiles at the two
different frequencies. The resulting intrinsic luminosity profiles (with intrinsic referring to a
planar shock wave without any projection effects) and profiles forRprojected= 0.75 and 1.0 Mpc,
with opening anglesΨ = 22, 30, 40◦ are shown in Fig.7.11. ForRprojected= 0.75 Mpc, we find
that the profile with an opening angle between 30 and 22◦(∼ 26◦) provides the best match to the
observed profile. ForRprojected= 1.0 Mpc, we find the best match forΨ = 22◦.

Our computed luminosity profiles do no provide a very good match to the observed profile
at distances of more than 0.85 Mpc from the cluster center. The observed profile is more sym-
metric, while the computed profiles are rather asymmetric with a strong luminosity decrease at
large radii. This may be caused by the fact that the actual 3D shape of the shock front differs
somewhat from a sphere. Also, we assumed a uniform surface brightness over the front of the
shock surface (which forms part of a segment of a sphere). At the edges of this surface the
radio emission drops to zero abruptly. This causes the discontinuities in the modeled profiles
inwards of the peak luminosity towards the cluster center. In the GMRT and WSRT images, the
relic’s surface brightness fades towards the northern and southern ends. This could (partly) be
explained by the spherical shell model we use for the relic, as the relic’s extent into the plane of
the sky decreases at the northern and southern ends. It is also possible that the surface brightness
across the shell decreases towards the edges. This effect is not included in our model. However,
our goal was not to reproduce the exact profile of the relic, but rather to show that although
projection effects can be significant, a clear spectral index gradient can remain. Even for an
opening angle of 40◦(a total of 80◦ into and out of the plane of the sky), a steepening of more
than 0.5 units in the spectral index is predicted towards thecluster center.

Based on this we argue that although relic RE is widened significantly by projection effects,
the fact the we see a clear spectral index gradient is not surprising. This could also explain
the spectral index gradients visible for the relics observed by Röttgering et al.(1997); Clarke
& Ensslin (2006); Orrú et al.(2007); Giacintucci et al.(2008); Bonafede et al.(2009b), even
though the observed widths are significantly larger than themaximum intrinsic widths.

7.4.4 Equipartition magnetic field strength

Since the width of the relic is larger than the maximum intrinsic width, we estimate the magnetic
field at the location of the relics by assuming minimum energydensities in the relics. We use
the same procedure as described invan Weeren et al.(2009b) and takek = 100, i.e, the ratio
of energy in relativistic protons to that in electrons. For relic RW, we have a spectral index of
-1.49, and a surface brightness of 1.2 µJy arcsec−2. We take 290 kpc for the depth (d) along the
line of sight. This givesBeq = 3.4 µGauss. For RE we have a spectral index of -1.59, a surface
brightness of 0.96µJy arcsec−2, and we assumed = 1 Mpc. This givesBeq = 2.5 µGauss. The
equipartition magnetic field strength scales with (1+ k)2/7. In the above calculation, we used
fixed frequency cutoffs (νmin = 10 MHz andνmax = 100 GHz), which is not entirely correct
(Beck & Krause 2005; Brunetti et al. 1997). With low and high energy cutoffs (γmin, γmax),
γmin ≪ γmax, and fixingγmin to 100, we find a revised magnetic field strength (B′eq) of 7.9 and
6.6 µGauss for RW and RE, respectively. For a lower cutoff of γmin = 5000, we get 1.4 and
1.0µGauss for RW and RE, respectively. The revised equipartition magnetic field strength (B′eq)
scales with (1+ k)1/(3−α), for different values ofk.
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Figure 7.11: Left: Radio luminosity profile forRprojected= 0.75 Mpc andB = 2 µGauss. Thin black lines
are the 1382 MHz luminosity profiles, the thicker grey lines represent the spectral index profiles. Solid
lines are the observed profiles. The simulated intrinsic profiles (i.e., without any projection effects) are
shown by the dashed-dotted lines. The simulated profiles, including the projection effects, are shown with
the following line styles: dashed for an opening angle of 22◦, dashed-triple-dotted for an opening angle of
30◦, and long dashes for an opening angle of 40◦. Right: Radio luminosity profile forRprojected= 1.0 Mpc.
In addition to the left panel, the simulated luminosity and spectral index profiles for an opening angle of
15◦ are shown with dotted lines.

7.5 Conclusions

We discovered a double radio relic in the galaxy cluster ZwCl0008.8+5215, located atz= 0.103
(based on a single spectroscopic redshift). A ROSAT X-ray image and galaxy iso-density map
show that the cluster is undergoing a binary merger event, with the merger axis oriented roughly
east-west. The two radio relics are located along this merger axis, while their orientation is
perpendicular to this axis. The relics probably trace shocks waves in the ICM, created by the
merger event, in which particles are (re)accelerated by theDSA mechanism. Integrated radio
spectra are consistent with particle acceleration in the shock by DSA and indicate Mach numbers
of ∼ 2 for the shocks. The spectral index for both relics shows a steepening towards the cluster
center. Parts of the relics have a polarization fraction in the range of 5− 25%, but further
observations are needed to better map the polarization properties. The relics have an extent of
1.4 Mpc and 290 kpc. This factor of five difference in their linear extent is unlike that of other
known double relic systems. The size difference could be related to a relatively large mass ratio
between the two merging clusters, although galaxy iso-density contours do not indicate a large
difference in masses between the two subclusters. Alternatively, the second shock front is partly
broken up due to interaction with substructures, or the small size of the western relic reflects the
limited spatial distribution of fossil electrons.

We modeled the radio luminosity and spectral index profiles of the eastern relic, assuming
that the relic traces a curved shock front. We conclude that projection effects play an important
role in increasing the observed s width of the relic. However, we find that a clear spectral index
gradient remains visible for large opening angles.

Future X-ray observations will be needed to investigate thedynamical state of the cluster,
determine the mass ratio of the merging systems, and search for shock waves associated with
the relics.
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CHAPTER 8

Particle acceleration on megaparsec scales in a merging
galaxy cluster

Abstract. Galaxy clusters form through a sequence of mergers of smaller galaxy clusters and
groups. Models of diffusive shock acceleration (DSA) suggest that in shocks that occur during
cluster mergers, particles are accelerated to relativistic energies, similar to supernova remnants.
Together with magnetic fields these particles emit synchrotron radiation and may form so-called
radio relics. Here we report the detection of a radio relic for which we find highly aligned
magnetic fields, a strong spectral index gradient, and a narrow relic width, giving a measure
of the magnetic field in an unexplored site of the universe. Our observations provide strong
evidence for DSA on scales much larger than in supernova remnants and this implies that shocks
in galaxy clusters are capable of producing extremely energetic cosmic rays.

R. J. van Weeren, H. J. A. Röttgering, M. Brüggen, and M. Hoeft
Science, 330, 347, 2010
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In the universe structure forms hierarchically with smaller structures merging to form bigger
ones. On the largest scales, clusters of galaxies merge releasing energies of the order of 1064 erg
on timescales of 1–2 GyrRoettiger et al.(1999a); Hoeft et al.(2008). During such merger
events, large-scale shock waves with moderate Mach numbersof 1–5, should be created. In such
shocks, DSA is expected to accelerate electrons to high energies; in the presence of a magnetic
field, these particles are expected to form large regions emitting synchrotron radiation at radio
wavelengthsMiniati et al. (2001); Hoeft et al.(2008); Pfrommer et al.(2008). The accelerated
particles at the shock front have a power-law energy distribution which directly translates into an
integrated power-law radio spectrum (flux∝ να, with α the spectral index andν the frequency).
The slope of the particle distribution (s) in the linear test particle regime, and thus the radio
spectral index (α = (1 − s)/2), only depends on the compression ratio (r) of the shockDrury
(1983); Blandford & Eichler(1987), with s= (r + 2)/(r − 1). At the shock front, the intracluster
medium (ICM) is compressed such that magnetic fields align parallel to the shock frontEnsslin
et al.(1998). These ordered and aligned magnetic fields cause the radio emission to be highly
polarized. Synchrotron and inverse Compton (IC) losses cool the radio plasma behind the shock,
creating a strong spectral index gradient in the direction towards the cluster center. It has been
suggested that such synchrotron emitting regions from shocks can be identified with radio relics
Ensslin et al.(1998); Miniati et al. (2001). These are elongated radio sources located mostly in
the outskirts of massive merging galaxy clustersFeretti(2005); Bagchi et al.(2006); Clarke &
Ensslin(2006); Bonafede et al.(2009a,b); van Weeren et al.(2009d,b).

Here we present the detection of a 2 Mpc radio relic (Figs.8.1and8.2) located in the northern
outskirts of the galaxy cluster CIZA J2242.8+5301 (z = 0.1921). This X-ray luminous cluster
Kocevski et al.(2007) (LX = 6.8 × 1044 ergs−1, between 0.1 and 2.4 keV) shows a disturbed
elongated morphology in ROSAT X-ray imagesVoges et al.(1999), indicative of an undergoing
major merger event. The relic is located at a distance of 1.5 Mpc from the cluster center. Unlike
other known radio relics, the northern relic is extremely narrow with a width of 55 kpc. Deep
Westerbork Synthesis Radio Telescope (WSRT), Giant Metrewave Radio Telescope (GMRT)
and Very Large Array (VLA) observations (SOM) show a clear unambiguous spectral index
gradient towards the cluster center (Fig.8.3). The spectral index, measured over a range of
frequencies between 2.3 and 0.61 GHz, steepens from−0.6 to −2.0 across the width of the
narrow relic. The gradient is visible over the entire 2 Mpc length of the relic, constituting
clear evidence for shock acceleration and spectral ageing of relativistic electrons in an outward
moving shock. The relic’s integrated radio spectrum is a single power-law, withα = −1.08±
0.05, as predictedDrury (1983); Blandford & Eichler(1987). The relic is strongly polarized
at the 50–60% level, indicating a well ordered magnetic field, and polarization magnetic field
vectors are aligned with the relic. In the southern part of the cluster, located symmetrically with
respect to the cluster center and the northern relic, there is a second fainter broader relic. The
elongated radio relics are orientated perpendicular to themajor axis of the cluster’s elongated
X-ray emitting ICM, as expected for a binary cluster merger event in which the second southern
relic traces the opposite shock waveRoettiger et al.(1999a). Furthermore, there is a faint halo
of diffuse radio emission extending all the way towards the clustercenter connecting the two
radio relics (Fig.8.1). This emission extends over 3.1 Mpc, making it the largest known diffuse
radio source in a cluster to date.

The source cannot be a gravitational lens because it is too large and located too far from
the cluster center. The morphology, spectral index, and association with a cluster exclude the
possibility of the source being a supernova remnant. The source is also not related to the radio
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AGN located at the eastern end of the relic. High-resolutionobservations show this source to be
detached from the relic (Fig.8.2). The spectral and polarization properties are also unlikethat
of any known tailed radio sourcesMiley (1973); Sijbring & de Bruyn(1998). The power-law
radio spectral index, clear spectral index gradient and enormous extent, exclude the possibility
the source is tracing (compressed) fossil radio plasma froma radio source whose jets are now
off Enßlin & Gopal-Krishna(2001); Enßlin & Brüggen(2002). The integrated radio spectra of
such fossil sources are very steep (α < −1.5) and curved, because the radio emitting plasma is
old and has undergone synchrotron and IC losses. In addition, the shell-like (and not lobe-like)
morphology does not support the above scenario.

Instead, all the observed properties of the relic perfectlymatch that of electrons accelerated
at large-scale shocks via DSA. The characteristics of the bright relic provide evidence that (at
least some) relics are direct tracers of shocks waves, and a way to determine the magnetic field
strength at the location of the shock using similar arguments to those that have been used for
supernova remnantsVink & Laming (2003).

The configuration of the relic arises naturally for a roughlyequal mass head-on binary cluster
merger, without much substructure, in the plane of the sky with the shock waves seen edge-on.
First, the polarization fraction of 50% or larger can only explained by an angle of less than
30 degrees between the line-of-sight and the shock surfaceClarke & Ensslin(2006). Second,
because there is evidence for spectral ageing across the relic, only part of the width can be
caused by projection effects.

The amount of spectral ageing by synchrotron and IC losses isdetermined by the magnetic
field strength,B, the equivalent magnetic field strength of the cosmic microwave background
(CMB), BCMB, and the observed frequency. The result is a downward spectral curvature resulting
in a steeper spectral index in the post-shock region (i.e., lowerα). For a relic seen edge-on
the downstream luminosity and spectral index profiles thus directly reflect the ageing of the
relativistic electronsMarkevitch et al.(2005). To first approximation, the width of the relic (lrelic)
is determined by a characteristic timescale (tsync) due to spectral ageing, and the downstream
velocity (vd): lrelic ≈ tsync× vd, with tsync∝

(

B1/2/(B2 + B2
CMB)

)

×
(

1/(ν(1+ z))1/2
)

. Conversely,
from the width of the relic and its downstream velocity, a direct measurement of the magnetic
field at the location of the shock can be obtained. Using standard shock jump conditions, it
is possible to determine the downstream velocity, from the Mach number and the downstream
plasma temperature.

The spectral index at the front of the relic is−0.6 ± 0.05 which gives a Mach number of
4.6+1.3
−0.9 for the shockvan Weeren et al.(2009b) in the linear regime. Using theLX − T scaling

relation for clustersMarkevitch(1998) we estimate the average temperature of the ICM to be
∼ 9 keV. Behind the shock front the temperature is likely to be higher. Temperatures in the range
between 1.5 and 2.5 times the average value have previously been observedMa et al.(2009).
The derived Mach number and the advocated temperature range, imply downstream velocities
between 900 and 1,200 km s−1 (we used an adiabatic exponent of 5/3). For the remainder we
will adopt a value of 1,000 km s−1. Using the redshift, downstream velocity, spectral index,and
characteristic synchrotron timescale we have for the widthof the relic

lrelic, 610 MHz ≈ 1.2× 103 B1/2

B2 + B2
CMB

[kpc] , (8.1)

with B andBCMB in units ofµGauss. BecauseBCMB is known, the measurement oflrelic from
the radio maps, directly constrains the magnetic field. Fromthe 610 MHz image (the image
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with the best signal to noise ratio and highest angular resolution), the relic has a deconvolved
width (full width at half maximum) of 55 kpc (Fig.8.4). Because Eq.8.1 has two solutions,
the strength of the magnetic field is 5 or 1.2µGauss. However, projection effects can increase
the observed width of the relic and affect the derived magnetic field strength. Therefore, the
true intrinsic width of the relic could be smaller, which implies thatB ≥ 5 or ≤ 1.2 µGauss
(Eq. 8.1). We investigated the effects of projection using a curvature radius of 1.5 Mpc, the
projected distance from the cluster center. Instead of using Eq. 8.1, we computed full radio
profilesHoeft & Brüggen(2007) for different angles subtended by a spherical shock front into
the plane of the sky (Ψ; the total angle subtended is 2Ψ for a shell-like relic). The profile for
Ψ = 10 deg andB = 5 µGauss agrees best with the observations (Fig.8.4). ForΨ = 15 deg,
B is 7 or 0.6 µGauss. Values ofΨ larger than∼ 15 deg are ruled out. Lower limits placed on
the IC emissionNakazawa et al.(2009); Finoguenov et al.(2010) and measurements of Faraday
rotationClarke et al.(2001) indicate magnetic fields higher than∼ 2 µGauss. We therefore
exclude the lower solutions for the magnetic field strength and conclude that the magnetic field
at the location of the bright radio relic is between 5 and 7µGauss.

Magnetic fields within the ICM are notoriously difficult to measure. No methods have
yielded precise magnetic field strengths as far from the center as the virial radius; only lower
limits using limits on IC emission have been placed. Equipartition arguments have been usedvan
Weeren et al.(2009b); Bagchi et al.(2006); Clarke & Ensslin(2006); Bonafede et al.(2009b)
but this gives only a rough estimate for the magnetic field strength and it relies on various as-
sumptions that cannot be verified. The value of 5–7µGauss we find shows that a substantial
magnetic field exists even far out from the cluster center.

Because radio relics directly pinpoint the location of shock fronts they can be used to get
a complete inventory of shocks and their associated properties in galaxy clusters, important to
understand the impact of shocks and mergers on the general evolution of clusters. Because
less energetic mergers are more common and have lower Mach numbers, there should be many
fainter relics with steep spectra which have currently escaped detection. Interestingly, these
large-scale shocks in galaxy clusters have been suggested as acceleration sites for highly rela-
tivistic cosmic raysRyu et al.(2003). As the radiation losses for relativistic cosmic ray protons
are negligible, the maximum energy to which they can be accelerated is only limited by the
lifetime of the shock, which can last for at least 109 yr. This means that in merging clusters pro-
tons can be accelerated up to extreme energies of 1019 eV, much higher than that in supernova
remnants.
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Figure 8.1: WSRT radio image at 1.4 GHz. The image has a resolution of 16.5 arcsec× 12.9 arcsec and
the rms noise is 19µJy beam−1. Contours (linearly spaced) represent the X-ray emission from ROSAT
showing the hot ICM.
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Figure 8.2: GMRT 610 MHz radio image. The image has a rms noiseof 23 µJy beam−1 and a resolution
of 4.8 arcsec× 3.9 arcsec.
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Figure 8.3: Radio spectral index and polarization maps.a: The spectral index was determined using
matched observations at 2.3, 1.7, 1.4, 1.2, and 0.61 GHz, fitting a power-law radio spectrum to the flux
density measurements. The map has a resolution of 16.7 arcsec× 12.7 arcsec. Contours are from the WSRT
1.4 GHz image and are drawn at levels of [1, 4,16, . . .] × 36µJy beam−1. b: The polarization electric field
vector map was obtained with the VLA at a frequency of 4.9 GHz and has a resolution of 5.2 arcsec×
5.1 arcsec. The contours are from Fig.8.2 and are drawn at levels of [1,4, 16, . . .] × 70 µJy beam−1. The
length of the vectors is proportional the polarization fraction, which is the ratio between the total intensity
and total polarized intensity. A reference vector for 100% polarization is drawn in the top left corner.
The vectors were corrected for the effects of Faraday rotation using a Faraday depth of−140 rad m−2

determined from the WSRT 1.2− 1.8 GHz observations.
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Figure 8.4: The deconvolved profile at 610 MHz, averaged overthe full length of the relic, is shown by the
solid line and dots. Models for different magnetic field strengths and projection angles (Ψ; i.e., the angle
subtended by the relic into the plane of the sky) are overlaid. We used an equivalent magnetic field strength
of the CMB atz = 0.1921 of 4.6µGauss and a downstream velocity of 1,000 km s−1. The model (dashed
lines) forΨ = 10 deg andB = 5 µGauss provides the best fit. A model forB = 5 µGauss without any
projection effects is overlaid with dotted lines. ForΨ > 15 deg no good fit to the data could be obtained,
as an example we have plotted the profile (dashed-dotted) forΨ = 20 deg andB = 10µGauss.(inset)The
intrinsic width of the relic as function of magnetic field strength (Eq. 1), it shows that for a given width
usually two solutions for the magnetic field strength can be obtained.
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8.1 Appendix: Data reduction

We carried out radio observations of CIZA J2242.8+5301 with the WSRT in the L-band (at 1.2,
1.4 and 1.7 GHz) and at 2.3 GHz recording full polarization products. The total integration time
was 12 hr at 2.3, 1.2 and 1.7 GHz, and 30 hr at 1.4 GHz. The observations were spread out
over various runs between March and November 2009. For each different frequency setup the
total bandwidth was 160 MHz. The 160 MHz was further divided over 8 sub-bands (IFs) with
20 MHz bandwidth and 64 spectral channels. GMRT observations at 610 MHz were carried out
with 32 MHz bandwidth in spectral line mode with 512 channelson November 19, 2009. The
total integration time was 9 hr. Only RR and LL polarization,to create a total intensity image,
were recorded. VLA C-array 4.9 GHz observations were taken on August 17, 2009 in single
channel continuum mode recording all four polarization products. Total integration time was
about 7.5 hr.

We reduced the data using AIPS1 (Astronomical Image Processing System, NRAO) and
CASA2 (Common Astronomy Software Applications). After inspection for the presence of
radio frequency interference and other problems, bad data was subsequently removed (i.e.,
“flagged”). Bandpass3 and gain calibration were carried out using several bright unresolved
calibrator sources. The flux scale was set using standard primary calibratorsBaars et al.(1977);
Perley & Taylor(1999). For the WSRT observations the channel dependent polarization leak-
age terms were determined using a bright unpolarized calibrator source. The polarization angles
were set using the polarized calibrators 3C138 and 3C286 forthe WSRT and VLA observa-
tions. Subsequent rounds of self-calibration were carriedout to improve the dynamic range
of the images. Several bright nearby sources still limited the dynamic range in the 610 MHz
GMRT image. These sources were subtracted from the data using the “peeling-method”Noor-
dam(2004); Intema et al.(2009). The 610 MHz high-resolution image of the relic was made
using robust weightingBriggs(1995) set to−1.0. A 610 MHz image of the cluster, with robust
weighting set to 0.5, is shown in Fig.8.5.

We made a radio spectral index map using images at 2.3, 1.7, 1.4, 1.2, and 0.61 GHz, fitting a
power-law spectral index through the flux measurements. We limited the UV-ranges (to include
only common UV-coverage) for the images that were used to compute the spectral index map.
The spectral index map for the full cluster is shown in Fig.8.6. Both the northern and southern
relics show steepening of the spectral index towards the cluster center.

We used the technique of Rotation Measure SynthesisBrentjens & de Bruyn(2005) to de-
termine the Faraday depth of the northern relic. We found an average Faraday depth of about
−140 rad m−2 and used that to correct for the effect of Faraday Rotation by de-rotating the
electric/magnetic field vectors.
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Figure 8.5: GMRT 610 MHz radio image with a resolution of 5.8 arcsec× 4.4 arcsec. The rms noise in the
image is 24µJy beam−1.
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Figure 8.6: Radio spectral index map. The spectral index maphas a resolution of 16.7 arcsec× 12.7 arcsec.
Contours are from the WSRT 1.4 GHz image and are drawn at levels of [1, 4,16, . . .] × 57µJy beam−1.
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CHAPTER 9

The “toothbrush-relic”: evidence for a coherent linear 2-Mpc
scale shock wave in a massive merging galaxy cluster?

Abstract. Some merging galaxy clusters host diffuse extended radio emission, so-called radio
halos and relics, which origin is still being debated. Here we present WSRT and GMRT observa-
tions of a new radio-selected galaxy cluster 1RXS J0603.3+4214 atz= 0.225. The cluster is de-
tected in the ROSAT All Sky Survey with an X-ray luminosity ofLX, 0.1−2.4 keV ∼ 1×1045 erg s−1.
The cluster hosts a large bright 1.9 Mpc radio relic, an elongated∼ 2 Mpc radio halo, and two
fainter smaller radio relics. The large radio relic has a peculiar linear morphology. For this relic
we observe a clear spectral index gradient from the front of the relic towards the back. Parts of
this relic are highly polarized with a polarization fraction of up to 60%. We performed Rotation
Measure (RM) Synthesis between 1.2 and 1.7 GHz. The results suggest that for the west part
of the large relic some of the Faraday rotation is caused by ICM and not only due to galactic
foregrounds. We also carried out a detailed spectral analysis of this radio relic and created radio
color-color diagrams. We find (i) an injection spectral index of −0.6 to −0.7, (ii) steepening
spectral index and increasing spectral curvature in the post-shock region, and (iii) an overall
power-law spectrum between 74 MHz and 4.9 GHz withα = −1.10± 0.02. Mixing of emission
in the beam from regions with different ages is probably the dominant factor that determines the
shape of the radio spectra. Changes in the magnetic field, total electron content, or adiabatic
gains/losses do not play a major role. A model in which particles are(re)accelerated in a first
order Fermi process at the front of the relic provides the best match to the observed spectra. We
speculate that in the post-shock region particles are re-accelerated by merger induced turbulence
to form the radio halo as the relic and halo are connected. Theorientation of the bright relic and
halo indicate a north-south merger event, but the peculiar linear shape and the presence of an-
other relic, perpendicular to the bright relic, suggest a more complex merger event. Deep X-ray
observations will be needed to determine the merger scenario.

R. J. van Weeren, H. J. A. Röttgering, H. T. Intema, L. Rudnick,
M. Brüggen, M. Hoeft, J. B. R. Oonk

to be submitted
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9.1 Introduction

Radio halos and relics are diffuse sources found in galaxy clusters that show signs of an ongoing
merger event (seeFeretti 2005; Ferrari et al. 2008; Brüggen et al. 2011, for an overview). These
sources reveal the presence of relativistic particles and cluster-wide magnetic fields (e.g.,Jaffe
1977) within the intracluster medium (ICM). In the hierarchicalmodel of structure formation
galaxy cluster form through a sequence of mergers with smaller substructures. These merger
events create shocks and turbulence in the ICM and could amplify magnetic fields. Several
models have been put forward which link the presence of thesediffuse radio sources to cluster
merger events (e.g.,Ensslin et al. 1998; Brunetti et al. 2001; Petrosian 2001; Cassano & Brunetti
2005; Keshet 2010; Enßlin et al. 2011).

Radio halosare smooth extended radio sources that roughly follow the X-ray emission from
the ICM. They are typically unpolarized and have an extent ofabout a Mpc. Radio halos
have been explained by the turbulence re-acceleration model (e.g., Brunetti et al. 2001; Pet-
rosian 2001; Cassano & Brunetti 2005; Brunetti et al. 2008; Cassano 2010). In an alternative
model, the energetic electrons are secondary products of proton-proton collisions (e.g.,Den-
nison 1980; Blasi & Colafrancesco 1999; Dolag & Enßlin 2000). Simulations fromDonnert
et al. (2010a,b), observed radial radio profiles (e.g.,Brown & Rudnick 2011), upper limits on
the Gamma ray emission (Jeltema & Profumo 2011), and the existence of ultra-steep spectrum
radio halos (Brunetti et al. 2008) put tension on the secondary models. Clusters with and with-
out radio halos also show a bimodal distribution in theP1.4 GHz − LX diagram, i.e., a fraction
of clusters hosts giant radio halos, while the majority of clusters do not show evidence of radio
emission (Brunetti et al. 2007), in agreement with the turbulent re-acceleration model (Brunetti
et al. 2009). However, it has been claimed that cosmic ray transport in clusters can also induce
the radio bimodality that is observed (Enßlin et al. 2011).

Radio relicsare usually divided up into three different classes (seeKempner et al. 2004,
for an overview). (1)Radio Gischtare large extended sources mostly found in the outskirts
of galaxy clusters. They are proposed to trace shock waves (Ensslin et al. 1998; Miniati et al.
2001), in which particles are accelerated by the diffusive shock acceleration mechanism (DSA;
e.g.,Krymskii 1977; Axford et al. 1977; Bell 1978a,b; Blandford & Ostriker 1978; Drury 1983;
Blandford & Eichler 1987; Jones & Ellison 1991; Malkov & O’C Drury 2001) in a first-order
Fermi process. However, the efficiency with which collisionless shocks can accelerate particles
is unknown and may not be enough to produce the observed radiobrightness of relics. A closely
linked scenario is that of shock re-acceleration of pre-accelerated electrons in the ICM, which
is a more efficient mechanism for weak shocks (e.g.,Markevitch et al. 2005; Giacintucci et al.
2008; Kang & Ryu 2011). (2)AGN relicstrace old radio plasma from previous episodes of AGN
activity. (3)Radio phoenicesare AGN relics that have been compressed adiabatically by merger
shock waves boosting the radio emission (Enßlin & Gopal-Krishna 2001; Enßlin & Brüggen
2002). The radio spectra of these sources should be steep (α . −1.5, Fν ∝ να, whereα is the
spectral index) and curved due to synchrotron and Inverse Compton (IC) losses.

A different model for radio relics (radio gischt) and halos has been proposed byKeshet
(2010). It is based on a secondary cosmic ray electron model, wherethe time evolution of the
magnetic fields and cosmic ray distribution are taken into account to explain both halos and
gischt. For the outer edges of relics it is predicted that thespectral index should beα ≃ −1. In
addition, the magnetic fields (B) are expected to be strong, withB & BCMB > 3 µGauss, and
BCMB the equivalent magnetic field strength of the cosmic microwave background.
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Table 9.1: GMRT observations

147 MHz 241 MHz (dual) 325 MHz 610 MHz (dual), 610 MHz 1280 MHz
Observation date Apr 29, 2010 Nov 20, 2009 Apr 25, 2010 Nov 20,2009 & 30 Apr, 2010 Nov 12, 2009
Usable bandwidth 15 MHz 6 MHz 30 MHz 30 MHz 30 MHz
Channel width 31.25 kHz 62.5 kHz 62.5 kHz 62.5 kHz 62.5 kHz
Polarization RR+LL LL RR+LL RR, RR+LL RR+LL
Integration time 4 sec 8 sec 8 sec 8 sec 16 sec
Total on-source time 5.5 hr 3.5 hr 6.5 hr 3.5+ 6.0 hr 4.0 hr
Beam size 26′′ × 22′′ 16′′ × 12′′ 12′′ × 8.7′′ 5.1′′ × 4.1′′ 5.8′′ × 2.0′′

Rms noise (σrms) 0.92 mJy beam−1 300µJy beam−1 79µJy beam−1 26µJy beam−1 32µJy beam−1

Briggs weighting 0.5 0.5 0.0 0.0 0.5
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Table 9.2: WSRT observations

25 cm, 1221 MHz 21 cm, 1382 MHz 18 cm, 1714 MHz 13 cm, 2272 MHz 6 cm, 4.9 GHz
Bandwidth 8× 20 MHz 8× 20 MHz 8× 20 MHz 8× 20 MHz 8× 20 MHz
Number of channels per IF 64 64 64 64 64
Polarization XX, YY, XY, XY XX, YY, XY, XY XX, YY, XY, XY RR, LL, RL, LR XX, YY, XY, XY
Observation dates Aug 28, 2010 Sep 10, 2010 Sep 3, 2010 Sep 9, 2010 Sep 2 &6, 2010
Total on-source time 12 hr 12 hr 12 hr 12 hr 24hr
Beam size 29.0′′ × 19.0′′ 27.1′′ × 16.4′′ 23.6′′ × 15.6′′ 16.1′′ × 9.8′′ 7.0′′ × 4.7′′

Rms noise (σrms) 39µJy beam−1 27µJy beam−1 25µJy beam−1 40µJy beam−1 41µJy beam−1

Briggs weighting 0.0 0.5 1.0 0.5 0.5
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Although there is now substantial evidence that radio relics and halos are related to galaxy
cluster mergers (e.g.,Cassano et al. 2010b), the detailed physics are still not understood. Radio
spectra are a crucial way to separate between the physical models for the origin of radio relics
and halos. Obtaining high-quality spectra is however difficult as these sources are extended and
have a low surface brightness. In particular, spectral curvature provides important information
about the underlying physical processes. However, curvature in the synchrotron spectrum is
only observable if the observed frequency range is wide enough. In addition, obtaining images
at matched resolutions over a wide-frequency range is oftennot possible.

We carried out an observing campaign to search for new diffuse radio sources in clusters (van
Weeren et al. 2011c,b). By inspecting the WENSS (Rengelink et al. 1997) and NVSS (Condon
et al. 1998) surveys we came across the complex radio source B3 0559+422B. The radio source
roughly coincided with an extended X-ray source in the ROSATAll Sky Survey. In addition, an
overdensity of galaxies following the X-ray emission, was visible in 2MASS images. The diffuse
radio source, extended X-ray emission and galaxy overdensity strongly suggested the presence
of a previously unidentified galaxy cluster located at moderate redshift. In this paper we present
detailed radio observations of this new galaxy cluster 1RXSJ0603.3+4214 and investigate the
spectral and polarimetric properties of the diffuse emission.

The layout of this paper is as follows. In Sect.9.2we give an overview of the observations
and the data reduction. The WSRT and GMRT images are presented in Sect.9.3. The radio
spectra and polarization data are analyzed in Sects9.4 to 9.6. We end with a discussion and
conclusions in Sects.9.7and9.8.

Throughout this paper we assume aΛCDM cosmology withH0 = 71 km s−1 Mpc−1, Ωm =

0.3, andΩΛ = 0.7. All images are in the J2000 coordinate system.

9.2 Observations & data reduction

9.2.1 GMRT observations

GMRT observations were taken using the GMRT software backend (GSB; Roy et al. 2010). An
overview of the observations is given in Table9.1.

The data were reduced with the NRAO Astronomical Image Processing System (AIPS)
package. The data were visually inspected for the presence of RFI which was subsequently
removed. For the 147 and 241 MHz data, RFI was fitted and subtracted using the technique
described byAthreya(2009), implemented in Obit (Cotton 2008). Standard bandpass and gain
calibration were carried out, followed by several rounds ofphase self-calibration and two final
rounds of amplitude and phase self-calibration. The fluxes for the calibrator sources were set by
thePerley & Taylor(1999) extension to theBaars et al.(1977) scale. Images were made using
“briggs” weighting (Briggs 1995), see Table9.1. were cleaned down to 2 times the rms noise
level (2σrms) within the clean boxes and corrected for the primary beam attenuation1. For more
details about the data reduction seevan Weeren et al.(2011e). The 147 MHz data were further
calibrated for ionospheric phase distortions, as these canbecome quite severe at this frequency,
with the SPAM package (Intema et al. 2009). At 325 MHz we removed several sources using
the “peeling”-method (e.g.,Noordam 2004).

1http://gmrt.ncra.tifr.res.in/gmrt hpage/Users/doc/manual/
UsersManual/node27.html
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9.2.2 WSRT observations

WSRT observations of 1RXS J0603.3+4214 were taken in the L-band, 13cm and 6cm bands,
see Table9.2 for details. The data were calibrated with the CASA2 package. We first removed
time ranges affected by shadowing and RFI. The data were then calibrated forthe bandpass
response and subsequent gain solutions were transferred tothe target source. Channel dependent
leakage terms were found using an unpolarized calibrator source and the polarization angles
were determined from 3C286. The fluxes for the calibrator sources were set by thePerley &
Taylor (1999) extension to theBaars et al.(1977) scale. The data were exported into AIPS for
several rounds of phase self-calibration, followed by two rounds of amplitude and phase self-
calibration, see alsovan Weeren et al.(2011e). Images were cleaned with manually placed clean
boxes and corrected for the primary beam attenuation. A deepimage was created by combining
the images from individual IF’s from the 18, 21, and 25 cm bands. The images were convolved
to the same resolution and combined with a spectral index scaling of −1. The resolution of this
combined image is 29′′ × 19′′.

We used the WSRT L-band observations to perform RM-Synthesis (see Sect.9.6.2). For
this, we created full polarization maps of every two neighboring frequency channels (i.e., the
image bandwidth is 62.5 kHz). We inspected all these images and removed maps that had high
noise levels, were affected by RFI or had other artifacts. In the end, 280 channels maps between
1170 and 1786 MHz were retained for RM-synthesis.

9.2.3 WHT spectroscopy & imaging

Optical images of 1RXS J0603.3+4214 were taken with the PFIP camera on the 4.2m William
Herschel Telescope (WHT) between 15 and 19 April, 2009 with V, R and I filters. The seeing
varied between 1.0′′ and 1.5′′and the total integration time was 1500 s per filter. The data were
reduced with IRAF (Tody 1986, 1993) and themscredpackage (Valdes 1998). Images were
flat-fielded and corrected for the bias offset. R and I band images were also fringe corrected.
The individual exposures were averaged, with pixels being rejected above 3.0σrms to remove
cosmic rays and other artifacts. The optical images were strongly affected by the bright star
BD+42 1474 (Vmag= 8.62), see Fig.9.1.

To determine the redshift of the cluster, WHT ISIS spectra ofgalaxies located on the optical
images were taken on 10 and 11 February, 2011. For the blue armwe used the R300B grating
and for the red arm the R316R grating. The slit-width was 1.5′′. Flat-fielding, bias correction,
and wavelength calibration were performed in IDL3. The total exposure time per galaxy was
1500 s in both the blue and red arms. In the end, the spectra forthe blue and red arm were
merged into single spectrum for each galaxy.

9.3 Results: redshift, X-rays, and radio continuum maps

9.3.1 Redshift of 1RXS J0603.3+4214

The brightest cluster members are visible in the 2MASS survey images (Skrutskie et al. 2006)
and some of them are also listed in the 2MASS Extended sourcescatalog (Skrutskie et al. 2003).

2http://casa.nrao.edu/
3http://www.ittvis.com
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Table 9.3: Redshifts

Galaxy 2MASS K mag z
2MASX J06031667+4214416 13.204 0.227
2MASX J06030757+4216215 13.610 0.222
2MASS J06032605+4214050 15.075 0.228
2MASS J06030644+4215241 15.201 0.227
2MASX J06032432+4209306 13.858 0.220

The cluster is not listed in NED or SIMBAD and probably remained unidentified because it is
located relatively close to the galactic plane at a galacticlatitudeb = 9.4◦ and nearby the bright
star BD+42 1474.

No published redshifts are available for any of the galaxiesin the cluster. Galaxies for
which WHT ISIS spectra were obtained are listed in Table9.3 and the spectra are shown in
Fig. 9.2. The spectra are typical for passive red elliptical galaxies mostly found in clusters.
We find that the five galaxies are located at 0.220 ≤ z ≤ 0.228. Taking the average value we
adoptz= 0.225± 0.04 for the cluster, with the uncertainty in the redshift given by the standard
deviation.

9.3.2 X-ray emission from the ICM

1RXS J0603.1+4214 is seen the ROSAT All-Sky Survey as an extended source and listed as
1RXS J060313.4+421231, 1RXS J060322.3+421305, and 1RXS J060314.8+421439 (Voges
et al. 1999, 2000), see Fig.9.3 (left panel). Using the redshift and ROSAT count rate (0.21
PSPC cts s−1) we find an X-ray luminosity (LX, 0.1−2.4 keV) of ∼ 1 × 1045 erg s−1. The X-ray
emission is extended in the north-south direction. Additional emission extends to the east and
west of the main X-ray peak. The high X-ray luminosity and extended emission are consistent
with a massive cluster undergoing a major merger event.

9.3.3 Radio continuum maps

The WSRT L-band map is displayed in Fig.9.3. We labeled some of the most prominent sources
in this image. The GMRT 147, 241, 325, 610, 1280 MHz, and 13 cm WSRT images are shown
in Figs.9.4to 9.7(for the 4.9 GHz image see Fig.9.16). The properties of the diffuse source in
the cluster are summarized in Table9.4.

Source A (B3 0559+422A) is a compact flat spectrum source with a flux of 0.29 Jy at 1.4
GHz (Jackson et al. 2007; Beasley et al. 2002; Marecki et al. 1999; Patnaik et al. 1992). The
radio source is associated with a star-like object in the WHTimages and listed as a quasar by
Andrei et al.(2009), but no redshift is reported. Source F is a compact source (but resolved in
the 1280 and 610 MHz images) and has an optical counterpart inthe WHT images.

The most prominent source in the GMRT and WSRT images is B3 0559+422B (source
B). The source is also visible in the 74 MHz VLSS survey (Cohen et al. 2007) and listed as
VLSS J0603.2+4217. In the L-band image, the source has a largest angular size of 8.7′, which
corresponds to a physical size of almost 1900 kpc. The sourceconsists of a bright western
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Figure 9.1: WHT V, R, I color image. Yellow contours are from the GMRT 610 MHz image (Fig.9.4)
and drawn at levels of [1,2, 4,8, . . .] × 0.15 mJy beam−1. Galaxies for which spectra were obtained are
marked with circles, see also Table9.3and Fig.9.2. The spiral pattern at the bottom right is due to residual
calibration errors around the source B3 0559+422A.
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Figure 9.2: Rest-frame WHT ISIS spectra for the galaxies listed in Table9.3. The order (from top to
bottom) is the same as in Table9.3. Various absorption features are indicated.

Figure 9.3: Left: X-ray emission from ROSAT. The image from the ROSAT All Sky Survey was smoothed
with a 200′′ FWHM Gaussian and is shown in orange colors. Solid contours are from the WSRT L-band
image and drawn at levels of [1,2, 4,8, . . .] × 0.15 mJy beam−1. Right: WSRT L-band image (1160–
1780 MHz) with sources labelled. Contour levels are drawn at[1, 2,4, 8, . . .] × 80 µJy beam−1. The beam
size is 29′′ × 19′′ and indicated in the bottom left corner of the image.
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Table 9.4: Diffuse radio sources in 1RXS J0603.3+4214

Source S1382MHz P1.4GHz LLS α

mJy 1024 W Hz−1 kpc
B 319.5± 14.8 60 1870 −1.10± 0.02
C 35.9±1.7 6.8 1700–2100 −1.15± 0.06
D 5.38±0.27 1.0 215 −1.10± 0.05
E 9.48±0.90 1.8 860 −1.0± 0.2

part (B1) and a fainter linear extension to the northeast (B2, B3). The radio emission brightens
and fades two times along this extension, while the width of the source also varies. In the
high-resolution 1280, 610, and 325 MHz images, the source displays a complex filamentary
morphology. Some “streams” of emission extent from the northern part of B1 to the south.
The northern boundary of the source is sharp, while the emission fades more slowly at the
southern part. We classify source B as a radio relic because of the lack of optical counterparts,
its polarization and spectral properties (see Sects.9.4 to 9.6), and the large physical elongated
size and peripheral location in the cluster.

Extending from B1 to the south, there is a patch of low surfacebrightness emission (C:
subdivided into C1and C2). A hint of emission is visible north of B1 in the L-band and 325 MHz
images, possibly associated with C1. The surface brightness decreases more rapidly at the
south side of C (C2) than at the east and west sides. If we consider the faint emission north
of B1 to be part of C then the source has a largest angular size of about 10′ (i.e., a physical
extent of 2.1 Mpc). Only counting the emission south of B1 thesource extends about 8′. We
classify source C as the giant elongated radio halo because it roughly follows the X-ray emission
from the ICM and has different spectral index properties than source B. The radio power of
6.8 × 1024 W Hz−1 falls on theLX–P1.4GHz correlation for giant radio halos (e.g.,Liang et al.
2000; Cassano et al. 2006). However, at the most southern part of C2 the surface brightness
increases slightly. This is best seen in the 147 and 241 MHz images (Figs.9.6 and9.7). The
southern end of C2 could therefore be the “counter” radio relic of B1 (see Sect.9.7). Although,
we can also not exclude the possibility that it is part of the radio halo.

Another diffuse elongated source is located to the east of C1. The source consist of two
parts, E1 and E2. We classify source E as a radio relic becausewe could not find an optical
counterpart associated with it and it is located at the eastern boundary of the X-ray emission.
The extent of E is 4′which corresponds to 860 kpc. Source D is another diffuse source without
any optical counterpart in the WHT images, which we also classify as a radio relic. It has
a largest angular size of 1.0′ in the GMRT 610 MHz image and displays hints of a complex
morphology (Fig.9.5), very different from a typical radio galaxy.

9.4 Radio spectra

9.4.1 Spectral index maps

We created radio spectral index maps using the GMRT and WSRT data. We first made radio
maps at roughly the same resolution applying suitable tapers in the uv-plane and using uniform
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Figure 9.4: GMRT 610 MHz image. Contour levels are drawn at
√

[1,2,4, 8, . . .]×4σrms. Negative−3σrms

contours are shown by the dotted lines. The beam size is 5.1′′×4.1′′ and indicated in the bottom left corner
of the image.
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Figure 9.5: Top 1280 MHz image. Contour levels are drawn at [1, 2,4, 8, . . .] × 4σrms. Negative−3σrms

contours are shown by the dotted lines. The beam size is 5.8′′×2.0′′ and indicated in the bottom left corner
of the image. Bottom: GMRT 610 MHz cutout around sources D andE. Contours are drawn as in Fig.9.4.
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Figure 9.6: Left: GMRT 241 MHz image. Contour levels are drawn at [1,2, 4,8, . . .] × 4σrms. Negative
−3σrms contours are shown by the dotted lines. The beam size is shownin the bottom left corner of the
image. Right: WSRT 2272 MHz image, contours are drawn as in the left panel.

Figure 9.7: Left: GMRT 147 MHz image. Contour levels are drawn at [1,2, 4,8, . . .] × 4σrms. Negative
−3σrms contours are shown by the dotted lines. The beam size is shownin the bottom left corner of the
image. Right: GMRT 325 MHz image. Contour levels are drawn at[1, 2,4, 8, . . .]×5σrms. Negative−5σrms

contours are shown by the dotted lines.
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weighting. We discarded data below 0.25 kλ to select only common inner uvranges. The maps
were then convolved to the same resolution. A high-resolution (7.9′′ × 6.2′′) spectral index
map between 610 and 325 MHz is shown in Fig.9.8. Pixels with values below 5σrms were
blanked. A medium-resolution (20′′ × 18′′) spectral index map between 2272 and 147 MHz
was also made by fitting a second order polynomial in log (S) − log (ν) space through the flux
measurements at 2272, 1714, 1382, 1221, 610, 325, 241, and 147 MHz, see Fig.9.9(left panel).
Pixels with values below 1.5σrms were blanked. To map the spectral index across the low surface
brightness halo emission in the cluster, we also made a low-resolution spectral index map. We
convolved the eight maps with a 35′′ FWHM Gaussian (giving a resolution of approximately
40′′) and fitted a power-law spectral index to minimize the numberof fitted parameters. Pixels
with a spectral spectral index error> 0.7 were blanked (Fig.9.9, right panel).

The spectral index across relic B displays a clear north-south gradient, with a spectral index
of about−0.6 to−0.75 on the north side of the relic, steepening to∼ −1.9 at the south side of B2
and B3 and to. −2.5 for B1. The spectral index gradient is visible over the entire length of the
relic. The high-resolution 610–325 MHz spectral index map reveals the same general trends for
relic B as in the medium-resolution map. However, the SNR on the spectral index is somewhat
lower, mainly because of the smaller frequency span. We notethat the spectral index at the front
of B2 and B3 has a steeper spectral index (about−0.9 to−1.1) in the region where the surface
brightness drops (i.e., at the intersection B1–B2 and B2–B3).

The spectral index across Relic E varies mostly between−1.0 to −1.2. There are no sys-
tematic trends visible across the relic, except that the north part of E3 has a somewhat flatter
spectral index, see Fig.9.9. The spectral index for relic D steepens from−1.0 to −1.3 from
south to north. The spectral index across the radio halo (C) is difficult to determine as the SNR
is low, but it roughly varies between−1.5 and−0.8 with an average of−1.1. There is a hint of
spectral flattening for the center of the halo, while to the north and south of it the spectral index
is steeper on average.

9.4.2 Integrated radio spectra

We determined the integrated radio spectra of the components, taking the same maps which were
used to create the medium-resolution (20′′ × 18′′) spectral index map to minimize the effects of
different uv-coverage. In addition, we added flux measurements at 74 MHz and 4.9 GHz for relic
B from the VLSS survey and the WSRT observations. The radio spectrum is shown in Fig.9.10
and is well fitted by a single power-law withα = −1.10± 0.02 between 74 and 4900 MHz. For
relics D and E we find integrated spectral indices of−1.10± 0.05 and−1.0± 0.2. For source C
we findα = −1.15± 0.06. The integrated radio spectra do not show clear evidence for spectral
breaks or turnovers, although the radio spectrum for E is poorly determined, see Fig.9.11.

9.5 Radio color-color diagrams

We investigated the detailed spectral shape of the relic emission. We first divided the relic into
two parts, B1 and B2+B3, which we analyzed separately. These parts were further subdivided
into regions (αref) within a specific spectral index range of 0.1 units, using the spectral index map
from Fig.9.9(left panel). The resulting spectra, including first order polynomial fits through the
data points (in log (I ) − log (ν) space) are shown in Fig.9.12. The fluxes were normalized by
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Figure 9.8: GMRT 610–325 MHz spectral index map. Contour levels from the GMRT 325 MHz image are
drawn at [1, 4,16, 64, . . .] × 6σrms and the spectral index map has a resolution of 7.9′′ × 6.2′′. Pixels below
5σrms are blanked.
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Figure 9.9: Left: Fitted spectral index map between 2272 and147 MHz. The spectral index map was made
by fitting a second order polynomial in log (S) − log (ν) for each pixel in the maps at 2272, 1714, 1382,
1221, 610, 325, 241 and 147 MHz. Contour levels are drawn at [1, 2,4, 8, . . .] × 0.175 mJy beam−1 and are
from the L-band image in Fig.9.3. The spectral index map has a resolution of 20′′ × 18′′ and pixels below
1.5σrms were blanked. Right: Fitted spectral index (2272 and 147 MHz) for each pixel in the maps at 2272,
1714, 1382, 1221, 610, 325, 241 and 147 MHz. The individual maps were convolved with Gaussians of
35′′ FWHM and pixels with a spectral index error> 0.7 were blanked, contours are drawn as in the left
panel.

Figure 9.10: Integrated radio spectrum for radio relic B (left) and halo C (right). The lines are fitted straight
power-laws with indices given in Table9.4.
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Figure 9.11: Integrated radio spectra for sources D (left),and E (right). The lines are fitted straight power-
laws with indices given in Table9.4.

dividing by the number of pixels found in each region, i.e., we work in surface brightness units.
Each spectra thus corresponds to a region from the spectral index map whereαref−0.05< αref <

αref + 0.05, withαref = −0.65,−0.75,−0.85,etc. We limitedαref to −1.85 and−1.65 for B1 and
B2+B3, respectively, to retain sufficient SNR at the highest frequency map (at 2272 MHz). We
use these spectra as a starting point for creating the radio color-color diagrams.

9.5.1 Spectral models

In the model put forward byEnsslin et al.(1998), relics trace shock waves in which particles are
accelerated by the DSA mechanism. Without projection effects and mixing of emission, and all
properties of the shock remaining constant, the spectra at the different locations should simply
reflect the energy losses of the radiating particles. Assuming an edge-on planar shock-wave, the
time since acceleration for particles at a given location behind the front of the relic is simplyl/vd,
with l the distance from the front of the shock andvd the shock downstream velocity. According
to DSA-theory, the injection spectral indexαinj is linked to the Mach number (M) of the shock
by (e.g.,Blandford & Eichler 1987)

αinj =
1
2
− M

2 + 1
M2 − 1

. (9.1)

The integrated spectral index is steeper by about 0.5 units compared toαinj for a simple shock
model where the electron cooling time is much shorter than the lifetime of the shock (Miniati
2002). Most of the synchrotron radiation we observe comes from the “critical” frequencyνc

νc =
3γ2eB⊥
4πmec

. (9.2)

Directly behind the front of the shock, the spectra should have a power-law shape of the form
I (ν) = I0ν

αinj , under the usual assumption that one starts with a power-lawdistribution of rela-
tivistic electronsN(γ) = N0γ

sinj , wheresinj = 1 − 2αinj . Synchrotron and IC (radiation) losses
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steepen the distributionN(γ) above certain break energy (γbrk). This also causes the radio spec-
trum to steepen above a corresponding break frequency (νbrk), with

νbrk ∝
B

([

B2 + B2
CMB

]

t
)2

, (9.3)

andt the time since injection.

The full spectral shapes are given by the Jaffe-Perola (Jaffe & Perola 1973) and Kardashev-
Pacholczyk models (Kardashev 1962; Pacholczyk 1970). The JP-model takes into account
the spectral ageing due to synchrotron and IC losses and thatthe pitch angles of the syn-
chrotron emitting electrons are continuously isotropizedon a timescale shorter than the radiative
timescale. In the KP-model, the pitch angle of the electronsremains in its original orientation
with respect to the magnetic field. The JP model is more realistic from a physical point of view,
as an anisotropic pitch angle distribution will become moreisotropic due to changes in the mag-
netic field strength between different regions and scattering by self-induced Alfvén waves(e.g.,
Carilli et al. 1991; Slee et al. 2001).

In addition to the above “single burst” models, there is the continuous injection (CI) model
(Pacholczyk 1970), i.e., a fresh supply of particles is injected continuously and the so-called
KGJP or KGKP models (Komissarov & Gubanov 1994), where particles are injected for a fixed
period of time after which the supply of newly injected electrons is switched off.

9.5.2 Effect of resolution on surface brightness

If radiative losses are the dominant effect then all spectra for different parts of the relic should
line up at some fiducial low energy/frequency where radiation losses are not important. The
spectra displayed in Fig.9.12should therefore all line up at low enough frequencies. Partof
such a trend is indeed visible. Although, the spectra withαref = −0.65,−0.75 have a lower
surface brightnesses than we naively expect. We attribute this to the fact that the pixels, from
which these spectra are determined, are all located on the sharp outer edge of the relic, where
the emission drops abruptly to zero within a single beam element. Since the resolution of the
spectral index map is only about 20′′ and there are about 4 pixels per beam, the regions with
the flattest spectral index are all located on pixels where the surface brightness drops at the front
of the relic due to the finite beam size. This can be seen by looking at the black contours in
Fig. 9.9, i.e., the surface brightness does not peak at the region with the flattest spectral index.
Comparing these contours to the higher resolution images inFigs.9.4and9.5, we find however
that the outer rim of the relic is indeed the brightest part ofthe relic. The lower surface brightness
for theαref = −0.65,−0.75 regions is thus caused by the low spatial resolution of thespectral
index map. This is also confirmed by the high-resolution 325–610 MHz spectral index map, see
Fig. 9.8.

It is interesting to note that the spectra for the regions with a flattest spectral index are all
relatively straight and show little deviations from a pure power-laws (Fig.9.12). Going to the
regions with a steeperαref, the spectral shapes change and display signs of curvature at the higher
frequencies. These changes happens gradually from the regions with a flatαref to a steeperαref.
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9.5.3 Color-color diagrams

To better investigate the spectral shape we use so called three frequency “color-color” diagrams
for which the spectral indices for different region of the source can all be put in a single diagram
(Katz-Stone et al. 1993). On the x-axis we plot the low- frequency spectral index andon the
y-axis the high-frequency one. Color-color diagrams are particularly useful to discriminate
between theoretical synchrotron spectral models, such as the JP, KP, CI, KGJP, KGKP models
described before.

Another advantage of color-color diagrams is that the shapes traced out in the diagrams
are conserved for changes in the magnetic field, adiabatic expansion or compression, and the
radiation losses, for standard spectral models. We observea different portion of the spectrum
for each different frequency or source physical condition (e.g., localB field). We can thus use
the observed curve to constrain the different models (JP, CI, KP, etc.) and injection spectral
indices. Mixing of emission, for example from regions with differentB strengths or radiation
losses, due the finite resolution of the observations or projection effects, will lead to different
curves in the color-color diagrams. If a global spectral shape exists, it also allows for a better
effective frequency sampling and provides sampling of a largerrange of electrons energies.

9.5.3.1 Color-color diagrams for B1 and B2+B3

The color-color diagrams for B1 and B2+B3 are shown in Fig.9.13(left and right panels, re-
spectively). The points in the color-color diagrams seem totrace out single curves. This suggests
the existence of a global spectral shape for these regions. The curves are similar for the B1 and
B2+B3 regions, but they slightly differ forαref . −1.4.

Tracing the curves back to theα610
241 = α

2272
1382 (i.e., power-law) line gives the injection spectral

index. In both cases we findαinj is about−0.6 to −0.7 for B1 and B2+B3, in agreement with
the spectral index maps. The color-color diagrams highlight the trend of increasing spectral
curvature, i.e., distance from the power-law line, with decreasingαref (Fig.9.12). The spectra for
αref = −0.65,−0.75 are power-laws. We also indicated varies spectral modelsin the diagrams.
We compare the observed curves in the color-color diagrams to the some of the standard spectral
models.

The observed curve is clearly different from the continuous injection spectral model. The
CI model only steepens toα = αinj − 0.5 (Pacholczyk 1970). The KP model (withαinj = −0.6)
roughly follows the data for flatαref, but deviates forαref . −1. However, in the end the KP
curve bends back and returns to theα610

241 = α
2272
1382 line. We do not see evidence for a turn back

to theα610
241 = α

2272
1382 line in the data, although we do not sample this part of the diagram well

because of insufficient SNR at high-frequencies.
The JP model (plotted forαinj = −0.6 and−0.7) follows the KP model for flatαref. Instead

of turning back to theα610
241 = α

2272
1382 line, the spectral curvature keeps increasing. The data also

show this trend of increasing curvature, but less quickly than the JP curve. A KGJP model
with αinj = −0.7 matches the data for B2+B3 very well. The KGJP curves in Fig.9.13are for
particles injected continuously for about 0.6× 108 yr andB = 9 µGauss (see Sect.9.7.3). The
KGJP model also provides a better match for the B1 region compared to the KP and JP curves.
Although, in the regions with the steepestαref values the KGJP model still overestimates the
amount of curvature. A KGJP model can be thought of as an integration of JP spectra with a
range of spectral ages, up to the oldest population of electrons. At first, the KGJP model follows
the CI model until at some point in time the supply of newly injected electrons is shut off.
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9.5.3.2 The effect of resolution and mixing

One important effect is mixing of emission within the beam. Each beam samples superpositions
of regions with potentially physical different conditions. To investigate the effect of resolution in
the color-color diagrams, we decreased the resolution of the spectral index maps by convolving
them with Gaussians of 60′′ FWHM. The data for the lower resolution maps are also displayed
in Fig.9.13. The effect of the lower resolution is that the curve ends up closer totheα610

241 = α
2272
1382

line. This is expected because the total integrated spectrum of the relic has a power-law shape
(Fig. 9.10).

We also investigated for B1, the effect of a possible underlying flux component from the
radio halo C. For this, we determined the average spectrum ofthe radio halo and subtracted
this flux contribution at each frequency. This however did not substantially change the resulting
color-color diagram for B1 because the surface brightness of the relic is much higher than that
of the radio halo.

Our conclusion is that mixing of emission (from regions withdifferentB-fields or different
electron energy distributions, etc.) pushes the spectra closer to power-law shapes. The spectral
curvature we find can thus be regarded as a lower limit on the actual curvature and it is therefore
important that when searching for spectral curvature one retains sufficient spatial resolution
(enough to properly resolve the spectral variations).

9.5.4 Global spectrum

Since the data points trace out a well defined curve in the color-color diagrams, we have at-
tempted to map the flux measurements onto a single spectral shape using the “shift-technique”
described byKatz-Stone et al.(1993); Rudnick & Katz-Stone(1996); Rudnick(2001). This
allows for a much better sampling in frequency, and maps out the spectrum over a larger range
of electron energies. The idea is that the individual radio spectra for differentαref regions each
trace some part of the “global spectrum” (or electron energydistribution) of the source, de-
pending on the energy losses, and magnetic fields in these regions. The shifts (in log (I )-log (ν)
space) remove the effects of possible different local magnetic field strengths, electron densities,
radiative energy losses, and adiabatic energy gains/losses.

We shifted the spectra, displayed Fig.9.12, in log (I )-log (ν) space and tried to line them all
up. This went remarkably well, indicating we indeed have a single electron energy distribution
(or global spectral shape) that is consistent with the spectra for each individual region. The two
resulting spectra (for B1 and B2+B3) are displayed in Fig.9.14. As can be seen it allows for
an almost continuous sampling of the radio relic spectrum over about 4 orders of magnitude in
frequency (two oders of magnitude in energy, see Eq.9.2).

Similar to the color-color diagrams we find that the low-frequency part of the global spec-
trum has a power-law shape, withα = −0.6 to−0.7. At higher frequencies the spectrum steep-
ens. We also compare the global spectra with some of the standard models in Fig.9.14. The
results are the same as for the color-color diagrams, i.e., the best match we find for a KGJP
model and for B1 the KGJP spectral curvature is somewhat too high for νeff & 20 GHz.

9.5.4.1 Shift diagrams

Interestingly, the shifts made to align up all the individual radio spectra to create Fig.9.14pro-
vide information about changes in the underlying physical parameters (Katz-Stone & Rudnick
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1994). The shifts made in the frequency direction (log (ν)), to line up the spectra, are related
to γ2B. The shifts in log (I ) are related toNTB, whereNT is the total number of relativistic
electrons in the volume determined by the beam size.

By plotting the shifts which we needed to align up the individual spectra (log (ν) shifts
against log (I ) shifts), we can investigate the contributions of the abovementioned quantities,
i.e., which quantities cause the spectra to differ from region to region. The shift diagrams are
shown in Fig.9.15. For example, a slope (δ log (I )/δ log (ν)) of +1 indicates mainly variations
in the magnetic field strength, a slope of infinity indicates density variations, and a slope of zero
energy variations. If every line of sight samples the same physical conditions (i.e., the same
magnetic field, path length through the source, number of relativistic particles at some fiducial
low energy), then ageing alone would give a slope equal to theinjection spectral index. The idea
is that for spectral ageing you need to shift in log (ν) space to match up the break frequency,
but then the spectrum will fall below the initial power-law injection spectrum, so a shift (up) in
log (I ) is also required.

We find slopes of−0.83 and−0.67 in the shifts diagrams for B1 and B2+B3, respectively.
We did not include the first three (B1) and two (B2+B3) points for fitting the slope. This because
the log (I )-shifts for these points are affected by the reduced surface brightness at the outer edge
of the relic, see Sect.9.5.2. The slopes are close to the injection spectral indices of−0.6 to−0.7
we found from the color-color diagrams. The slope for B1 deviates a little more, but overall
the shift diagrams indicate that spectral ageing is likely the dominant factor in explaining the
different spectral shapes from region to region. Apparently, the magnetic field and total number
of number of relativistic electrons remain more or less constant for the differentαref regions.

9.6 RM-synthesis & polarization maps

9.6.1 Polarization maps

The distribution of the polarization E-vectors at 4.9 and 1.382 GHz are shown in Fig.9.16. In
the 4.9 GHz map, we find the relic to be polarized over its entire length (in the region with
sufficient SNR). The E-vectors are mainly perpendicular to the relic’s orientation, except at the
eastern end of B1 (where the relic bends and is connected to the linear eastward extension B2).
The polarization fraction across the relic varies between 10 and 60%, where it can be measured.
At the front of B1, the polarization fraction is mostly between 15 and 30%, while at the front
of B2 the fraction is 50% or higher. In the 4.9 GHz map we cannotdetermine the polarization
fraction for B3 because the attenuation of the primary beam .It should be noted that the spatially
averaged polarization fractions are lower.

At 1382 MHz the polarization fraction drops significantly for B1 and B2, compared to at
4.9 GHz. For region B3 we measure a polarization fraction as high as 40%, while for the
brightest part of B2 it is about 5%, and for B1 it drops below 1%. The average polarization
fractions and depolarization properties for relic B are described in Sect.9.6.3.

9.6.2 RM-synthesis

Faraday rotation changes the intrinsic polarization angle(χ0) depending on the wavelength (λ)
or frequency of the radiation. The Faraday depth (φ) is related to the properties of the plasma
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Figure 9.12: Normalized radio spectra for relic B1 (top) andB2+B3 (bottom). Each spectrum cor-
responds to a region from the spectral index map whereαref − 0.05 < αref < αref + 0.05, with
αref = −0.65,−0.75, . . . ,−1.85 for B1, andαref = −0.75,−0.85, . . . ,−1.65 for B2+B3. The spectra are
plotted inν log (I )− log (ν) space to emphasize the differences between the spectra. First order polynomial
fits in log (I )− log (ν) space are shown by the solid lines to emphasize possible deviations from power-law
radio spectra. Colors correspond to the differentαref and go from black, blue, green, to red (or from black
to white in the greyscale version of the figure).
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Figure 9.13: Color-color diagrams for B1 (left) and B2+B3 (right). Black data points are from the spectra
displayed in Fig.9.12. The solid black (slightly curved) line is a JP model withαinj = −0.6, the dashed
black line a JP model withαinj = −0.7, the dash-triple-dotted line a KP model withαinj = −0.6, the dotted
line a CI model withαinj = −0.6, and the dash-dotted line a KGJP model withαinj = −0.7. The grey
data points are for the same data as the black points, except the maps were smoothed with a 60′′ FWHM
Gaussian. Theα610

241 = α
2272
1382 line is also shown for reference.

Figure 9.14: “Global” radio spectra for B1 (left) and B2+B3 (right). The spectrum for eachαref spectral
region from Fig.9.12has been shifted in log (I )− log (ν) space to create the “global” spectral shape. Fourth
order polynomial fits through these data points are shown by the solid thin black lines. JP (dashed), KP
(dotted) and KGJP (dash-dotted) models are also plotted. The color coding, based on theαref regions, is
the same as in Fig.9.12.
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Figure 9.15: Shifts in log (I ) − log (ν) space, for B1 (left) and B2+B3 (right), needed to line up the radio
spectra displayed in Fig.9.14. A line is fitted through the data points, excluding the first three (B1) or two
(B2+B3) points. Color coding for theαref regions is the same as in Fig.9.12.

Figure 9.16: Left: WSRT 4.9 GHz polarization E-vector map. Total polarized intensity is shown as
greyscale image. Vectors depict the polarization E-vectors, their length represents the polarization fraction.
The length of the E-vectors are corrected for Ricean bias (Wardle & Kronberg 1974). A reference vector
for a polarization fraction of 100% is shown in the bottom left corner. No vectors were drawn for pixels
with a SNR< 3 in the total polarized intensity image. Contour levels aredrawn at [1, 4,16, 64, . . .] × 3σrms

and are from the Stokes I image. The beam size is 7.0′′ × 4.7′′ and indicated in the bottom left corner
of the image. Right: WSRT 1382 MHz polarization E-vector map. Total polarized intensity is shown as
grayscale image. No vectors were drawn for pixels with a SNR< 4 in the total polarized intensity image.
Contour levels are drawn at [1, 4,16, 64, . . .] × 3σrms and are from the Stokes I image.
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casing the Faraday rotation (Burn 1966; Brentjens & de Bruyn 2005)

φ(r ) = 0.81
∫ telescope

source
neB · dr [rad m−2] , (9.4)

wheredr is an infinitesimal path length in parsec along the line of sight, B the magnetic field in
µGauss andne the electron density in cm−3. The sign is defined to be positive for a magnetic
field pointing towards the observer. The rotation measure (RM) is defined as

RM =
dχ(λ2)
λ2

. (9.5)

If there is only one source along the line of sight (without internal Faraday rotation), the
Faraday depth is equal the rotation measure (RM) at all wavelengths. In other words, all polar-
ized emission is observed at a single Faraday depthφ. The observed polarization angle (χ) is
then

χ = χ0 + φλ
2 . (9.6)

In more complicated situations this relation is not valid (e.g.,Vallee 1980; Sokoloff et al. 1998).
By expressing the polarization as a complex vectorP = pe2iχ = Q + iU , with p the intrinsic
polarizationBurn (1966) showed that

P(λ2) =
∫ +∞

−∞
F(φ)e2iφλ2

dφ , (9.7)

whereF(φ) is the Faraday dispersion function, i.e., the complex polarized surface brightness
per unit Faraday depth. Eq.9.7 is invertible if the intrinsic polarization angleχ0 is constant as
function ofλ, thenF(φ) can be found by measuringP(λ2)

F(φ) =
∫ +∞

−∞
P(λ2)e−2iφλ2

dλ2 . (9.8)

With modern correlator backends, such as the one at the WSRT or EVLA, P(λ2) can measured
over a large number of frequency channels. Ifφδλ2 ≪ 1, with δλ2 the channel width in wave-
length squared,Brentjens & de Bruyn(2005) showed that Eq.9.8can be approximated as

F̃(φ) ≈ K
N

∑

i=1

wi Pie
−2iφ(λ2

i −λ2
0) , (9.9)

with wi being some weights andK a normalization factor

K =















N
∑

i=1

wi















. (9.10)

An extraλ2
0 has been added in the exponent in Eq.9.9 by Brentjens & de Bruynwho showed

that this results in a better behaved or rotation measure spread function (RMSF), with

λ2
0 =

∑N
i=1 wiλ

2
i

∑N
i=1 wi

, (9.11)
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and the RMSF given by

RMSF(φ) = K
N

∑

i=1

wie
−2iφ(λ2

i −λ2
0) . (9.12)

BecauseP is not measured for every possibleλ2
i , the true Faraday depth function is related to

Eq.9.9by a convolution

F̃(φ) = F(φ) ∗ RMSF(φ) . (9.13)

Depending on the sidelobe structure of the RMSF (which can beadjusted by choosing the
weightswi) a brighter component can contaminate the response of fainter components iñF(φ)
and therefore deconvolution might be necessary. The one-dimensional deconvolution algorithm
which has been used is a simple extension ofHögbom(1974) RM-CLEAN algorithm to the com-
plex domain as described byBrentjens(2007), see alsoHeald et al.(2009). It works as follows

1. For a spatial pixel the maximum of
∣

∣

∣F̃(φ)
∣

∣

∣ is found and the location of the peak is stored
(φpeak).

2. If this maximum value is higher than a user defined cutoff, the RMSF is shifted to the
location of the peak (φpeak) and a scaled version (i.e., using a gain of 0.1) is subtracted
from F̃(φ). Since the RMSF is complex, a multiplication with a phase factor is needed
which depends on the phase ofF̃(φpeak).

3. The complex scaling factor, which was used to shift and subtract the RMSF, is stored as a
clean component.

4. Steps 2−4 are repeated until a user defined threshold is reached or thenumber of iterations
has reached a predefined maximum.

5. Optionally, the clean components are restored with Gaussians with a FWHM matched to
that of the RMSF. The Gaussians are again shifted to their respective locations (φpeak), and
since this happens in the complex domain, multiplied by a phase factor (i.e., the complex
part of the clean component). The restored Gaussians are added to the residual from step
4. If there are multiple RM components within the beam it is however not a good idea
to reconvolve the spectra with the RMSF if one wants to investigate the depolarization
properties. This is related to the fact that the clean components are complex numbers and
can interfere with each other (Farnsworth et al. 2011).

6. The algorithm then continues with the next spatial pixel.

The above described RM-synthesis technique works better than linear fitting techniques
(e.g.,Ruzmaikin & Sokoloff 1979; Dolag et al. 2005; Vogt et al. 2005), which break down
in low signal to noise regimes and do not apply to more complexsituations when Eq.9.6 is not
valid.

The RM-synthesis technique (i.e., Eq.9.9) andRM-CLEAN algorithm were implemented in
IDL.
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9.6.2.1 Application to the L-band WSRT data

We performed RM-synthesis on the WSRT 25, 21 and 18 cm data using cubes of Stokes Q and
U images with a resolution of 40′′×28′′, see also Sect.9.2.2. These data give a sensitivity to po-
larized emission up to a maximum Faraday depth of|φmax| ≈

√
3/δλ2 ≈ 8.8×104 rad m−2 (Bren-

tjens & de Bruyn 2005). The three bands provide a resolution ofδφ ≈ 2
√

3/∆λ2 = 88 rad m−2,
with ∆λ2 = λ2

max − λ2
min the total bandwidth in wavelength squared. The maximum scale in

φ space to which the sensitivity has dropped to 50% is approximatelyπ/λ2
min = 111 rad m−2.

The RMSF is shown in Fig9.17 (left panel). Since the first sidelobe of the RMSF is about
65% of the main lobe, we used theRM-CLEAN algorithm, cleaning down to a threshold of
0.12 mJy beam−1 RMSF−1. The distribution of the peak of

∣

∣

∣F̃(φ)
∣

∣

∣, the so-called “rotation mea-
sure map” (or Faraday depth map), is shown in Fig.9.17(right panel).

We extracted the location of the peak in the Faraday depth (φpeak) for all compact sources
within 0.5◦ radius of the cluster. In total for 17 sources we find an outlier-resistant mean of
+11.7± 3.0 rad m−2, clipping values more than two standard deviations away from the median,
with the uncertainty the standard deviation of the mean of the φpeak distribution. This is in
agreement with the value of 11 rad m−2 from Taylor et al.(2009) derived from NVSS data
measured over scales of 8◦. The

∣

∣

∣F̃(φ)
∣

∣

∣ spectra for seven compact sources are displayed in
Fig. 9.18(left panel).

For the relic,φpeak values vary spatially from about−53 to+55 rad m−2. For B3,φpeak is
about 10 rad m−2, similar to the compact sources in the field. For B2, we find a strong gradient
from−10 to+55 rad m−2 from east to west. For B1,φpeakvaries between−10 and−53 rad m−2.
The “clean component” spectra are clearly resolved, see Fig. 9.18(right panel).

Interestingly, theφpeak values for B1 and B2 deviate from the average galactic foreground
of +11.7± 3.0 rad m−2, indicating that some of the Faraday rotation is probably caused by the
ICM. Theφpeak value for B3 indicates it is located in the cluster outskirtsand the line of sight
towards it does not pass deep into the ICM. B2 and B1 seem to be located progressively deeper
into the ICM of the cluster (or more behind it) given the larger φpeakdeviation from the galactic
foreground. Although the number of counts is low in the ROSATimage (Fig.9.3), it is indeed

expected that
∫ telescope

source
ne dr increases from B3, B2, to B1.

9.6.3 The depolarization properties of the radio relic

Our observations show a significant decrease in the polarization fraction towards lower frequen-
cies. There are several factors that can cause such an effect. We rule out the effect of bandwidth
depolarization, as the frequency resolution of the observations is sufficient to detected polarized
emission with a Faraday depth> 104 rad m−2 using RM-synthesis. A second possibility is beam
depolarization due to multiple RM components within the beam (spatially varying). These dif-
ferent RM components can be caused by variations of the magnetic field and/or electron density.
The spatially averaged polarization fraction over B1 and B2is about 13% at 4.9 GHz, 1.6% at
1714 MHz cm and< 1% at 1382 and 1221 MHz. We excluded B3 from the analysis because
the SNR is too low at 4.9 GHz due to the primary beam attenuation.

Two types of depolarization,internalandexternal, have been identified (Burn 1966; Tribble
1991). Internal depolarization takes place within the radio source itself, while external depo-
larization takes place in a medium between the source and theobserver, e.g., the ICM or mag-
netized plasma from our own galaxy. A simple case of internaldepolarization is for a uniform
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Figure 9.17: Left: RMSF from the 25, 21, 18 cm bands WSRT data.The solid line is the overall amplitude
of the complex RMSF. Dotted line depicts the Real part of the RMSF and the dashed line the Imaginary
part. The FWHM of the RMSF is 88 rad m−2. Right: Faraday depth value of the peak inF(φ). Contours
are from the WSRT 1382 MHz image and drawn at levels of [1,3,9, 27, . . .] × 0.225 mJy beam−1.

Figure 9.18: Left: Gaussian restored|F(φ)| spectra of compact sources. B3 0559+422A solid
line, NVSS J060231+422811 (west component) dashed line, NVSS J060231+422811 (east com-
ponent) dash-dotted line, and NVSS J060206+422045 dotted line, NVSS J060406+422125 dashed
line (1 mJy beam−1 RMSF−1 offset), NVSS J060416+422110 (south component) solid line (offset),
NVSS J060416+422110 (north component) dashed-dotted line (offset). The high “residuals” for
B3 0559+422A are an artifact due to remaining calibration errors. Right: |F(φ)| spectra, consisting of
clean components, extracted at three different positions from relic B. The positions are indicated bythe
circles drawn in Fig.9.17(right panel). Dash-dotted line: position B3, dashed line:position B2, and solid
line: position B1 (see also Fig.9.3).
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magnetic field and electron density within the source. In this slab model (Burn 1966), the frac-
tional polarization as function ofλ2 is given by a sinc-function. From this, the extent in Faraday
depth of the source can be estimated. Observations indicatethat the uniform slab model does
not fit the data for the radio relics in A2256 and the Coma cluster (Brentjens 2008; Pizzo 2010).

For B1 and B2 there is a clear trend of depolarization towardshigherλ2. The only way to get
depolarization as a function of wavelength is to have multiple RM components within the beam,
either across it or along it – external –, or mixed with the synchrotron emitting plasma – internal.
Therefore, the Faraday spectrum must be resolved wherever there is depolarization. In practice,
because of the finite width of the RMSF, it may not always be possible to see these multiple RM
components, even though they are depolarizing. In the case of B1 and B2, the spectra are indeed
clearly resolved, consistent with the high amount of depolarization found for these regions. It
cannot be directly determined whether this is due to beam depolarization (spatially varying RM
components) or due to multiple RM components along the line of sight. In the first case, the
depolarization should vanish when going to high enough spatial resolution. The fact that the
RM varies spatially from beam to beam across B1 and B2 makes itvery likely that at least a
significant part of the depolarization is indeed caused beamdepolarization.

The trend from east to west over the relic of (i) a largerφpeak deviation from the galactic
foreground, and (ii) an increasing depolarization towardshigherλ2, suggest that most of the
depolarization is probably due to the ICM of the cluster itself and not due to internal depolar-
ization.

9.7 Discussion

The complex diffuse radio emission and extended X-ray emission give strong support for the
fact that the cluster is currently undergoing a merger event. There are however a few puzzling
aspects to the diffuse emission in this cluster. The linear extension of relic Bto the east is
quite peculiar. Usually shock surfaces are curved and not very linear over distances of more
than a Mpc (e.g.,Hoeft et al. 2008; Battaglia et al. 2009; Vazza et al. 2009; Skillman et al.
2011). The ongoing merger event for 1RXS J0603.3+4214 is probably more complex than the
“simple” binary merger events that are thought to give rise to symmetric double radio relics
(e.g.,Roettiger et al. 1999a; van Weeren et al. 2011a). Deep X-ray observations will be needed
to investigate whether the relic is indeed associated with such a linear shock front.

Relic E could also trace a shock wave with DSA, given its largeextent and relatively flat
integrated spectral index. The nature of relic D remains unclear, its small size and morphology
would suggest a radio phoenix scenario, but the integrated spectral index of−1.10± 0.05 is not
consistent with this interpretation. Higher-resolution observations (∼ 1′′) would be helpful to
better delineate the morphology.

An interesting point is the relation between relic B and the radio halo C. The radio halo
is located directly south of B1, the brightest part of relic B. The halo and relic are connected
by a region withα . −2, but then the spectral index flattens toα ∼ −1.2 and increases a bit
towards the center of the halo. We speculate that relativistic particles, previously accelerated
at the shock front, are re-accelerated due to merger inducedturbulence and then form the radio
halo. Another interesting feature of the halo is the increased surface brightness at its southern
end. Why does the surface brightness increase here? For a binary cluster merger event one
expects two shock waves to form traveling diametrically outwards (e.g.,Roettiger et al. 1999a).
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If relic B traces the main shock wave one could also expect a second shock waves at the south
side of the cluster center. This could be the region of increased surface brightness at the southern
end of C. Although, this remains somewhat speculative, alsobecause the merger event seems
to be complex given the peculiar linear extension of relic B.X-ray observations could reveal
whether the south part of radio halo C is associated with a shocked region with a higher ICM
temperature.

There is also a possibility that source C is not a radio halo, but another relic seen close to
face-on, because the surface brightness does not clearly peak at the location of the ROSAT X-ray
peak. However, the radio power of source C is in agreement with theLX–P1.4GHz correlation.
Also, the brightness distribution over C is regular and quite smooth, which argues against a
relic interpretation. Relics are often composed of smallerfilamentary structures (e.g.,Clarke &
Ensslin 2006). We note that source C is somewhat similar to the diffuse emission seen between
the relics in CIZA J2242.8+5301 (van Weeren et al. 2010).

9.7.1 Relic spectra

The analysis of the radio spectra for radio relic B are consistent with the existence a two global
spectral shapes, one that describes the spectrum for the east part and one for the west part. This
because it is possible to line up all radio spectra onto a single shape with shifts along log (I ) and
log (ν).

The spectral shapes of the west (B1) and east (B2+B3) regions only differ in regions in
the spectral index map withα . −1.4 (e.g., see Fig.9.13). At the front part of the relic we
find power-law radio spectra, consistent with an injection spectral index of−0.6 to −0.7. The
injection spectral index is also consistent with the total integrated spectral index of−1.1, i.e.,
the integrated spectral index should be−0.5 units steeper than the injection spectral index (e.g.,
Miniati 2002; Bagchi et al. 2002) for a simple shock model (with the properties of the shock not
changing over time). We also find that the shape of the radio spectra are mostly governed by the
effects of spectral ageing, by looking at the shifts made to align up all individual spectra to the
global spectral shape (see Sect.9.5.4.1). Changes in the magnetic field, total electron content,
or electron energy (except energy changes due to ageing) do not seem to play a major role.

The observed radio spectra are not consistent with a JP model(which consists of a single
burst of injection and spectral ageing). Instead, we find that the KGJP model, which consist of
a sum of individual JP spectra with different amounts of ageing, provides a good match to the
spectrum of the east part of the relic. This can be thought of as mixing of emission, most likely
because of projection effects. For the west part of the relic (in the regions with the steepest
spectral index), we find deviations from the KGJP model. We speculate that additional mixing
of emission takes place here, or the spectra are contaminated by the emission from radio halo C
(although we attempted to subtract this emission).

The KGJP spectra indicate that (1) at the front of the relic wesee freshly injected radio
plasma, giving a power-law spectrum. Little mixing of emission takes place here. (2) For the
middle part of the relic (the region−0.9 . α . −1.1 from the spectral index map), we observe a
mix of radio aged radio plasma and freshly injected radio plasma. For the back part of the relic
(the region withα . −1.1), we see a mix of aged radio plasma, but no freshly injected plasma.

Mixing of emission thus seems to be an important factor determining the spectral shape.
This suppresses spectral curvature and pushes back the radio spectra to power-law shapes. It is
therefore crucial that this effect is considered. The lack of spectral curvature does therefore not
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directly imply spectral ageing is not important.
An injection spectral index of−0.6 in combination with DSA, implicates a Mach number of

4.5, surprisingly high. These Mach numbers are rarely seen in simulations of cluster mergers.
Instead of DSA, another possibility is shock re-acceleration of fossil electrons. In practice, these
radio spectra will probably be indistinguishable from DSA (Markevitch et al. 2005).

9.7.2 Alternative models to explain the relativistic electrons from the ra-
dio relic

An alternative explanation for radio relics, based on a secondary cosmic ray electron model, has
been proposed byKeshet(2010). This model predicts a spectral index of−1 at the front of the
relic. We do not observe this, although there is a hint of a steeper spectral index at the front of B1
at some places in the 325–610 MHz spectral index map. However, this could be an artifact, as
edge pixels is the spectral index map are not reliable. Also these steeper regions are smaller than
the beam size. We do not find indications of magnetic field changes across the relic from the
shifts needed to align up the spectra from individual regions. On the other hand, in the images
we see a morphological connection between the radio relic and halo, these halo-relic “bridges”
are included in the model fromKeshet(2010).

Enßlin & Gopal-Krishna(2001) andEnßlin & Brüggen(2002) proposed that (some) radio
relics could be the result of adiabatically compressed fossil radio plasma due to a shock wave.
This could boost the radio luminosity by about two orders of magnitude. The question is whether
the large relic in 1RXS J0603.3+4214 can be explained in this way. The model ofEnßlin &
Gopal-Krishna(2001) consist of five phases: (1) injection by a radio galaxy, (2) expansion of
the radio cocoon, during this phase the cocoon becomes undetectable, (3) the “lurking”-phase,
when pressure equilibrium is reached and the volume of the cocoon remains constant. Due
to significant adiabatic losses most of the electrons resideat low energies which reduces the
radiation losses. The losses can be further reduced by a low-magnetic field. (4) Adiabatic
compression of the cocoon, the radio emission is boosted so it becomes visible again and the
break frequency moves upwards. (5) The radio emission fadesaway due to synchrotron and IC
losses.

In the case of 1RXS J0603.3+4214, the fossil plasma should be quite old (& 1 Gyr) as it
takes a considerable amount of time for a radio galaxy to moveover a distance of 2 Mpc and
dump the radio plasma. The change in the break frequency fromthe adiabatic compression is
(Giacintucci et al. 2008)

νafter
brk

νbefore
brk

≈ 5M2 − 1
4

. (9.14)

Adopting a reasonable value ofνbefore
brk = 50 MHz for 1 Gyr old fossil radio plasma (e.g.,Enßlin

& Gopal-Krishna 2001), we would need aM > 8 shock to pushνafter
brk above 4 GHz. For more

realistic Mach numbers ofM . 4 we should thus observe steep and curved radio spectra. This
contradicts the flat spectral indices ofα = −0.6 we find and the straight power-law integrated
radio spectrum.

Only in the unlikely scenario that the plasma is about 0.1 Gyrold, before it is compressed by
the shock, the break frequency could be pushed up to a few GHz.We also note that to produce
a spectral index gradient a high mass load is required, whichwould allow the shock wave to
successively compress the radio plasma. In the case of a highmass load due to undetectable
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cool gas, a shock forms and the adiabatic gains are restricted due to the limited compression
factor of such a shock wave (Enßlin & Gopal-Krishna 2001).

9.7.3 Magnetic field

The RM for the west part of the main relic (B1) deviates from the foreground RM, determined
from compact sources in the field around the cluster. This suggests that the west part of the relic
is located deeper into the ICM, also consistent with the higher amount of depolarization found
for that part of the relic. A constant magnetic field of 1µGauss,ne = 1× 10−4 cm−3 and a path
length 500 kpc, will give a Faraday depth of about 40 rad m−2. The observed difference of about
60 rad m−2, compared to the galactic foreground value, suggests a relatively high magnetic field
(B & 1 µGauss). Also because the magnetic field topology is likely more complex, i.e., the
magnetic field could have reversals along the line of sight.

We estimate the magnetic field at the front of relic B1 by assuming minimum energy den-
sities in the relics (e.g.,Govoni & Feretti 2004) and using the same procedure as described in
van Weeren et al.(2009b). We takek = 100, i.e, the ratio of energy in relativistic protons to that
in electrons, 250 kpc for the depth (d) along the line of sight, a spectral index of−0.6, and a
surface brightness of 0.205 mJy arcsec−2 at 610 MHz. We use low and high energy cutoffs (γmin

andγmax, with γmin ≪ γmax) instead of low and high frequency cutoffs (Beck & Krause 2005;
Brunetti et al. 1997), giving the so-called “revised” equipartition magnetic strength (B′eq). For
γmin = 100 this givesB′eq = 9.2 µGauss. If we takeγmin = 5000 we getB′eq = 7.4 µGauss. The
revised equipartition magnetic field strength scales with (1+ k)1/(3−α).

The polarization and equipartition results indicate a relatively high magnetic field strength.
These relatively high values have also been found for other relics byFinoguenov et al.(2010);
van Weeren et al.(2010) using limits on the IC X-ray emission or modeling the relic’s brightness
profile.

9.8 Conclusions

We presented detailed GMRT and WSRT radio observations of a newly discovered cluster of
galaxies atz= 0.225. We find the cluster to host three radio relics and also a giant∼ 2 Mpc radio
halo. The radio power follows theLX–P1.4GHz correlation for giant radio halos. The extended X-
ray emission and complex diffuse radio emission indicate we are witnessing an ongoing cluster
merger event.

The WSRT observations reveal that the front of the relic is highly polarized, with a polariza-
tion fraction of up to∼ 60% at 4.9 GHz. At lower frequencies (in the L-band), the polarization
fraction drops considerably, as has been seen for other wellstudies relics, e.g., in A2256 (Bren-
tjens 2008) and A2255 (Pizzo et al. 2011). The observed depolarization and Faraday depth
suggest that the west part of the main relic is located deeperinto the ICM of the cluster. Using
equipartition argument we find a high magnetic field strengthof about 7–9µGauss for the bright
relic.

For the radio halo we find a spectral index ofα = −1.15± 0.06. The spectrum for the bright
radio relic is a power-law between 74 MHz and 4.9 GHz withα = −1.10±0.02. If this relic traces
a shock, where particles are accelerated by the DSA mechanism, then the injection spectral index
of −0.6 would imply a Mach number of 4.5. The spectral index steepens systematically across
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the width of the relic from about−0.6 to ∼ −2. For the bright western part of the relic we
can trace the spectral steepening toα < −2.5. The radio spectrum at the front of the relic has
a power-law shape withα = −0.6 to −0.7, while the amounts of spectral curvature increases
gradually towards the back of the relic.

We analyzed the radio spectra making use of color-color and shift diagrams (Katz-Stone
et al. 1993; Katz-Stone & Rudnick 1994) and divided the relic into an eastern and western part.
Both parts were further divided into smaller regions based on the spectral index map in Fig.9.9
(left panel). We found that the individual radio spectra in each region could all be lined up.
This implies the existence of a single global electron energy distribtuion. The shifts needed to
align up the individual spectra, indicate that spectral ageing is the dominant factor explaining the
changes in the spectra from one region to another. Changes inthe magnetic field, total number
of electrons, or adiabatic expansion/compression do not seem to be important.

In addition, we find evidence for mixing of radio emission with different amounts of spectral
ageing within the beam. The amount of mixing increases away from the front of the relic. A so-
called KGJP model (see Sect.9.5.1), which can be thought of as a mix of spectra with different
ages, describes the global spectral shape for the east part of the relic. For the west part of the
relic, in particular the region with the steepest spectral index, we find a small deviation from this
shape, possibly because the amount of mixing increases here.

The effects of spectral curvature are suppressed by mixing and thispushes the radio spectra
closer towards power-law shapes. This means that if a spectral index gradient is seen, but no
spectral curvature (or only very little), this does not necessarily imply that the spectral index
gradient is not related to spectral ageing.

We conclude that the color-color and shift diagrams providea powerful tool to constrain
physical conditions that shape the radio spectra. In the future we plan (i) to expand the color-
color analyses to smaller regions, by obtaining higher resolution maps, (ii) increase the fre-
quency range to< 150 MHz or> 3 GHz, and (iii) apply the technique to other radio relics and
halos.

For the origin of the relativistic electrons (in the bright relic), the results favor a scenario
where particles are accelerated or re-accelerated in a shock. Surprising and somewhat puzzling
is the high Mach number of 4.5, shocks with these Mach numbersin cluster are rare. A crucial
test would be the to measure the Mach number directly from thejump conditions and compare
this withαinj . Deep X-ray observations of this cluster will also be neededto constrain the merger
scenario and determine the dynamical state of the cluster.
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CHAPTER 10

Using double radio relics to constrain galaxy cluster mergers:
A model of double radio relics in CIZA J2242.8+5301

Abstract. Galaxy clusters grow by mergers with other clusters and galaxy groups. These merg-
ers create shock waves within the intracluster medium (ICM)that can accelerate particles to
extreme energies. In the presence of magnetic fields, relativistic electrons form large regions
emitting synchrotron radiation, so-called radio relics. Behind the shock front, synchrotron and
inverse Compton (IC) losses cause the radio spectral index to steepen away from the shock front.
In a binary cluster merger, two shock waves are generated which move diametrically outwards
along the merger axis. Two radio relics can then form on both sides of the cluster center. An
example of such a cluster is CIZA J2242.8+5301, where very clear spectral steepening in the
downstream region is observed. The main relic has a total extent of 1700 kpc, while its width is
only 55 kpc. Together with the high observed polarization fraction, this implies the relic is seen
very close to edge-on which makes it easier to constrain the merger geometry. Here we present
hydrodynamical simulations of idealized binary cluster mergers with the aim of constraining
the merger scenario for this cluster. From our simulations,we find that CIZA J2242.8+5301
is probably undergoing a merger in the plane of the sky (less then 10◦ from edge-on) with a
mass ratio (M1 : M2) of about 2 : 1, and an impact parameter. 400 kpc. We find that the core
passage of the clusters happened about 1 Gyr ago. We concludethat double relics relics can set
constraints on the mass ratios, impact parameters, timescales, and viewing geometry of binary
cluster mergers, which is particularly useful when detailed X-ray observations are not available.
In addition, the presence of large radio relics can be used toconstrain the degree of clumping in
the outskirts of the ICM, which is important to constrain thebaryon fraction, density and entropy
profiles, around the virial radius and beyond. We find that theamplitude of density fluctuations,
with sizes of. 200 kpc, in the relic in CIZA J2242.8+5301 is not larger than 30%.

R. J. van Weeren, M. Brüggen, H. J. A. Röttgering and M. Hoeft
Monthly Notices of the Royal Astronomical Society, 2011, in press
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10.1 Introduction

Radio relics are diffuse, steep-spectrum radio sources found in merging galaxy clusters. They
have been divided into three groups (Kempner et al. 2004): radio gischt, radio phoenix and AGN
relics. Here we will only be concerned with so-calledradio gischtrelics, these are elongated
arc-like radio sources with sizes of up to 2 Mpc (e.g.,Ensslin et al. 1998). They are mostly found
in the outskirts of galaxy clusters. Recent observations have given support to the hypothesis that
they trace shock fronts in which particles are accelerated via the diffusive shock acceleration
mechanism (DSA;Krymskii 1977; Axford et al. 1977; Bell 1978a,b; Blandford & Ostriker
1978; Drury 1983; Blandford & Eichler 1987; Jones & Ellison 1991; Malkov & O’C Drury
2001).

A particularly interesting “class” of radio gischt are the so-called double-relics. In this case
two relics are diametrically located on both sides of the cluster center (e.g.,Bonafede et al.
2009b; van Weeren et al. 2009b; Venturi et al. 2007; Bagchi et al. 2006; Röttgering et al. 1997;
van Weeren et al. 2010; Brown et al. 2011; van Weeren et al. 2011c; Bagchi et al. 2011). These
double relics are very rare, with only about ten known so far.However, most of them were found
in the last few years suggesting that more of them await discovery, especially with future deep
radio surveys. Large cosmological simulations that include radio emission from shocks, also
indicate that double radio relics are more common (e.g.,Skillman et al. 2011; Battaglia et al.
2009; Hoeft et al. 2008).

Double radio relics are thought to trace outward moving shock waves from a binary cluster
merger, which develop after core passage of the two subclusters. In the DSA scenario, syn-
chrotron and IC losses cool the particles at the back of the shock front. If the relics are seen
roughly edge-on this creates a radio spectral index gradient towards the cluster center. The line
connecting the two relics should represent the (projected)merger axis of the system. Thus, dou-
ble relics in principle can be used to set constraints on the merger timescale, mass ratio, impact
parameter and viewing angle.

An example of a cluster hosting a double radio relic is CIZA J2242.8+5301 (van Weeren
et al. 2010). The cluster is located atz= 0.1921 and has an X-ray luminosity of 6.8×1044 ergs−1,
between 0.1 and 2.4 keV (Kocevski et al. 2007). With this X-ray luminosity the total mass of
the cluster is roughly 5.5× 1014M⊙ (Pratt et al. 2009). In van Weeren et al.(2010) we presented
Westerbork Synthesis Radio Telescope (WSRT) and MetrewaveRadio Telescope (GMRT) ob-
servations of this cluster that showed the presence of an impressive double relic system. In the
north of the cluster, a large radio relic is found with a totalextent of 1700 kpc (we did not in-
clude the patch of emission at RA 22h 42m 20s, Dec+53◦ 08′ 45′′). To the south of the cluster
center a second fainter relic is found with an extent of 1450 kpc. The relics are located along
the major axis of the elongated X-ray emission from the ICM, while the relics themselves are
orientated perpendicular to this axis. This configuration is expected for a “clean” (i.e., a merger
event without much substructure) binary merger event in which shock waves are propagating
diametrically outwards to the north and south. Within the shock particles are proposed to be
accelerated by DSA. The relics are separated by a distance of2.8 Mpc. The northern relic is
strongly polarized at 4.9 GHz, with a polarisation fractionof ∼ 50%. The polarization magnetic
field vectors (corrected for the effect of Faraday rotation) are parallel to the major axis of the
relic. The magnetic fields are thus mainly orientated withinthe plane of the shock wave and the
relic must be seen close to edge-on (Ensslin et al. 1998). We also observe clear steepening of the
radio spectrum (with the spectral index changing from−0.6 ∼ −0.8 to more than−2.0 between
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0.61 and 2.3 GHz) in the direction of the cluster center, across the width of the relic. Between
the two relics additional diffuse emission is found, which is also seen in a deep 150 MHz GMRT
image (van Weeren et al. 2011d).

However, there are still quite a few puzzles that surround radio relics, such as:

• Which processes accelerate electrons so efficiently at relatively low Mach number (M ∼
2− 4) shocks?

• What produces the magnetic fields inside relics?

• Why do some relics have very sharp edges while others appear very fuzzy?

• Under which conditions do relics form? When do we see single and when double relics?

Many of these questions touch physical processes that are poorly understood, such as dif-
fusive shock acceleration and magnetogenesis in collisionless shocks, and relate to regions of
the cosmos of which we know very little. At the same time, outskirts of galaxy clusters have at-
tracted considerable interest for cosmology as they are governed primarily by simple gas physics
and gravity and much less by complicated processes such as radiative cooling, star formation and
AGN feedback. However, information about the periphery of galaxy clusters is scarce. Recent
X-ray observations with Suzaku have measured surface brightness profiles out to the virial ra-
dius for a number of nearby clusters (Bautz et al. 2009; George et al. 2009; Reiprich et al. 2009;
Hoshino et al. 2010; Simionescu et al. 2011). The results indicate significant deviations from
extrapolated profiles of the gas mass fraction which are explained by an increased clumpiness
of the ICM that occurs on scales of several 100 kpc or smaller.As the cluster outskirts are diffi-
cult to access via X-ray observations owing to the low surface brightness at large cluster-centric
radii, important information may be derived from radio relics which illuminate the outskirts of
merging galaxy clusters.

In this paper we will describe simulations with the aim of reconstructing the merger event
of the cluster CIZA J2242.8+5301. In particular we will focus on the mass ratio and impact
parameter of the merger and how they can be constrained from the observations and simulations.
We further attempt to infer properties of the ICM at distances beyond the virial radius from the
observed features of the radio relics, such as the morphology of the emission.

In Sect.10.2we will shortly discuss previous work on idealized models ofcluster mergers,
and in Sect.10.3we describe the method and adopted initial conditions. Thisis followed the
results in Sects.10.4and10.5. We end with a discussion and summary in Sects.10.6and10.7.

10.2 Overview: Simulations of galaxy cluster mergers

Numerical simulations of idealized binary galaxy cluster mergers were performed byRoettiger
et al.(1993); Schindler & Mueller(1993); Burns et al.(1994b); Pearce et al.(1994); Roettiger
et al.(1997); Ricker(1998); Roettiger & Flores(2000); Ricker & Sarazin(2001).

Roettiger et al.(1993) simulated a head-on merger with a mass ratio of 8. The clusters were
modeled as King-spheres. They used a hybrid Hydro/N-body code, simulating the hydrody-
namical component with the ZEUS-3D code on a nonuniform grid, and the N-body component
with the Hernquist treecode (Hernquist 1987). Their simulation showed the development of a
single shock that reached a Mach number (M) of more than 4. In addition the core of the main
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cluster was heated to 3× 108 K. The simulated X-ray surface brightness was double peakedand
elongated parallel to the merger axis.Burns et al.(1994b) simulated the collision between the
Coma cluster and the NGC 4839 galaxy group using the same codeas described byRoettiger
et al.(1993).

Schindler & Mueller(1993) simulated collisions of clusters using a uniform grid-PPM
(piecewise-parabolic method) code for the gas dynamics, while an N-body code was used for the
collisionless component consisting of dark matter and galaxies. They showed the development
of outward propagating shock waves generated during the collisions between subclusters.

None of the works mentioned above included the baryonic contribution to the gravitational
potential. Head-on equal mass collisions between clusterswere simulated byPearce et al.(1994)
using smoothed-particle hydrodynamics (SPH), including both baryons and dark matter.Roet-
tiger et al.(1997) used a PPM/particle-mesh code to simulate a collision intended to resemble
the cluster Abell 754.Roettiger et al.(1999b) presented the first three-dimensional numerical
magnetohydrodynamical (MHD) simulations of the magnetic field evolution in merging clus-
ters of galaxies, which they subsequently applied to model the double radio relics in Abell 3367
(Roettiger et al. 1999a). They concluded that the radio structures arise from a slightly off-axis
merger that occurred nearly in the plane of the sky approximately 1 Gyr ago, with the subcluster
having a total mass of 20% of the primary cluster.Roettiger & Flores(2000) also modeled the
X-ray substructure seen in Abell 3266 as an off-axis merger with a mass ratio of 2.5 : 1.

Ricker(1998) simulated off-center collisions of equal mass clusters using a PPM code and an
isolated multigrid potential solver. They simulated off-center collisions with 0, 5, and 10 times
the cluster core radius and studied how the virialisation time, X-ray luminosity, and structure of
the merger depended on the impact parameter of the collision. They found that the increase in
X-ray luminosity due to the merger depends on the impact parameter of the collision.Ritchie
& Thomas(2002) also reported that mergers can lead to large increases in bolometric X-ray
luminosities and emission-weighted temperatures. Cool cores are completely disrupted by equal
mass head-on mergers, while for mergers with mass ratios of 8: 1 the cooling flow restarts
within a few Gyr. For mergers with impact parameters of 500 kpc the cool-core is not disrupted.
Ricker & Sarazin(2001) investigated cluster collisions, varying both the mass ratio and impact
parameters. They found that merger events created large-scale turbulent motions with eddy sizes
up to several hundred kiloparsecs.

FLASH (Fryxell et al. 2000) high-resolution N-body/hydrodynamics simulations have been
carried out byZu Hone et al.(2009) to model the cluster Cl 0024+17, a proposed merger of
two clusters, with the interaction occurring along our lineof sight. Also, gas sloshing initiated
by mergers with subclusters, and the effects of mergers on the entropy of the ICM were investi-
gated byZuHone et al.(2010); ZuHone(2011). Various simulations of cluster merger were also
presented byTakizawa(1999, 2000); Takizawa & Naito(2000); Takizawa(2008). In Takizawa
(2008) N-body+magnetohydrodynamical simulations were performed from which is was found
that cluster mergers cause various characteristic magnetic field structures. The magnetic field
component perpendicular to the collision axis is amplified by the merger which results in a cool
region wrapped by field lines.McCarthy et al.(2007) focussed on the generation of entropy
during cluster mergers andAkahori & Yoshikawa(2010) investigated how the ionization equi-
librium state is affected by cluster mergers. They report that the ICM significantly departs from
the ionization equilibrium state at the location of shocks.

Poole et al.(2006) carried out a suite of SPH simulations of merger of clusterswhose initial
conditions resembled relaxed cool core clusters. They investigated the efficacy of (i) centroid
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variance, (ii) power ratios, and (iii) X-ray surface brightness/projected mass displacement to
quantify the degree to which observed clusters are disturbed. From this it was found that the
centroid variance gives the best measure of the state of clusters and how far they are from virial
and hydrostatic equilibrium.

Cluster mergers can decouple the baryonic matter componentfrom the dark matter (DM)
which causes and offset between the gravitational center (measured from lensing) and X-ray
center of the cluster. This was first observed for the “Bulletcluster” (1E0657−56,Clowe et al.
2006). Springel & Farrar(2007) presented hydrodynamical models of galaxy cluster mergers
to reproduce the dynamical state and mass models (from gravitational lensing) of the “Bullet”
cluster (1E0657−56). They showed that the size of the spatial offset between the baryonic peak
and mass is quite sensitive to the structural details of the merging systems. This offset was earlier
also found in numerical models byTakizawa(2006). Mastropietro & Burkert(2008) presented
detailed N-body/SPH simulations of the system. They found that the X-ray morphology is best
simulated with a mass ratio of 6 : 1 and an impact parameter of 150 kpc.

10.3 Numerical method

We used the FLASH 3.2 framework (Fryxell et al. 2000) for the simulations which includes
standard hydrodynamics and gravity. We did not include the effects of radiative cooling, as this
is not very relevant for the spatial and temporal time scalesconsidered here. Furthermore, the
hydrogen number density was assumed to be related to the electron number density asnH =

0.6ne. We chose outflow boundary conditions. We simulated a box with a size of 5×5× 5 Mpc.
A maximum of 6 refinement levels are allowed, resulting in a maximum resolution of 3.25 kpc.
The minimum refinement level was set to 3 giving a resolution of 26 kpc. The simulations were
run at this relatively low-resolution in order to study a larger range of merger parameters.

For the gravitational potential of each subcluster we assume hydrostatic equilibrium and
spherical symmetry,

dφ
dr
=

kB

µmH

[

T(r)
ρ(r)

dρ(r)
d log r

+
dT(r)
d log r

]

, (10.1)

whereT(r) andρ(r) are the radial density and temperature profiles,mH the hydrogen mass, and
µ the mean molecular weight (we adoptµ = 0.6). We move the center of the gravitational
potential of the merging subcluster around the fixed potential of the main cluster, ignoring the
interactions between the dark matter.

10.3.1 Radio emission from shocks

We use passive tracer particles in the simulations to model the radio emission. At the start of
the simulation the particles are distributed proportionalto the density throughout the complete
computation volume. The advantage is that in this way each passive tracer particle represent
roughly the same amount of mass which simplifies the normalization of the radio emission, as
the contribution from every particle can be simply added up.For each tracer particle, 5 million
in total, we record the position, velocity, density and temperature as a function of time, writing
the results to disk every 30× 106 yr. In order to create synthetic radio maps, we locate all
particles that have passed through the shock waves in the simulation by looking at the variation
of the temperature as function of time for each tracer particle. We define a particle to have
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passed through a shock if the temperature between two successive outputs spaced 30× 106 yr
apart increases by more than a factor of 1.5 (no radio emission is generated below this number).
For each particle that passes through the shock we then compute the Mach number (M, using
Rankine-Hugoniot jump conditions and adiabatic indexγ = 5/3 (Landau & Lifshitz 1959),
compression ratio, entropy ratio, and the time since it has passed through the shock. With these
parameters we compute the synchrotron emission at a given frequencyν using the JP model
(Jaffe & Perola 1973), taking into account the spectral ageing due to synchrotron and IC losses.
We apply eq. 5 and 6 fromKomissarov & Gubanov(1994) and uset0 = 0, see alsoKardashev
(1962); Pacholczyk(1970).

The amount of synchrotron emission for each tracer particleis recorded. A radio map is then
simply computed by integrating the radio emission from eachtracer particle in the computational
volume along a chosen line of sight.

We takeBCMB = 4.6 µGauss the equivalent magnetic field strength of the CMB atz =
0.1921. To compute the radio emission the magnetic field is needed. Since we do not include
magnetic fields in our simulation we adopt constant values for the magnetic fieldB. The spectra
are then normalized using the method described byHoeft & Brüggen(2007), which takes into
account the efficiency of acceleration as function of Mach number. We start with a spectrum of
suprathermal electrons with a power-law distributionn(E) ∝ E−s, with E the energy. The index
s, with s= 1−2αinj , andαinj the injection radio spectral index, depends only on the compression
ratio (or Mach number),r, of the shock front:

s=
r + 2
r − 1

(10.2)

and (e.g.,Giacintucci et al. 2008)

αinj =
1
2
− M

2 + 1
M2 − 1

. (10.3)

We assume that a small fractionξe of the thermal energy goes into the acceleration of elec-
trons (Keshet et al. 2004). Furthermore, we take into account that the electrons can only be
accelerated to a finite maximum energy (Emax) (Keshet et al. 2003). The electron spectrum with
a smoothed high-energy cut-off is then given by

dne

dE
=















ne Cspec
1

mec2 ẽ−s
{

1− ẽ
ẽmax

}s−2
: ẽ< ẽmax

0 : elsewhere
, (10.4)

whereẽ= E/mec2. The normalization constantCspecgives the fraction of electrons atE = mec2.
FollowingHoeft & Brüggen(2007), we assume that the thermal Maxwell-Boltzmann distri-

bution goes over continuously into the power-law spectrum of the suprathermal electrons.Hoeft
& Brüggen(2007) show that the normalization of the electron spectrum is given by

Cspec= ξe
ud

c2

mp

me

(q− 1)
q

1
Ispec
, (10.5)

whereud is the downstream velocity,q the entropy ratio (Sd/Su) across the shock, and

Ispec=

∫ ∞

ẽmin

dẽ ẽ1−s

{

1− ẽ
ẽmax

}s−2

. (10.6)
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The minimum energy, ˜emin = Emin/mec2, is the energy above which electrons are considered to
be suprathermal. This results is an implicit equation forEmin that has to be solved simultaneously
with the normalization of the spectrum. We directly apply the code fromHoeft & Brüggenfor
this.

10.3.2 Initial conditions

For the initial conditions we start with two spherically symmetric (sub)clusters with massesM1

andM2 separated by a distanced. Subscript 1 always refers to the more massive cluster (i.e.,
M1 > M2). The density profiles of both subclusters are described by singleβ-models (Cavaliere
& Fusco-Femiano 1976)

ρ(r) = ρ0















1+

(

r
rc

)2












− 3β
2

, (10.7)

whereρ0 the central density,rc the core radius. We decided to fixβ to 2/3 (e.g.,Böhringer et al.
2000) andρ0 = 2× 10−26 g cm−3 (0.02 particles per cm3) for both subclusters. This value forρ0

is roughly the average of the values found byCroston et al.(2008) for a sample of 31 clusters.
They found that the central densities did not show any clear trend with the overall mass and
temperature of the clusters.

We used theM − T scaling relation fromMantz et al.(2010) to get the global average
temperature from the cluster’s mass.

Tavg = 100.88+0.48 log10 (M/1014M⊙) [keV] . (10.8)

For the radial temperature distribution we use a polytropicprofile (e.g.,Pratt & Arnaud 2002)

T(r) = Tavgτρ(r)γT−1 (10.9)

with τ = 1.1 andγT = 1.2 andTavg given by Eq.10.8. In addition we allow for a temperature
drop in the center of the cluster to simulate a relaxed cool core cluster (e.g.,Fabian et al. 1991;
Peterson & Fabian 2006). The temperature decline is the central region is given by (Allen et al.
2001; Vikhlinin et al. 2006)

Tcool(r) =
x+ Tmin/Tavg

x+ 1
, x =

(

r
rcool

)acool

, (10.10)

whereTmin/Tavg is the relative temperature drop in the center,rcool the radius of the cool core,
andacool controls de rate of the temperature decrease. The final temperature model is given by

Tfull (r) = T(r)Tcool(r) . (10.11)

For the merger scenario we followSarazin(2002), where two subclusters merge at time
tmerge (the age of the Universe at the time of the merger). The two clusters have a large initial
separation,d0. The value ofd0 does not strongly affect the merger because the infall velocity
approaches free-fall from infinity. If we assume that the clusters dominate the mass in the region
of the Universe they occupy

d0 ≈ 4.5

(

M1 + M2

1015M⊙

)1/3 (

tmerge

1010 yr

)2/3

[Mpc] . (10.12)
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For CIZA J2242.8+5301 (z= 0.1921)tmerge is 11.0 Gyr.
To speed up the simulations the centers of the two subclusters are placed at a distanced =

2 Mpc from each other. This we define ast = 0. The relative velocity between the clusters at
that starting point is given bySarazin(2002) as

v ≈ 2930





















M1 + M2

1015M⊙

1− d
d0

1−
(

b
d0

)2





















1/2
(

d
1 Mpc

)−1/2

[km s−1], (10.13)

whereb is the impact parameter of the collision. Using the startinglocation, initial velocities
and masses of the subclusters we move the center of the gravitational potential of the merging
subcluster (M2) around the fixed potential of the “main” cluster (M1), ignoring the interactions
between the dark matter and treating the clusters as point masses. This fixes the subcluster’s
orbit around the main cluster. The point (x, y, z) = (0, 0, 0) is defined by the center of mass of
the system. The gravitational acceleration of the gas was then computed using Eq.10.1.

To reconstruct the merger that gave rise to the double radio relic CIZA J2242.8+5301, we
varied the mass ratio and impact parameter in the simulation. In the post-processing (to create
the radio maps) we also varied the viewing angle. The total mass of the two (sub)clusters
(M1 + M2) was kept constant to 5.5× 1014M⊙. The values forrc are fixed by the total mass of
the system and the required mass ratio (these are reported inTable10.1). In Sect.10.6we will
discuss the effect on the simulations if we take different values forβ andrc. For the default runs
we choseTmin/Tavg = 1, i.e., no temperature drop in the cluster center. In Sect.10.4.1.5we
discuss the effect of including a central cool core to the most massive subcluster. For all runs we
place the merger axis along the y-axis with the least massivecluster located at positive y-value
and the initial velocity (given by Eq.10.13being in negative y-direction).

10.4 Results

The names and parameters for the different FLASH runs are given in Table10.1. We start with
a description of the basic hydrodynamical quantities (the density, temperature, and the velocity
field) from the simulations. We will discuss the results for amerger with a mass ratio of 2 : 1
and zero impact parameter (R21b0; see Fig.10.1), and for a merger with the same mass ratio
but with an impact parameter of 4 (4rc,1; R21b4), see Fig.10.2.

The R21b0 merger starts with the subcluster approaching themain cluster. Two shocks,
withM ∼ 1.15 att = 600 Myr, develop as the cores approach each other. After corepassage,
at t = 1.25 Gyr, a pair of stronger symmetrical shock waves form that travel diametrically
outwards in front of the two subclusters. The shock waves increase in size as the time advances,
although their Mach numbers decrease. Att = 1.95 Gyr the maximum Mach numbers are about
3.1 and 2.3 for the top and bottom shock waves, respectively.At t = 2.28 Gyr the two shock
are separated by 2.8 Mpc, as is the case for the double relics in CIZA J2242.8+5301. The
Mach numbers at this time have decreased to about 2.7 and 2.2, for the top and bottom relics,
respectively. Thus, the most massive cluster with the largest core radius develops the largest (and
slightly stronger) shock wave in front of it after core passage. The velocity field att = 2.3 Gyr
is shown in Fig.10.3(left panel).

Mergers with different mass ratios, ranging between 1 to 5, show a similar picture. The size
and strength of the shock waves depend on the mass ratio (which in turn determines the core
radii of the subclusters). In collisions with a larger mass ratio the shock waves in front of the
less massive subcluster reduces in relative size and strength.
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A 2 : 1 merger with an impact parameter ofb = 4rc,1 (R21b4) develops two asymmetric
spiral-like shock waves, and again the two shocks have different sizes depending on the mass
ratio used. The amount of asymmetry deepens on the impact parameter. The Mach numbers
across these asymmetric shocks decrease more slowly on the left side of the merger axis. At
t = 2.1 Gyr the maximum Mach number is about 2.9 and 2.2 for the top and bottom shock
waves, respectively. This decreases to about 2.7 and 2.1 att = 2.4 Gyr when the two shocks are
separated by 2.8 Mpc. The velocity field att = 2.4 Gyr is shown in Fig.10.3(right panel).

10.4.1 Radio maps

In this section we present the simulated radio maps for a range of mass ratios, impact parame-
ters, viewing angles and radial density/temperature profiles, and compare them to the observed
WSRT radio map at 1382 MHz. To create the radio maps, we integrated the radio emission
from each tracer particle that passed through the shock along the line of sight. All radio maps
are normalized to the peak flux in the simulated map and are smoothed with a 2-dimensional
Gaussian of 50× 40 kpc to match the resolution of the WSRT image. This smoothing is also
needed as the radio emission is computed using a discrete number of particles with insufficient
sampling to create images at the resolution of the hydro-grid. For making the radio maps, we
assumed a constant magnetic field strength ofB = 5.0 µGauss, seevan Weeren et al.(2010).

It takes about 1.0 Gyr for the two relics to be separated by 2.8Mpc after core passage. This
number varies very little for mass ratios between 1.5:1 and 3:1. For impact parametersb > 0 kpc
the time since cores passage only increases slightly to about 1.1 Gr forb = 5rc,1 (e.g., Fig.10.3).
Therefore, the time since core passage does not depend much on the adopted initial conditions
such as the mass ratio and impact parameter. However, the time since core passage will also
depend on the adopted total mass of the system and on the temperature profile, since this affects
the sound speed. Detailed X-ray observations would be helpful here to better constrain the total
mass and measure the temperature profile.

10.4.1.1 Mass ratio

We varied the mass ratios for the collisions between 1 : 1 and 3: 1. The mass ratio (which also
set the core radii) affects the size of the two outwards moving shock waves after core passage.
The resulting radio maps for mergers with four different mass ratios are displayed in Fig.10.4
and the largest linear extent of the relics are listed in Table 10.2. The radio maps display a
double relic system, with the front of the two relics tracingthe shock waves. Towards the cluster
center and the left/right edges of the relics, the surface brightness decreases. The size of the
shock waves (theM & 2 part) directly reflects the extent of the relics in the radiomaps.

We compare the synthetic radio maps to the observed 1382 MHz WSRT map. The observed
and synthetic maps are aligned by eye to the bright northern relic in CIZA J2242.8+5301, by
simple translation and rotation. With a visual comparison and the taking into account the sizes
listed in Table.10.2, we find the best match between the observed and simulated radio maps for
a mass ratio around 2 : 1 to 1.5 : 1 For more equal mass ratios the bottom relic increases to a
size that is larger than the observed size. The opposite happens for larger mass ratios. When we
compare the simulated radio images with the temperature mapin Fig. 10.3(left panel) we note
that the relic emission does not trace the full extent of the shock waves. This is a consequence
of the non-linear relation between the Mach number and normalization of the radio spectrum,
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Figure 10.1: Temperature and density evolution for a 2:1 merger with zero impact parameter. The images display the temperature at a slicez = 0, while
the white contours follow the density. The density contoursare drawn at levels of log10 (ρ([g cm−3]) = [−27.9,−27.8,−27.7, . . .].



S
ectio

n
1

0
.4

.
R

esu
lts

2
1

3

Figure 10.2: Temperature and density evolution for a 2:1 merger with an impact parameterb = 4rc,1. The images display the temperature at a slicez = 0,
while the white contours follow the density. The density contours are drawn at levels of log10 (ρ([g cm−3]) = [−27.9,−27.8,−27.7, . . .].
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Figure 10.3: Velocity field for a 2:1 merger with impact parametersb = 0 kpc (left) andb = 4rc,1 (right) for the slicez= 0. The two snapshots were chosen
such that the center of the two shock waves have a linear separation of 2.8 Mpc. The images display the temperature distribution. The maximum absolute
velocity is∼ 1400 km s−1.
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Table 10.1: List of simulations with their defining parameters

run mass ratioa impact parameter (b) rc,1, rc,2 Tavg,1, Tavg,2 vy
c comment

M1 : M2 kpc kpc, kpc keV, keV km s−1

R11b0 1:1 0 115, 115 4.1, 4.1 −937
R1.51b0 1.5:1 0 126, 101 4.5, 3.7 −927
R21b0 1:1 0 134, 90 4.7, 3.3 −922
R2.51b0 2.5:1 0 139, 84 4.8, 3.1 −926
R31b0 3:1 0 145, 80 5.0, 3.0 −944
R21b0.5 2:1 1rc,1 = 67 kpc 134, 90 4.7, 3.3 −922
R21b1 2:1 1rc,1 = 134 kpc 134, 90 4.7, 3.3 −921
R21b2 2:1 2rc,1 = 268 kpc 134, 90 4.7, 3.3 −916
R21b3 2:1 3rc,1 = 402 kpc 134, 90 4.7, 3.3 −908
R21b4 2:1 4rc,1 = 536 kpc 134, 90 4.7, 3.3 −897
R21b5 2:1 5rc,1 = 670 kpc 134, 90 4.7, 3.3 −883
R21b0β0.5 2:1 0 82.6, 90 4.7, 3.3 −922 β1 = 0.5
R21b0β0.75 2:1 0 162.5, 90 4.7, 3.3 −922 β1 = 0.75
R21b0cc 2:1 0 134, 90 4.7, 3.3 −922 cool coreb for cluster 1
R21b0ss (A=0.2,λ = 100 kpc) 2:1 0 134, 90 4.7, 3.3 −922 substructure
R21b0ss (A=0.3,λ = 75 kpc) 2:1 0 134, 90 4.7, 3.3 −922 substructure
R21b0ss (A=0.3,λ = 150 kpc) 2:1 0 134, 90 4.7, 3.3 −922 substructure
R21b0ss (A=0.3,λ = 200 kpc) 2:1 0 134, 90 4.7, 3.3 −922 substructure
R21b0ss (0.4, 200 kpc) 2:1 0 134, 90 4.7, 3.3 −922 substructure

a subscript 1 refers to the most massive subcluster,M1 + M2 = 5.5× 1014 M⊙
b Tmin,1/Tavg,1 = 0.3, rcool,1 = 50 kpc and ,acool,1 = 2
c starting velocity in y-direction for the least massive cluster 2 (Eq.10.13)
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Table 10.2: Relic sizes

top relic bottom relic
CIZA J2242.8+5301 1700 1450
run R1.51b0 1730 1570
run R21b0 1670 1220
run R2.51b0 1680 930
run R31b0 1690 660

discussed in Sect.10.3.1. BelowM ∼ 2 there is no observable radio emission generated.
Another reason for the gradual disappearance of the radio emission at the right/left edges of the
relics is that the amount of projected shock surface along the line of sight decreases.

10.4.1.2 Impact parameter

Taking the 2 : 1 merger event, we varied the impact parameter,see Fig.10.4. As discussed in the
beginning of Sect.10.4, two asymmetric shock waves develop, breaking the cylindersymmetry
(or reflection symmetry in the resulting image) around the merger axis. The variation in Mach
number across the shock front and the amount of projected shock surface along the line of sight
cause the radio emission to fade away more slowly on one side of the radio relics. Integrated
brightness profiles for the top relic across the y-axis are shown in Fig.10.5(top panel). The total
extent of the relic decreases by about 10% fromb = 0 kpc tob = 5rc,1.

The CIZA J2242.8+5301 relics are more or less symmetrically located along theproposed
merger axis, although the brightness profile at the east end of the northern relic is not well
determined because of a bright compact radio source at this location. To obtain a better match
with the observed radio map, we reflected the map along the y-axis, i.e., placing the off-axis
merger point on the other side (this is equivalent of changing the impact parameter fromb to
−b). The simulated profiles all peak aroundx = 0 kpc, while the observed profile does not. From
these profiles it is therefore difficult to constrain the impact parameter. However, by lookingat
Fig. 10.4 we find thatb . 3rc,1 is required to obtain a reasonable match. For larger impact
parameters the curvature of top shock does not match the observed one (i.e., this can be seen on
the right side of the top relic in the R21b4 panel from Fig.10.4).

10.4.1.3 Viewing angle

We varied the viewing angle (i) by rotating our computational box around the x-axis beforepro-
jecting it along the line of sight. The extent of the emissiontowards the cluster center increases
by about a factor of three fromi = 5◦ to i = 30◦, see Fig.10.4. Radial profiles of the bright-
ness distribution are shown in Fig.10.5 (middle panel). The outer edge of the northern relic
in CIZA J2242.8+5301 is very pronounced and the brightness of the radio emission drops also
quickly towards the cluster center, therefore the relic is likely seen close to edge on, roughly
under an angle. 10 deg. In all cases, the simulated brightness profiles do notreproduce the
very quick drop towards the cluster center as it is observed for the northern relic. The southern
relic is more diffuse and extended in CIZA J2242.8+5301, as is the case in our simulated maps.
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Figure 10.4: Simulated radio emission for cluster mergers with different mass ratios (top row), impact
parameters (middle row) and viewing angles (bottom row). The radio maps to the hydrodynamical snapshot
where the two shock are separated by 2.8 Mpc. The images span 3.4×3.4 Mpc. WSRT 1382 MHz contours
from CIZA J2242.8+5301 are overlaid on the synthetic radio images. Contours are spaced by factors of
four in brightness.
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Figure 10.5: Left: integrated brightness profiles across the y-axis for the top relic. Black line displays the observed profile for the northern relic in CIZA
J2242.8+5301. Black dashed line:b = 0 kpc, black dash-dotted line:b = 1rc, black dashed-triple-dotted line:b = 2rc, grey solid line:b = 3rc, grey
dashed line:b = 4rc, grey dash-dotted line:b = 5rc. Middle: integrated brightness profiles across the x-axis from |x| < 100 kpc for the top relic for relics
seen under different viewing angles. Solid line displays the observed profile for the northern relic in CIZA J2242.8+5301, dotted line :i = 0◦, dashed line:
i = 5◦, dash-dotted line:i = 10◦, dash-triple-dotted line:i = 20◦, long dashed line:i = 30◦. Right: integrated brightness profiles across the x-axis from
|x| < 100 kpc for simulations including substructure. Solid linedisplays the observed profile for the northern relic in CIZA J2242.8+5301, dashed line: no
substructure, dash-dotted line:A = 0.2, λ = 100 kpc, dash-triple-dotted line:A = 0.3, λ = 150 kpc, long dashed line:A = 0.4, λ = 200 kpc.
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10.4.1.4 β-model

One of the parameters which could influence the size of the radio relics is the core radius used
in ourβ-profile (Eq.10.7). Because the total mass is fixed in our simulations the core radius is
set by theβ parameter in Eq.10.7. We changedβ from the default value of 2/3 to 0.5 and 0.75
for the most massive cluster to investigate the effect this has on the produced radio maps. For
β = 0.5, the core radius decreases from 134 kpc to about 83 kpc, while for β = 0.75 the core
radius increases to 163 kpc. We run the simulations with these different core radii andβ values
for the standard R21b0 merger scenario. The resulting radiomaps are displayed in Fig.10.6.

The change inrc,1 has a direct influence on the size of the resulting shock wavesand radio
relics formed. Forrc,1 = 83 kpc, the northern and southern relics are almost a factor of 2 smaller
in size. Forrc,1 = 163 kpc, the relics have a slightly larger size and are similar to the R1.51b0
merger (see Fig.10.4). This implies that our best fitting mass ratio found in Sect.10.4.1.1depend
on the adopted core radii. In particular if the most massive cluster has a larger core radius this
mimics a merger with a smaller mass ratio (e.g., 1.5 : 1), see Fig.10.4. By increasing the core
radius of the less massive subcluster the size of the smallersouthern relic can be increased, to
some extent mimicking a 2.5 : 1 merger. Taking different core radii, the range of matching mass
ratios for CIZA J2242.8+5301 is therefore larger and lies roughly between 1.5 : 1 and 2.5 : 1 .

10.4.1.5 Cool core

In massive relaxed galaxy clusters the ICM temperature decreases strongly towards the center.
To investigate the effect of such a cool core, we add a central cool core to the most massive
subcluster using Eq.10.10. We take typical value ofTmin/Tavg = 0.3, rcool = 50 kpc and
rcool = 2 (e.g.,Vikhlinin et al. 2006) and use the standard R21b0 merger scenario. We find that
the addition of a central cool core does not influence the sizeand shape of the resulting radio
relics. The resulting radio map looks almost identical to the default R21b0 merger map, see
Fig. 10.4.

10.4.2 Spectral index

We computed a spectral index map between 610 and 1382 MHz for the R21b0 merger, again
taking a constant magnetic strength of 5µGauss, see Fig.10.7. We find that the spectral index
in front of the two relics is∼ −1.1, while the spectral index steepens quickly to∼ −2 in the
direction of the cluster center. After the initial spectralsteepening toα ∼ −2, the spectral index
remains constant. The radio emission in this region comes from (i) aged radio plasma with a
steep spectrum in the post-shock region and (ii) projected radio emission from the front of the
shock wave with a flatter spectral index of∼ −1.

The observed spectral index in front of the northern CIZA J2242.8+5301 relic is flatter,
with α ∼ −0.6 or−0.7, than in our simulated spectral index map. The observed spectral index
corresponds to aM = 4.6 shock. In the our R21b0 merger, we find a Mach number of about
2.7–2.4 for the upper shock wave. This translates intoαinj = −0.8 to −0.9. However, in the
simulated mapα is steeper by about 0.3 units at the front of the relic. This difference is caused
by the limited spatial resolution (∼ 50 kpc) of our synthetic radio map: radio emission directly at
the front of the shock withαinj ≈ −0.85 is always mixed with some emission from particles that
have already have undergone some synchrotron losses. For CIZA J2242.8+5301 this implies
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Figure 10.6: Top row: Simulated radio emission for R21b0 cluster merger with different values ofβ1 and rc,1 and for a R21b0 cluster merger with the
two halos sticking at core passage, which represents the extreme case of infinite tidal friction. Bottom row: Simulated radio emission for a R21b0 cluster
mergers with substructure. Contours are the same as in Fig.10.4. The images span 3.4× 3.4 Mpc.
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Figure 10.7: Simulated spectral index map between 610 and 1382 MHz for the R21b0 merger. The small
scale spectral index variations seen in the post-shock region are due to the finite number of particles used
to compute the radio map.

that the true injection spectral index is probably even flatter than−0.6, if the shock front has a
similar shape as in our simulations.

10.5 Substructure & clumping

Real mergers are more complex than in our idealized simulations. Hence, the detailed prop-
erties, such as the shapes or brightness profiles of radio relics, do not necessarily match with
the observations. In particular the presence of less massive substructures and galaxy filaments
extending from the large scale cosmic web will modify the shock morphologies and locations
(e.g.,Paul et al. 2011). Indeed, there are additional smaller relics located in CIZA J2242.8+5301
that points towards a more complex merger event. These more complex relics are also seen in
simulations which include large-scale structure formation with radio emission from shocks (e.g.,
Pfrommer et al. 2008; Hoeft et al. 2008; Battaglia et al. 2009). Although we cannot easily embed
our simulation into a large-scale cosmological environment, we investigate the effect of small
scale (. 200 kpc) substructures/clumps. Matter falling onto clusters is expected to be clumpy in
nature and the clumps have typical dimensions of galaxies orsmall galaxy-groups (Roncarelli
et al. 2006). If the gas in the cluster’s outskirts is clumpy, and this isnot taken into account, it can
lead to an overestimation of the baryon fraction and affect the derived entropy and pressure pro-
files (e.g., Simionescu et al. 2011). The presence of well-defined radio relics with sharp outer
rims can be used to constrain the amount of clumping in the ICMat large distances (& 1 Mpc)
from the cluster center.

We modified our initial density and temperature profiles by adding sinusoidal density fluc-
tuations throughout the computational volume. The two parameters which control this are the
relative amplitude (A) and wavelength (λ) of these density fluctuations. These sinusoidal waves
were inserted parallel to the x, y and z-axes. To keep the pressure unchanged, we also included
temperature fluctuations that are inversely proportional to the density fluctuations, see Fig.10.8
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Figure 10.8: Left: Temperature distribution at the slicez= 0 for the R21b0ss (A=0.4,λ = 200 kpc) merger.

for an example. We carried out several runs changing the amplitude and wavelength of the fluc-
tuations. Radio images from runs withA = 0.2, 0.3, 0.4 andλ = 100, 150, 200 kpc, respectively,
are shown in Fig.10.6. Brightness profiles along the y-axis are displayed in Fig.10.5(bottom
panel).

The resulting radio relics are similar in shape to the canonical R21b0 merger map, but the
relics are wider and display brightness fluctuations in the radio emission. The effect of this
substructure is that the outer boundary of the relics is lesswell defined. For relics observed
close to edge-on, projection effects average out some of the variations in the strength of the
radio emission. The northern relic in CIZA J2242.8+5301 has a smooth appearance and well-
defined outer rim. This probably implies that few clumps are present this location in the ICM.
We find that the radio maps withA & 0.3 do not provide a good match to the observed northern
relic in CIZA J2242.8+5301. There is little difference between runs withA = 0.3 andλ =
75, 150, 200 kpc. We can therefore put upper limits on the amplitude ofdensity fluctuations of
roughly 30%, for substructures with scales of. 200 kpc, at the location of the northern relic.
This means that clumping appears to be much less than that inferred from Suzaku observations
of Perseus with

√

< n2
e > / < ne >2 ∼ 3− 4 near the virial radius (e.g.,Simionescu et al. 2011).

The reason for this could be that the shock waves in CIZA J2242.8+5301 are expanding into a
region sufficiently far from filaments such that it is largely free from infalling substructure.

A more realistic representation of density clumps could probably be used to put tighter
constraints on the amount of substructure. This is beyond the scope of this paper and we leave
this for future work.
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10.6 Discussion

10.6.1 Effect of dark matter dynamics

Clearly, a gross simplification of our setup is the treatmentof the gravity in the form of rigid
potentials that move on set trajectories without interacting. In reality, the dark matter particles of
the progenitor halos will interact in the course of the merger to form a new halo. In the course of
this, the potential changes mainly due to two effects: i) dynamic friction and ii) tidal shocking.
The first one is the most important effect. After core passage, it will cause the halos to slow
with respect to each other until they turn around on their orbits. As the merger shock waves
are running out of the cluster faster than the speeds of the halos with respect to each other, this
will not change the results dramatically. To test the magnitude of this effect, we ran a simulation
where we made the two halos stick at core passage, which represents the extreme case of infinite
tidal friction. The result is shown in Fig.10.6. The relics are now somewhat narrower (about
10% for the top relic) but apart from that there are not many changes in the radio map even
though the temperature and density are quite different in the center. The main change are the
lower Mach numbers (which drop from 2.7 to 2.2, and from 2.2 to1.9 for the top and bottom
relics compared to the default R21b0 merger), but since thisaffects both for the top and bottom
shocks the end result is not too different from the default R21b0 map. Finally, we ignore the
effect of tidal shocking, which leads to heating of the central DM orbits of the cluster and leads
to a puffing up of the potential. This will affect the cluster potential within the core radius but
will leave the regions where the shocks are located largely unaffected. For a proper simulation
of this effect, one would need to resort to a simulation with a dynamic DMcomponent.

10.6.2 Relic width and brightness profiles

One of the most intriguing properties of the northern relic in CIZA J2242.8+5301 is its very
narrow width and rather uniform luminosity along its extent. From our simulated radio map we
find the brightest part of the top relic to be∼ 20% wider than the observed width. In Sect.10.6.1
we found a smaller width by including infinite tidal friction. This affects the shock downstream
velocity, which determines how far the the synchrotron emitting electrons are carried away from
the shock front (e.g.,Markevitch et al. 2005). The relic’s width is linearly proportional to the
downstream shock velocity. In case of infinite tidal friction the simulated radio relic is only
∼ 10% wider compared to the observed width. In addition, the width depends on the adopted
magnetic field strength, but increasingB to 7µGauss decreases the width only by a few percent.
This implies that projection effects and the finite resolution of our simulations play and important
role in determining the width.

For the southern relic, the emission fades slowly towards the east and west ends. The reason
why this does not happen for the top relic in the simulation isbecause of the quick drop in the
Mach number at|x| > 850 kpc, see Fig.10.3(left panel). However, for the CIZA J2242.8+5301
northern relic the integrated brightness profile across they-axis (Fig10.5, top panel) drops much
quicker and is flatter than in the simulations. The reason forthis is unclear, it could be caused
by variations in the magnetic field strength, Mach number, orbecause the shock surface is more
complex. The Mach number found from the injection spectral index is higher than that in the
simulations (4.6 versus 2.7 for the northern relic), this difference is puzzling. It could indicate
that our temperature profiles are not correct or that Eq.10.3, which linksαinj andM, is not
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directly applicable. X-ray observations are crucial here to directly determine the Mach number
from the temperature jump.

10.6.3 Origin of single radio relics

Another interesting outcome of our simulations concerns the existence of single radio relics,
e.g., the relic in A521 (Giacintucci et al. 2008). In binary cluster mergers, two shocks should
be generated and hence one expects the majority of relics to come in pairs. In the simulations
with mass ratios& 3 very little radio emission is generated by the shock wave infront of the
less massive subcluster. The Mach number of these shocks is quite low (M . 2) and the
shock surfaces are small, which results in very little observable radio emission. Based on the
simulations, one would thus expect most double relics to be located in merging systems with
small mass ratios, while single should be found in mergers with larger mass ratios.

10.6.4 A quantitative metric for the goodness of fit

We did not define a quantitative metric for the goodness of fit between the simulated and ob-
served radio images. This paper is meant to be illustrative of the potential of the method and in
this work we chose to apply it only to the relics in CIZA J2242.8+5301. We also note that the
position, shape, and surface brightness distribution of relics are influenced by the cluster envi-
ronment (e.g., connected galaxy filaments) which affect the derived merger parameters. How-
ever, for future work when constraining merger parameters for larger numbers of double relics
systems, it is important to develop a metric for the goodnessof fit. We discuss here a possible
approach and address some of the issues involved.

A first step should be the removal (or masking) of point sources and extended radio galax-
ies. In addition, one may have to subtract the emission from aradio halo in the cluster center.
Removing extended radio galaxies and a radio halo is not entirely trivial as the spatial scales
of these structures can be comparable to that of relics. However, this should still be feasible as
double radio relics are relatively bright and their morphology is quite different from radio halos
or radio galaxies.

For constraining the merger parameters there are two aspects that can be considered: (i) the
spatial information of the location of the relics and (ii) the brightness distribution. We ignore
information about the spectral and polarization properties because this complicates matters and
this information is not available for all double relics. Dueto the uncertainties in the magnetic
field strength the brightness of the emission is probably nota very good criteria for a quantitative
metric. It is also not entirely clear under what conditions relics precisely form, i.e, in the case
of Abell 2146 two shocks are found in a Chandra X-ray image, but no bright radio relics are
detected (Russell et al. 2010, 2011).

Radio relics, especially their outer edges, should directly trace the location of the merger
shock waves and thus provide most of the constraints for the merger scenario. This is also what
we mainly used in our qualitative comparison for the relics in CIZA J2242.8+5301. The viewing
geometry is mostly constrained from the downstream extent of the relics. In the light of what
we discussed above, we propose a two-dimensional spatial cross-correlation. This should be
repeated for every possible rotation angle for a given imagefrom the simulations. The height
of the peak in the cross-correlation then gives a quantitative metric for the goodness of fit for
a single simulated image. Image scaling should not be considered here as this relates to the
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absolute sizes and distances of the relics which evolve overtime, and the time since core passage
is one of the parameters we wish to constrain. The process canthen be repeated for different
merger parameters (mass ratios and impact parameters), snapshots in time and viewing angles
to find the best fit. Because the brightness distribution is uncertain, we propose to apply a fixed
cut in the radio flux (a few times the noise level in the observed radio image), and put all pixels
values to either 1 (emission) or 0 (no emission). This is donealso for the simulated images.
The overall normalization of the simulated radio emission can be fixed by normalizing to the
total flux in the observed image. Instead of a cross-correlation, one could also consider a simple
image subtraction (after x, y-shifting and rotation) followed by taking the sum of the absolute
difference. It may be worth giving the outer edges of the relics a somewhat large weight in the
process, for example by setting these to a higher value (e.g., 2), some experimentation will be
needed here. Applications of these cross-correlations shall be reserved for future work.

10.7 Summary

We have presented simulated radio maps of idealized binary cluster mergers, varying the mass
ratios, impact parameters, viewing angles and density/temperature profiles. The radio emission
in these simulations is produced by relativistic electronswhich are accelerated via the DSA
mechanism in the shock waves created by the merger event.

We have used these simulated radio maps to constrain the merger scenario for the cluster
CIZA J2242.8+5301, which hosts a Mpc scale double radio relic. We find that amerger with a
mass ratio between 1.5 : 1 and 2.5 : 1 provides the best match to the observed radio emission
in this cluster. The main uncertainty in the derived mass ratio comes from the unknown core
radii of the clusters before the merger. The viewing angle ismostly constrained by the extent of
the top relic towards the cluster center, additional substructure/clumps also increase the relic’s
extent in the downstream region. Since the observed extent is only 55 kpc this implies that the
relic is seen close to edge-on (i.e.,i . 10◦). The impact parameter is difficult to constrain as
the observed brightness profile along the x-axis is not reproduced for any our merger scenarios.
Only for b & 3rc,1 ≈ 400 kpc we find that the curvature of the simulated relics do not match
with the observations. From our simulations we find that the time since core passage does not
depend much on the adopted initial conditions. We thereforeconstrain this number to 1.0 Gyr,
although it also depends on the adopted total mass of the system and temperature profile.

One of the main uncertainties for comparing the simulated radio emission with observations,
in particular the brightness profiles, is the structure and strength of the magnetic field. Especially
the brightness profile of the main relic along the relic’s length is not well reproduced by our
simulations. Little is known about the magnetic field strength at distances larger than 1 Mpc
from the cluster center. Using equipartition arguments magnetic fields strengths of the order of
∼ 1 µG have been derived (e.g.,Govoni & Feretti 2004). Upper limits on the IC emission from
radio relics indicate magnetic fields of a fewµG (e.g.,Nakazawa et al. 2009; Finoguenov et al.
2010). Faraday rotation measures give similar results (e.g.,Bonafede et al. 2010). However,
the spatial variations of the magnetic field strength at these distances from the cluster center
are unknown. In addition, several smaller relics are found in the cluster which are not present
in our simulations. These relics are probably caused by additional substructures which are not
included in our initial conditions.

We find that radio relics can be used to put constraints of the amount of clumping or sub-
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structure in the ICM at large distances (about 1 to 2 Mpc) fromthe cluster center, under the
assumption that relics are tracers of shocks. The sharp outer boundary of the northern relic
in CIZA J2242.8+5301 implies density fluctuations with an amplitude. 30% of the average
density (the size of fluctuations being∼ 200 kpc).

The simulations also indicate that most double relics should be located in merging system
with mass ratios between 1 : 1 and 1 : 3, while single radio relics from in clusters that undergo
less energetic mergers with larger mass ratios.

We conclude that double radio relics can be used to constraincluster merger events, which
is especially useful when detailed X-ray observations are not available. Relics are often located
at large distances from the cluster center, where the density is so low that even deep X-ray
observations cannot be used to probe the physical conditions there (e.g., to measure the tem-
perature jump). In addition, relics can be located in lower-mass systems where the thermal
X-ray emission is not detected in the ROSAT All Sky Survey, for example (Voges et al. 1999).
Some examples of possible radio relics in poor systems without a X-ray counterparts have been
reported byBrown & Rudnick(2009); van Weeren et al.(2009c, 2011e).

One important parameter is the strength and structure of themagnetic field at the location of
the radio relics. MHD simulations of cluster mergers will beneeded to study the variations and
strength of the magnetic field at large distances from the cluster center, and investigate the effect
this has on the derived merger parameters from radio maps.
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CHAPTER 11

The discovery of diffuse steep spectrum sources in Abell 2256

Abstract. Hierarchical galaxy formation models indicate that duringtheir lifetime galaxy clus-
ters undergo several mergers. An example of such a merging cluster is Abell 2256. Here we
report on the discovery of three diffuse radio sources in the periphery of Abell 2256, using the
Giant Metrewave Radio Telescope (GMRT). The aim of the observations was to search for dif-
fuse ultra-steep spectrum radio sources within the galaxy cluster Abell 2256. We have carried
out GMRT 325 MHz radio continuum observations of Abell 2256.V, R and I band images of
the cluster were taken with the 4.2m William Herschel Telescope (WHT). We have discovered
three diffuse elongated radio sources located about 1 Mpc from the cluster center. Two are lo-
cated to the west of the cluster center, and one to the southeast. The sources have a measured
physical extent of 170, 140 and 240 kpc, respectively. The two western sources are also visible
in deep low-resolution 115− 165 MHz Westerbork Synthesis Radio Telescope (WSRT) images,
although they are blended into a single source. For the combined emission of the blended source
we find an extreme spectral index (α) of −2.05±0.14 between 140 and 351 MHz. The extremely
steep spectral index suggests these two sources are most likely the result of adiabatic compres-
sion of fossil radio plasma due to merger shocks. For the source to the southeast, we find that
α < −1.45 between 1369 and 325 MHz. We did not find any clear optical counterparts to the
radio sources in the WHT images. The discovery of the steep spectrum sources implies the ex-
istence of a population of faint diffuse radio sources in (merging) clusters with such steep spectra
that they have gone unnoticed in higher frequency (& 1 GHz) observations. Simply considering
the timescales related to the AGN activity, synchrotron losses, and the presence of shocks, we
find that most massive clusters should possess similar sources. An exciting possibility therefore
is that such sources will determine the general appearance of clusters in low-frequency high
resolution radio maps as will be produced by for example LOFAR or LWA.

R. J. van Weeren, H. T. Intema, J. B. R. Oonk, H. J. A. Röttgering, and T. E. Clarke
Astronomy& Astrophysics, 508, 1269, 2009
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11.1 Introduction

Models of large-scale structure (LSS) formation show that nearly all galaxy clusters grow via
mergers of smaller clusters and sub-structures. These mergers can create shocks and turbulence
within the intra cluster medium (ICM) that are likely to amplify magnetic fields and accelerate
relativistic particles. In the presence of magnetic fields,these particles will emit synchrotron
radiation, observable at radio frequencies (see the reviewby Ferrari et al. 2008, and references
therein). Giant peripheral radio relics are thought to be tracers of the shock waves generated
by cluster mergers (Ensslin et al. 1998; Miniati et al. 2000). At the location of the shock front
particles are accelerated via diffusive shock acceleration (DSA) by the Fermi-I process (e.g.,
Drury 1983; Blandford & Eichler 1987; Jones & Ellison 1991; Malkov & O’C Drury 2001).
Shock waves generated by cluster mergers can also compress fossil radio plasma from previous
episodes of AGN activity and produce radio relics (Enßlin & Gopal-Krishna 2001; Enßlin &
Brüggen 2002). Proposed examples of these radio relics, also called radio phoenices, are the
sources found bySlee et al.(2001). These sources have a steep spectral index1 (α . −1.5) and
filamentary morphologies. The steep spectral indices are the result of synchrotron and inverse
Compton (IC) losses.

Abell 2256 is a massive cluster located at a redshift of 0.0581 (Struble & Rood 1999). Ex-
tensive observations from X-ray to radio wavelengths have shown that the cluster is presently
undergoing a merger with a smaller sub-structure. These X-ray observations revealed significant
sub-structure within the cluster. The most prominent feature are two separate X-ray peaks (Briel
et al. 1991; Briel & Henry 1994; Sun et al. 2002) providing strong evidence that Abell 2256
is indeed undergoing a merger. At radio wavelengths, the cluster shows a very complex mor-
phology. The cluster is known to host a bright peripheral radio relic, a radio halo, a number
of complex relatively compact filamentary sources, and several “head-tail” sources (Bridle &
Fomalont 1976; Bridle et al. 1979; Röttgering et al. 1994; Miller et al. 2003; Clarke & Ensslin
2006; Brentjens 2008).

Here we present deep 325 MHz radio continuum observations ofAbell 2256 with the GMRT,
complemented by WSRT 115− 165 MHz observations and optical WHT imaging. In this paper
we focus on the discovery of three diffuse sources in the cluster periphery. A detailed com-
parison of the other sources in the cluster has been presented by Intema(2009). The layout
of this paper is as follows. In Sect.11.2we give an overview of the observations and data re-
duction. In Sect.11.3we present the radio and optical maps. We end with a discussion and
conclusions in Sects.11.4and11.5. Throughout this paper we assume aΛCDM cosmology
with H0 = 73 km s−1 Mpc−1, Ωm = 0.27, andΩΛ = 0.73. At the distance of Abell 2256
1′′ corresponds to 1.08 kpc (Wright 2006).

11.2 Observations & data reduction

Abell 2256 was observed with the GMRT at a frequency of 325 MHz. The observations recorded
both LL and RR polarizations in two sub-bands (IFs) with a total bandwidth of 32 MHz, and
128 frequency channels per IF. The observations were carried out on May 25 & 26, 2008. The
absolute flux scale was set according to thePerley & Taylor(1999) extension of theBaars
et al. (1977) scale using the calibrators 3C48, 3C147, and 3C286. The total on-source time

1Fν ∝ να, with α the spectral index
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Figure 11.1: Left: Radio map at 325 MHz with a restoring beam size of 23.9′′ × 15.9′′, indicated in the
bottom left corner. The red contours are drawn at levels of [1, 2,4, 8, . . .] × 3σrms µJy beam−1. Various
sources are labeled with capital letters. Right: Optical images around AG+AH (top right panel) and AI
(bottom right panel) composed out of V (blue), R (green), andI (red) band images.
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for Abell 2256 was about 9.5 hours. The data were reduced using the NRAO Astronomical
Image Processing System (AIPS). The data was corrected for the instrumental bandpass and
complex gain solutions were determined using the calibrators and applied to our target source.
The sidelobes from six bright sources affected our target source in the center of the field. We
removed these six sources using the “peeling”-method (e.g., Noordam 2004). We used the
polyhedron imaging method (Perley 1989; Cornwell & Perley 1992) to reduce the effects of non-
coplanar baselines. The final primary beam corrected image was made using robust weighting
set to 0.5 (Briggs 1995), yielding a synthesized beam of 23.9′′ × 15.9′′. The rms noise in this
image was 119µJy beam−1.

A2256 was observed with the WSRT in 8 IFs, each IF having 2.5 MHz bandwidth and
128 channels, placed between 115 and 165 MHz. The total integration time was 6× 12 hours
using six different configurations (with four moveable antennas) to suppress grating lobes. Each
12 hour observation and IF were calibrated separately, correcting for the bandpass and slow gain
variations (using 3C48 and 3C295). The data was further self-calibrated using three rounds of
phase and one round of amplitude and phase selfcalibration.The data for the six configurations
were then combined per IF and imaged separately. The noise inthe images ranged between
5.0− 14.6 mJy beam−1, and the resolution varied from 175′′ at 115 MHz to 130′′ at 165 MHz.
For more details on the reduction seeIntema(2009).

Optical V, R and I band images were taken at the location of ournewly discovered sources
with the 4.2m WHT telescope (PFIP CCD camera) on April 19, 2009. The seeing during the
observations was about 1.5′′, the total exposure time was 600 s per band. The images were
reduced with IRAF (Tody 1986, 1993) using themscredpackage (Valdes 1998). All images
were flat fielded and bias-corrected. The I band image was fringe corrected. Zero-points were
determined using various observations of standard stars taken during the night. The final images
have a depth (SNR of 4 for point sources) of approximately 23.9, 24.2, 22.8 magnitude (Vega)
in the V, R and I band, respectively.

11.3 Results

We adopt the radio source labeling fromBridle & Fomalont(1976) andRöttgering et al.(1994).
The 325 MHz GMRT image (Fig.11.1) clearly shows the presence of the known AGN related
sources (A, B, C, and I), the bright peripheral relic (the combined emission from G and H) and
the complex source F. The radio halo is only partly visible around source D since the short-
est baselines were severely affected by RFI and had to be flagged. In this paper we focus on
three new diffuse sources discovered in the maps, which we label source AG,AH, and AI, see
Fig. 11.1. AG and AH are neighboring sources (about 1′) to the west of the cluster center and
have an extent of 130′′ and 160′′, respectively. Source AI is located on the SE side of the cluster
and has an extent of 220′′. The integrated 325 MHz fluxes are 7± 1, 12± 1, and 11± 1 mJy for
sources AG, AH and AI, respectively (by summing the flux within a region half an arcminute
outside the 3σ contours). Sources AG and AH are also seen in the 351 MHz imagepresented by
Brentjens(2008). However, due to the lower resolution of this image, the diffuse nature of the
sources is not apparent. Source AI is also seen in the same image, but only the southern brighter
part is visible. The northern half of AI is too faint to be visible in this map. At a redshift of
0.0581 the sources have a physical extent of 140 (AG), 170 (AH) and 240 kpc (AI). They are
located at a projected distance of about one Mpc from the cluster center.
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Figure 11.2: WSRT spectral index map between 140 and 351 MHz.Total intensity contours at 140 MHz
are shown at levels of [1, 2,4, 8,16, 32, ...] ×18 mJy beam−1. The total intensity map is a linear combination
of six IFs between 115 and 165 MHz. The 351 MHz image was taken from Brentjens(2008).

Optical images at the position of the radio sources are also shown in Fig11.1. At a redshift of
0.0581 any cluster member capable of hosting an AGN should bevisible in our optical images.
We cannot unambiguously identify an optical counterpart for sources AH and AI. The western
part of source AG may be identified with a background galaxy, (most likely) located behind the
cluster. However, no radio source at this location is found in 1.4 GHz Very Large Array (VLA)
images (Clarke & Ensslin 2006), indicating the source must have a steep spectrum.

11.3.1 Spectral indices

Sources AG+AH are detected in each individual WSRT band. Source AI is probably detected
(∼ 3σ) in a deep low-resolution (175′′) WSRT 140 MHz continuum image, a combination of
images from six IFs convolved to 175′′ resolution, see Fig.11.2(the images of two IFs affected
by strong RFI have been left out). By fitting a single spectralindex through the 6 individual IFs,
it was found that the spectral index around AG+AH was steeper by about -1.5 units than that of
the main relic to the east. A better spectral index map was created using the 351 MHz image
from Brentjens(Fig. 2 convolved to a resolution of 175′′). The spectral index of AG+AH in this
map is−2.05± 0.14.

Sources AG, AH and AI are not detected in deep 1369, 1413, 1513, and 1703 MHz VLA
C-array (L-band) observations fromClarke & Ensslin(2006), which have noise levels of 34, 40,
40, and 43µJy beam−1, respectively. This implies a steep spectrum for these sources and rules
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out an identification as a radio-loud AGN within the cluster (which have a typical spectral index
of −0.7). We combined these four L-band images to create a deeper image, using the 1369 MHz
image as a reference. The images were all convolved to a beam size of 16′′ × 16′′. The images
were scaled to a common flux scale by adopting different spectral indices ranging between−0.5
and−3.0, but we did not detect the diffuse sources in any of these combined maps. Using a
spectral index scaling of−1.0 resulted in a noise level about a factor 0.7 lower compared to
the 1369 MHz image. We have taken this image to derive an upperlimit on the spectral index
between 1369 and 325 MHz. The local rms noise level near AI in the combined L-band image
is 58µJy beam−1. AI covers an area of 61 beams (using the same area over which we measured
the integrated flux as reported in Sect.11.3). Assuming that the noise scales∝

√
Nbeams, with

Nbeamsthe number of beams, this gives an upper limit for the 1369 MHzflux of 1.36 mJy, using
a signal to noise ratio of (SNR) of 3 for a detection. Combinedwith the 325 MHz flux this
implies thatα < −1.45 for AI (between 325 and 1369 MHz). We do a combined analysisfor
sources AG and AH as they are not separable in the spectral index map. The rms noise level near
AG+AH is 40µJy beam−1. The sources cover an area of 92 beams, which gives an upper limit
of 1.15 mJy for the 1369 MHz flux, implying thatα < −1.95 (between 325 and 1369 MHz).
This is consistent with the spectral index of−2.05± 0.14 between 140 and 351 MHz.

11.4 Discussion

Three different origins have been proposed for the presence of radio relics in clusters: (i) in-situ
acceleration by the DSA mechanism, (ii) adiabatic compression of fossil radio plasma (produc-
ing radiophoenices), and (iii) AGN relics. The first mechanism is thought to be responsible for
the presence of giant Mpc-size radio relics in the peripheryof clusters, as is the case for the well
known bright relic in A2256. In the second case a passing shock wave in the ICM adiabatically
compresses fossil radio plasma, producing a radio phoenix.The morphologies of such sources
can be filamentary or toroidal (Enßlin & Brüggen 2002). This radio plasma is proposed to origi-
nate from a previous episode of AGN activity. After the electrons have lost most of their energy
they become invisible as “radio ghosts”. At the passage of a shock wave they are revived (their
brightness increases) and they become visible again with very steep radio spectra. The size of
these sources is in general limited to a few hundred kpc as thetime to compress larger ghosts
would remove most of the energetic electrons responsible for the radio emission by radiative
energy losses (Clarke & Ensslin 2006). Radio plasma which originated from a previous episode
of AGN activity can remain visible as a steep-spectrum AGN relic. These sources are generally
fainter than radio phoenices of the same age, as no compression of radio plasma has taken place
(Enßlin & Gopal-Krishna 2001; Enßlin & Brüggen 2002). These AGN relics do not require
shocks from cluster mergers.

The two radio sources to the west of the cluster center are probably radio phoenices or AGN
relics, as they have steep radio spectra, relatively small sizes, are not clearly identified with
galaxies, and diffuse in nature. Since the cluster is undergoing a merger, and the sources do not
show a symmetric double lobe structure (like some of the AGN relics found byDwarakanath
& Kale (2009)), these sources are more likely to be radio phoenices than AGN relics. Spectral
modeling as carried out by e.g.,Intema(2009) andDwarakanath & Kale(2009) can be used to
separate between these two scenarios. At present we do not have enough flux measurements for
our sources available to carry out such an analysis. Source AI is located at the edge of the radio
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halo, this source could be a radio phoenix or a faint radio relic tracing a shock front.
Since the plasma from both radio phoenices and AGN relics should originate from AGN,

we have searched for any nearby galaxies that could have harbored an AGN. These galaxies are
marked with red crosses in Fig.11.1. Sources AG and AH are located at the end of head-tail
source C. It could be that the radio plasma originated from this tail. Other galaxies located in
the cluster are also present in the neighborhood: 2MASX J17002352+7842076 (z = 0.058834,
Berrington et al. 2002), is located at the position of AG. For AH we find two possible galaxies,
Abell 2256:[BLC2002] 0056 (z = 0.056518) to the north, and 2MASX J16594813+7842055
(z = 0.055357) to the south. However, none of these are classified asa giant ellipticals which
are more likely to have been active. A typical maximum age fora radio phoenix is 108 yr (Enßlin
& Gopal-Krishna 2001). Using the velocity dispersion of 1269 km s−1 (Miller et al. 2003) for
A2256, the displacement radius would be around 130 kpc (∼ 2′). This radius could be several
times larger if the radio plasma is older, or if the host galaxy has a higher peculiar velocity.
Within the range of several hundreds of kpc many cluster members are found, we therefore
cannot identify the sources of the radio plasma.

There are about 50 elliptical galaxies within the cluster which can host an AGN, 15 of
which are observed to be radio-loud (Miller et al. 2003; Berrington et al. 2002). This radio-
loud fraction is consistent with the results fromBest et al.(2005) for the general population of
massive galaxies.Enßlin & Gopal-Krishna(2001) showed that the fossil radio plasma in radio
ghosts needs to be revived within 108 to 109 yr to become a radio phoenix, depending on the
synchrotron losses. Here we adopt the more conservative value of 108 yr. The number of radio
phoenices in a cluster (Nphoenix) is the product of the number of inactive AGNs in a cluster, that
produced radio ghosts less than 108 yr old (Nghost), and the fraction of them being compressed
( fcompressed) by (merger) shocks waves:Nphoenix = Nghost× fcompressed. To estimateNghost one
needs to know which fraction of elliptical galaxies in a cluster goes through phases of AGN
activity and their duty cycle. These numbers are not well constrained, but we know that the
fraction of active AGN is at least 15/50= 0.3 in the case of A2256. Estimates for the duty cycle
of AGN are around 108 yrs (e.g.,Bı̂rzan et al. 2004; Pope et al. 2006; Shabala et al. 2008), but
these estimates vary by an order of magnitude and are only forcD galaxies in the center of cool
core clusters. Although it is difficult to estimate the number of radio phoenices in a cluster, the
fact that there are several radio phoenices in A2256 makes itlikely that other merging clusters
have radio ghosts, which have been revived by merger shock waves and are visible as radio
phoenices.

11.5 Conclusions

We have presented GMRT 325 MHz radio observations of the cluster Abell 2256. Our radio
maps reveal the presence of three diffuse sources located in the periphery of the cluster. The
sources have a steep spectrum. For the combined emission from AG and AH we findα =
−2.05± 0.14 between 140 and 351 MHz. For AI we set an upper limit ofα < −1.45 between
325 and 1369 MHz. Optical images do not reveal any obvious counterparts. Source AI could be
a faint radio relic tracing a shock front in the ICM or a radio phoenix. Detailed spectral index
modeling and/or deep X-ray observations (searching for shock fronts within the ICM) could be
used to separate between these scenarios. Sources AG & AH aremost likely radio phoenices,
fossil radio plasma from a previous episode of AGN activity that has been compressed by merger
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shock waves. Although, we cannot exclude the possibility that the sources are AGN relics. In
this case the sources might be related to the long head-tail source C within the cluster.

Most massive merging clusters should possess similar sources, considering the timescales
related to AGN activity, the number of active AGN in clusters, the presence of shocks, and
synchrotron and IC losses. These sources are very faint at high-frequencies (& 1 GHz) so they
have gone previously unnoticed. Since the radio spectra of these sources are steep, they will
probably determine the observed appearance of clusters in low-frequency radio maps as will be
produced for example by LOFAR (Röttgering et al. 2006) or the Long Wavelength Array (LWA;
Kassim & Erickson 2008).
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CHAPTER 12

LOFAR Abell 2256 observations between 18 and 67 MHz

Abstract.
Abell 2256 is one of the best known examples of a galaxy cluster hosting large-scale diffuse

radio emission that is unrelated to individual galaxies. Itcontains both a giant radio halo and
a relic as well as number of head-tail sources and smaller diffuse steep-spectrum radio sources.
The origin of radio halos and relics is still being debated, but over the last years it has become
clear that the presence of these radio sources is closely related to galaxy cluster merger events.
Here we present the first LOFAR Low-band antenna (LBA) observations of Abell 2256 between
18 and 67 MHz. To our knowledge, the images made at 20, 30 and 63MHz are the deepest
ever obtained at frequencies below 100 MHz. Both the radio halo and the giant relic are clearly
detected in the LBA image at 63 MHz, and the diffuse radio emission remains visible at fre-
quencies as low as 20 MHz. The observations confirm the presence of a previously claimed
ultra-steep spectrum source to the west of the cluster center with a spectral index of−2.3± 0.4
between 63 and 153 MHz. The steep spectrum suggests that thissource is an old part of the
head-tail radio source C in the cluster. For the radio relic we find an integrated spectral index of
−0.81± 0.03, after removing the flux contribution from the other sources. This flat integrated
spectral index could indicate that in the observed frequency range the electron cooling time is
longer than the age of the relic. If shocks are assumed to be responsible for relic formation, this
would imply that the relic traces a shock that only recently formed (within the last∼ 0.1 Gyr).
In the radio halo region we find indications of low-frequencyspectral steepening.

R. J. van Weeren et al., on behalf of the LOFAR collaboration
to be submitted
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12.1 Introduction

Radio halos and relics are diffuse radio sources, unrelated to individual galaxies, foundin dis-
turbed galaxy clusters (see the reviews byFeretti 2005; Ferrari et al. 2008, and references
therein). These sources are rare – only several dozen examples have been previously identi-
fied. The presence of diffuse radio emission indicates magnetic fields and relativistic particles
in the intracluster medium (ICM) that are (re)accelerated in-situ, due to the limited lifetime of
the synchrotron emitting electrons (Jaffe 1977). The origin of this diffuse emission is presently
still being debated and is crucial for understanding the non-thermal component in the ICM and
particle acceleration mechanisms.

Over the last decade it has become clear that the diffuse radio emission in galaxy clusters
is often related to galaxy cluster merger events (e.g.,Cassano et al. 2010b; van Weeren et al.
2010). It is also predicted in the framework of the concordant cosmological model that galaxy
clusters grow as a result of the mergers of smaller clusters and sub-structures creating turbulence
and shocks (e.g.,Markevitch et al. 2002; Vazza et al. 2006; Russell et al. 2010) in their ICM.

Diffuse sources in merging clusters have commonly been classified as radiorelics andha-
los. In this context, elongated filamentary sources have generally been called relics. Relics are
usually further subdivided into three classes (see alsoKempner et al. 2004). (1) Radio Gis-
cht are large extended arc-like sources mostly found in the outskirts of galaxy clusters. They
are often highly polarized at frequencies& 1 GHz (20% or more). It has been proposed that
they directly trace shock waves (Ensslin et al. 1998; Miniati et al. 2001), in which particles are
accelerated by the diffusive shock acceleration mechanism (DSA;Blandford & Ostriker 1978;
Drury 1983; Blandford & Eichler 1987; Jones & Ellison 1991; Malkov & O’C Drury 2001) in a
first-order Fermi process. A related scenario is that of shock re-acceleration of pre-accelerated
electrons in the ICM, which may be a more efficient mechanism in weak shocks (e.g.,Marke-
vitch et al. 2005; Giacintucci et al. 2008; Kang & Ryu 2011) and might be needed because the
efficiency with which collisionless shocks can accelerate particles is unknown, and might not be
enough (e.g.,Macario et al. 2011) to produce the observed radio brightness. The pre-accelerated
electrons could for example originate from the radio galaxies in clusters. (2)Radio phoenices
are most likely related to fossil radio plasma from previousepisodes of AGN activity adiabati-
cally compressed by merger shock waves, boosting the radio emission (Enßlin & Gopal-Krishna
2001; Enßlin & Brüggen 2002). (3)AGN relicstrace old (uncompressed) radio plasma from pre-
vious episodes of AGN activity. The radio spectra of both radio phoenices and AGN relics are
expected to be steep (α . −1.5, Fν ∝ να, whereα is the spectral index) and curved due to
synchrotron and Inverse Compton (IC) losses.

Radio halosare extended sources with sizes of about a Mpc. They are typically unpolarized
and their radio emission roughly follows the thermal X-ray emission from the ICM. Two classes
of models have been put forward to explain the origin of thesehalos. In the first model the
energetic electrons are the secondary products of proton-proton collisions (e.g.,Dennison 1980;
Blasi & Colafrancesco 1999; Dolag & Enßlin 2000; Enßlin et al. 2011). In the second model
the electrons are re-accelerated in-situ through a second order Fermi mechanism by magneto-
hydrodynamical (MHD) turbulence (e.g.,Brunetti et al. 2001; Petrosian 2001) The existence of
ultra-steep spectrum radio halos (USSRH,α . −1.5, Brunetti et al. 2008; Macario et al. 2010;
Dallacasa et al. 2009) does not support a secondary origin for the electrons as it requires an
unrealistic amount of energy in the relativistic protons (Brunetti 2004).

Abell 2256 is a nearby,z = 0.0581 (Struble & Rood 1999), cluster that contains a giant
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radio halo, relic and a large number of tailed radio galaxies. The relic has a large integrated flux,
compared to other relics, of about 0.5 Jy at 1.4 GHz. The largeangular extent of the diffuse
emission and its large integrated flux make it a prime target for low-frequency observations
which typically suffer from low spatial resolution and sensitivity, compared toobservations at
high frequencies (& 1 GHz).

The cluster hosts a handful of head-tail radio sources as well as several smaller diffuse radio
sources not directly related to individual galaxies (Bridle & Fomalont 1976; Bridle et al. 1979;
Röttgering et al. 1994; Miller et al. 2003; Clarke & Ensslin 2006; Brentjens 2008; Intema 2009;
van Weeren et al. 2009a; Kale & Dwarakanath 2010). X-ray and optical observations provide
strong evidence that A2256 is undergoing a merger event between a main cluster (TICM ∼ 7–
8 keV), a major sub-structure (TICM ∼ 4.5 keV) and, possibly, a third infalling group (Briel et al.
1991; Briel & Henry 1994; Sun et al. 2002; Berrington et al. 2002; Miller et al. 2003). The
cluster has an X-ray luminosity ofLX, 0.1−2.4 keV = 3.7× 1044 erg s−1 (Ebeling et al. 1998).

At wavelengths larger than 1 m, the diffuse radio emission in A2256 has been studied with
the GMRT at 150 MHz (Intema 2009; Kale & Dwarakanath 2010), and with the WSRT between
115 and 165 MHz (van Weeren et al. 2009a; Intema 2009). The VLSS 74 MHz image (Cohen
et al. 2007) shows a hint of diffuse emission, and the 8C and 6C survey images (Hales et al.
1995; Masson & Mayer 1978) have too low resolution to properly separate the flux contributions
from the discrete sources. The observations byIntema(2009) andvan Weeren et al.(2009a)
showed the presence of three previously unknown diffuse sources with steep radio spectra (α .

−1.5). These steep radio spectra suggest that these sources trace old radio plasma from previous
episodes of AGN activity in the cluster.

In this paper we present the first LOFAR observations of Abell2256, focussing on the fre-
quency range around 63 MHz. The layout of this paper is as follows: In Sect.12.2we give
an overview of the observations and the data reduction. In Sect. 12.2.1we present the results,
including the radio images and a spectral index map. We conclude with a discussion and the
results presented in Sects.2.6and2.7, respectively. Throughout this paper we assume aΛCDM
cosmology withH0 = 71 km s−1 Mpc−1, Ωm = 0.3, andΩΛ = 0.7.

12.2 Observations & data reduction

Abell 2256 was observed with LOFAR on July 15, 2011, with the LBA system for 10 hrs,
mostly during night-time. Complete frequency coverage between 18 and 67 MHz was obtained,
although there were a few gaps at frequencies where usually strong radio frequency interference
(RFI) is present. All four linear correlation products wererecorded. The observed frequency
range was divided into 244 sub-bands (IFs), each having a bandwidth of 0.1953 MHz. Each
sub-band was subdivided into 64 frequency channels. The integration time was 1 s. The so-
called LBA OUTER configuration was used for the LBA stations. In this mode 48 (of 96) LBA
antennas are used, located mostly in the outer part of the antenna fields/stations (which have
diameters of about 80 m). This increases the sidelobe levelsfor the station beams but reduces
the field of view (FOV) with respect to other station antenna configurations.

In total 25 stations (8 remote and 17 core) were used for the A2256 observation. The longest
baseline, between stations RS208 and RS509, is about 80 km and the shortest baselines corre-
sponds to∼ 90 m. The uv-coverage is shown in Fig.12.1. The FOV (FWHM of the primary
beam) is about 4.6◦ and 9.2◦ at 60 and 30 MHz, respectively. It should be noted though that
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Figure 12.1: UV-coverage of the observations. The outer UV-coverage is shown in the top left frame, the
next frames progressively zoom inwards. The relatively broad bandwidth fills the uv-plane radially (not
shown in the figures).
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Figure 12.2: Left: LBA global bandpass. The bandpass peaks at about 58 MHz. Right: Measured LOFAR
fluxes and predicted fluxes for 5 bright sources in the A2256 field. For all these sources 8C, VLSS, 7C,
WENSS, and NVSS fluxes were available. We used second order polynomial fits in log (S)− log (ν) space
to compute the predicted 63 MHz fluxes. An overall scaling factor of 1.23 was applied to the LOFAR
fluxes. The error bars display the adopted 10% uncertainty inthe flux scale.

the stations beams are complex-valued, time and direction dependent, and slightly differ from
station to station.

As a first step, the RFI was flagged with the AOFlagger (Offringa et al. 2010) using default
settings, and the first and last two channels at the edge of each sub-band were removed. The
amount of RFI flagged was typically only few percent or less above 30 MHz. The amount of
RFI increases strongly below∼ 28 MHz. Between 30% and 70% had to be flagged below
this frequency for most sub-bands, with at least some of thisattributable to short-wave radio
transmissions. The RFI situation was somewhat better aftermidnight. After flagging, the data
were averaged in time to 5 s.

For this A2256 observation, the bright radio sources Cas A, Cyg A and Vir A (the so-called
“A-team sources”) were located 34, 42, and 74◦ away from the phase center, respectively. These
sources have integrated flux densities of about 17764, 17205, and 2085 Jy at 74 MHz, respec-
tively. Therefore the attenuated signals from Cas A and Cyg Aare still much stronger (more
than a factor of 10) than the signal from the sources in the primary FOV. Their amplitudes are
strongly modulated as they move in and out of the station beamsidelobes. For the first 2.5 hr
of the observations Vir A also affects the observed visibilities, until the source sets belowthe
horizon. At frequencies. 35 MHz, 3C 390.3 (located 4.7◦ from the phase center) is sufficiently
bright, 145± 14 Jy at 38 MHz (Hales et al. 1995), that it needs to be treated separately as
described below.

The first calibration step consisted of the removal of the three “A-team” sources. Below
35 MHz, 3C 390.3 was also included in the calibration model. For the models of the A-team
sources and 3C 390.3 we used the clean component models at 74 MHz from VLA A-array1

observations (Kassim et al. 2007) with resolution of 25′′. For all calibration steps we used
the BlackBoard Selfcal (BBS) software (e.g.,Heald et al. 2010). Full polarization direction

1http://lwa.nrl.navy.mil/tutorial/
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dependent complex gain solutions were obtained for the three A-team sources (and 3C 390.3
below 35 MHz) independently per sub-band. Vir A was only included in the calibration model
for the first 2.5 hr. In general, high-quality solutions wereobtained for Cas A and Cyg A, while
the solutions for Vir A and 3C 390.3 were noisier due to their lower apparent fluxes. The A-
team sources were then subtracted (“peeled”) with the estimated gain solutions. 3C390.3 was
not subtracted as it is in the main FOV below 35 MHz and used in subsequent calibration steps.
After removal of the A-team sources from the visibility datawe performed another round of
flagging with the AOFlagger and averaged the data to 4 channels and 10 sec per sub-band, to
decrease the size of the dataset whilst mitigating bandwidth and time smearing effects in the
central FOV.

The responses of the LBA antennas depends on the observed frequency (see Fig.12.2). The
LBA response was obtained from observations of Cyg A. Observations carried out over the
course of several months show that the bandpass response is stable at the few precent level or
better. We divided out this sensitivity pattern to avoid theneed to obtain amplitude calibration
solutions for each individual sub-band. The reason behind this is that the signal to noise ratio
(SNR) per sub-band is not sufficient to obtain good gain solutions due to the limited effective
bandwidth of 0.183 MHz. By combining several sub-bands thislimitation can be overcome.
However, a problem at low frequencies is that the ionospheric phase distortions are frequency
dependent, and this effect increases towards lower frequencies. At about 60 MHz this means that
if this effect is not included only about 1 MHz bandwidth can be used for calibration, depending
on the ionospheric conditions (e.g., eq. 4 fromIntema et al. 2009). To obtain high-quality
solutions more bandwidth is required. This can be accomplished by solving for the differential
total electron content: TEC. This adds a frequency dependent phase term (TEC/ν). During
the calibration we therefore solve for a single polarization dependent complex gain factor (to
set the amplitudes and capture other instrumental effects such as clock drift) and polarization
independent TEC value per station and time-slot (10 s). We used 20 sub-bands around 20 MHz,
20 around 30 MHz, and 30 around 63 MHz for this “global calibration” including TEC solving.
Due to computational limitations we concentrated our efforts on these three frequency ranges.

We calibrated the data against a 74 MHz 80′′ VLSS model of the field around A2256 (cov-
ering 15◦ × 15◦), assuming that all sources are unpolarized, which is a reasonable assumption
at these low frequencies. We used an overall flux scaling witha spectral index of−0.8 to get a
first order approximation of the flux-scale. For computing the model visibilities we included the
complex beam attenuation of each station beam.

12.2.1 Primary beam correction, absolute flux-scale and self-calibration

We applied the calibration solutions and corrected the datafor the each station’s beam response
in the phase center. Note that it is only possible to correct for the stations beam response in
a single direction. For the other directions (within the main FOV) this correction is only a
first order approximation. The entire FOV (to an attenuationfactor of 0.15 compared to the
beam center) was then imaged and cleaned with Casapy with w-projection (Cornwell et al.
2005, 2008), 768 w-planes in total. Ideally, to create flux corrected wide-field images, the time-
variable direction dependent effects need to be taken into account (e.g.,Bhatnagar et al. 2008).
This functionality is still under development. We made images with “briggs” weighting (Briggs
1995) with robust=−0.1, a compromise between resolution and sensitivity to emission at larger
spatial scales. We combined groups of sub-bands around 63, 30 and 20 MHz for multi-frequency
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Figure 12.3: Left: Simulated point sources of 1 Jy in the A2256 field at 63 MHz. Right: Effective primary
beam attenuation of the A2256 observations at 63 MHz, fittinga surface to the integrated fluxes of the
sources in the left panel. Sources which were used to obtain the flux-scale are marked.

synthesis imaging, producing three broadband images.
To obtain the correct relative flux scale over the field we simulated a dense grid of 1 Jy

point sources in the A2256 field including the LOFAR station beam. This grid is illustrated in
Fig.12.3. With this we could track the effective beam attenuation as a function of position in the
FOV. This simulated dataset (with the same frequency setup and uv-coverage as the observed
data) was then imaged the same way as the observed A2256 data.We extracted the integrated
fluxes for these simulated point sources using thePyBDSM source detection software2. A 2D
surface was fitted to these extracted source fluxes using thegriddatamodule from the python
matplotlib, which employs a Delaunay triangulation3. This triangulated surface gives the effec-
tive sensitivity as function of position in the A2256 field and can be used to create a primary
beam corrected image. We used the flux-corrected image to obtain an updated sky model (again
with PyBDSM) for a subsequent round of self-calibration (the calibration strategy remaining un-
changed).

The final images (robust=−0.1) have noise levels of 10, 43, 250 mJy beam−1 at 60, 30 and
20 MHz respectively. A lower resolution, robust=0.5 weighting, image at 63 MHz has a noise of
25 mJy beam−1. See Table12.1for a summary of the resolution, bandwidth and sensitivity of the
images. Thermal noise is expected to be around 2.5 mJy beam−1 at 63 MHz and 8 mJy beam−1

at 30 MHz.
The presence of residual ionospheric phase errors after calibration lead to a wider point

source width. We measure a point source width that is about 20′′ larger than the synthesized
beamwidth at 63 MHz. This effect has also been seen for 74 MHz VLA observations (e.g.,
Cohen et al. 2007). At lower frequencies this worsens to 70′′ and 180′′ at 30 and 20 MHz,
respectively. In this case the unresolved sources are elongated, distorted, and partly broken up
into smaller components. Because of this reason, we only usethe 63 MHz maps for quantitative

2see the LOFAR Imaging Cookbook at http://www.astron.nl/radio-observatory/lofar/lofar-imaging-cookbook
3http://matplotlib.sourceforge.net
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Table 12.1: LOFAR LBA images

central frequency image bandwidthσrms synthesized beam
MHz MHz mJy beam−1 arcsec
63 (robust -0.1) 5.5 10 22× 26
63 (robust 0.5) 5.5 25 52× 62
30 (robust -0.1) 3.7 43 58× 69
20 (robust -0.1) 3.7 250 108× 116

analysis in this paper, while the 30 and 20 MHz maps are used for qualitative analysis until a
more complete ionospheric correction is made.

To obtain and check the overall flux scale we measured the integrated fluxes for five bright
sources in the FOV: 4C+79.16 , 8C 1654+785, 8C 1657+780, 8C 1708+779, and 8C 1728+783
(see Fig.12.3). For these sources we collected flux measurements from the 1.4 GHz NVSS
(Condon et al. 1998), 325 MHz WENSS (Rengelink et al. 1997), 151 MHz 7C (Hales et al.
2007), 74 MHz VLSS (Cohen et al. 2007) and 38 MHz 8C (Hales et al. 1995) surveys. We fitted
second order polynomials to these flux measurements in log (S) − log (ν) space and compared
the LOFAR flux measurements at 63 MHz against the predicted fluxes from the polynomial fits.
The median of correction factors was used to tie the LOFAR images to an absolute flux-scale.
The correction factor we found was modest, being 1.23 at 63 MHz. The spread in the individual
correction factors is about 7%, see Fig12.2(right panel).

From this we adopt a conservative error in the LOFAR flux scaleof 10% compared to these
surveys.

12.2.2 Radio images

The 63 MHz images are displayed in Fig.12.4and the 20 and 30 MHz images in Fig.12.5. We
labelled some of the known sources in the cluster following the scheme fromBridle & Fomalont
(1976); Röttgering et al.(1994); van Weeren et al.(2009a). The LOFAR 63 MHz image reveals
some of the well-known tailed radio sources (A, B, F), the main relic (G and H), and part of the
radio halo. A hint of the long and straight head-tail source Cis also visible.

The main radio relic and halo are somewhat better visible in the lower resolution 63 MHz
image (Fig.12.4, right panel). Interestingly, the LOFAR image also revealssource AG+AH.
This source has only been recently discovered (van Weeren et al. 2009a) and is not visible in
the deep VLA L-band observations from the VLA (Clarke & Ensslin 2006), implying a steep
spectral index. We do not detect the steep spectrum source AI, but this was expected since the
integrated flux of this source is about a factor of two lower than AG+AH at 325 MHz. The
30 MHz image reveals source F and the combined emission from Aand B. The relic is also
detected. At 20 MHz the ionospheric phase distortions are quite severe, causing the relic to
partly blend with sources F and the A+B complex.

An overlay of the 63 MHz image with a VLA L-band image is shown in Fig. 12.6 (right
panel). For this we combined 1369, 1413, 1513, and 1703 MHz VLA C-array images from
Clarke & Ensslin(2006). These images were convolved to a common resolution of 16′′ × 16′′

and combined adopting a flux scaling according to a spectral index,α = −1. It is interesting
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Figure 12.4: A2256 61-67 MHz images. Left: High-resolution, 22′′ × 26′′, image made with robust=-0.1
weighting. Contour levels are drawn at [1, 2,4, . . .] × 3 σrms. Right: Low-resolution image, 52′′ × 62′′,
image made with robust=0.5 weighting. The area for the halo spectral index measurement is indicated by
the dotted lines. Contours are drawn as in the left panel.

to note the differences between the L-band and LBA images around the A+B complex. The
VLA image peaks in brightness at the “heads” of the head-tailsources, while the LOFAR image
mainly shows the “tails”. The steep spectrum B2 region, noticed byIntema(2009), also clearly
stands out. A Chandra X-ray overlay is shown in Fig.12.7.

12.2.3 Spectral index map and integrated fluxes

We made a spectral index map between 63 and 351 MHz, making useof the WSRT 351 MHz
map fromBrentjens(2008). We made a LOFAR image with uniform weighting of the visibilities
and applying a Gaussian taper in the uv-plane to approximately match up the WSRT resolution
of 67′′ ×67′′. To increase the SNR per beam for the diffuse emission we convolved both images
to 100′′ resolution, pixels below 3σrms were blanked. The LOFAR-WSRT spectral index map is
shown in Fig.12.6(left panel).

The spectral index map reveals that the relic has a relatively flat spectral index of about−0.8
with variations of 0.3 in α across the structure. For the parts of the radio halo where the spectral
index can be measured we findα to be in the range−1.0 to−1.7. For source F the spectral index
is around−1.0. For the combined emission from AH and AG we find a steep spectral index
between−2.2 to−1.7.

We extracted the integrated fluxes for sources in the clusterfrom the 63 MHz image, see
Table12.2. The integrated fluxes of the radio halo and relic (source G+H) are difficult to measure
as they are partly blended with some of the complex head-tailradio sources in the cluster. To
estimate their flux contribution we used both the high and lowresolution images (Fig.12.4).
From the high resolution image we measured the fluxes for source F, and the combined emission
from A and B (A+B). Head-tail source C contributes a significant amount of flux to the relic
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Figure 12.5: A2256 30 and 20 MHz images. Left: 28–32 MHz imagewith a resolution, 58′′×69′′. Contour
levels are drawn at [1, 2,4, . . .] × 3 σrms. Right: 18–22 MHz image with a resolution of 108′′ × 116′′.
Contours are drawn as in the left panel. Both images were madewith robust=0.1 weighting. The bright
compact source to the west around RA 17h51m is 8C 1654+785.

Figure 12.6: Left: LOFAR LBA - WSRT spectral index map between 63 and 351 MHz. Total intensity
contours at 351 MHz are shown at levels of [1,2, 4,8, . . .] × 1.0 mJy beam−1. The 351 MHz image comes
from Brentjens(2008). Right: LOFAR LBA 63 MHz image overlaid with VLA L-band C-array contours.
The contour levels are drawn at [1,2,4, 8, . . .] × 90µJy beam−1.
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Table 12.2: 63 MHz source fluxes

Source S63MHz α153
63

Jy
A+B 5.1± 0.6 −1.1± 0.2
F 2.8± 0.3 −1.2± 0.2
AG + AH 0.75± 0.10 −2.3± 0.4
relic (G+ H) 5.6± 0.8 −0.81± 0.03a

halo 6.6± 1.3 −1.3± 0.1b

a from a polynomial fit in log (S) − log (ν) space, see Fig.12.8(left panel)
b between 63 and 351 MHz,α taken from Fig.12.8(right panel)

emission, as judged from the GMRT 153 MHz image fromIntema(2009). In the 63 MHz
image the source blends with the radio relic, making it impossible to obtain a reliable flux
estimate. Using the 153 MHz GMRT image (giving a flux of 0.48± 0.05 Jy) and the reported
327 MHz VLA flux (0.247± 0.020 Jy,Röttgering et al. 1994) we findα = −0.87± 0.17 for
source C. Extrapolating this to 63 MHz, we estimate a flux of 1.05 Jy. To measure the relic
flux we summed the flux over the same region as indicated in fig. 10 byBrentjens(2008). After
subtracting the flux contribution for source C we obtain a relic flux of 5.6 Jy, with an estimated
uncertainty of 15%. A power-law fit through the relic flux measurements at 1369 (Clarke &
Ensslin 2006), 351 (Brentjens 2008), 153 (Intema 2009), and 63 MHz gives a spectral index of
−0.81±0.03, see Fig.12.8. For the radio halo we find a flux of 6.6±1.3 Jy from Fig.12.4(right
panel), integrating over the entire halo area as defined by the 351 MHz image.

12.3 Discussion

The results on the radio spectra for source F, AG+AH, and the radio halo and relic are discussed
in the following subsections.

12.3.1 Source F

Source F is known for its complex Z-shape morphology (see Fig. 12.6) and steep radio spectrum
(e.g.,Bridle et al. 1979). The source is composed out of three smaller structures: F1, F2 and
F3. The brightest component F2 has a toroidal filamentary shape (Röttgering et al. 1994; Miller
et al. 2003; Intema 2009). F3 has been classified as a head-tail radio source associated with
galaxy 122 (Fabricant et al. 1989). No optical counterparts have been found for F1 and F2, and
their origin is still being debated.Bridle et al.(1979) suggested that all three components are
the tail of galaxy 122, this scenario is also discussed byBrentjens(2008). In another scenario
F2 could be the compressed fossil radio plasma from previousepisodes of AGN activity (Enßlin
& Gopal-Krishna 2001; Enßlin & Brüggen 2002), in this case the fossil plasma could also have
originated from galaxy 122. This agrees with the observed toroidal shape (Enßlin & Brüggen
2002).
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Figure 12.7: Left: Radio spectrum of F2. The fluxes were takenfrom theBrentjens(2008). Solid line
is a second order polynomial fit through the flux measurementsin log (S) − log (ν) space. During the
fitting procedure we assumed 10% uncertainty in the flux measurements because flux measurement are
not all consistent within their 1σ reported error. This prevents the fit to be forced to go through a few
measurements with small reported uncertainties. Right: Chandra 0.5–7 keV ACIS-I/S co-added image
smoothed by a variable-width Gaussian, fig. 1 fromSun et al.(2002). LOFAR 63 MHz contours from the
high-resolution image are overlaid at levels of [1, 2,4, 8, . . .] × 3.5σrms.

We collected flux measurements for F2 from the literature (see Brentjens 2008), these are
plotted in Fig.12.7. The spectrum for F2 is clearly curved with the spectral index flattening
towards lower frequencies. From the fit, see caption Fig.12.7, we find a spectral index of
−0.95 between 63 and 153 MHz. Between 150 and 350 MHzKale & Dwarakanath(2010)
reportedα = −1.10± 0.05 (but no flux measurements were reported for F2). We howeverfind
a spectral index of−1.34 between 150 and 350 MHz using the polynomial fit. The reasonfor
the difference is unclear, but it should be noted that the measurements from the literature are not
consistent within their reported uncertainties. Between 610 and 1400 MHz we obtainα = −1.67,
much steeper than at low-frequencies.Brentjens(2008) estimated a possible break frequency
to be located at 26 MHz, assuming a constant magnetic field of 7.3 µG and an ageing time of
0.2 Gyr. The 63 MHz flux measurement indicates the spectrum continues to flatten. However,
high-resolution measurements below 60 MHz are needed to determine the possible underlying
(“zero ageing”) power-law component. The origin of source F2 remains unclear, although it is
likely the source is somehow related to the fossil radio plasma from previous phases of AGN
activity given its brightness and steep radio spectrum.

12.3.2 Source AG+AH

The combined emission from source AG+AH is detected in the LOFAR 63 MHz image. With
the non-detection of these sources in the deep L-band image fromClarke & Ensslin(2006), van
Weeren et al.(2009a) determined thatα < −1.95 between 325 and 1369 MHz. Between 140 and
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351 MHz, using WSRT observations, the spectral index is−2.05±0.14 at a resolution of 175′′ (at
this resolution the flux of this feature partly blends with the relic emission). With the 153 MHz
image fromIntema(2009) we find a flux of 95± 10 mJy for the combined emission from
AG+AH. From the GMRT 325 MHz image we reported a flux of 19± 2 mJy (van Weeren et al.
2009a). This gives a spectral index of−2.1± 0.2 between these two frequencies, in agreement
with the earlier reported result of−2.05±0.14. The LOFAR flux is 0.75±0.10 Jy for this source.
This results in a spectral index of−2.3± 0.4 between 63 and 153 MHz. At low-frequencies the
spectrum thus remains steep, although the uncertainty in the spectral index is too large to rule
out a spectral turnover.

We consider the possibility that this emission is related tothe head-tail source C. Following
Miley (1980); Brentjens(2008) for a constant magnetic field and no adiabatic losses the radiative
lifetime/spectral age (τ) is given as

τ =
2.6× 1010

√
B

(

B2 + B2
CMB

)

(1+ z)νbrk

[yr] , (12.1)

whereB is the magnetic field strength inµG, BCMB [µG] = 3.25(1+ z)2 the equivalent magnetic
field strength of the microwave background andνbrk the break frequency in MHz. The LOFAR
63 MHz flux measurement indicates thatνbrk is located. 50 MHz as the spectrum is still very
steep between 63 and 153 MHz. The magnetic field is difficult to estimate as the spectral shape
is poorly constrained. With a reasonable value of 10µG we obtain a spectral age of 0.1 Gyr.
This increases to 0.2 Gyr forB = 5µG. In all cases we assumedνbrk = 50 MHz. Röttgering et al.
(1994) estimated a velocity (v) of ∼ 2000 km s−1 for the head-tail source. Then the separation
between the “head” and AG+AH would be v × τ = 200 kpc, forB = 10 µG. AG+AH is
located about 800 kpc (projected distance) from the head of C. A lower magnetic field strength
of B = 3.0 µG would give a distance of 600 kpc. It is also possible that thebreak frequency is
located at a lower frequency. If the radio plasma from the tail (the AG+AH part) is compressed
by the merger shock wave, the radiative age of the source could be older (about 0.5 Gyr or more,
e.g.,Dwarakanath & Kale 2009; Kale & Dwarakanath 2011). This makes it easier to explain the
distance of (at least) 800 kpc. Given all the uncertainties,source AG+AH could indeed be an
old part of the tail of source C.

12.3.3 Radio relic and halo

Giant radio relics are proposed to trace particles (re)accelerated at shocks via the DSA mecha-
nism. In the linear test particle regime, the injection spectral index is related to the Mach number
(M) of the shock (e.g.,Blandford & Eichler 1987)

αinj =
1
2
− M

2 + 1
M2 − 1

. (12.2)

If the properties of the shock remain unchanged and the age ofthe shock is larger than the
electron cooling time, the integrated radio spectrum will be a power-law, with a spectral index
about 0.5 units steeper thanαinj (Miniati 2002). The radio spectrum of the relic has a power-law
shape over the observed frequency range, with a spectral index of −0.81± 0.03. This would
imply αinj ∼ −0.3 for a simple shock model. The flattest possible spectral index is−0.5 from
DSA, suggesting that the relic recently brightened or just formed. In this case no equilibrium
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has yet been reached between the electron cooling and injection within the observed frequency
range below 1369 MHz. Another possibility is that the area over which we integrate the flux
does not include all of the relic emission. It could be that some of this steep-spectrum emission
is blended with that of the radio halo. Finally, the flat radiospectrum could also imply that
DSA is not fully understood or that the radio emitting electrons do not originate from the DSA
mechanism. If the relic traces a recently formed shock, thenspectral steepening is expected
at high-frequencies.Clarke & Ensslin(2006) indeed reported a steeper spectral index of−1.2
between 1369 and 1703 MHz for the relic.

For a typical magnetic field strength of 2µG for the relic (Clarke & Ensslin 2006) and
νbrk = 1400 MHz, the spectral age is about 0.05 Gyr.Berrington et al.(2002) proposed that
A2256 is undergoing a triple merger event. One between a subcluster and the primary cluster
and one between the primary cluster and subcluster (or the primary cluster only) with a smaller
galaxy group. The relative velocity between the subclusterand primary cluster is estimated to
be∼ 2000 km s−1 and they are near the time of the first close passage of the subcluster and
primary cluster centers. The group is infalling from the north. The “primary cluster–subcluster”
merger has a mass ratio of about 3 and the “primary cluster (+subcluster)–group” merger event
has a mass ratio of about 10.Miller et al. (2003) argued that the “primary cluster–galaxy group”
merger is responsible for the radio relic and that the mergerevent is viewed 0.3 Gyr after the
core passage. From the radio spectra alone it is not possibleto disentangle the merger scenario,
but usually the strongest shocks form after core passage andthe flat integrated radio spectrum
implies that the relic only recently formed,. 0.1 Gyr or so. The relic in A2256 is thus probably
seen at a relatively early stage, just after core passage, compared to some of the double radio
relic clusters (e.g.,Röttgering et al. 1997; Bagchi et al. 2006; Bonafede et al. 2009b; van Weeren
et al. 2011c). Further flux measurements above 2 GHz are needed to better constrain the high-
frequency end of the spectrum and confirm the radio spectrum steepens here.

No shock has been found so far in X-ray observations. Although, given the large extent of
the relic in both the NS and EW directions we are probably not viewing the relic close to edge-
on, making it more difficult to detect a shock. For an edge-on shock/relic one would expect a
much larger ratio between the largest physical extent and the relic width (e.g.,van Weeren et al.
2010). Because of the large size of the relic it is unlikely we are seeing fossil radio plasma
compressed by a shock wave since radiative energy losses during the time it takes to compress
a several hundred kiloparsec sized radio ghost would removemost of the electrons responsible
for the observable radio emissionClarke & Ensslin(2006). In addition, we would expect steep
curved radio spectra due to synchrotron and IC losses.

The spectral index of the radio halo was measured by summing the flux in the region around
source D, see Fig.12.4(right panel). In this region the halo is detected at the 1–3σ level per
beam in the LOFAR 63 MHz image. The flux was measured from the 63MHz image used
for the spectral index map. We sumed the flux over the same region in the 351 MHz WSRT
and 1369 MHz VLA D-array (Clarke & Ensslin 2006) images. The resulting radio spectrum
is shown in Fig.12.8. The 63–351 MHz spectral index is−1.3 ± 0.1 and the 351–1369 MHz
spectral index is−1.1±0.1. In the image made with robust 0.5 weighting (Fig.12.4) we measure
a halo flux that is a factor of 1.5 higher than in the uniform weighted tapered image from the
spectral index map (summing the flux over the same region). With this higher flux the 63–
351 MHz spectral index would be about−1.5. Therefore the low-frequency spectral index is
probably steeper than the high-frequency one. This low-frequency steepening was also reported
by Kale & Dwarakanath(2010) and is consistent with a combination of spectra from (at least)



Section 12.4. Conclusions 249

Figure 12.8: Left: Radio spectrum of the relic. Flux measurements fromClarke & Ensslin(2006), Bren-
tjens(2008), andIntema(2009) were included. Solid line is a power-law fit to the flux measurements.
Right: Radio halo spectrum from flux measurements summed over the region indicated in Fig.12.4.

two populations of relativistic electrons.
Three different possibilities to explain this would be: (1) a model where protons and their

secondaries live in a turbulent medium and get re-accelerated. The re-acceleration time scale
here is very long (about 1 Gyr), meaning that most of the signal at higher frequencies is dom-
inated by the process of injection of secondaries (with a flatter spectrum), while at lower fre-
quencies turbulent re-acceleration boosts the radio emission (Brunetti & Lazarian 2011), (2) a
model where there is a halo with a steep turbulent re-acceleration spectrum, while some pro-
jected emission from the relic (in the northern part) is superimposed on the halo emission. In
this case the 1369 MHz flux is dominated by the tail of the relicemission downstream that is
projected onto the halo, or (3) an “inhomogeneous” turbulent re-acceleration model, in this case
the turbulence is not homogeneous over the emitting volume which leads to a distribution of
different spectral components.

With only three data points it is not possible to distinguishbetween these models, but with
future (LOFAR) observations it will be possible to much better determine the low-frequency
spectrum. This opens new theoretical questions and it wouldbe interesting to determine if low-
frequency spectral steepening is unique to Abell 2256 or whether it also occurs for other radio
halos.

12.4 Conclusions

We have presented LOFAR LBA observations between 67 and 18 MHz of the cluster Abell 2256.
We focussed mainly on the 63 MHz map as at lower frequencies ionospheric phase distortions
were severe. At 63 MHz we detect both the radio halo and main radio relic. The integrated
spectral index we find for the relic is consistent with being apower-law withα = −0.81± 0.03.
The integrated radio spectrum of the relic is quite flat, which could mean that the relic has only
recently been formed, within the last∼ 0.1 Gyr. For the radio halo there are indications of a low-
frequency spectral steepening, this was previously also reported byKale & Dwarakanath(2010).
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Additional flux measurements are needed to better determinethe low-frequency spectrum of the
halo and the origin of the convex spectrum.

We detected a recently found steep spectrum source to the west of the cluster center, located
roughly at the end of the head-tail source C. For this source we find an extremely steep spectral
index of−2.3 ± 0.4 between 63 and 153 MHz. This steep spectrum source could be an older
part of the tail of source C. For source F2 we find the spectral index flattens to−0.95 between
63 and 153 MHz. The origin of the source remains unclear.

In the future we plan to extend our investigation to lower frequencies. For this, ionospheric
calibration schemes will be important to retain enough spatial resolution to separate the contri-
bution from the various complex sources in the cluster.
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Orrú, E., Murgia, M., Feretti, L., et al. 2007, A&A, 467, 943

Owen, F. N. & Ledlow, M. J. 1994, in Astronomical Society of the Pacific Conference Series,
Vol. 54, The Physics of Active Galaxies, ed. G. V. Bicknell, M. A. Dopita, & P. J. Quinn,
319–+

Owen, F. N. & White, R. A. 1991, MNRAS, 249, 164

Pacholczyk, A. G. 1970, Radio astrophysics. Nonthermal processes in galactic and extragalactic
sources (Series of Books in Astronomy and Astrophysics, SanFrancisco: Freeman, 1970)

Parma, P., Murgia, M., de Ruiter, H. R., et al. 2007, A&A, 470,875

Patnaik, A. R., Browne, I. W. A., Wilkinson, P. N., & Wrobel, J. M. 1992, MNRAS, 254, 655

Paturel, G., Petit, C., Prugniel, P., et al. 2003, A&A, 412, 45

Paul, S., Iapichino, L., Miniati, F., Bagchi, J., & Mannheim, K. 2011, ApJ, 726, 17

Peacock, J. A., Cole, S., Norberg, P., et al. 2001, Nature, 410, 169

Pearce, F. R., Thomas, P. A., & Couchman, H. M. P. 1994, MNRAS,268, 953

Perley, R. A. 1989, in Astronomical Society of the Pacific Conference Series, Vol. 6, Synthesis
Imaging in Radio Astronomy, ed. R. A. Perley, F. R. Schwab, & A. H. Bridle, 259–+

Perley, R. T. & Taylor, G. B. 1999, VLA Calibrator Manual, Tech. rep., NRAO

Peterson, J. R. & Fabian, A. C. 2006, Phys. Rep., 427, 1

Petrosian, V. 2001, ApJ, 557, 560

Pfrommer, C. 2008, MNRAS, 385, 1242

Pfrommer, C. & Enßlin, T. A. 2004, MNRAS, 352, 76

Pfrommer, C., Enßlin, T. A., & Springel, V. 2008, MNRAS, 385,1211

Pfrommer, C., Springel, V., Enßlin, T. A., & Jubelgas, M. 2006, MNRAS, 367, 113

Pizzo, R. F. 2010, PhD thesis, Rijksuniversiteit Groningen, The Netherlands

Pizzo, R. F. & de Bruyn, A. G. 2009, A&A, 507, 639

Pizzo, R. F., de Bruyn, A. G., Bernardi, G., & Brentjens, M. A.2011, A&A, 525, A104+

Poole, G. B., Fardal, M. A., Babul, A., et al. 2006, MNRAS, 373, 881

Pope, E. C. D., Pavlovski, G., Kaiser, C. R., & Fangohr, H. 2006, MNRAS, 367, 1121
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Nederlandse samenvatting

In dit proefschrift worden radiowaarnemingenen computer simulaties van samensmeltende clus-
ters van sterrenstelsels besproken. Om dit beter te begrijpen wordt eerst uitgelegd wat clusters
van sterrenstelsels zijn en hoe we denken dat deze ontstaan.Daarna wordt toegelicht hoe we
de radiostraling, afkomstig van samensmeltende clusters,kunnen waarnemen met radiotelesco-
pen. Ten slotte wordt het onderzoek dat in dit proefschrift beschreven is kort samengevat per
hoofdstuk.

Clusters van sterrenstelsels

Alle sterren die we met het blote oog ’s nachts kunnen zien behoren tot ons eigen sterrenstelsel
de Melkweg. De meeste van deze sterren bevinden zich relatief dichtbij de Aarde. De Melkweg
bevat echter veel meer sterren dan zichtbaar met het blote oog, wel een paar honderd miljard.
Daarnaast bevat de Melkweg ook stof en gas. De Melkweg is niethet enige sterrenstelsel in het
heelal. Er zijn tenminste 100 miljard sterrenstelsels en waarschijnlijk nog veel meer sterrenstel-
sels die elk weer uit miljarden sterren bestaan. Sterrenstelsels bevinden zich vaak in groepen.
Onze Melkweg behoort tot de Lokale Groep die enkele tientallen leden bevat. Er zijn echter
veel grotere groepen van sterrenstelsels, die noemen we clusters van sterrenstelsels. De ster-
renstelsels in groepen en clusters worden bij elkaar gehouden door de zwaartekracht. Clusters
van sterrenstelsels nemen een bijzondere plaats in als grootste door de zwaartekracht gebonden
structuren in het heelal.

De dichtstbijzijnde cluster is de Virgo Cluster op een afstand van 54 miljoen lichtjaar. Dit
betekent dat het licht, reizend met een snelheid van 300, 000km/s, er 54 miljoen jaar over doet
om de Aarde te bereiken. We kijken dus 54 miljoen jaar terug inde tijd voor deze cluster. De
meeste clusters staan veel verder weg, op afstanden van enkele miljarden lichtjaren.

Zichtbaar licht is een vorm van elektromagnetische straling net zoals radio, infrarode, ul-
traviolette, Röntgen en gammastraling. Het enige verschil tussen deze verschillende vormen
van straling is de golflengte. Ultraviolet, Röntgen en gammastraling hebben kortere golflengtes
dan zichtbaar licht. De meeste straling met kortere golflengtes en ook infrarode straling wordt
tegengehouden door de atmosfeer. Radiostraling daarentegen dringt grotendeels ongehinderd
door de atmosfeer heen, net zoals zichtbaar licht.

De sterrenstelsels in clusters worden bestudeerd in zichtbaar licht, maar astronomen kijken
ook naar clusters op andere golflengtes. Op deze manier kan veel meer kennis worden verkregen
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over de processen die zich hier afspelen. Behalve in de sterrenstelsels is er ook gas aanwezig
tussen de sterrenstelsels in clusters. De massa van dit gas is zelfs veel groter dan de massa
van de sterrenstelsels. Het gas in clusters is zeer ijl en heet, met een temperatuur van rond de
10 miljoen graden of hoger. Dit hete gas straalt voornamelijk Röntgenstraling uit en we kunnen
dit waarnemen met Röntgen-satellieten. Clusters bevatten ook kleinere hoeveelheden koeler gas
dat voornamelijk op infrarode golflengtes wordt bestudeerd.

Hoe ontstaan clusters van sterrenstelsels?

Eén van de belangrijkste vragen die sterrenkundigen proberen te beantwoorden is hoe sterren,
sterrenstelsels, en clusters van sterrenstelsels zich hebben gevormd na de Big Bang, 13.7 miljard
jaar geleden. Vlak na de Big Bang bestond het heelal namelijkalleen uit heet gas. Het idee is
dat het gas begon samen te klonteren toen de temperatuur genoeg gedaald was, onder invloed
van de zwaartekracht. Hierbij ontstonden de eerste sterrenen sterrenstelsels. Uiteindelijk toen
het heelal ongeveer de helft van zijn huidige leeftijd bereikt had begonnen sterrenstelsels zich te
groeperen in clusters. Clusters van sterrenstelsels zijn dus relatief jong ten opzichte van de eerste
sterren en sterrenstelsels. Clusters vormen zich door samensmeltingen van kleinere clusters en
groepen, dit groeiproces vindt nog steeds plaats in het huidige heelal.

Tijdens de samensmeltingen en botsingen tussen clusters gebeurt er vrij weinig met de in-
dividuele sterren en sterrenstelsels. Ze bewegen meestal gewoon langs elkaar heen. Het hete
gas in de groepen en clusters botst echter op elkaar en hierbij worden schokgolven in het gas
gevormd. Hierdoor wordt het hete gas nog verder verhit. Dezeschokgolven kunnen we zien
met Röntgen-satellieten. Al met al duurt een samensmelting wel een miljard jaar lang, zodat we
slechts moment opnames van deze gebeurtenissen te zien krijgen. Toch kan dit proces bestu-
deerd worden, door naar verschillende samensmeltingen te kijken die zich elk in verschillende
stadia bevinden.

Radiostraling van clusters

In 1970 werd een belangrijke ontdekking gedaan in de Coma Cluster. Behalve Röntgenstraling
bleek het gas in de cluster ook diffuse radiostraling uit te zenden. Daarna werden ook in som-
mige andere clusters van deze diffuse radiobronnen gevonden. Alle clusters die diffuse radio-
bronnen hebben zijn aan het samensmelten tot grotere clusters. Het gas in deze clusters is dan
ook heter dan in clusters die zich in rust bevinden. De diffuse radiostraling is onder te verdelen
in twee groepen. Er zijn radiohalo’sdie zich centraal in de cluster bevinden en radiorelics die
verder van het centrum staan. De halo’s laten over het algemeen weinig structuur zien, terwijl de
relics vaak langgerekt zijn en onregelmatige verschillen in helderheid vertonen. De radiostraling
die wordt waargenomen is van het typesynchrotron-straling. Een specifieke eigenschap van de
synchrotron-straling van halo’s en relics is dat deze sterkin helderheid toeneemt met langere
golflengtes. Synchrotron-straling komt vrij wanneer geladen deeltjes rondom magnetische veld-
lijnen cirkelen met snelheden dichtbij de lichtsnelheid. Om deze straling te produceren zijn dus
hoog-energetische deeltjes nodig en een magnetisch veld. Astronomen willen graag weten waar
deze deeltjes en magnetische velden vandaan komen. De deeltjes kunnen alleen deze extreme
energieën bereiken als ze versneld worden, net zoals in eendeeltjesversneller op aarde.
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Clusters zijn niet de enige objecten in het heelal die radiostraling uitzenden. Sommige ster-
renstelsels, met een zwart gat in het centrum, zenden zeer heldere synchrotron-straling uit. Daar-
naast zijn er nog veel meer radiobronnen, zoals de Zon, planeten, sterren, restanten van sterren
en gas in sterrenstelsels die allen radiostraling uitzenden. Deze straling is soms van een ander
type dan synchrotron-straling.

Radiotelescopen

Radiotelescopen kunnen tegenwoordig gedetailleerde afbeeldingen maken van de radiobronnen
in clusters. Een radiotelescoop bestaat gewoonlijk uit eengrote schotel om de straling te bun-
delen. De resolutie, de mate waarin kleine details kunnen worden onderscheden, wordt bepaald
door de diameter van de schotel. De gevoeligheid voor de radiostraling wordt bepaald door de
oppervlakte van de schotel. De grootste beweegbare schotelheeft een diameter van iets meer
dan 100 meter. Er is zelfs een schotel van 300 meter maar deze kan niet bewegen. Omdat radio-
telescopen waarnemen op veel langere golflengtes dan zichtbaar licht is de resolutie erg beperkt,
zelfs voor schotels van 100 meter. Dit komt doordat de resolutie omgekeerd evenredig schaalt
met de golflengte van de straling. Omdat clusters erg ver weg staan is een resolutie die over-
eenkomt met een schotel van tenminste enkele kilometers nodig om clusters in detail te kunnen
bestuderen. Het is onmogelijk en te duur om zulke grote schotels te bouwen. Door gebruik te
maken van radio-interferometrie kunnen we dit probleem echter omzeilen.

Radio-interferometrie

Radio-interferometrie is een techniek waarbij de opgevangen signalen van meerdere radioscho-
tels worden gecombineerd, hiermee kun je een veel grotere telescoop nabootsen. In plaats van
de diameter van de individuele schotels bepaalt nu de grootste afstand tussen de schotels de reso-
lutie en de totale oppervlakte van alle schotels bepaalt de gevoeligheid. Dus hoe meer signalen
van schotels gecombineerd worden des te beter.

De drie belangrijkste radio-interferometrie telescopen zijn de Westerbork Synthesis Radio
Telescope (WSRT) in Drenthe, bestaande uit 14 schotels van elk 25 meter. De grootste afstand
tussen de schotels bedraagt 2.7 km. De Amerikaanse Very Large Array (VLA) bestaat uit 27
schotels van 25 meter over een maximale afstand van 30 km. De Indiase Giant Metrewave Radio
Telescope (GMRT) heeft 30 schotels van 45 meter, ook verspreid over een gebied van 30 km.
De telescopen verschillen onderling in de golflengtes die zekunnen ontvangen. De GMRT is
vooral gevoelig voor straling met lange golflengtes, dit is een voordeel omdat de relics en halo’s
vooral helder zijn bij deze lange golflengtes.

Een nadeel van de lange golflengtes is het feit dat de resolutie van een telescoop afneemt met
de golflengte. Ook is er op langere golflengtes vaak meer storing door radiostraling afkomstig
van bijvoorbeeld mobiele telefoons en radio stations. Een nog lastiger probleem is dat een laag
van de atmosfeer van de Aarde (de ionosfeer) de radiostraling iets kan afbuigen. Deze afbuiging
neemt toe met de golflengte en dat kan resulteren in onscherpebeelden. De Low Frequency
Array (LOFAR) is een nieuwe radiotelescoop die voor het grootste gedeelte zich in Nederland
bevindt en is gebouwd door ASTRON. Deze is specifiek ontworpen voor het doen van waar-
nemingen op de langste golflengtes. In plaats van schotels bestaat LOFAR uit vele honderden
kleine antennes die elektronisch worden gekoppeld tot stations. LOFAR heeft stations over een
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gebied van 100 km in Nederland. Daarnaast zijn er ook stations in Duitsland, Engeland, Frank-
rijk en Zweden. De grootste afstanden tussen deze stations zijn meer dan 1000 km. Het grote
aantal stations, meer dan 40, en de enorme afstanden betekent een enorme doorbraak in gevoe-
ligheid en resolutie. Dit alles maakt LOFAR tot de meeste krachtige radiotelescoop ter wereld.
Naast clusters zullen vele andere bronnen in detail bestudeerd kunnen worden.

Dit proefschrift

In dit proefschrift wordt de radiostraling van samensmeltende clusters van sterrenstelsel bestu-
deerd. De belangrijkste vragen zijn: Waar komen de hoog-energetische deeltjes vandaan die
de radiostraling uitzenden? Hoe worden deze deeltjes versneld? Hoe is het magnetisch veld in
clusters ontstaan en wat zijn de eigenschappen van dit magnetisch veld? Het beantwoorden van
de bovenstaande vragen is van belang om het vormingsproces van clusters beter te begrijpen.
Naast radiowaarnemingen wordt er in dit proefschrift ook gebruik gemaakt van waarnemingen
van Röntgen-satellieten en optische telescopen. Tevens zijn numerieke simulaties op krachtige
computers gedaan om deze samensmeltingen van clusters beter te begrijpen. Een van de proble-
men voor het bestuderen van samensmeltende clusters is dat er maar weinig (enkele tientallen)
clusters bekend zijn met radio halo’s en relics. Een ander doel is dus om meer halo’s and re-
lics te vinden om zo de gezamenlijke eigenschappen van de clusters te kunnen bestuderen en te
vergelijken.

In Hoofdstuk 2 en 3 worden GMRT, WSRT en VLA waarnemingen beschreven van 26
potentiële nieuwe halo’s en relics. Deze bronnen waren gevonden in oudere radiokaarten en
vielen op doordat hun helderheid sterk toenam op langere golflengtes. Het blijkt dat inderdaad
enkele van deze bronnen nieuwe relics en halo’s zijn. De bronnen zijn verder bestudeerd met
vervolgwaarnemingen op verschillende golflengtes. Door deze gegevens te combineren met
al bekende radio relics zijn correlaties gevonden tussen verschillende eigenschappen van de
bronnen, zoals hun grootte en de mate waarin de intensiteit toeneemt met de golflengte. In
Hoofdstuk 4 wordt ook een zoektocht naar nieuwe halo’s en relics ondernomen. Dit resulteert in
de ontdekking van zes nieuwe relics en twee halo’s. Het blijkt dat deze halo’s en relics allemaal
te vinden zijn in samensmeltende clusters, zoals verwacht.We vinden ook dat de kans om een
relic te vinden toeneemt naarmate de cluster meer massa heeft. Een van deze nieuw halo’s wordt
in meer detail bestudeerd inHoofdstuk 5. Deze halo is de meeste verre en helderste die tot nu
toe gevonden is. De halo bevindt zich in de massieve cluster MACS J0717.5+3745, welke een
complexe samensmelting ondergaat van ten minste drie clusters.

In Hoofdstuk 6 and7 wordt de ontdekking van relics in de clusters ZwCl 2341.1+0000
en ZwCl 0008.8+5215 beschreven. Het bijzondere is dat beide clusters twee relics hebben die
symmetrisch liggen aan weerszijden van het centrum van de clusters. Deze soort relics worden
“dubbel relics” genoemd en zijn zeer zeldzaam. Er zijn er maar enkelen van bekend. De radio,
Röntgen en optische waarnemingen van deze clusters laten zien dat deze bezig zijn samen te
smelten. De dubbel relics bevinden zich op de positie van de verwachte schokgolven. Er zijn
aanwijzingen gevonden dat de deeltjes die de radiostralinguitzenden versneld worden in de
schokgolven van de botsingen.

In Hoofdstuk 8 worden GMRT, WSRT en VLA waarnemingen besproken van de cluster
genaamd CIZA J2242.8+5301. Deze waarnemingen laten een enorm grote relic zien. Via een
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ingenieuze techniek wordt voor het eerst een precieze meting van het magnetisch veld gedaan in
de cluster. Tevens is het effect van de beweging van de schokgolf waargenomen via de radiostra-
ling. De waarnemingen van deze cluster geven het beste bewijs tot nu toe dat deeltjes inderdaad
in schokgolven van clusters versneld worden tot extreme energieën.

In Hoofdstuk 9 wordt een gedetailleerde analyse gedaan van een nieuwe cluster met een
complexe radio relic en halo. Verschillende technieken om de radiostraling in detail te bestu-
deren worden hier ontwikkeld. Hiermee kan nieuwe informatie over het magnetisch veld en de
specifieke deeltjes versnellingsmechanismen worden verkregen.

In Hoofdstuk 10 worden simulaties van de samensmeltende clusters gepresenteerd. Door
de simulaties te vergelijken met de radiokaarten is het mogelijk te reconstrueren hoe de samen-
smeltingen zijn verlopen. Deze techniek is toegepast op de cluster beschreven inHoofdstuk 8.
In dit specifieke geval vinden we dat de waarnemingen verklaard kunnen worden door een bot-
sing tussen twee clusters met een massaverhouding van 2 staat tot 1. Ook zijn de simulaties
gebruikt om de eigenschappen van het gas te onderzoeken op grote afstanden van het centrum
van de cluster. Op grote afstand van het centrum van clustersis het gas zo ijl dat het nauwelijks
waarneembaar is met Röntgenstraling.

GMRT en WSRT waarnemingen van de cluster Abell 2256 worden beschreven inHoofd-
stuk 11. Een aantal nieuwe zwakke diffuse radio bronnen worden gedetecteerd. De helderheid
van de bronnen neemt sterk toe met de golflengte, waardoor deze bronnen op langere golfleng-
tes veel duidelijker zichtbaar zouden moeten zijn. Ten slotte wordt inHoofdstuk 12 de eerste
LOFAR waarneming van de cluster Abell 2256 gepresenteerd. Deze waarneming laat voor het
eerst de relic and halo zien op lange golflengtes. Zoals verwacht is ook een van de diffuse
radiobronnen, beschreven inHoofdstuk 11, zichtbaar op de LOFAR kaarten.
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