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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 areflilise radio sources found in galaxy clusters showing
significant substructure at X-ray wavelengths . These ssupcovide important information
about non-thermal processes taking place in the intraaiusedium (ICM). Until now only a
few dozen relics and halos are known, while models predattahmuch larger number of these
sources exist. In this paper we present the results of angxgeobserving campaign to search
for new difuse radio sources in galaxy clusters. We carried out raditirasum observations
with the Westerbork Synthese Radio Telescope (WSRT), Qieitewave Radio Telescope
(GMRT) and Very Large Array (VLA) of clusters with fluse radio emission visible in NVSS
and WENSS survey images. Optical images were taken with i@ Herschel and Isaac
Newton Telescope (WHT, INT). We discovered 6 new radio sgliccluding a probable double
relic system, and 2 radio halos. In addition, we confirm thespnce of dfuse radio emission
in four galaxy clusters. By constructing a sample of 35 raaiics we find that relics are
mostly found along the major axis of the X-ray emission frdra ICM, while their orientation
is perpendicular to this axis. We also compared the X-rayinosity and redshift distributions
of clusters with relics to an X-ray selected sample from tH@RMS and REFLEX surveys.
We find tentative evidence for an increase of the clustelis fimaction with X-ray luminosity
and redshift. The major and minor axis ratio distributiortled ICM for clusters with relics is
broader than that of the NORAS-REFLEX sample. The locatimharientation of radio relics
with respect to the ICM elongation is consistent with thense® that relics trace merger shock
waves.

R. J. van Weeren, M. Briggen, H. J. A. Rottgering, M. HoBftE. Nuza, H. T. Intema
Astronomyé Astrophysics533, 35, 2011
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68 Chapter 4. New radio halos and relics from the NVSS and WESIBveys

4.1 Introduction

Radio halos and relics are found in massive merging galaistets. These radio sources indi-
cate the presence of magnetic fields and in-situ particlelaction within the ICM (e.g.Jdfe
1977 Govoni & Feretti 2003 Galaxy clusters form through mergers with other clusserd
galaxy groups as well as through continuous accretion offrgas the intergalactic medium.
Since giant radio halos and relics are found in merging elsge.g.Buote 2001 Govoni et al.
2004 Barrena et al. 20Q7Brunetti et al. 2009Cassano et al. 201phbit has been proposed
that a small fraction of the energy released during a clustger event is channeled into the
(re)acceleration of particles.

One scenario for the origin of radio relics is that they tramrger shock waves within the
ICM in which particles are accelerated by thédsive shock acceleration (DSA) mechanism
(Krymskii 1977 Axford et al. 1977 Bell 1978ab; Blandford & Ostriker 1978Drury 1983
Blandford & Eichler 1987Jones & Ellison 1991Malkov & O'C Drury 2001). In the presence
of a magnetic field these particles emit synchrotron raafiedit radio wavelengths (e.gnsslin
et al. 1998 Miniati et al. 2000Q. The dficiency with which collisionless shocks can accelerate
particles is unknown and may not be enough to produce thenaseadio brightness of relics.
A closely linked scenario is that of shock re-acceleratigpre-accelerated electrons in the ICM,
which is a more #ficient mechanism for weak shocks (eMarkevitch et al. 2005Giacintucci
et al. 2008 Kang & Ryu 201).

An alternative scenario has been proposedkbghet(2010 based on a secondary cosmic
ray electron model, where the time evolution of magnetidfelnd the cosmic ray distribution
are taken into account to explain both halos and giant rdllesailed spectral maps, at multiple
frequencies, and measurements of the magnetic field viadlaipation properties can test
this model. For relics, strong magnetic fiel®> Bemp = 3.25% (1 + 2)?) are predicted and the
spectral indekat the outer edges of relics should be flat, witk —1.

Unlike relics, radio halos are found in the center of mergjalgxy clusters and follow the X-
ray emission from the ICM. Radio halos have been explainetitijulence injected by recent
merger events. The injected turbulence is thought to beldad re-accelerating relativistic
particles (e.g.,Brunetti et al. 2001Petrosian 2001Cassano & Brunetti 2005 Alternatively,
the energetic electrons are secondary products whicheatigfrom hadronic collisions between
relativistic protons and thermal ions (e.Bennison 1980Blasi & Colafrancesco 199®olag
& EnBlin 200Q Keshet & Loeb 2010ENnRIin et al. 201L Recent observations put tension on
the secondary models (e.Bonnert et al. 201Qb; Jeltema & Profumo 201 Brown & Rudnick
2011, Bonafede et al. 2091 The existence of ultra-steep spectrum radio halos isc#smed
not to be in agreement with these secondary mod@fanetti et al. 2008 but they can be
explained by the turbulent re-acceleration model. Howeuarently only a few of these ultra-
steep spectrum radio halos are known so more observatimisas presented in this paper, are
needed to increase this number and provide better measot®ofehe radio spectra.

In the last decade a number of successful searches havedreied out to find new diuse
radio sources in galaxy clusters (e @ipvannini et al. 1999Giovannini & Feretti 2000Govoni
et al. 2001 Kempner & Sarazin 200Bacchi et al. 2003Venturi et al. 20072008 Giovannini
et al. 2009van Weeren et al. 2009Rudnick & Lemmerman 20Q9However, our understand-
ing of the formation of these sources is still limited. Maglfdr the formation of relics and halos
can be tested through statistical studies of correlatietwdsen the non-thermal radio emission

1F, « v*, wherea is the spectral index



Section 4.2. Observations & data reduction 69

and global properties of the clusters, such as mass, tetoperand dynamical statéiang
et al. 2000 Feretti et al. 2006Cassano et al. 2008007, 2008 20103.

We recently discovered two large radio relics in the NVSSWHENSS surveysvan Weeren
et al. 201020119. Interestingly, these relics remained unnoticed for aldduyears. This
suggests that moreftlise radio sources could be discovered by inspection of theNEondon
etal. 1998and WENSSRengelink et al. 199&urvey images. We therefore carried out a visual
inspection of the NVSS and WENSS images around known ckidetected by ROSATVbges
et al. 19992000 Ebeling et al. 1998Bohringer et al. 2000Kocevski et al. 2007/Ebeling et al.
2002 Bohringer et al. 2004

Candidate clusters hostingfiilise radio emission were observed with the WSRT, GMRT
andor VLA. Clusters with existing published observations weot re-observed. In this paper
we present the radio images and global properties of théechidn addition, we investigate the
position and orientation of radio relics with respect thl@Gnd compare the X-ray luminosity
and redshift distributions of clusters with relics to an a§trselected sample. In a follow-up
paper we will present the polarization and detailed spkptgperties of the radio emission in
these clusters. The layout of this paper is as follows. Irt.2e2 we give an overview of the
observations and the data reduction. In Sé@&we present the radio images and give an short
overview of the cluster’s properties. We end with discussiand conclusions in Sects4 and
4.5

Throughout this paper we assumA&DM cosmology withHg = 71 km st Mpc™?, Q, =
0.27, andQ, = 0.73. Allimages are in the J2000 coordinate system.

4.2 Observations & data reduction

4.2.1 Radio observations

Most of candidate clusters withftlise radio emission were observed with the WSRT. GMRT or
VLA observations were taken of a few clusters which were eddsy the WSRT observations.
A summary of the observations is given in Tadld. The WSRT observations were taken in
frequency switching mode, alternating every 5 minutes betwthe 21 and 18 cm bands. In this
paper we will only use the 21 cm data, except for the clustdrsll’697 and Abell 2061. The
other data will be presented in a future paper which will ®oun the polarization properties and
rotation measure synthesis. The total integration timeéHerWSRT observations was 6 hr per
cluster, except for Abell 3365 (see Tallel). VLA observations of Abell 523 were taken in
D-array. We also included archival observations from profe81180 (L-band D and C-array).
Abell 3365 L-band VLA observations were taken in DnC and Cnaya(project AR690).

GMRT 325 MHz observations (with the hardware correlatorjesmaken of Abell 1612 on
May 13, 2009, recording both RR and LL polarizations with 3Riabandwidth. We observed
Abell 1612 and CIZA J0649:31801 at 61241 MHz with the GMRT. The 61241 MHz ob-
servations were taken in dual-frequency mode, recordingp&Rrization at 610 MHz and LL
polarization at 241 MHz. Total recorded bandwidth was 32 Mii510 MHz and 6 MHz at
241 MHz. The GMRT software backend (GSBpy et al. 201pwas used.

For the data reduction we used the NRAO Astronomical Imagedasing System (AIPS)
package. Standard gain calibration and RFI removal weilfeqmeed. Bandpass calibration was
carried out for observations done in spectral line mode tf®241 MHz observations RFI was
fitted and subtracted from the data using the technique ibescbyAthreya(2009 which was
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Table 4.1: Observations

Cluster observation date frequency bandwidth integrdtinea map resolution rms noise
MHz MHz hr arcsec uJy beam?
Abell 1612 GMRT, 13 May, 2009 325 32 4.0 BY x9.5” 236
GMRT, 22 Nov, 2009 610,241 32,6 25,25 J7 x 477,21 x 12/ 64,777
Abell 523 VLA Aug, 25, 2005; 1425 375 1Y 3.7 217 x 20" 40
Nov 28, 2005; Dec 28, 2009
Abell 697 WSRT, 24 Aug, 2009 1382,1714 160,160 6.0,6.0 " 34217° 24,32
Abell 3365 WSRT, 22 Feb, 2009 1382 160 12.0 108 13 29
Abell 3365 VLA, 30 Sep, 2009 1425 250 0.7, 2.52 43" x 357,135” x 9.2”7 84,27
30 May, 2009
Abell 746° WSRT, 19 Sep, 2009 1382 160 6.0 2% 18" 28
Abell 2034 WSRT, 26 Jul, 2009 1382 160 6.0 380« 16” 24
Abell 20611 WSRT, 23 Jul, 2009 1382,1714 160,160 6.0,6.0 " 3216"° 22,26
RXC J1053.#545Z WSRT, 14 Mar, 2009 1382 160 6.0 24x 18" 30
CIZA J0649.3-1801 GMRT, 22 Nov, 2009 610,241 32,6 3.0,3.0 725 25¢, 17" x 14" 515, 1800
RX J0107.85408 WSRT, 29 Aug, 2009 1382 160 6.0 21 17" 29
a D array
a2 C array

bthe WSRT 1714 MHz image was convolved to the same resolutidheal382 MHz image

¢ convolved to a beam of 25x 25”

4D and C array data were combined

€ The minimum baseline length is 36 m.
f The minimum baseline length is 54 m.
9! DnC array

9 CnB array
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implemented in ObitCotton 2008. The fluxes of the primary calibrators were set according
to the Perley & Taylor(1999 extension to théBaars et al(1977) scale. Several rounds of
phase self-calibration were performed before doing twol fioands of amplitude and phase
self-calibration.

For GMRT data in the imaging step we used the polyhedron ndgfherley 1989Cornwell
& Perley 1992 to minimize the &ects of non-coplanar baselines. Images were made using
“Briggs” weighting (with robust set to 0.18riggs 1999 and cleaned down to 2 times the rms
noise level (Zms) using clean boxes. Finally, we corrected the image for tfmary beam
attenuation. For more details on the data reduction theerdadeferred toran Weeren et al.
(20118.

4.2.2 Optical WHT & INT images

For the clusters Abell 1612, Abell 523, Abell 3365, Abell 20&€I1ZA J0649.3-1801 and RX
J0107.8-5408 we made use of optical V, R and | band images taken witkiH& (PFIP cam-
era) and INT (WFC camera) telescopes between 15-19 April TWthd 1-8 October (INT),
2009 (for more details saan Weeren et al. 201Le

4.3 Results

In this section we present the radio continuum images of lters. We briefly discuss the
results of the radio observations for each cluster, a sumisagiven in Table4.2. To com-
pute the integrated fluxes for thefilise radio sources we subtracted the flux contribution from
the discrete sources. We alphabetically labeled theseetiissources for each cluster where
applicable. The fluxes of the discrete sources are repant@dhle4.3and they are measured
from images made with uniform weighting. We included theertainties in the subtraction of
the discrete sources in the uncertainty for the integratedffleasurements of theftlise cluster
emission in Tabld.2 We assume that the uncertainties for the discrete soureemeaorrelated.
More details are given in the subsections of the individiisters.

We also display overlays onto ROSAT images and galaxy iswsitecontours (mostly de-
rived from SDSS DR7 photometric redshifsbazajian et al. 2009 The iso-densities were
computed by counting the number of galaxies per unit suidiaea within a certain photometric
redshift range (for SDSS) or V-R and R-I color range (for INTages). For the INT images
we created a catalog of objects using Sextradertin & Arnouts 199%. We then removed all
point-like objects (i.e., stars) from the catalogs. To agel galaxies not belonging to the cluster
we selected only galaxies with-Rand V—R colors within 015 magnitude from the average
color of a massive elliptical cD galaxy in the cluster. Thega of 015 in the colors was taken
to maximize the contrast of the cluster with respect to thie #md background galaxies in the
field, but not being too restrictive so that afstient number of candidate cluster members was
selected.

4.3.1 Abell 1612

Abell 1612 is a little studied cluster at= 0.179 (Popesso et al. 2004vith a moderate X-
ray luminosity ofLy 01 24 kev = 2.41x 10* erg s (Bohringer et al. 2004 In the NVSS
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Table 4.2: Cluster properties

Relic z S1382 MHz P14 GHz Lx’ 0.1-24 kevd LLS? classificatiof
mJy 16*W Hz! 10*ergs! kpc
Abell 1612 0.179 6B+26° 7.9 2.41 780 R
Abell 746 (center, periphery) 0.232 84,245+ 20 3.8,6.8 3.68 850,1100 H,R
Abell 523 0.10 6K 7f 1.7 0.89 1350 HorR
Abell 697 0.282 =2+05,40+059 2.2 19.42 750 H
Abell 2061 0.0784 2b+10,212+219 0.45 3.95 675 R
Abell 3365 0.0926 42+3.0/,54+05¢ 1.1,0.14 0.859 560, 235¢ DR
426+ 2.6 53+050
CIZA J0649.3-1801 0.064 32% 46 1.2 2.38 800 R
RX J0107.85408 0.1066 55+5 1.8 5.42 1100 H
Abell 2034 (center, periphery) 0.113 .3% 2.0, 24+ 2 0.28,0.89, 3.56 600,220 HorR,R
RXC J1053.%#5452 0.0704 152 0.2 0.44 600 R

aJargest linear size

b R = radio relic, H= radio halo, DR= double radio relic

¢also known as CIZA J0107+5408 or ZwCl 0104.95350

d Abell 3365 and Abell 1612: Bohringer et al.(2004, CIZA J0649.3-1801 and RX J0107485408: Ebeling et al. (2002,
RXC J1053.#5452: Popesso et al2004), Abell 697: (Popesso et al. 2004Abell 2034 and Abell 2061:Ebeling et al.(1999,
Abell 523: Bohringer et al(2000, Abell 746: this work

€ NVSS flux

f VLA flux at 1425 MHz

9 WSRT flux at 1714 MHz

h using a typical relic spectral index ofL.3

' GMRT flux at 610 MHz

I eastern relic

Kwestern relic



Table 4.3: Fluxes of compact sources embedded in tiieséi emission

A B C D E F H | J Figure
A746 152+ 009 036+0.06 024+006 037+0.06 045+0.07 093+0.06 051+0.07 033+0.06 034+006 4.4
A523 109+02 57=+01 29+01 4.6
ABIT* 050+ 0.07 029+0.06 022+0.06 025+008 016+0.06 019+0.05 4.9
AB97P 0.38+0.08 024+0.07 017+0.05 0Q12+0.05 0.15+0.06° 0.07+0.05" 4.9
A2061% 0.53+0.08 041+0.07 036+0.07 4.12
A2061° 0.31+008 0.33+0.08 020+ 0.08 4.12
A3365° 15+01 053+ 0.06 062+ 0.06 4.14
CIZA J0649.3-1801 77+0.38 12+0.1 25+03 4.16
RX J0107.85408 26+0.2 11+01 10+0.1 07+0.1 4.17
A2034 093+0.06 059+0.06 034+0.05 4.18
RXC J1053.45452 12+0.1 14+0.1 4.20

Note: reported fluxes are in mJy

41382 MHz
1714 MHz

¢ from VLA CnB array image
4 by measuring the flux at the 1382 MHz source position

SINsSay "'t UONIBS

€L
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Figure 4.1: Left: GMRT 325 MHz image of Abell 1612. Radio comts are drawn at levels of[2,4, .. ] x
4oms. Dashed contours are drawn -a8oms. Right: A1612 X-ray emission from ROSAT, tracing the
thermal ICM, is shown by the color image. The original imagenf the ROSAT All Sky Survey was
convolved with a 270FWHM Gaussian. Solid contours are from the GMRT 325 MHz imageé drawn
atlevels of [12,4, ...] x 3o0rms. Dashed contours show the galaxy iso-density distribudiEnived from the
SDSS survey. Contours are drawn ad[1.4, 1.8, ...] x 1.1 galaxies arcmir? selecting only galaxies with
0.16 < Zpnot < 0.20.

survey we found an elongated radio source located abjaiat the south of the cluster center.
The source was completely resolved out in the 1.4 GHEBERST survey Becker et al. 1995
indicating dituse emission on scales of about ¥h our GMRT 325 MHz image (Figd.1, left
panel) the source has a total extent of 4vehich corresponds to a physical size of 780 kpc.
We could not identify an optical counterpart for the sourfeig (4.3, left panel). We therefore
classify the source as a radio relic. In the 610 MHz image.(&ig, left panel) the source
is connected to a tailed radio galaxy to the north. Combirfing measurements at 1.4 GHz
(NVSS) and GMRT fluxes at 241, 325 and 610 MHz giwes: —1.4. However, we note that
the individual flux measurements give a large scatter (#ig.right panel). We checked the
absolute flux calibration between thdfdrent frequencies by measuring the integrated fluxes
of several compact sources. This did not reveal any probl&ome of the short baselines in
the 325 and 241 MHz observations wefféeated by RFI which could havefacted the flux
measurement since the source is quite extended. In addhi@declination is close td@hich
gives a non-optimal uv-coverage.

Probably the relic traces a shock in which particles arelacated or re-accelerated by a
merger-related shock wave. The large extent makes it uplikat the source traces compressed
fossil radio plasmaClarke & Ensslin 2006 The connection with the tailed radio source to the
north favors a re-acceleration scenario. In this case, ¢l selativistic electrons could be
supplied by the tailed-radio source. The elongated galssydensity contours and ICM, see
Fig. 4.1 (right panel), also hint at a merger event along a northwestheast axis.
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Figure 4.2: GMRT 610 (left) and 241 MHz (right) image of A16X2ontour levels are drawn as in FiyL
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Figure 4.3: Left: WHT V, R, | color image of Abell 1612. Oveidaare the radio contours from Fig.2
(left panel). Right: A1612 radio relic spectrum. Flux measnents at 241, 325, and 610 MHz are from
the GMRT observations. The 1.4 GHz flux is from the NVSS suivegge.
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4.3.2 Abell 746

Abel 746 is a Bautz-Morgan (B®1) class Il type cluster located &fnor = 0.232+ 0.01 (Koester
etal. 2007. Based on the ROSAT flux froBohringer et al(2000 we calculatd.x_ ¢1-2.4 kev ~
3.68x 10" erg s1. We discovered an elongated radio source located nortrofi¢ise cluster
center in the NVSS survey. Thefflise source is resolved out in the FIRST image, except for
an unresolved source located at the southern tip of tfies# source. In our WSRT image the
elongated source is easily detected (Bid, left panel) . The source has a largest angular extent
of &', which corresponds to a physical size of 1.1 Mpc at the déstari Abell 746. The source
has a width of 345 kpc and is located at a distance bMpc from the cluster center.

We do not find it very likely that the point source at the southend of the elongated source
is the hotspot of a radio galaxy because the second hotspussng. In addition, we do not
detect any radio core. The compact source at the southernfahe difuse source does not
have an optical counterpartin SDSS images. The SDSS imagesataminated by the bright
star f Uma (Mnag = 4.5). We only conclude that a possible optical counterpartishioe located
farther away than A746. This limit on the redshift does natvisle any useful constraints to
rule it out as a giant radio galaxy on the basis of its physsiz¢ or radio luminosity. The
morphology of the source is more typical for a radio reliceize of the sources an its location
would also agree with this interpretation. As an additiariedck, we analyzed the polarization
data from the WSRT observation. Radio relics are often pmdrat a level ok 20% or more
(e.g.,Clarke & Ensslin 2006Bonafede et al. 2009lvan Weeren et al. 20)0Indeed, we find
that the elongated source is polarized up to-tH0% level (Fig4.5), which provides additional
support for the classification as radio relic.

Galaxy iso-density contours show the cluster to be somerlbagated along a northwest-
southeast axis, see Fig.4 (right panel). The ROSAT image reveals little structure wdwer,
the number of photons detected from the cluster is low.

The WSRT image reveals additionaffdise emission in the center of the cluster, albeit at
a low SNR. The emission has an extent of at least 850 kpc whkitypical for a giant radio
halo. The flux of this radio halo is fiicult to estimate due to the low SNR, but subtracting the
contribution from the compact sources we find a flux of about ®88mJy for the radio halo.
To better image the duse emission we subtracted the clean components from thpamim
sources using an image made with uniform weighting. We tloeraved the image (made with
natural weighting) to a resolution of.1The contours from this image are overlaid in Fg4
(right panel). The halo is now better detected and the ragisson roughly follows the X-ray
emission. The radio power of@x 107 W Hz ! is above the_x—P1 4cH correlation for giant
radio halos (e.gl.iang et al. 2000Cassano et al. 2006The fitted relation fronCassano et al.
(2006 gives a power of B4 x 1074 W Hz™1. We note that both the integrated radio flux and
Lx (from ROSAT) are uncertain, and that the intrinsic scatiegheLyx—P; 4cH; relation is quite
large Brunetti et al. 2008 The measured radio power is therefore still marginallgsistent
with being on the_x—P; 4gH; correlation.

4.3.3 Abell 523

Abel 523 is a little studied galaxy cluster locatedzat 0.10 (Struble & Rood 1999 with
Lx. 0124 kev = 0.89x 10* erg s* (Bohringer et al. 2000 Galaxy iso-densities derived from
INT images show a north-south elongated cluster consistirtggo galaxy clumps. The VLA
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Figure 4.4: Left: WSRT 1382 MHz image of A746. Contour levate drawn as in Figd.1 Black
dotted lines indicate the integration areas for the flux mesments. Discrete sources embedded in the
diffuse emission are alphabetically labeled, see Tal8eRight: A746 X-ray emission from ROSAT in
orange. The original image from the ROSAT All Sky Survey wasvolved with a 225 FWHM Gaussian.
Solid contours are from the WSRT 1382 MHz natural weightedgenconvolved to a resolution of ‘60
Compact sources were subtracted and contours are drawveds tf [1 2,4, 8,...] x 0.4 mJy beam'.
Dashed contours show the galaxy iso-density distributienvdd from the SDSS survey. Contours are
drawn at [10,1.4,1.8,...] x 0.6 galaxies arcmirf selecting only galaxies with.06 < Zynot < 0.29.
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Figure 4.5: WSRT 1382 MHz polarization map of A746. Totalgsaed intensity is shown as a grayscale
image. Vectors depict the polarization E-vectors, theigth represents the polarization fraction. The
length of the E-vectors are corrected for Ricean bvslar(lle & Kronberg 1971 A reference vector for a
polarization fraction of 100% is shown in the bottom leftrwar. No vectors were drawn for pixels with a
SNR< 4 in the total polarized intensity image. Contour levels@nawvn at [14,16,64,...] X 40-ms and
are from the Stokes | image.

image (Fig4.6, left panel) reveals a large, irregular anéfae radio source in the cluster as well
as a number of compact sources related to AGN activity. Qlioienage and galaxy distribution
agree with the recent results fra&iovannini et al(2011) which showed the presence offdise
radio emission in this cluster.

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

The difuse source has a patchy morphology, with the brightest pahteodiffuse source
located to the northwest of the tailed radio source. To thst e difuse source extends into
two filamentary structures. The total flux of thefdse radio source, minus the point sources
and head-tail galaxy, is 64 7 mJy. The difuse source has a largest extent of 1.35 Mpc. Both
numbers are consistent with the result fr@iovannini et al(2011).

The large extent and morphology make it unlikely that thfeude sources is directly related
to the tailed radio galaxyGiovannini et al.(2011) classify the source as a radio halo. They
note that the radio emission permeates both galaxy clumpsvekkr, the possibility that the
source is a radio relic projected onto central region of thster should also be considered. The
source has a very patchy morphology unlike typical radiofi&r which the surface brightness
follows that of the X-ray emission. Currently we have totldittonstraints to completely rule
out the relic scenario. Deep X-ray observations will be egeid characterize the dynamical
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Figure 4.6: Left: A523 VLA 1.4 GHz image. Contour levels arawn as in Fig4.1 Black dotted lines
indicate the integration area for the flux measurement.rBiscsources embedded in th&a$e emission
are alphabetically labeled, see TaBl8 Right: A523 X-ray emission from in orange. The original ea
from the ROSAT All Sky Survey was convolved with a 22BWHM Gaussian. Solid contours are from
the VLA 1425 MHz image and drawn at levels of P14, 8, .. .] x 40-ms. Dashed contours show the galaxy
iso-density distribution derived from INT images. Contware drawn at [D,1.2,1.4,...] x 1.6 galaxies
arcmirr? selecting only galaxies with colorsIR2 < V — R < 1.42, 025 < R—1 < 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 wsdi$tinguish between the radio halo
and relic scenarios as radio relics are usually stronglgipgd (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) type II-11l cluster, located az = 0.282, with a high
X-ray luminosity ofLx. 01 24 kev = 19.42x 10* erg s* (Popesso et al. 2004The ICM has an
elliptical shape and an overall temperature 6?@7 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 13344 km s™* for the cluster.
They noted this is expected in the case of energy-densiipadiiion between galaxies and gas.
They suggested that the cluster has undergone a complésralusrger event, occurring mainly
along the LOS, with a transverse component in the SSE-NN@¢ttan.

Kempner & Sarazin(2001) first suggested the presence oftdse 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?uydnick & Lemmermarf2009 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 uleepsspectruma(,.Ghz) with @
about -1.7 to -1.8.

We detect the radio halo at both 1382 and 1714 MHz with beti¢R $han the previous
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Figure 4.7: INT V, R, | color image of Abell 523. Overlaid atestradio contours from Figl.6.

observations at 1.4 GHz. In our 1382 MHz image we find a tot@rebof about 750 kpc for the
radio halo which is lower than the 1.3 Mpc reportedMdgcario et al (2010 at 325 MHz. The
lower 1382 MHz extent is expected due to the steep radio gpraif the halo. To better image
the difuse emission and remove the contribution from compact ssume made images with
uniform weighting and excluded data2.5k1 at both 1382 and 1714 MHz. We then subtracted
the clean components of the compact sources from the uvbéftee re-imaging. To increase
the SNR we combined the 21 and 18 cm images after convolviarg b a common resolution
of 29" x 17", see Fig4.9.

The discrete sources D, E, and F (see BEi§) were not detected with a SNR 3. By using
the positions from the 1382 MHz image, we could still get apragimate estimate of their
fluxes. We subtracted the flux from the discrete sources éPaB) and took the fluxes reported
by Macario et al(2010 to fit a power-law radio spectrum through the flux measureméh
a = -1.64+ 0.06, see Fig4.8. This confirms that the radio halo has a very steep specttakin
although it is marginally flatter than thel.7 to —1.8 reported byMacario et al(2010.

We do not detect any polarized flux from the radio halo in ourRV®bservations. We set
an upper limit on the radio halo polarization fraction of 664882 MHz.

4.3.5 Abell 2061

Abell 2061 is a Bautz-Morgan (B®1) type Il cluster located ax = 0.0784. The cluster has a
X-ray luminosity ofLyx 0124 kev = 3.95x 10* erg s (Ebeling et al. 1998 The cluster has
a velocity dispersion of 671:38 km st (Oegerle & Hill 200). The ROSAT image shows the
cluster to be extended in the northeast-southwest dirgcsiee Fig4.10(left panel). Previous
studies report that the cluster is part of the Corona Baealperclustermall et al. 1998
Marini et al. 2004. The galaxy iso-density contours display three subatrestiocated roughly
along a northeast southwest axis.
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Figure 4.9: WSRT combined 1382 and 1714 MHz image of the rhdio in Abel 697, compact sources
were subtracted from the uv-data. Dashed contour levelsirasen at [12,4,8...] x 60 uJy beam?.
Solid contours display the compact sources at 1382 MHz. Tighk-resolution image (19 x 107)
was made with uniform weighting and data 2.5k1 was excluded. Contour levels are drawn at
V[1,2,4,8..] x 100 uJy beam'. Discrete sources embedded in th&udie emission are alphabetically
labeled, see Tabk.3

Abell 2067 is located at a projected distance of only K-8 Mpc north from Abell 2061,
and the cluster’s systematic velocities are separated b§00 km s~ (Oegerle & Hill 2002.
Therefore, they probably form a bound systehaini et al. 2004 Rines & Diaferio 2008
consisting of a massive cluster (A2061) with a smaller ilirfg group/cluster (A2067). A2061
also contains an X-ray extension in the direction of A20@Wwérds the north-east) which also
suggests a dynamical connection between the two systdiausn| et al. 2004. According to
Marini et al, the interaction between the clusters is in the phase inwthie cores have not yet
met and in which the formation of a shock is expected. Thealedmperature for A2061 is
reported to be 53338 keV from BeppoSax observationdl4rini et al. 2004. A region with a
higher temperature is found in the northern part of A206hwitemperature of 1673:2(7’ keV.
This region could correspond to the presence of an intehualks

Kempner & Sarazir{2001) reported a possible relic in the southwest periphery of @20
in WENSS images. They found a flux of 1@415 and 19+ 3 mJy at 327 MHz and 1.4 GHz,
respectively. This would give a spectral indexaoft —1.17 + 0.23. Rudnick & Lemmerman
(2009 also listed the presence of thefdise peripheral source and measured a flux of 120 mJy in
the WENSS image. They also claimed the presence of additibfiase emission in the center
of the cluster which could make up a radio halo.

With our WSRT observations we confirm the presence of tiieisk radio source in the
southwestern periphery of A2061 and we also classify it doreelic. We cannot confirm the
presence of a radio halo. The radio relic is clearly seenih the 21 and 18 cm WSRT images,
Fig.4.11 The relic is located at a distance of 1.5 Mpc from the clustsiter and has a largest
angular extent of 7!7 corresponding to a physical size of 675 kpc. In the directawards the
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Figure 4.10: Left: A2061 X-ray emission from ROSAT in orangdée original image from the ROSAT All
Sky Survey was convolved with a 225WHM Gaussian. Solid contours are from the WSRT 1382 MHz
image and drawn at levels 0of,[2,4, 8, ...] X 40ms. Dashed contours show the galaxy iso-density distri-
bution derived from the SDSS survey. Contours are drawn.@t1%, 1.8,...] x 0.55 galaxies arcmirf
selecting only galaxies with.05 < zy,: < 0.1. Right: A2061 radio relic spectrum. Flux measurement at
325 MHz is taken fronRudnick & Lemmermar{2009.

cluster center the relic has an extentoB20 kpc. The western outer boundary of the relic is
somewhat more pronounced, while the emission fades momtysiowards to the cluster center.
The relic consist of a northern and fainter southern compbrigvo compact sources are found
directly to the north and south of the relic.

An optical color image at the location of the relic is showrkrig. 4.12 This image does not
reveal any obvious counterparts to the radio relic. Onexgatalocated at the brightest region of
the relic, but no compact radio source is associated wittgddaxy. The bright compact sources
to the north and south of the relic are both associated wittkdraund galaxies unrelated to
A2061 because of their small angular sizg<3(") and very red color. For comparison, we have
marked two galaxies located approximately at the distahé®061 (Fig.4.12).

The radio spectrum is fitted by a single power-law spectruem, Fig.4.10 (right panel).
We finda = —=1.03+ 0.09. The 325 MHz WENSS flux is frorRudnick & LemmermanThe
325 MHz measurement is however uncertain as the SNR on tlkesédw. To better constrain
the spectral index an additional low-frequency flux measiemt is needed.

The picture that emerges from our observations is that oflm r@lic tracing a shock wave
from a cluster merger event. The merger event does not sebendivectly related to the cluster
A2067, located north of A2061. Instead the shock wave is rikety 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 le\ais drawn as in Figh.1 Black dotted
lines indicate the integration area for the flux measuremeRight: A2061 WSRT 1714 MHz image.
Contour levels are drawn as in Figgl

4.3.6 Abell 3365

Abell 3365 @bell et al. 1989 is located at a redshift of = 0.0926 Struble & Rood 1999
The cluster is listed as a Bautz-Morgarn/iB type Il cluster. The ESO Nearby Abell Cluster
Survey (ENACSKatgert et al. 199pmeasured a velocity dispersion of 1153 km gMazure
et al. 1996 for A3365, quite high compared to other clusters in the damfBalaxy cluster
RXC J0548.8-2154 is located & the west of the NED listed position for A3365 at a redshift
of z = 0.0928. The galaxy distribution, see Fig.13 (right panel), peaks at the center of
A3365, while the X-ray peak is located at the position of RX@548.8-2154. The galaxy
distribution around A3365 is complex, with two main concatibns along an east-west axis
and a smaller concentration at the far west. The ICM distiginus also complex and elongated
in the east-west direction. Based on the very similar régsind complex X-ray emission and
galaxy distribution, we conclude that A3365 and RXC J0548184 belong to the same merging
system to which we will simply refer as A3365.

In the NVSS image we noted the presence of a peripheral detgadio source to the
east of the cluster center. The WSRT image (Bid.3 left panel) reveals a second smaller
diffuse source on the west side of the cluster. THi@isie sources are also detected in the VLA
images (Fig4.14). For both sources we cannot identify obvious optical cerprts in our INT
images (Fig4.15. The east and western sources have an angular extent @fifel 2.3, which
correspond to 560 and 235 kpc at the distance of A3365. Weifjlake eastern source as a
radio relic. Most likely, the western source is anotheroadiic, which means that A3365 hosts
a double radio relic system, but more observations are wedeonfirm this classification.
This interpretation is supported by the elongated X-raygaldxy distribution which suggests a
merger event along an east-west axis (Big.3right panel). We also made an image where we
subtracted the compact sources from the uv-data. To makéhige, we subtracted the clean
components from a uniformly weighted image (CnB array)nfrihe DnC array data. This
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Figure 4.12: A2061 optical WHT V, R, | color image at the Idoatof the radio relic. Radio contours are
from Fig.4.11 The two circles indicate galaxies with spectroscopic hétisof 0.0815 (west) and 0.061
(east) Abazajian et al. 2009 Discrete sources embedded in thButie emission are alphabetically labeled
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Figure 4.13: Left: A3365 WSRT 1382 MHz image. Contour levats drawn as in Figd.1 Right:
A3365 X-ray emission from ROSAT in orange. The original irmdgpm the ROSAT All Sky Survey was
convolved with a 225 FWHM Gaussian. Solid contours are from a VLA 1.4 GHz imagehwibmpact
sources subtracted from the uv-data. This DnC array imageahasolution of 47 x 42’. Contours
are drawn at levels of [2,4,8,...] x 0.4 mJy beam!. Dashed contours show the galaxy iso-density
distribution derived from INT images. Contours are drawifilad, 1.1, 1.2, ...] x 0.78 galaxies arcmirt
selecting only galaxies with colors®< V — R < 0.9, 054 < R-1 < 0.84, i.e., within 0.15 magnitudes
the V-R and R-I color of the largest cD galaxy.

image is overlaid in Fig4.13

4.3.7 CIZA J0649.3+1801

CIZA J0649.31801 is a little studied galaxy cluster locatea at 0.064 discovered bibeling

et al. (2002 at a galactic latitude db = 7.668. The cluster has a moderate X-ray luminosity
of Lx. 01-24 kev = 2.38x 10" erg s1. The cluster forms part of a supercluster in the Zone of
Avoidance hidden by the Milky WayKocevski et al. 200y

We discovered the presence of d@faée~ 10 elongated source to the west of the cluster
in the NVSS survey. We do not find an optical counterpart fergburce in our WHT images.
In the GMRT image, see Figl.16 (left panel), the source has a total extent of 1@véich
corresponds to a size of about 800 kpc at the distance of COB49.3+1801. We therefore
classify the source as a peripheral radio relic located@&Mpc from the cluster center. The
relic is also visible in the 241 MHz image, although the SNRtoarelic is very low (Fig4.16
right panel).

The ROSAT image reveals another fainter X-ray source lach&tween the radio relic and
the cluster center. The source is not resolved and thergéfooelld be unrelated to the cluster.
Also we do not detect any group or cluster of galaxies astsgtiaith this source in our optical
WHT images. Therefore, this X-ray source seems to be uecktatCIZA J0649.31801.
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Figure 4.16: Left: CIZA J064931801 X-ray emission from ROSAT in orange. The original im&gen

the ROSAT All Sky Survey was convolved with a 226WHM Gaussian. Solid contours are from the
GMRT 610 MHz image convolved to a resolution of’28nd drawn at levels of [R,4, 8, ...] X 40ms. The
source NVSS J06492875700 was removed using the “peeling”-method (eNpordam 2003 Black
dotted lines indicate the integration area for the flux mesment. Discrete sources embedded in the
diffuse emission are alphabetically labeled, see Tal#eRight: CIZA J0649.31801 GMRT 241 MHz
image. Contour levels are drawn as in FigL The dashed line is the 15 mJy bedoontour of the
241 MHz images convolved to a circular beam of 45
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Figure 4.17: Left: CIZA J0107#5408 WSRT 1382 MHz image. Contour levels are drawn as in4&1g.
Black dotted lines indicate the integration area for the fneasurement. Discrete sources embedded in
the difuse emission are alphabetically labeled, see Tal3eRight: CIZA J0107.#5408 X-ray emission
from ROSAT in orange. The original image from the ROSAT AllySBurvey was convolved with a
228’ FWHM Gaussian. Solid contours are from the WSRT 1382 MHz ina@nvolved to a resolution of
40”. Compact sources were subtracted and contours are dragwetst bf [12,4,8,...]x0.3 mJy beam'.
Dashed contours show the galaxy iso-density distributinivdd from INT images. Contours are drawn
at [10,1.2,1.4,...] x 0.3 galaxies arcmitt selecting only galaxies with colors8s < V - R < 1.15,

0.6 <R-1<0.9,i.e., within 0.15 magnitudes the V-R and R-I color of thetra cD galaxy.

4.3.8 CIZA J0107. 45408

CIZA J0107.%#5408 is located at = 0.1066 Crawford et al. 199band has quite a high X-ray
luminosity of Ly, 0124 kev = 5.42x 10* erg s* (Ebeling et al. 200R The cluster is projected
relatively close to the galactic plane with= —-8.65°. Both the NVSS and WENSS survey
images display an extendedtdise radio source located roughly at the cluster center. GBRW
image clearly reveals the presence of a somewhat elongadéairalo with a largest extent in
the north-south direction of 1.1 Mpc. The galaxy and ICMrilisttion are also elongated along
the major axis of the radio halo, see Fi§§17 which supports the scenario that the cluster
is currently undergoing a merger event. An image of the r&dio with the discrete sources
subtracted (using the same technique as described in4528@.is overlaid with contours. The
radio power of 3 x 1074 W Hz! is consistent with thé&x—P1 4gH, correlation for giant radio
halos.

4.3.9 Abell 2034

Abell 2034 is a merging galaxy cluster as revealed by a Claadray study fromKempner
et al. (2003. White (2000 reported a global cluster temperature of 7.6 keV in agrednvéh
the value of ®+0.4 keV found byKempner et al(2003. Kempner & Sarazii2001) suggested
the presence of a radio relic on the basis of a WENSS image diffuse emission is located
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close to the position of a cold front found l§empner et al(2003. The presence of ffuse
emission was confirmed giovannini et al(2009 and was classified as an irregular elongated
radio halo.

We also observe the filise emission to brighten at the position of the cold frontha t
WSRT image. The SDSS galaxy distribution (Mgl8 right panel) is bimodal which supports
the scenario that the cluster is undergoing a merger eveatdfsider the classification of the
source uncertain, since the radio emission does not showyeclear correlation with the X-
rays. It could therefore also be a radio relic. The radio poiRescH, = 0.28x 1074 W Hz ™)
though is in agreement with tHe—P; 46H correlation for giant radio halos (e.d.iang et al.
200Q Cassano et al. 2006The total flux we find is B+ 2.0 mJy, lower than the 18+ 1.0 mJy
reported byGiovannini et al(2009. The reason for the fference is unclear becaus@®vannini
et al. (2009 do not report the integration area and the fluxes of the eliscgources that were
subtracted. Deeper observations whichisient resolution are needed to classify the nature of
the difuse emission. Polarimetric observations could be veryfhkehgre as radio relics are
usually highly polarized.

We report the detection of a new relatively small radio réticated west of the cluster
center (NVSS J1509433119, WN B1507.63342, 7C 150739.3834252.00). This relic is
already visible in the previous studies mentioned abovevastnot recognized as a radio relic
probably because it is quite compact. The source has a sme 2P0 by 75 kpc and a spectral
index~ —1.2, including flux measurements from the NVSS, WENSS andHdalgs et al. 2007
surveys . A high-resolution 610 MHz GMRT of the relic ovedain an optical WHT image is
shown in Fig.4.19 The source does not have an optical counterpart which dhavle easily
been visible in the WHT image. The radio plasma could havgirmated from the compact radio
source located immediately south of the relic. On the otlardhthe spectral index is more
typical of a relic directly tracing a shock wave.

4.3.10 RXC J1053.#5452

RXC J1053.#5452 is located a = 0.0704.Aguerri et al.(2007) reported a velocity dispersion
of 6653 km st and anroo radius of 1.52 Mpc based on SDSS daRaidnick & Lemmerman
(2009 mentioned the presence of dfdise radio relic with an extent of about 1 Mpc on the west
side of the clusterRudnick & Lemmermameported a total flux of 0.36 Jy at 325 MHz. The
low-surface brightness radio relic is also visible in the ®Smage. We find a total extent of
600 kpc, lower than that dRudnick & Lemmermarf2009. The ROSAT image overlaid with
SDSS galaxy iso-density contours and the 1382 MHZ WSRT inaagshown in Fig4.20 The
galaxy distribution seems irregular with the main peak ®gbutheast of the X-ray center and
a second peak to the northwest. The radio relic is roughlgtéxtalong a line connecting these
two galaxy concentrations. This is expected for a clustengereevent, with the shock waves
traveling outwards along the merger axis. Deeper radiorghtens are necessary to better map
the extent of this faint radio relic.

4.4 Discussion

Giant radio relics are proposed to directly trace mergeckhvaves in galaxy clusters. Sim-
ulations show that in the case of a binary merger event twi-kke shock waves form at the
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Figure 4.18: Left: A2034 WSRT 1382 MHz image. Contour le\ais drawn as in Figh.1 Black dotted
lines indicate the integration areas for the flux measurésnebiscrete sources embedded in th&udie
emission are alphabetically labeled, see Tah8 Right: A2034 X-ray emission from ROSAT in orange.
The original image from the ROSAT All Sky Survey was convaolweith a 180 FWHM Gaussian. Solid
contours are from the WSRT 1382 MHz image and drawn at levie]$,&,4,8,...] X 40ms. Dashed
contours show the galaxy iso-density distribution derifrean the SDSS survey. Contours are drawn at
[1.0,1.2,1.4,...] x 1.1 galaxies arcmir? selecting only galaxies with.07 < zye < 0.16.

moment of core passage (e.Roettiger et al. 1999&Ricker & Sarazin 200l These shock
waves then move outwards into the lower density ICM of thetelts outskirts. Double radio
relics are thought to trace these binary merger events,twilsymmetric shock waves on each
side of the cluster center. However, often merger eventsnare complex with multiple sub-
structures merging, so that relics are not necessarily stnicstructures and not always come
in pairs. Also, the shock structures may break up when thteyant with the galaxy filaments
connected to the cluster (e.dRaul et al. 20111 Still, it is expected that relics are mainly found
along the main axis of a merger event, while their orientaisoperpendicular to this axis.

We have tested this prediction by constructing a sample o€B&s, taking relics from the
literature and those presented in this paper (see TaleWe did not include any radio relics
classified as AGN relics or radio phoenices and selectedrelitg in clusters which are detected
in the ROSAT All Sky Survey (RASS) images.

For every relic we record the end positions of their larggsttial extent (R1, R2), see
Fig.4.21 The line connecting these two points we define as the reliaj®r axis. The midpoint
between the two extrema we take as a the relic’'s center posifihe RASS image can be used
to estimate the position of a possible merger axis. We coevitlie ROSAT X-ray images for
each cluster to the same spatial resolution of 650 kpc. We fihe 2-dimensional elliptical
Gaussian to the X-ray emission. We record both the positidhemajor axis and the center
of the fitted Gaussian. For the merger axis we take as a prem#jor axis of the fitted X-ray
emission. Finally, we compute the anglg)(between the major axis of the ICM and the line
cluster center—radio relic center. The resulting histogis shown in Fig. 4.21 From this
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Figure 4.19: A2034 WHT V, R, | color image around the smallioaglic. Contours at 610 MHz from
the GMRT are overlaid and drawn at levels 0f%14,8,...] X 40ms.  The noise level in the image is
41u Jy beam! and the beam size is® x 4.3".
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Figure 4.20: Left: RXC J1053+5452 WSRT 1382 MHz image. Contour levels are drawn as in4.
Black dotted lines indicate the integration area for the fieasurement. Right: RXC J10535452 X-

ray emission from ROSAT in orange. The original image from ROSAT All Sky Survey was convolved
with a 228 FWHM Gaussian. Solid contours are from the WSRT 1382 MHz iereatd drawn at levels of
[1,2,4,8,..] x 40ms. Dashed contours show the galaxy iso-density distribuierived from the SDSS
survey. Contours are drawn at.Q11.2,1.4,...] x 0.25 galaxies arcmirf selecting only galaxies with
0.05 < zZnot < 0.1. Discrete sources embedded in th&udie emission are alphabetically labeled, see
Table4.3
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Figure 4.21: Left: Schematic illustration of the angle be#w the major axis of the ICM and the line relic
center—cluster centet), and the angle between the relic orientation and major @ixise ICM (), see
Table4.4. Top Right: Histogram of angles between the major axis ofXh@ay emission and the line
connecting the cluster center with the center of the relwmtt@n 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 th@maxis of the ICM. This is in
line with the simple picture that shock waves propagate atd& along the merger axis. We
also calculate the anglg)(between the major axis of the ICM and the relic’s major axite
find that most relics are oriented perpendicular to the ICNbmaxis, 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 radicsrelith the X-ray clusters from the
NORAS Bohringer et al. 2000and REFLEX Bohringer et al. 2004surveys. The NORAS
survey contains 378 galaxy clusters and has an estimategletmess of about 50% at an
X-ray Flux of Fx 0124 kev = 3.0 x 1072 erg s cm™2. The REFLEX sample contains 447
galaxy clusters and has and a completeness of about 90%sartieeflux level as the NORAS
survey. For each cluster in this sample, we fitted a 2-dinoerasielliptical Gaussian to the
X-ray emission from the RASS image, using the same procealsiffer the clusters hosting
giant relics. For some clusters the fitting procedure didaootverge because of nearby bright
confusing X-ray sources, these cluster were not includ#usiianalysis. The resulting histogram
is displayed in Fig4.22 The distribution of the major-minor axis ratios for theicetluster
sample is broader. This is expected since relics should lnedfan merging cluster which are
typically more elongated.

In addition, we compare both the X-ray luminosity and refishstribution of the NORAS-
REFLEX sample with the relic sample. We selected all clgsteith a flux larger than 8 x
10*? erg st cm2 in the ROSAT band. Below this flux limit the NORAS is more thad?s
incomplete, see Figt.23(left panel). The total number of clusters above this fluxtlis1 540,
and the number of clusters with relics is 16 (using the samxeciltof). From this we find that
the currently observed fraction of clusters hosting ré8&% in this sample. The list of relics is
given in Table4.5and the radio power are plotted as function of redshift anéteud in Fig.4.23
(right panel).

The resulting histograms are displayed in H@4 Although the number of known relics is
rather small, and the relics were selected using varioukadst there are few interesting trends
visible. Apparently, the fraction of clusters with relicereases with the X-ray luminosity, from
about a percent dfy_ o124 kev = 1 X 10* erg s* to more than 10% above 1 x 10*° erg s*.
Also, the redshift distribution for cluster with relics isreewhat broader than the corresponding
NORAS-REFLEX sample. Therefore, the chance of finding & imhiove a certain flux density
increases with redshift for clusters selected from fluxitith X-ray surveys. Since the number
of clusters with relics is small this might be a statisticakctbation. However, given that the
average fraction of clusters with relics is 3 %, the probghbtb find four (or even more) in
the 26 clusters with.xy > 10" erg s' is 0.7%. Hence, a pure statistical fluctuation is rather
unlikely. This rises the question if selectiofiexts may causes this trend.

As discussed above, the NORAS-REFLEX sample is roughly ¢et@po a flux of 3x
10 erg s cm 2. The relic sample in contrast is probably not complete up$pexific flux
limit. For example, large low-surface brightness relicaldde missed, as are relics in more
distant clusters because they are barely resolved in the\arfdl WENSS surveys images and
therefore not easily recognizable. The construction of elflaited relic sample is therefore
challenging as selectiorffects due to angular size, morphology and surface brightress to
be properly taken into account. In addition, one needs tpgntg identify other difuse radio
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Table 4.4: Clusters with radio relics and measured ori@mtat

Cluster name z ar B

“location PA” (deg) “orientation PA’ (deg)
Abell 115 0.197 45 78
Abell 521 0.247 6 64
Abell 523 0.100 23 39
Abell 5481 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 J2252.85301 0.192 27 (N), 4(S) 67(N), 84(S)
MACS J0717.53745 0.555 2 79
RXC J1053.%#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 2341.10000 0.270 14(N), 8(S) 88(N), 63(S)

- for double relics two values are measured-(Nrth, Sssouth, E-east, \W=west)

- references: Abell 2255 (main relic onlPizzo & de Bruyn(2009; Govoni et al.(2005),
MACS J0717.53745van Weeren et al(20099; Bonafede et al(20093, Abell 548b (2
relics) Feretti et al.(2006, Abell 2256 Clarke & Ensslin(2006, Abell 521 Giacintucci
et al. (2008, Coma ClusteGiovannini et al.(1991); Brown & Rudnick (2011, Abell 2163
Feretti et al.(2001), Abell 2744Govoni et al.(2001), Abell 115 and Abell 166450voni et al.
(2007). Symmetric double relics included from the literature: aibell 1240 and Abell 2345
Bonafede et al(20098, Abell 3376Bagchi et al(2006, Abell 3667Rottgering et al(1997),
ZwCl 0008.8-5215van Weeren et al20119, CIZA J2242.85301van Weeren et al2010),
ZwCl 2341.10000van Weeren et a2009b; Giovannini et al.(2010, RXC J1314.4-2515

Venturi et al.(2007).

a identification uncertain (either relic or halo)

PA548b: A and B refer to the names usedFeretti et al (2006
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sources (such as radio halos and giant radio galaxies)vemirthem from ending up in the relic
sample Rudnick & Lemmermaif2009 give a good overview of some of the problems involved
in constructing these samples. The important question &thven there is any systematiftect
which leads to a preferential detection of relics in lumisclusters. Since the luminous clusters
are on average at higher redshift, see &ig3 relic detection is lesstBected by a too low surface
brightness. However, it is possiblyfacted by resolutionféects. This will only decrease the
detection probability at higher redshift (luminosity) aneince there is no evident reason why
relics in more luminous clusters should have a better chaflibeing discovered.

Skillman et al.(2011) found in simulations, based on DSA, that the radio powelusters
with relics scatters largely for a given X-ray luminosity addition, they found that the mean
radio power strongly correlates with the X-ray luminositience, the fraction of clusters with
relics should increase with X-ray luminosity. To compute #ctual fractions many factors need
to be considered, namely the X-ray flux limit, the discoverglyability for radio relics, the
radio power distribution of relics and the abundance ofteltssas 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 simulatigiB, M, Z vobs), WhereP is the radio
luminosity, My;; is the virial mass of the cluster amglsis the observing frequency. We convolve
this with the cosmological abundance of dark matter halasa Aesult we indeed find that the
fraction of radio relics in the NORAS-REFLEX sample shouildrease with both the X-ray
luminosity and the redshift, see Figg24(solid lines).

The reason why in simulations more massive clusters showenage much brighter radio
relics is unclear. We speculate that multiple aspects it temperature and density are
higher and shock fronts are larger in more massive clusteseems also likely that mergers
of more massive clusters result in higher Mach numbers.eSiecording to the sub-grid mod-
els used in the simulation the radio emission strongly iases with Mach numbeHpeft &
Briiggen 200Y, a rather small increase of the Mach numbers would havege kiiect on the
resulting radio luminosity. (We note that the simulatiorHafeft & Briiggen(2007) is also based
on DSA.) Finally, the merger rate increases with redshitiwidver, it needs to be clarified from
simulations why an increase of the radio power with X-rayilumsity is expected. The fractions
of relics in X-ray selected cluster samples is thereforewagpful tool to put constraints on the
models used in the simulations, and hence on the evolutionagfnetic 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 megtaponent from the dark matter
(DM). This causes andffset between the gravitational center (measured from Ighsimd X-
ray center of the cluster. A clear example is the “Bullet tus(e.g.,Clowe et al. 200§ but
the dfect has also been measured for other clusters @hgn et al. 2010 Radio relics and
halos are mostly found in merger cluster and are thus goodidaies to measure thigtect.
We do not have lensing measurements for the clusters in ooplea but simply taking the
galaxy distribution as a proxy for the dark matter distribotwve note &fsets between the X-ray
emission from ROSAT and the galaxy distribution in the @ustA2034, A3365, A2061, A523
and RXC J1053.¥5452 for example. These clusters would therefore makeeastieilg targets
for future X-ray and lensing observations.
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Table 4.5: Clusters with radio relics in the NORAS and REFLdtiXveys

Cluster name

z

PracH; (total for cluster) Lx, 01-24 kev

1074 W Hz ! 10" erg st
A3376 0.0468 1.6 1.01
A2744 0.3066 7.7 11.68
A403& 0.0292 0.1 1.00
A0548WP 0.0424 0.5 0.10
RXC J1314.4-2515 0.2439 8.2 9.92
Al133F 0.0569 1.1 1.40
A1300 0.3075 6.3 12.12
A13° 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
A85¢ 0.0555 0.3 5.18
A2163 0.2030 2.8 19.62
A1612 0.1797 7.9 2.41
A523 0.1034 1.8 0.89
Coma cluster 0.0231 0.29 3.63
A781° 0.2952 5.8 4.15
A2034 0.1130 1.17 3.56
A1758 0.2799 4.1 10.90
A746° 0.232 6.8 3.68
RXC J1053.45452 0.0704 0.2 0.44
A2255 0.0809 0.8 3.08
A2256 0.0581 4.2 3.69

references: Abell 75Macario et al.(2011); Abell 1758 Giovannini et al.(2009; Abell 781
Venturi et al.(2011); Abell 1300Reid et al.(1999; Abell 13, 85, 133, and 4038lee et al.
(200Y); for other clusters see Tabfed
a jdentification uncertain (either relic or halo)

b below X-ray flux limit of Fx_ 0124 kev = 3x 1012 erg st cm2

¢ radio phoenix, not included in sample
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Figure 4.22: Histograms showing the distribution of theanajnd minor axis ratio. The red histogram is
for clusters from the NORAS and REFLEX surveys, the blackagisam is for clusters containing giant
radio relics (see the caption of Fig.21). The black histogram was scaled by a factor of six for easier

comparison with the NORAS-REFLEX sample. Clusters for \iutitee 2 dimensional Gaussian fit did not
converge were not included.
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Figure 4.23: Left:Ly-redshift distribution for the NORAS and REFLEX surveys.€T$olid blue line is
the flux cutdf of 3.0 x 1072 erg s* cm™? we use for comparison with the relic cluster sample. Right:
P, .4cH-redshift distribution for the relics in Tabke5. 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 (lefhd redshift (right) distribution. Dark grey
histograms shows the NORAS-REFLEX sample, light grey tlie ctuster sample. The solid thick black
line displays the predicted luminositgdshift distributions fronNuza et al(2011) for clusters with fluxes
> 3.0x 102 erg s cm2 , while the thick white line is the prediction for clustersstiag relics in the
simulation. The fraction of clusters with relics is given the black thin solid line (the ratio of the two
thick lines).

45 Conclusions

We have presented WSRT, VLA and GMRT observations of galésters with dffuse emis-
sion selected from the WENSS and NVSS surveys. We find pa@dphedio relics in the clus-
ters Abell 1612, Abell 746 and CIZA J0649-3801 and a smaller relic Abell 2034. Abell 3365
seems to host a double radio relic system. Our observat®mreal radio halos in the clus-
ters Abell 746 and RX J0107+8408. We confirm the presence of radio relics in Abell 2061,
RXC J1053.#5452 and diuse emission in Abell 523 and Abell 2034 (for which the clssi
cation is uncertain). In addition, we detect the radio hab®IN697 providing additional flux
measurements around 1.4 GHz.

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