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CHAPTER 1

Introduction

1.1 Cosmology & large-scale structure formation

Observations reveal that the Universe has an age .@5130.11 billion years Komatsu et al.
2011). The current standard model of cosmology is 8&@DM model which consists of dark
energy, cold dark matter and baryonic matter. These cartiéribbout 73%, 22%, and 5%, to the
energy density, respectively. This model has successtufiyained some of the key properties
of our Universe. These include the large-scale distriloutib galaxies (e.g.Abazajian et al.
2009, the primordial abundances of the elements hydrogenyimedind lithium, the existence
and properties of the Cosmic Microwave Background (CMB)atidin (e.g. Mather et al. 1990
Smoot et al. 1992Mather et al. 1994Kovac et al. 200@ and the observed large-scale flat
geometry and isotropy. In addition, tRe&CDM model also includes the observed accelerated
expansion of the Univers®(ess et al. 1998

A key ingredient of theACDM model is cosmic inflation, where just after the Big Bang th
Universe underwent a short period of rapid exponential egjpa. Quantum physics implies
that temperature fluctuations should have existed immalgliatiter the Big Bang, while the
temperature of the CMB has precisely the same value all beesky (within one part to 16 —
10°9). Inflation has been invoked to smooth out the quantum flticmswhich also results in a
flat space geometry. This assures isotropy and homogemeityedargest scales. Furthermore,
it explains why dfferent regions of the Universe, that are not casually coeddmtcause of the
large distances between them, have the same physical fiespére so-called horizon problem.
This could also explain the lack of observed magnetic-moitesy which should have otherwise
been produced just after the Big Bang.

Observations of the CMB reveal the matter distribution i& thniverse to be extremely ho-
mogenous B x 10° yrs after the Big Bang, but in 1992 tiny variations variagan the CMB
temperature were discovereginjoot et al. 1992 These temperature anisotropies correspond
to small-scale density variations. In teCDM model, these tiny fluctuations grow hierar-
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2 Chapter 1. Introduction

chically under the influence of gravity. These form halos a@ficdark matter that merge and
subsequently acquire more mass (eSgringel et al. 2006 The baryonic matters follows the
dark matter halos, but its physics is much more complicatexdlzer interactions besides gravity
have to be taken into account. These include gas heatintipgpi@nization and recombination.
Dark matter only interacts with baryonic matter throughviisa The nature of this dark matter
remains one of the biggest mysteries in astronomy. Evdgttie baryonic matter cools and
collapses, forming stars, galaxies, and clusters of gadaxOn the largest scales the distribu-
tion of baryonic matter forms sheets and filaments of gatax¥ nodes, where filaments meet,
galaxy clusters are located. Clusters and filaments arewsudled by voids, large empty regions
devoid of visible matter (e.gReacock et al. 2001

1.2 Galaxy clusters

Galaxy clusters play a very special role, as they are the$amgravitationally bound structures
that formed out of the CMB fluctuations. They also formedtreddy late in the process, at a
time when the Universe had roughly half of its present ageofAsday galaxy cluster are still
acquiring more mass and new clusters are being formed. Galasgters consist of dark matter
(~ 75% in total by mass), hot ionized gas (20% by mass) that ensray wavelengthsByram

et al. 1966 Gursky et al. 197}, called the intracluster medium (ICM), and stars, cold, gasl
dust, which are mostly found in galaxies (5% by mass). The t@gtemperatures in the range
of about 0.1 keV to~ 40 keV. The global X-ray luminosity and temperature of custscale
with the cluster mass, but significant spatial temperataré&tions within clusters exist (e.g.,
Markevitch et al. 2002Fabian et al. 2008Ma et al. 2009. Typical masses for galaxy clusters
are in the range of #0—-10' M, and clusters span about 5 Mpc in the present day Universe.

As predicted by the hierarchical model of structure formatalaxy cluster grow by mergers
with other clusters and galaxy groups, as well as througltéméinuous accretion of gas from
the intergalactic medium (IGM, or the warm-hot intergalaotedium, WHIM). In fact, about
50% of the total baryon mass is thought to reside in the |G¥I(& Ostriker 1999 Both galaxy
cluster mergers and the accretion of gas create shocks iarandd galaxy clusters, heating the
ICM. Cluster merger events are the most energetic eventteipresent day Universe, releasing
energies of 18 — 1(P* erg. They therefore play an important role in the energy ketudfthe
ICM and dynamical state of clusters.

Magnetic fields are another important component of galamgtels. Magnetic fields reveal
themselves by the synchrotron radiation (eWfllson 197Q Jdfe et al. 1975 from charged
relativistic particles (also called cosmic rays, CR) dpigaaround the field lines. In addition,
magnetic fields can be studied through Inverse Compton (Kyxemission (e.gFinoguenov
et al. 2010 and polarized radio emission, e.g., by Faraday rotatiopotdirized radio sources
located behind or within the ICM (e.¢Clarke et al. 2001de Bruyn & Brentjens 2005

1.3 Radio emission from galaxy clusters

Radio observations show that some clusters hdBisk radio sources that are not associated
with any of the individual galaxies in clusters. This emissgenerally has a low surface bright-



Section 1.3. Radio emission from galaxy clusters 3

ness,~ 1uly arcsec at 1.4 GHz, and relatively steep radio spectrum with —0.5', but more
typically @ < —1. With the improved capabilities of radio interferometdérs number of these
diffuse sources known has increased considerably over the®pgetils. Currently, more than
50 of these dfuse sources are known. The classification of these soursdseam driven by
the observed properties of the radio sources, these inthedecation with respect to the ICM,
morphology, polarization properties, size, and radio spet.

Three main classes offtlise sources in clusters have been identified. These aretrald®
mini-halos, and relics. In addition, claims have been mddadio emission originating from
the space between galaxy clusters (8ggchi et al. 2002Kronberg et al. 200){ these sources
have been calledadio filaments Radio mini-halos are found in relaxed cool-cores clusters
(e.g.,Fabian et al. 1991Peterson & Fabian 2006They surround the central radio-loud active
galactic nuclei (AGN) and have sizes 9500 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 spectauin1). Halos
are centrally located and have a regular smooth morpholdwgy are all found in clusters with
a disturbed dynamical state (e.Gassano et al. 201Db~or a number of halos a point-to-point
spatial correlation is observed between the radio and Xerajtness, indicating an interaction
between non-thermal and thermal components (Egvpni et al. 200 A spatial correlation
between the radio spectral index and X-ray temperaturesoddis is also observed, in the sense
that regionglusters with a higher temperature tend to have flatter rapléctra Feretti et al.
2004 Orr0 et al. 2007Giovannini et al. 200Q Usually no polarized emission is detected from
radio halos.

Unlike the thermal X-ray emission from clusters, radio lsadoe not a common phenomena.
From a complete X-ray sample.f0< z < 0.4, Lx 0124 kev > 5 x 10* erg s1) Venturi et al.
(2008 2007 found the fraction of clusters hosting radio halos to 9@ 0.09. This fraction
seems to increase for the more luminmouassive clusters. For cluster with 01-24 kev > 8 X
10* erg s the fraction is (88 + 0.13.

The 1.4 GHz radio power of halo®{4cHz) correlates with the X-ray luminosity. Thlsc—
P1.4cH correlation for giant radio halos (e.d-iang et al. 2000 Cassano et al. 20Q0&ould
reflect a dependence of the radio halo power on the clustes.n@lservations fronventuri
et al.(2008 2007 separate the radio halo clusters from clusters withoubraalos, showing a
bimodal distribution of clusters in the, 4 g,— Lx diagram, i.e., a fraction of clusters hosts giant
radio halos, while the majority of clusters does not showlence of difuse cluster-scale radio
emission Brunetti et al. 20072009. The upper limits on the radio power of clusters without
radio halos lie about one order of magnitude belowltheP; 4H, correlation. Therefore, the
bimodal distribution does not arise from observationaseta

1.3.1.1 Origin of radio halos

The radiative lifetime of the synchrotron emitting elecisas about 1®yr at~ 1 GHz. Within
this time the CR electrons can onlyfidise over about 1-10 kpc (in the Bohm approximation,
e.g.,Drury 1983. However, radio halos have Mpc sizes. This implies thateleetrons must

1F, « v*, whereu is the spectral index
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be accelerated in-sitddfe 1977. The clear connection with cluster mergers strongly satgge
that some fraction of the gravitational energy releaseithdunerger events is channelled into
the production of the non-thermal particles in ICM.

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

e Primary models: primary CR electrons are re-acceleratéddoturbulence generated dur-
ing cluster merger event8funetti et al. 2001Petrosian 2001 These primary electrons
are injected into the ICM by for example radio galaxies, snpeae, or galactic winds.

e Secondary models: electrons are secondary products whgihate from hadronic colli-
sions between long-lived relativistic protons and therioas in the ICM Dennison 1980
Blasi & Colafrancesco 1999 Since the energy losses for protons are very small this al-
lows them to difuse over the large distances required to from Mpc-size faalios. The
relativistic protons accumulate over the entire formati@tory of a cluster and could for
example originate from accretion shocks or radio galaxi®sonsequence of the sec-
ondary models is that gamma ray emission is expected, thrilwegdecay of neutral pions
generated by the hadronic collisions.

Observations mostly support the primary re-acceleratiodets. These observations include (i)
the connection with cluster mergers (e@assano et al. 2019K(ii) the existence of the radio
halo bi-modality ¥enturi et al. 200y which suggests that the radio emission is suppressed and
amplified on a time-scale significantly shorter than 1 GyrisT& difficult to reconcile with the
hypothesis that the radio emission is suppressed due tipatiem of magnetic fields in galaxy
clusters, as is required for the secondary mod@tarfetti et al. 2009 (iii) The lack of Gamma
rays from the ICM (e.gJeltema & Profumo 209)1(iv) the radial radio brightness profiles (e.g.,
Donnert et al. 201Q0aBrown & Rudnick 201}, i.e., the brightness profiles of the synchrotron
emission from secondary models are much steeper than wkaeisin observations, (v) the
existence of radio halos with < —1.5 (Brunetti et al. 2008which in the case of secondary
models requires an unrealistic amount of energy in theivedtit protons, and (vi) the similar
magnetic field properties between clusters with and witlhalds Bonafede et al. 2091 This
poses problems for the secondary models since they reqdiféegence in the magnetic field
strength between clusters with and without radio halos,[B@ag & Enf3lin 200QPfrommer &
Enf3lin 2004. Although, it should be noted that all these results ateastiively being debated
(e.g.,EnB3lin et al. 2011

1.3.2 Radio relics

Radio relics are elongated, filamentary, sometimes aecslikirces unrelated to individual galax-
ies. Their sizes range from 50 kpc to 2 Mpc. They can be higbhanzed with fractional
polarization levels of 20 — 40% (e.gAndernach et al. 1984Clarke & Ensslin 2005 Their
integrated radio spectra range framx —1 for large relics tar < —2 for smaller relics. Relics
have been divided into three group&Mmpner et al. 2004

(1) Radio gischare large elongated, often Mpc-sized, radio sources IdGtthe periphery
of merging clusters. Among these are ra@uble-relics In this case two relics are located
on opposite sides of the cluster center (e ggnafede et al. 2009lvan Weeren et al. 2009b
Venturi et al. 2007Bagchi et al. 2006Rottgering et al. 199&an Weeren et al. 201Brown
et al. 2011 Bagchi et al. 201)L It has been proposeé&fsslin et al. 1998Miniati et al. 2000
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that gischt relics trace shock fronts in which particles @reelerated via the filusive shock
acceleration mechanism (DSKrymskii 1977 Axford et al. 1977 Bell 1978ab; Blandford &
Ostriker 1978 Drury 1983 Blandford & Eichler 1987 Jones & Ellison 1991Malkov & O'C
Drury 200)). According to DSA theory, the injection radio spectralémds related to the Mach
number of the shock. However, théieiency 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 #fiicient mechanism for weak shocks (earkevitch et al. 2005Giacintucci

et al. 2008 Kang & Ryu 201).

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

Very recently, X-ray brightness discontinuities have bémmd at the location of a few
relics, most likely these discontinuities are shocks witid numbers of 2 (Finoguenov et al.
2010 Macario et al. 201l By comparing the limit on the IC X-ray emission with the raeeed
radio flux, a lower limit of 3uG on the magnetic field strength has been obtained for thétorig
relic in the cluster Abell 3667 bfinoguenov et al(2010.

The class of double radio relics is particular interestisgeased on current models of elec-
tron acceleration for this class of radio sources, it ersab#eto explore the connection between
clusters mergers and shock waves (dRpettiger et al. 1999aThese relics are thought to trace
diametrically outward traveling shocks emanating from ¢hester center, and created during
a binary cluster merger event. In this case, steepeningeadpiectral index in the direction to-
wards the cluster is expected due to the radiation losség@léctrons in the shock downstream
region.

An alternative shockwave-inducing mechanism is that ol “accretion” shocks, where
filaments of galaxies from the cosmic web funnel into theteltssMiniati et al. 2000 Miniati
2003 Keshet et al. 2003 Merger shocks are weaker than the external accretionkshes
the gas has already been heated by these external shockext€nheal accretion shocks occur
farther out than the merger shocks, up to a few times thel vaiius of the cluster. The gas
density is very low at these distances from the cluster ceaartd so are the energy densities
in the CR electrons and magnetic fields. Therefore, the radlission from external accretion
shocks is likely too faint to be detected with the currentodelescopes (e.gHoeft et al. 2008

Besides the above discussed radio gischt there ardGR) relicsand (3)Radio phoenices
AGN relics are associated with extinct or dying radio gataxi The radio plasma has a steep
curved spectrum due to synchrotron and IC losses. AGN retinshe compressed adiabatically
by merger shock waves producing so-called radio phoenker8lin & Gopal-Krishna 2001
EnGlin & Briiggen 2002 Phoenices again have steep and curved radio spectra dagidation
losses. Proposed examples of phoenices are the relics guslee et al(2007).

1.4 This thesis

Because radio halos and relics arffuie, have low luminosities and steep radio spectra, they
are dificult to observe with radio telescopes that mostly operate@lh GHz. Therefore studies
of non-thermal processes in the ICM, as traced by tlffeisk radio sources, are mainly limited
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to the brightest and most nearby clusters. It is expectedgihthat there are still a significant
number of radio halos and relics to be found in the NVE8r(don et al. 1998 WENSS Ren-
gelink et al. 199y and VLSS Cohen et al. 2007surveys, but a problem is how to recognize
these sources in the survey data. As a result there are oely ddzen radio halos and relics
known. The origin of the radiating electrons is currentlif being debated, and for many radio
halos and relics spectral and polarization studies areimgisghich could distinguish between
the diferent acceleration models. Some of the main questions ¢featto be answered are:

e How are the particles accelerated that form the radio haldselics?

e How common are diuse cluster radio sources? What is the occurrence of theseeso
as function of cluster properties, such as mass, temperatut substructure.

e What are the properties of merging clusters (mass ratigsganparameters) and how do
these properties evolve over cosmic time?

e What is the contribution of cosmic rays and magnetic fieldh&energy budget of the
ICM?

e What are the properties of the magnetic fields (topology amhgth) in the ICM? How
do they relate to models for the origin of these fields in dus?

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

In this thesis an interferometric study offdise radio sources in and around galaxy clus-
ters is performed to address some of the above mentionetspdualti-frequency observations
from the Giant Metrewave Radio Telescope (GMRT), WestdeI®ynthesis Radio Telescope
(WSRT), and Very Large Array (VLA) radio telescopes are gmnatl to measure the spectral
and polarimetric properties offilise cluster sources. A search for new relics and halos is car-
ried out based on existing radio surveys. As a theoretiagabbthis thesis numerical simulations
of cluster mergers, with the aim of constraining the clustergers parameters from observa-
tions of double radio relics, are carried out. In additiome @f the first LOFAR observations of
cluster-scale diuse radio emission is presented. LOFAR is a new pan-Eurapéantelescope
that operates at the lowest radio frequencies accessiitetfre surface of the Earth. These ob-
servations are very challenging due the large fields of viadio frequency interference (RFI),
ionospheric phase distortions fldirential Faraday rotation, spatially and time varyingistet
beams, direction dependent calibration, and enormousrdtga. In spite of these challenges,
the LOFAR images are the deepest ever obtained at frequsdmeiiev 100 MHz.

In Chapters2 and3 GMRT, VLA, and WSRT observations of a sample of 2ffle (angu-
lar sizez 15”) ultra-steep spectrum radio sources selected from the 74 WIS survey are
presented. Most of these sources have a spectral index 6f1.35, between 74 and 1400 MHz.
The aim of these observations was to search for steep-specadio halos and relics, either as-
sociated with clusters or the cosmic web. It turns out thatrtfajority of the sources in the
sample are associated with galaxies in clusters or groupst Mkely these sources trace old
(possibly compressed) radio plasma from AGN activity. Cargé radio halo and relic in a dis-
tant massive galaxy cluster is found (see @$mpter 5). By complementing the observations
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with measurements from the literature, correlations betvtbe physical size and spectral index
of relics are found, in the sense that smaller relics havepstespectra. Furthermore, larger
relics are mostly located in the outskirts of clusters whitealler relics are located closer to the
cluster center.

In Chapter 4 a search for radio halos and relics in the NVSS and WENSS gsitigede-
scribed. Candidate halos and relics were followed up withREMWSRT, and VLA observa-
tions. These observations revealed 6 new radio relics aadi@ halos. In addition, the presence
of diffuse radio emission in four galaxy clusters is confirmed. \Wisample of 35 radio relics, it
is found that relics are mostly located along the major akik® X-ray emission from the ICM,
while their orientation is perpendicular to this axis. Thedtion and orientation of radio relics
with respect to the ICM elongation is consistent with thense® that relics trace merger shock
waves. The X-ray luminosity and redshift distributions bfsters with relics are compared to
an X-ray selected cluster sample from the NORAS and REFLEXeyts. There is evidence for
an increase in the relic fraction with X-ray luminosity ardishift.

In Chapter 5 the difuse radio emission in the cluster MACS JO7 13345 ¢ = 0.5548) is
discussed. This cluster hosts the most luminous and distdiat halo. MACS J0717:83745is
also one of the hottest(11.6 keV) and most X-ray luminous clusters known and displapsig
of undergoing a triple merger event. Furthermore, the elusbsts a giant relic, which location
roughly coincides with regions of the ICM that have a sigaifitenhancement in temperature
as shown by Chandra. This could mean that the relic tracesgemeelated shock wave, where
particles are accelerated via thédsive shock acceleration mechanism. Alternatively, thie re
traces an accretion shock of a large-scale galaxy filaméanding to the southeast.

Chapters 6 and7 deal with the discovery of double radio relics in the galaksters ZwCl
2341.10000 and ZwCl 0008:85215. Both clusters show an elongated ICM and the galaxy
distributions are also either elongated or bimodal. Thieselre located on opposite sides of the
cluster center, along the major axis of the X-ray emissibthalocation where outwards travel-
ing merger shock waves are expected. For ZwCl 000824 5 there is steepening of the spectral
index across the relics in the direction towards the clustater. It is concluded that the double
relics in ZwCl 2341.10000 and ZwCl 000885215 are best explained by two outward mov-
ing shock waves in which particles are (re)accelerateditjindhe difusive shock acceleration
mechanism.

In Chapter 8 GMRT, WSRT and VLA observations of a new radio relic in thestér CIZA
J2242.85301 are presented. This relic has a large Mpc extent, but its width measures only
55 kpc. For the relic, highly aligned magnetic fields and argirspectral index gradient, in
the direction towards the cluster center, are observed poher-law integrated spectral index,
clear spectral index gradient and aligned magnetic fiekelg@idence for particle acceleration in
an outward moving shock wave. The very small width of thecnelakes it possible to derive the
magnetic field strength at the location of the relic, withagorting to equipartition arguments.
A magnetic field strength of 547G is found.

In Chapter 9 multi-frequency and polarization observations of a newsivagalaxy cluster
(z = 0.225) are analyzed. The cluster hosts a large bright 1.9 Mgio nzlic, an elongated
~ 2 Mpc radio halo, and two fainter relics. Part of the brighdicarelic has a very peculiar
linear morphology. For the bright relic, a clear spectrdix gradient is observed, with spectral
steepening in the direction towards the cluster center.rébalts from Rotation Measure (RM)
Synthesis suggest that some of the observed Faraday mistaused by the ICM and is not
due to galactic foregrounds. Color-color radio diagramstfie bright relic are constructed,
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which allow for a detailed spectral analysis. This pointsaads (i) an injection spectral index
of —0.6 to —0.7, (ii) increasing spectral index and curvature in the sbstek region, and (iii)
an overall power-law spectrum between 74 MHz and 4.9 GHz with—-1.10+ 0.02. From the
analysis, it is found that mixing of emission in the beam apelcsral ageing are probably the
dominant factors that determine the shape of the radio peChanges in the magnetic field,
total electron content, or adiabatic galosses do not seem to play a major role.

In Chapter 10 simulations of binary cluster merger events are carried dumethod is
developed to use these simulations in combination with Bsevations to derive cluster merger
parameters. This method is applied to the double radiosreglithe cluster CIZA J2242+865301
(see alscChapter 8). It is found that CIZA J2242-85301 is undergoing a merger in the plane
of the sky (less then 2Grom edge-on) with a mass ratio of about 2 : 1, and an impaetrpater
< 400 kpc. The core passage of the clusters happened aboutdg@yFrom these simulations
it is also concluded that the morphology of radio relics ¢@iss the degree of clumping in
the outskirts of the ICM. Determining the ICM clumping is iorpant to properly measure the
baryon fraction, density and entropy profiles, around thiaMiadius and beyond.

GMRT 325 MHz and WSRT 115-165 MHz radio continuum observegiof Abell 2256
are presented i@hapter 11. Three new steep-spectrum £ —1.5) sources are revealed in the
cluster, located about 1 Mpc from the cluster center. Twd@sated to the west of the cluster
center, and one to the southeast. The extremely steep &padix suggests these sources are
most likely the result of adiabatic compression of fosdiliogplasma due to merger shocks. We
did not find any optical counterparts to the radio sourceRéWHT images. The discovery of
the steep spectrum sources implies the existence of a pmputd faint diffuse radio sources
in (merging) clusters with such steep spectra that they game unnoticed in higher frequency
(> 1 GHz) observations. Considering the timescales relatAtd activity, synchrotron losses,
and the presence of shocks, we find that most massive clg$teutd possess similar sources.

LOFAR observations of Abell 2256 are discussedCimapter 12. The observations were
taken at 18 to 67 MHz with 25 stations. The longest baselinéhfese observations was about
80 km. The 63 MHz image clearly reveals the radio halo and.réh addition, the presence
of an ultra-steep spectrum source, earlier reported in @dRT and WSRT observations, is
confirmed (se€hapter 11). Images made around 20 and 30 MHz also reveal tliesd# cluster
emission, but they arefected by direction dependent ionospheric phase distartiRamoving
these d&ects will be crucial to fully exploit the high-spatial reatibn LOFAR dfers at low
frequencies.

1.5 Future prospects

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

These new and upgraded facilities will greatly improve aunkledge about the non-thermal
componentin clusters. Extending the wavelength covemagartls much lower frequencies is
a crucial aspect. In particular, the turbulent re-accélemanodel predicts the existence of large
population of ultra-steep spectrum radio halos that cay bel uncovered through sensitive
low-frequency observations (e.Gassano et al. 201paAlso, it is expected that there should be
many fossil radio sources, dying radio galaxies or AGN eglibat have such steep radio spectra
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that they are missed by current higher frequenci Q0 MHz) observations.

Extending the wavelength coverage to frequengies GHz is also important. The high-
frequency spectral shapes can be used to distinguish betee®us models for the origin of
the synchrotron emitting electrons. Polarization measerds are another area where progress
can be made. This will allow to study the magnetic field sttbragnd topology in more detalil
(e.g.,Govoni et al. 2006Vacca et al. 201Pizzo et al. 201;1Bonafede et al. 20)1

Models for the formation of relics and halos can be testedutn statistical studies of
correlations between the non-thermal and thermal compsrérihe ICM (iang et al. 2000
Feretti et al. 2006Cassano et al. 200@007, 2008 20103. With large unbiased samples it
is possible to study the redshift evolution of halos ancceeliLOFAR will play a crucial role
here because of its (i) good sensitivity, (ii) large field @w, and (iii) multi-beaming capability.
At higher frequencies, the ASKAP and upgraded WSRT will ctanment the LOFAR surveys.
Extremely deep observations of selected clusters, withARENd the extended VLA, might
also reveal new and unexpected phenomena.

Finally, combining the radio data with observations at oth&velengths is important, in par-
ticular with sensitive X-ray, gamma ray, and Sunyaev-zelidh gfect (Zeldovich & Sunyaev
1969 measurements. This will allow a much better understandinghocks, particle accel-
eration mechanisms, magnetic fields, and the interplay derivthe 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 relicegsaegions in clusters
with shocks or turbulence, probably produced by clustergeres: The shocks and turbulence
are important for the total energetics and detailed tentpegaistribution within the intracluster
medium (ICM). Only a small fraction of clusters exhibitidise radio emission, whereas a large
majority of well-studied clusters shows clear substrueiarthe ICM. Some models of filise
radio emission in clusters indicate that virtually all ¢krs should contain ffuse radio sources
with a steep spectrum. External accretion shocks assdaidtie filamentary structures of galax-
ies could also accelerate electrons to relativistic eesrgnd hence producditise synchrotron
emitting regions. The detection of radio emission from dilaments is important for our under-
standing of the origin of the Warm-Hot Intergalactic Medi(MiHIM), and relativistic electrons
and magnetic fields in the cosmic web. Here we report on Giagttéwave Radio Telescope
(GMRT) observations of a sample of steep spectrum souroes tine 74 MHz VLSS survey.
These sources arefflise on scales 157, and not clearly associated with nearlzy £ 0.1)
galaxies. The main aim of the observations is to search feus#i radio emission associated
with galaxy clusters or the cosmic web. We have carried outREN610 MHz continuum
observations of unidentified filise steep spectrum sources. We have constructed a sample
of diffuse steep spectrum sources, selected from the 74 MHz VLS8ysWe identified eight
diffuse radio sources probably all located in clusters. We fdivadadio relics, one cluster with
a giantradio halo and a radio relic, and one radio mini-hake giant radio halo has the highest
radio power Py 4) known to date. By complementing our observations with messents from
the literature we find correlations between the physica sizrelics and the spectral index, in
the sense that smaller relics have steeper spectra. Fadherlarger relics are mostly located
in the outskirts of clusters while smaller relics are lodatiser to the cluster center.

R. J. van Weeren, H. J. A. Rottgering, M. Briiggen, and A.€oh
Astronomyé Astrophysics508, 75, 2009
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2.1 Introduction

Studies of large-scale structure (LSS) formation have nsigieficant advances during the last
decade. It has been found that nearly all massive clusteesuimalergone at least several mergers
in their history and that presently clusters are still inph@cess of accreting matter. A significant
fraction of the accreting mass is in the form of (smaller)stdus and galaxy groups. Cluster
mergers are the most energetic events in the present dagridajwiith kinetic energies of the
order of 163— 10% erg, which are dissipated in giant shock waves and turbelefie important
aspect is the total energy budget and the detailed tempemiiribution within the ICM, both
of them are #ected by the merger history of a cluster (e@plag et al. 2008

Diffuse steep spectrum radio emission is observed in about S8iv@aserging and post-
merging galaxy clusters (see the review grrari et al. 2008and references therein). This
diffuse emission is dicult to detect due to its low surface brightness and steegtrgpéndex,
so the fraction of clusters hostingflilise radio emission is probably larger than we currently
know. The difuse emission in clusters is commonly divided into three nokiesesFeretti &
Giovannini 199¢. Radio Halosare extendedx 1 Mpc) difftuse unpolarizedq 5%) sources,
located in the center of clusters. They have a regular smagggbarance, and follow the thermal
X-ray emission. Radio Relicsare elongated structures with an irregular morphology,tiypos
located in the periphery of clusters. Relics can be highlgiied (10- 50%). Several dierent
subclasses have been identifiganpner et al. 2004 Most known radio relics and halos are
found in clusters which show signs of a current or recent ererghis supports the scenario in
which the relativistic electrons are accelerated by meiggumced shocks or turbulence. How-
ever,Radio Mini-halosare not associated with merging clusters. They are fourfttieénters of
cool core clusters (e.grabian et al. 1991Peterson & Fabian 200@&nd are associated with the
central cluster galaxy and typically have size500 kpc, with the diuse emission surrounding
the central cluster galaxy (e.gpvoni et al. 20089

Two different mechanisms for in-situ acceleration of particleglmen proposed to explain
relics in clusters: (i) adiabatic compression of fossilioaglasma by a passing shock wave
producing a so called radio “phoenixEQ3lin & Gopal-Krishna 200EnRIin & Briiggen 2008
or (ii) diffusive shock acceleration (DSA) by the Fermi-I process (Buury 1983 Blandford
& Eichler 1987 Jones & Ellison 1991Ensslin et al. 1998Malkov & O'C Drury 2001). In the
first scenario, radio relics should have toroidal and comfilamentary morphologies. These
relics are capable of producing very steep, curved radictsppdue to inverse Compton (IC) and
synchrotron losses. In the DSA scenario the electrons aedexated by multiple crossings of
the shock front (in a first order Fermi process). These rbke® large sizes (Mpc) and are direct
tracers of shock fronts in clusters. The spectral index isrd@ned by the balance between the
continuous acceleration at the shock front and energyddagbe post-shock region.

The difuse emission within clusters reveals the presence ofvilti electrons and mag-
netic fields on scales 1 Mpc. Spectral aging, due to synchrotron and IC losses oéthiging
electrons may explain the steep spectra. If the electromsnggcted via Fermi acceleration
(DSA), their energy follows a power-law distribution. Thevger-law index of the injected elec-
trons is related to the Mach number of the shocks (élgeft & Briiggen 200Y. shocks with
a low Mach number have steeper radio spectra. Clearly, tegdiency surveys are needed to
locate and study these sourc€agsano et al. 2008007, 2008. Interestingly,Brunetti et al.
(2008 discovered a radio halo in the cluster Abell 521, which waevjpusly known to host a

1F, o v®, with @ the spectral index
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radio relic, with a spectral index of —2.1, suggesting the existence of a population difusie
source in clusters with spectral indices-1.5.

Numerical simulations show the development of various sypeshocks during structure
formation Miniati et al. 2000. These shocks fier in their location with respect to the cluster
center and Mach numberBi{niati et al. 2000Q Miniati 2002 Ryu et al. 2003Pfrommer et al.
2006 Vazza et al. 2009 External accretion shocks hawd > 1 and process the low-density,
unshocked intergalactic medium (IGM). This results in tie&dy flat spectral indices of about
—0.5 at the location of the shock front. Further away from theckhfoont the spectral index
steepens due to synchrotron and IC losses. Internal sh@geksmerger and flow shocks) occur
within the cluster. The Mach numbers of these shocks arerloggilting in steeper spectral
indices. Binary merger shocks are the result of a clustegimgrwith a another cluster or a
large sub-structure. In this case a double radio relic izetqu (e.g.Roettiger et al. 1999a
Hoeft et al. 2008van 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 iatlge of 16— 10’ K. Unfortunately,
studying the abundance and distribution of this WHIM is veimgllenging, since its main tracers
are highly excited Oxygen lines which arefitiult to observe (e.gNicastro et al. 2006 A
fraction of the accretion shocks will be supersonic and aarelarate energetic electrons up
to energies of 18 — 10'° eV (e.g.,Norman et al. 1995Kang et al. 1996Inoue et al. 2008
In the presence of magnetic fields, such electrons will eanitt fdiffuse synchrotron radiation.
The detection of these radio filaments is very important &swlould provide a probe of the
WHIM. Recent magnetohydrodynamical modeling indicates tietecting radio emission from
the filamentary cosmic web should be possible (&gshet et al. 2004oeft & Briiggen 200Y.
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, mdéaccretion shocks cause little radio
emission, owing to the low density of both magnetic field ggeamd cosmic ray (CR) particles
there Miniati et al. 200). They are therefore flicult to detect even with the sensitivity of
upcoming radio telescopes such as LOFAR. Relic emissian finbernal accretion shocks occur
in a higher density environment so that they should be dedegith current radio facilities.

When searching for radio halos, relics and filaments in lovgfiency radio surveys, various
other steep spectrum sources are also present. Theseandtuwalsteep (angular size 157)
spectrum sources (USS, shtley & De Breuck 2008for a review) associated with high-z radio
galaxies (HzRG), “fossil” or “dying” FR-I Fanardf & Riley 1974) radio sources, and “head-
tail” sources, the last two having a steep spectrum due tigp@ging of the radio emission. In
high-resolution £ 5”) observations, for example alGHz with the Very Large Array (VLA),
diffuse objects will be resolved out due to missing short basglifhis provides a method for
selecting dfuse radio sources associated with galaxy clusters or theicegeb. FR-I sources
can be partly excluded by removing sources that are cleaslyaated with individual galaxies.

The 74 MHz VLA low-frequency Sky Survey (VLSSEohen et al(2007), covers about
3r steradians of sky north @f = —30°. The resolution of the survey is 8gFWHM) and the
rms noise level is about 0.1 Jy bedmThe source catalog contains roughly 70, 000 sources with
a point source detection limit of DJy beam!. A new calibration algorithmGotton et al. 200%
was used to remove the ionospheric distortions, which caebere at this low-frequency. The
1.4 GHz NRAO VLA Sky Survey (NVSS)Condon et al(1998, covers the entire sky above
§ = —40°. The NVSS images have a rms noise of about 0.45 mJy beamd a resolution of
45"(FWHM). The catalog contains about210° sources above a flux of 2.5 mJy.
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In this paper we present radio continuum observations ofi#és# (angular size 15”)
steep spectrum sources selected from the VLSS survey vatGMRT at 610 MHz. The main
aim of this project is to determine the morphology of the sesrand search forftlise structures
which could be associated with shock fronts or turbulenadusters, and accretion shocks onto
filaments of galaxies.

The layout of this paper is as follows. In Se2t2 we discuss the sample selection, this
is followed by an overview of the observations and data rédndn Sect.2.3. In Sect.2.4we
present the radio maps of the most interesting sources aodgdi these sources individually. By
combining our radio observations with data from the literat(X-ray and optical observations)
we have tried to classify the sources. In S&6, spectral indices are modeled using our flux
measurements combined with literature values. We end witls@ission and conclusions in
Sects2.6and2.7.

Throughout this paper we assumA&DM cosmology withHg = 71 km st Mpc™?, Q, =
0.3, andQ, = 0.7.

2.2 Sample selection

Spectral indices (between 1400 and 74 MHz) were calculatealifsources in the VLSS survey.
We selected sources with < —1.35 which resulted in a total of 176 sources. This dui®
somewhat arbitrary, but a significant lower cfiiteesulted in a very small number of sources
selected while a higher cutovould select too many sources for follow-up observationsAV
B-array 1.4 GHz~ 5 min snapshot observations were carried out on March 25r89Viay
10, 2005 of a subsample of 68 from the 176 sources. Two inw@iatesfrequencies (IFs) with a
bandwidth of 50 MHz each were used, centered at 1385 and 1465 From this 68 sources, 36
were found to be resolved out. This showed that these sohezkextended emission on scales
> 15”. From the 36 sources 13 were identified with known nearbyxigda The remaining
23 sources were included in the sample. We have also seafehadditional sources with
a < -1.15, by making use of the.4 GHz FIRST survey (5 FWHM, Becker et al. 1996
Sources with a FIRST flux at least 8 times lower than the 1.4 GMSS flux were initially
selected and visually inspected to remove obvious doubkedources. The spectral index dtito
of —1.15 was chosen because higher values resulted in too manjedobbs to be selected for
visual inspection. Furthermore, most known radio halosrefids have spectral indices steeper
than this value. The amount of flux resolved out in the sedectiriterium was a tradébas
lower values also resulted in too many sources to be selémteisual inspection. After visual
inspection we found three additional sources which showedptesence of fiuse emission.
None of these sources were clearly associated with neadibsidal galaxies in the POSS-II or
SDSS surveysAbazajian 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 catriait with the GMRT in February
and November 2008 of a sample of 26fdse steep spectrum radio sources. We divided a total
102 hours of observation time evenly between the 26 soufctsal of 32 MHz bandwidth was
recorded, using both the upper (USB) and lower sidebandB)(la®ich included both RR and
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LL polarizations. The data were collected in spectral liredmwith 128 channels per sideband
(IF), resulting in a spectral resolution of 125 kHz per chelnnTo increase UV-coverage we
cycled between various sources, typically spending 40 mia sources before moving to the
next source. However, due to scheduling constraints it wispmssible to do this for about half
of our sources. The observations resulted in a net on-sdimeeof ~ 3 hours, after flagging
certain time-ranges which werdfected by radio frequency interference (RFI) or had other
problems.

The data were reduced and analyzed with the NRAO Astrondimieaye Processing System
(AIPS) package. Bandpass calibration was carried out ubmgtandard flux calibrators: 3C48,
3C147, and 3C286. Fluxes of 29.43 Jy (3C48), 38.26 Jy (3Gt 21.07 Jy (3C286) at
610 MHz were assigned to these sources usingPiiidey & Taylor(1999 extension to the
Baars et al(1977) scale. A set of 6 channels free of RFI was taken to normdhedandpass
(channel 15- 20) for each antenna. Strong RFI was removed automatioaith the AIPS
task ‘FLGIT’). The data was then visually inspected for rémray low-level RFI using the
AIPS tasks ‘SPFLG’ and ‘TVFLG'. After that an initial phasadamplitude calibration was
carried out using the bandpass and secondary calibratbexewve also transferred the flux
densities from the primary calibrators to the secondaripiabrs. The found solutions were
then transferred to the target sources. We have not choseretage any channels in order to
minimize the &ects of bandwidth smearing and to aid further removal of RRe& first and last
few channels of the data were discarded as they were noisy.

For making images we used the polyhedron metliretley 1989Cornwell & Perley 1992
to minimize the &ects of non-coplanar baselines. Both USB and LSB were sametiusly
gridded, imaged and cleaned. We used a total of 199 facets/tey € 2 times the full primary
beam. This made the removal of sidelobes from strong sofiacesvay from the field center
possible. After a first round of imaging, in some cases “egplwere seen in the maps which
were subsequently removed after identifying the corredpanbaseline(s). Several rounds of
phase self-calibration were carried out before doing a &ingblitude and phase selfcalibration.
Images were made using robust weighting (robei€t.5, Briggs 1999 and corrected for the
primary beam attenuation. Images were cleaned to 3 timesntenoise level to minimize
clean bias ffects.

The thermal noise in each map is expeétedbe

o V2T,
thermal G n(n _ ]_)N”:Avtmt 1

with Ts = 92 K the system temperatur®, = 0.32 K Jy! the antenna gaim ~ 28 the num-
ber of working antennas\ir = 2 the number of sidebands used (both recording RR and LL
polarizations) Av = 135 MHz the bandwidth per sideband, atyd the net integration time.
The expected thermal noise for 3 hrs integration time is aBawJy beam?, where we have
taken into account that typically 20% of the data is flaggeel @uRFI. The noise levels in our
maps range from 40 to 2Q2ly beam?. The noise levels dependent on the UV-coverage and
the presence of strong confusing sources in the field of vietihg the dynamic range. The
lowest noise level of 4pJy beam® is quite close to the thermal noise level. The uncertainty in
the calibration of the absolute flux-scale is between1®%, see€Chandra et al2004).

2.1)

httpy/www.gmrt.ncra.tifr.res.ifgmrt hpaggUsergdogmanualUsersManughode13.html
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Figure 2.1: Left: GMRT 610 MHz radio map. The Gaussian beam isi shown at the bottom left corner.
Contour levels are drawn a{[1, 2,4, 6, 8,16, 32, ...] X 40 ms, S€€ Table2.1 The dotted lines indicate the
region where the 610 MHz flux (&), reported in Tabl2.1, has been extracted. Right: SDSS r band image
overlaid with GMRT 610 MHz contours. Contour levels are dnaat v[1, 8,32 128 512 ...] X 40 ms.

2.4 Results

All sources, except VLSS J2229.0136, were detected in the GMRT images. The NVSS
counterpart of VLSS J2229-D136 has a positionfiset of about 40, the flux density in the
NVSS and VLSS surveys of these sources is also close to thetibet threshold. We therefore
conclude that VLSS J2229-0136is most likely a noise peak as the GMRT observationsidhou
have easily detected the source. From here on we have leWldss J2229.20136 in the
further discussions. A summary of the beam parameters aad levels for the maps is givenin
Table2.1 To identify optical counterparts overlays were made uSIB§S and POSS-Il images.
Spectroscopic redshifts were included from the literatf@ sources without a spectroscopic
redshift, but having SDSS DR7 coverage we took the SDSS pieitec redshift. For other
sources we used th&&t andR magnitudes of massive elliptical galaxies correlate wattishift
(K-zandR-zrelations, e.g.Willott et al. 2003 de Vries et al. 200)f

We have also checked for any X-ray counterparts to the radirces. In the next subsection
we describe the most interesting sources that appear toldteddo shocks or turbulence in
clusters or filaments. The other sources are discussed ianfo2.8.

2.4.1 Individual sources
2.4.1.1 VLSS J1133.¥2324

The radio emission shows two parallel filamentary structaed a northern patch offtlise
emission connected with the western filamentary compor&ane faint radio emission is ex-
tending towards the west. This extension coincides withgddaxy UGC 6544 (MC&04-27-
065; PGC 35694) located &@.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 sizems Sé’io a1300MHz LAS" Redshift

(J2000) (J2000) arcsec wpJy mly arcsec z

VLSS J0004.93457 0004 53.63-345634.1 11.46.6 73 15816 -140+004 116 029+ 0.08%
VLSS J0227.41642 0227 26.74-164247.2 5% 4.0 94 370+6.2 -150+0.06 89 > 0.7
VLSS J0250.51247 025030.83-124730.3 9.4 3.7 118 33+33 -194+0.07 21 > 0.7
VLSS J0511.60254 0511 37.79+025419.4 8% 6.1 139 980+103 -142+0.05 45 020+ 0.05%
VLSS J0516.20103 0516 17.89+010340.1 8.x6.5 79 174+44 -173+0.06 35 > 0.7
VLSS J0646.80722 0646 52.10-072237.9 5% 4.8 63 12013 -170+0.05 59 023+ 0.06%
VLSS J0717.53748 0717 30.92 +374529.7 8.%6.0 78 50150 -1.15+0.04 171 0.5548
VLSS J0915.72511 09 1541.51 +251148.2 8.6¢5.9 134 19421 -152+0.04 63 032£
VLSS J1117.47003 1117 06.46+700357.1 7.& 4.3 52 91+09 -187+0.07 18 > 0.7
VLSS J1133.#2324 113344.73+232450.6 6.6<3.9 51 806+101 -169+0.06 84 061+ 0.161
VLSS J1431.81331 143149.90+133154.1 5% 4.8 51 120+13 -203+0.05 101 0159936
VLSS J1515.20424 151509.18 +042441.1 7.6¢5.4 79 19233 -1.50+0.05 169 0.0972
VLSS J1636.53326 16 36 34.93+332633.9 5% 4.7 40 161+19 -184+0.14 28 065+ 0.1
VLSS J1710.56844 17 1035.03+684458.4 8.% 4.7 63 233+28 -175+0.06 45 028+ 0.08
VLSS J1930.41048 193027.19+1048025 5% 4.8 56 674+70 -190+006 101 e

VLSS J2043.91118 204358.46-111845.6 5& 4.2 77 539+63 -174+0.05 41 043+ 0.15°
VLSS J2044.#0447 2044 43.64+04 47245 10.% 7.5 202 577+58 -155+0.06 71 046+ 0.15°
VLSS J2122.90012 212254.14+001203.4 58 3.8 81 240+24 -200+0.08 12 >14
VLSS J2209.51546 220932.91+154629.9 6.%6.2 64 364+38 -156+0.07 61 > 0.7
VLSS J2213.23411 221312.45+341151.6 55%4.6 94 127413 -155+0.04 62 16 + 0.52€
VLSS J2217.55943 2217 30.39+594305.3 6.% 4.3 47 79+80 -220+0.06 99

VLSS J2229.20136 222911.95-013658.8 8.6c4.2 101 ... e ... e

VLSS J2241.31626 22412257-162535.7 6.x5.8 129 697+73 -144+0.06 47 > 0.7
VLSS J2341.41231 234106.91+123136.9 5% 4.4 50 11#14 -170+004 115 062+ 0.15°
VLSS J2345.22157 234515.47+215755.1 4.& 4.2 63 793+84 -214+0.05 70 023+ 0.06%
VLSS J2357.60441 2357 05.54+044114.7 7.8 4.9 82

@ redshift estimated using the fitted Hubble-K relation frévitlott et al. (2003
b redshift estimated using the fitted Hubble-R relation frderVries et al(2007)
¢ spectroscopic redshift from SDSS DR7

4 median photometric redshift from SDSS DR7

€ using the K band magnitude frorbe Breuck et al(2002H

f Edge et al(2003

9 Struble & Rood(1999
" LAS = largest angular size
' resolved out in the 1.4 GHz FIRST survey

I fluxes are extracted from the regions indicated in the fighyedotted lines.
K for the compact sources (LAS 45”) the fluxes were measured by fitting single Gaussians to
the sources after convolving the maps to théM8SS resolution
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spiral byNilson (1973 andPaturel et al(2003. The source is also listed in the IRAS Faint
Source Catalog (F113%2341) and detected at 60 and 10® (Moshir & et al. 1990. The
galaxy has been included in 21 cm hydrogen emission lineegsr&pringob et al(2005 give
a self-absorption corrected line flux 0f9Z + 0.32 Jy km s? and a line-width of 372 3 km
s1.The galaxy also has a small UV-excestyauchi-Isobe & Maehara 2002

Using the IRAS fluxes we can estimate the star forming rat&®jSkthis galaxy Solomon
et al. 1997 by calculating the Far Infrared Luminositigr)

Lrr = 3.94% 10°(2.58S6q.m + S100:m)I (Seum/S100:m)Df (2.2)

with Lgr in L, the fluxS in Jy, D the luminosity distance in Mpc, an@Seo/S100) a color
correction factor llonsdale & Helou 198pwhich is of the order of one. This gives a SFR of
~ 3Moyrt, using SFR Kloyr?) = Lrr/(5.8 x 10°Ly), Kennicutt(1998. The radio flux of
the galaxy is diicult to measure as part of the radio emission from the galarylaps with
the emission from the filamentary source. For the part whidschot overlap with the steep
spectrum source we measure a flux of about 6 mJy. We adoptldltntdor the galaxy of
10 mJy, assuming we missed about 40% of the previously repdiix. The luminosity at
1.49 GHz (ly.49gHz) iSL = 47rDESV(1 + 2771, with S, the observed flux at the rest frequency,
anda ~ —0.5. This results in_; 496H; = 8.2 x 1071 W Hz™1. Using the FIR radio correlation
(Condon et al. 1991we find a luminosity ok~ 10?2 W Hz%, in good agreement.

The galaxy is unlikely to be associated with the filamentadia structure to the east, given
the above calculation, the steep spectral index, morplyoéogl spatial fiset. In the background
(partly behind the spiral galaxy) there is an overdensityaiit red galaxies. These have a
median photometric redshift of about 0.6 (SDSS DR7) anadv¥oloughly the filamentary radio
source. This is probably a cluster or a galaxy filament, withforeground galaxy hiding part
of the clusteffilament. Based on the morphology, the radio source is thessifled as a relic. If
the steep spectrum radio source is located at a distarce-00.6, the LAS of 84'corresponds
to a physical size of of 660 kpc.

2412 VLSS J1431.81331

The radio emission shows two distinct components, the egjlone located to the east. This
source has an optical counterpart, the cD galaxy of thealhdaxBCG J217.9586€013.53470
(Koester et al. 2007 The cluster is also detected in X-rays by ROSX@des et al. 1992000

as source 1RXS J143158.833256. A SDSS DRY7 spectrum puts the cD galaxy at a distance of
z = 0.160. Three other sources in the cluster have a measuredfteds).15962, 0159153,
and 0164794. At this redshift the radio emission corresponds piysical size of 170 kpc
for the eastern and 125 kpc for the western component. ThHeraamponent is an irregular
curved structure with several bright knots. One of theseesponds with the nucleus of the cD
galaxy. The morphology suggests that we are either seemigtdraction of radio plasma from
the central AGN with the surrounding ICM or a small centralicasource with a bright relic
tracing a shock front (seen in projection).

The western fainter component does not seem to be assouwidleany galaxy. The source
could either be remnant radio emission from a previous AGisiogfe or the signature of a shock
wave. In the former case, the spectral index should be stélepe eastern component because
of spectral aging.
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Figure 2.2: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contexels are drawn as in Fig-1(right
panel).

2.4.1.3 VLSS J2217.85943, 24P73

This source was found to have an ultra-steep spectrurm 2.58 + 0.14) by the Synthesis
Telescope of the Dominion Radio Observatory (DRAQO) Gatagtane survey at 408 MHz and
1.42 GHz Higgs 1989 Joncas & Higgs 1990 Since this source was located in the galactic
plane Joncas & Higg$1990 suggested the sources might be a pulsar. However, they tizte
the source seemed to be slightly extended at 408 MHz.4% GHz the source was resolved into
two distinct components. Both of these components wereliglsal as a single source 25P23.
The source was also detected in the 38 MHz 8C surRees 1990Hales et al. 1996 Subse-
quent L-band (B GHz) and X-band (& GHz) observations with the VLA bgreen & Joncas
(1994, separated the source clearly into two components. A commathern component and
a southern dfuse component. The X-band observations only detected ttleemn component.
By comparing the fluxes of the VLA and DRAO observations thegatuded that the southern
diffuse component had an ultra-steep spectrum and providedutkeibthe emission at low
frequencies. Since the source was resolved this ruled oulsamidentification. In fact it was
suggested that this source might be a radio halo or relidddca a galaxy cluster behind the
galactic plane.

GMRT observations of 24P73 show a complex filamentary souft¢e source has some
similarities with the relic sources in Abell 85 and Abell 188lee et al. 2001 POSS-Il and
2MASS images covering the area do not show the presence aflastgr. However this is not
unexpected given the extinction 8 = 6.7 (Schlegel et al. 1998 Given the steep spectral
index and morphology we conclude that the sources is a ratiio Deep NIR imaging will be
necessary to identify the galaxy cluster associated weétrehc.



20 Chapter 2. A search for steep spectrum radio relics arud mdth the GMRT

VLSS J2217.54+5943

44' 00"

30"

43 00" -

Declination

30" -

59° 42' 00" - —
L L L L | L L L L | L L L L | L L L
220 17™M 408 355 308 25°%

Right Ascension
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2.4.1.4 VLSS J0004.93457

The central component of the radio source is associatedanith14.86 mag elliptical galaxy.
An overdensity of galaxies indicates the presence of a@lusandidate B02291Zanichelli

et al. 200) from radio-optically selected clusters of galaxies. Weneate a redshift for the
cluster of 029 + 0.08 (using the K-band magnitude and the K-z relation). Thetelumay
be linked to a larger cluster about ®wards the southwest at a redshift 088+ 0.09. The
X-ray source 2E 0002.2-3515larris et al. 199Bis probably associated with this cluster of
galaxies visible in POSS-Il images. Thefdse radio emission surrounding the central elliptical
galaxy resembles a mini-halo. No X-ray emission from the 1&fithe cluster is detected in the
ROSAT All Sky Survey. This implies that the cluster is notywerassive. The object is similar
to the mini-halo in the cluster MRC 013811 located ar = 0.131 (Gopal-Krishna et al. 2002
Bagchi et al. 2009 which was also not detected in the ROSAT All Sky Survey. $hze of
the mini-halo is about 200 kpc, similar to other mini-halegy(,Govoni et al. 2008 The radio
image shows a bright knot at RA 004™ 52.5 DEC —34° 56 55", to the south of the main
component. This knot has an optical counterpart. To theagaatc-like structure extends from
the central component and bends towards the south. The aot &ssociated with an optical
counterpart. The origin of the arc is unclear, it could bet pél disturbed FR-I source, or a
relic-like structure of fossil radio plasma.

2.4.1.5 VLSS J0717.83745, MACS J0717.83745

The radio source is associated with the massive X-ray luosictuster MACS J0717483745 at
z=0.5548, with an overall ICM temperature of 11.6 kesbgeling et al. 2001Edge et al. 2003
Ebeling et al. 200y The cluster shows a pronounced substructure in opticadj@s. Ebeling
et al. (2009 reported the discovery of a large-scale filamentary stinecdf galaxies connected
to the cluster. NVSS, WENSS and VLSS images reveal the pcesafra steep-spectrum radio
source ¢ = —1.15). The radio source was classified as a radio reliEtge et al(2003.
Ma et al.(2009 presented X-ray (Chandra) and optical observations (luBpace Telescope,
ACS; Keck-Il, DEIMOS) of the cluster. They found the clusterbe an active triple merger.
Temperatures in the cluster exceeding 20 keV were found imesegions. Regions with a
lower temperature of 5 keV were found at the position of two subclusters, probagignants
of cool cores.

Here we shortly describe our results for this cluster, a ndetailed analysis in combination
with additional archival VLA observations has been presdiih a separate paperap Weeren
et al. 20099, see als@onafede et a20093. Our radio maps reveal a complex source, consist-
ing of different components. The main component is a twisted stryatitteenhanced regions
of radio emission in the north and southwest of the clustdres€ regions are connected by
two bridges of emission to a bright central elongated saufte structure has a linear size of
700 kpc. No obvious counterparts are visible for both themand south-west components.
The presence of the two radio bridges suggest a relationthétieentral component. Although,
no obvious counterpart was found for the central compongdge et al(2003, we identify
an elliptical galaxy at RA 0717™ 35%.5, DEC+37° 45 05’5 as a possible counterpart. If this
is indeed the case then the source could be a wide-angl&\&lm)(source with the two bridges
being the tails of the central source and the north and seest-components the hotspots. The
eastern boundary of the structure is sharp, while on the sitie some faint emission is seen ex-
tending further westwards. Biise radio emission is also seen to the south of the main gtauct
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Figure 2.5: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
HST F814W ACS image overlaid with GMRT 610 MHz contours. @uomtlevels are drawn as in Fig.1
(right panel).
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Figure 2.6: Left: Chandra X-ray map overlaid with radio aaurs at 610 MHz from the GMRT. The color

scale represents the X-ray emission frora -0 7.0 keV. The image has been adaptively smoothed using

the TARA® package using a minimal significance of 5. Contour leveldean at [12,4,8,16,32,...] X

0.312 mJy beart. Right: X-ray emission from ROSAT in theD- 2.0 keV energy band. The image has
been convolved with a circular Gaussian of 229 he solid contours represent the radio emission at 610

MHz from the GMRT. The radio contours are drawn a4, 8, 16, 32, ...] X 7orms. Dashed contours show
the galaxy distribution from SDSS DR7. Only galaxies withr@iometric redshift between@ + z,, <
z < 0.15- z, were selected from the catalogs, with the error in the photometric redshift ameg 0.0972
The galaxy isodensity contours are drawn aB[d2 15, ...] galaxies arcmir?.

@ httpy//www.astro.psu.eduray/docgTARA
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Figure 2.7: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contexels are drawn as in Fig-1(right
panel).

The difuse emission within the cluster has a total size of about Jo2 &hd given that it roughly
follows the X-ray emission we classify it as a radio halo.athg the emission is not associated
with individual sources. Using a spectral index-#.2, typical for radio halos, we estimate the
radio power Py 4) to be 5x 10?° W Hz™1. This makes it the most powerful radio known to date,
in agreement with the X-ray luminosity-radio powés(— P14) and temperature-radio power
(T — P14) correlations(iang et al. 2000EnRIlin & Rottgering 2002Cassano et al. 2006
Towards the south a fainter linear structure is seen. A cotpare, located halfway the
linear structure is associated with a bright ellipticalefground galaxy (RA 0717™ 37.2,
DEC +37° 44 23”). The source is probably a FR-1 source associated with thrgpect core.
Interestingly, the main twisted radio structure is locateldetween the brightest X-ray emis-
sion of the cluster. The main cool core visible in the X-rayge has no radio emission associ-
ated with it. The central radio structure also coincidedwdigions having a significantly higher
X-ray temperature: 15 keV. The ICM temperature and X-ray morphology of the @dugivor
of a relic-like interpretation. We therefore conclude ttta twisted radio structure is a giant
relic tracing a shock front linked to the merger activity oétsystem.

24.1.6 VLSS J0915+%2511

The radio map shows aftlise region of emission associated with a cluster of galékegBCG
J138.9189525.19876) at a redshift of.824. The radio source consists of a northern compo-
nent and a fainter southern one. To the west a source is assdevith an elliptical galaxy
(RA 09" 15™ 3%°.7, DEC+25° 11’ 37”). A few possible counterparts are visible in SDSS DR7
images for the northern fllise component. The southerrffdse component has no obvious
optical counterpart. This could be a radio relic with a pctgel size of about 190 kpc. High-
resolution observations will be needed to confirm this jmtetation.
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Figure 2.8: Left: GMRT 610 MHz radio map. Contour levels araveh as in Fig2.1 (left panel). Right:
SDSS r band image overlaid with GMRT 610 MHz contours. Contexels are drawn as in Fig.1(right
panel).

2.4.1.7 VLSS J1515.40424, Abell 2048

The radio image shows a filamentary radio source in the penjpbf the cluster Abell 2048
at a redshift of 0.0972. The source consists of three eledgstructures orientated roughly
east-west. The three structures connect to the east. Theesoould be a complex double
WAT source. However, the radio structure itself does notrsteebe connected to any particular
galaxy. The source has a projected size of 310 kpc, if locatelde cluster. In the southeast
a compact double-lobe source is associated with a largeiedll galaxy (RA 15 15™ 14°.1,
DEC +04° 23 10”) located in the cluster. On the other side of the cluster & Oylsource
(PMN J1515-0421) limits the dynamic range. The cluster is also detettedrays as RX
J1515.20421 Bade et al. 1998 A substructure on the east-side of the main cluster ibhsi
hinting at a possible cluster merger, see Rig (right panel). Given the location of the radio
source at the edge of the cluster, the lack of a connectidnavitingle optical counterpart, the
steep radio spectrum, and the morphology, we classify theceas a peripheral radio relic.

2.5 Spectral index modeling

Radio spectra can be an important tool to understand thanarighe relativistic electrons and
to determine the age of the radio emitting plasma. We haveébgwed our flux measurements at
610 MHz with literature values to determine the radio sygeftr the sources in our sample. We
have included flux measurements from the following survég&MHz 8C Rees 1990Hales
et al. 1999, 74 MHz VLSS, 151 MHz 7C\Waldram et al. 1996Hales et al. 200)7 232 MHz
Miyun (Zhang et al. 199)7 325 MHz WENSS Rengelink et al. 1997 352 MHz WISH De
Breuck et al. 2002a365 MHz TEXAS Qouglas et al. 1996and 1400 MHz NVSS.
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Table 2.2: JP model fits withy,; = —0.75

Source Name tcl trRe ng
108 yr 10° yr uGauss

VLSS J0646.80722 0227+ 0.0775 00869+ 0.00624 24.5
VLSS J1133.42324 0121+ 0.034 Q0870+ 0.00634 23.3
VLSS J1710.56844 0421+ 0.259 Q0946+ 0.00812 23.1
24P73 (VLSS J221745943),z=0.05 0156+ 0.0464 0120+ 0.00406 29.1
24P73 (VLSS J221745943),z=0.10 0173+0.0534 0131+ 0.00503 27.0
24P73 (VLSS J221745943),z=0.15 0176+ 0.0557 0131+ 0.00443 26.4
24P73 (VLSS J221745943),z=0.20 0169+ 0.0500 0129+ 0.00497 26.3

We model the integrated radio spectra using thiéeJaerola (JP) modeléte & Perola
1973 described byKomissarov & Gubanoy1994), see alsSlee et al(2001). We assume
that (i) synchrotron self-absorption is negligible as thidy occurs in compact sources, (ii)
radiative energy losses dominate over other losses suahasadic ones, (iii) the magnetic field
is spatially uniform and constant in time, (iv) radiative&rons do not escape from the region,
(v) the emission in the region is uniform, (iv) relativiséectrons were injected at a single point
with a power-law distribution of energy, and (vii) the pitahgles of the synchrotron emitting
electrons are assumed to be continuously isotropized anestiale shorter than the radiative
timescale. Relativistic electrons lose their energy bychyatron emission and IC scatterinff o
the cosmic microwave background (CMB).

In the Kardashev-Pacholczyk (KP) modkhfdashev 1962 acholczyk 197)) also used by
Komissarov & Gubanoy1994), the pitch angle of the electrons remains in its originéiota-
tion with respect to the magnetic field. This introduces omeeariree parameter in the spectral
index modeling (the ratio between the source magnetic f@léd the &ective magnetic field
for IC losses Bic). We have chosen not to fit this model to limit the number oé fparame-
ters. Furthermore, the JP model is more realistic from aiphigoint of view, as an anisotropic
pitch angle distribution will become more isotropic due @nges in the magnetic field strength
between dierent regions and scattering by self-induced Alfvén wdees.,Carilli et al. 1991
Slee et al. 20011

Our adopted scenario is as follows: When the source staggssume that it is fueled at
a constant rate for a certain tintg (the time of the continuous injection (CI) of relativistic
electrons, with an injection spectral indey;). This is followed by a relic phase (RE) where
the injection of electrons is switchedfdtgg). During both of these phases the electrons lose
energy by synchrotron and IC losses. The total source agg is tre + tc.

In the spectrum two break frequencies occur both relategeotsal aging. The first is the
break frequencyy of the first injected electron population (at the beginnifthe ClI phase)
B
S —
(182 + BZ]Y)

Vp &

(2.3)

A second higher frequency break;, is caused by the last electron population injected, at the



26 Chapter 2. A search for steep spectrum radio relics arud mdth the GMRT

end of the Cl phase

2
t
Vb = Vb (1 + ﬂ) . (2.4)

tre
The injection spectral indexdy;) is determined by the AGN in the case of (relic) radio lobes

or radio phoenices. For relics where the particles are acteld by DSA the injection spectral
index is related to the Mach numbe¥A) of the shock. In linear theory the relevant expression
is

3IM?2+1

2-2M-2"

seevan Weeren et a(2009h. The injection time must be comparable with the crossimgtof

the relic region by the shock front. Since “DSA-relics” arestly located in the cluster periph-
ery, where the pressure of the ICM gas is lower, adiabatitggriesses may become important.
These adiabatic energy lossékeat the radio spectrum, depending on the expansion rateof th
relic and evolution of the magnetic field strengBit)) with time (Kardashev 196250ldshmidt

& Rephaeli 1994Murgia et al. 2002 However, we only have a limited number of flux mea-
surements for our sources and only one proposed DSA-rdliceamough flux measurements to
model the spectrum. Furthermore, the location of this rielithe cluster as well as the iden-
tification of the cluster itself are uncertain. We therefohese to ignore thefiects adiabatic
expansion losses.

The JP model is thus characterized by four free parametErshé injection spectral index
@inj, (2) the length of the CI phage,, (3) the length of the RE phasgs, and (4) a flux normal-
ization constant. To reduce the number of free parametetsawe chosen to keepy; fixed to
a value of-0.75 (Parma et al. 2007

The spectra are fitted by minimizing tlgesquared value of the fit in a two-step process. We
first determine the shape of the spectrum fdfedient values ofre andtc;, both ranging from 0
to 1 yrs in 25 equal logarithmically spaced steps. Then an oMéalscaling (normalization)
constant is determined by multiplying the spectrum with astant until they-squared value
is minimized. In this way, a 2-dimensional (2525) array ofy-squared values is created. We
continue the fitting using the same process but now centénmg:e andtc values around the
minimumy-squared value in the array and increasing the time resolbly a factor of 15. The
process is repeated until bdgg andtc, converge to a constant value, i.e., do not change by more
than 1% between subsequentiterations. The formal errthg ifitted parameters are determined
by the corresponding distribution of tlhesquared values. For the sources where we successfully
fitted the JP-model we should take in mind that some of the Ifiyiy assumptions we made
may not be valid and could hav&ected our results.

For the magnetic field strength we use the revised equipartinagnetic field strengtBy,
(Brunetti et al. 1997Beck & Krause 200b We use the same procedure agam \Weeren et al.
(2009p and take for the depth of the sourad the average of the major and minor axis. The
ratio of energy in relativistic protons to that in electrqk¥is set to 100. For the low-energy
cutaof (ymin, the energy boundary indicated by the Lorentz factor) we #00. For other values
of k andymin, By, scales withy(H20/G-2)(1 + k)Y@, with @ the spectral index.

We have only fitted the radio spectra for sources with a rédd&@cause the energy loss rate
due to IC scattering is proportional to 12)*) and at least four flux measurements available.
An exception is 24P73 (or VLSS J221#5943) for which we have no redshift. If 24P73 has
a similar size as the relic in A85 (150 kp&lee et al. 2001 then its redshift would be around

(2.5)

Qinj =
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0.1. Since this is a very rough estimate we have also fitted tie spectrum using redshifts of
0.05, 015, and .

The fluxes for the sources could be contaminated by the presafifield sources within
the beam of the low-resolution surveys. In the case of 24®ig8e is a 5.0 mJy NVSS source
(NVSS J221736594403) nearby which is blended with thefdse source in the 8C, VLSS,
and WENSS surveys. We fitted a second order polynomial indggspace to the 610 MHz
GMRT, NVSS, and the 1.4 and 8.4 GHz fluxes fr@neen & Jonca$1994 for this source.
We then extrapolated the flux to 325, 74, and 38 MHz and suletlad! this flux to recover
the uncontaminated flux for theftlise source. For the three otheffdse sources no unrelated
sources were found that could have significantly contribtiethe flux.

The fitted radio spectra are show in FR§9. The values fot¢, tre, and ng are reported
in Table2.2 The fitting process for the sources VLSS J163@326, VLSS J2213:23411,
VLSS J0004.93457 did not converge. For VLSS J16363326 the 1.4 GHz flux measurement
is relatively high, in this case the source may have restétgectivity causing the high 1.4 GHz
flux value. This is also seen for several radio source®agma et al(2007). For the other
sources the flux measurements are too closely spaced irefiegto provide enough constraints
for the fitting process.

For the sources where we successfully modeled the synohrsprectrunic; > tge. All of
these sources show steepening of the radio spectrum atrHigly@encies which is expected
in case of spectral aging. For 24P73 the spectral index sl consistent with the source
being a radio phoenix with a total source age &fi®’ yrs. We find that the derived synchrotron
age does not critically depend on the adopted redshift ofdd.this source (see TabR?2).

2.6 Discussion

Based on their toroidal or filamentary morphologies and edmadio spectra two of our relics
could be classified as radio phoenices: VLSS J154®4P4 and VLSS J2217+%943. Con-
trary, VLSS J1133.¥2324 and the twisted structure in MACS J07173345 are probably the
result of DSA from structure formation shocks. In the cas&b§S J0717.53745, the dis-
torted morphology and high temperature of the ICM are clg@emce for a cluster undergoing
a merger. For the other relics more observations are needistermine their origin.

Most of the sources in our sample are associated with galaxidusters and show irregular
morphologies. This can be caused by the interaction of tH® n@lasma with the ICM. The
steep spectrum of the sources is caused by spectral aginginesome cases the central AGN
activity may have stopped, producing a so called “dyingioadurce. Confinement of the radio
plasma by the ICM could also have contributed to the steap sgbctra, as in this case the radio
plasma has “the time” to display th&ects of spectral aging.

We have calculated the physical size (largest extent)eptefl distance from the cluster
center Ryrjected, and 1.4 GHz radio poweiPq 4) for the radio relics in our sample. We have
complemented this with values from the literature for raglacs with measured spectral indices:
Al13, A85, A133, and A4038Slee et al. 2001 A1240 and A2345Bonafede et al. 2009b
A3667 (Rottgering et al. 1997 A548b (Feretti et al. 2005 A2256 Clarke & Ensslin 200§
A521 (Giacintucci et al. 2008 1253+275 (Giovannini et al. 199) A2163 [eretti et al. 2004
A2744 Orri et al. 200Y, AS753 Subrahmanyan et al. 2003115 (Govoni et al. 2001A610
(Giovannini & Feretti 200pand RXC J1314.4-2515/&nturi et al. 200Y. The spectral indices
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Figure 2.9: Jfie-Perola fit to the flux measurements. The duration of the @lIRE phases are in-
dicated in the figure. Top left: VLSS J0646@722; Top right: VLSS J1133+2324; Bottom left:
VLSS J1710.56844; Bottom right: VLSS J2217+5943 (24P73 and usirng= 0.1).
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Table 2.3: Radio relic properties

Source Name a SRz spectral curvature Pi4 Siz€  Rprojected
QSIOME _ GMONe 1P W Hz ! kpe  kpe
VLSS J1133.%2324 -1.69 0.96 24.1 570
VLSS J1431.81331 125 175
24P73 (VLSS J221745943) -2.20 2.0 ... . e
MACS J0717.53745 -1.09 -0.02 138 700 320
Abell 2048 (VLSS J151540424) -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 -13 . 2.62 1500 890
Abell 2345-W -15 e 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 -11 . 17.4 1920 1950
Abell 548b A ~=2 . 0.260 310 500
Abell 548b B <-20 ... 0.250 370 430
Abell 521 -1.48 .. 2.90 1000 930
Coma clustéer -1.18 e 0.284 850 1940
Abell 2163 -1.02 .. 2.23 450 1550
Abell 2744 -11 . 6.20 1620 1560
Abell S753 -2.0 . 0.205 350 410
Abell 115 -11 16.7 1960 1510
Abell 610 -14 . 0.444 330 310
RXCJ1314.4-2515-E -141 e 2.08 920 685
RXCJ1314.4-2515-W -1.40 e 4.81 920 685

@ largest linear scale

b excluding the flux of the halo and central head-tail souree @dsovan Weeren et al. 2009d
Bonafede et al. 2009a

€1253+275

d plended with a nearby AGN (except in the GMRT 610 MHz imagegréfore no spectral
index or spectral curvature could be calculated
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for our newly found relics were calculated between 74 anddIMBiz. The spectral indices for
the relics taken from the literature were usually measustd/den 325 and 1400 MHz, but for
some relics the frequency range is somewhgietént (for more details the reader is referred the
references given above).

The spectral index of the radio relics, versus the physieal 5 shown in Fig2.10 (left
panel). The projected distance from the cluster centerla coded. We find that on average
the smaller relics have steeper spectra. There are tiereint explanations for this correlation.
The found correlation between physical size and spectdaikmay (partly) be the result of the
proposed radio phoenices occupying the lower left regiofign2.10 Ignoring the proposed
radio phoenices the trend remains, although the scattargs ko this result is less significant.
Such a trend though, is in line with predictions from shogiistics derived from cosmological
simulations Hoeft et al. 2008 Skillman et al. 2008Battaglia et al. 2000 They find that
larger shock waves occur mainly in lower-density regions laave larger Mach numbers, and
consequently shallower spectra. Conversely, smallerksivages are more likely to be found in
cluster centers and have lower Mach numbers and steepdrap@e note that more spectral
index measurements of high quality are needed to confirmdirelation between physical size
and spectral index (leaving out the proposed radio phoghice

The size of the relics versByjected iS Shown in Fig.2.10 (right panel). The projected
distance from the cluster center for the shallow spectias& indeed on average larger than
for the steep spectrum relics, indicating that they are Iptmtated in the periphery of clusters
where the Mach numbers of the shock are higher. We contrihigeto the fact that in the
periphery the shock surfaces are larger and the dgpsitssure of the ICM is lower. Therefore
large radio relics are mainly located in the cluster peniphBecause we are using the projected
distance from the cluster center, and not the (unknown)rdgegted distance, some additional
scatter is introduced in the plot. Furthermore, the spkitdices for the various radio relics
are calculated using data from radio telescopes witiei@int array configurations, sensitivities,
andor frequencies ranges, adding to the scatter.

Giant Mpc-scale radio relics are probably caused by DSA ioatwards traveling shock
front. Itis unlikely that they are the result of compressaml reignition of fossil radio plasma as
the time to compress such a large radio “ghost” would remowstof the electrons responsible
for the radio emission by radiative energy losseékatke & Ensslin 2006 In the case of giant
peripheral relics shock-acceleration is ongoing resgltim relatively flat spectral indices of
about-1, i.e., a balance between electron cooling in the postishegions and continuous
acceleration at the shock front. Behind the shock frontsfiectral index is indeed observed to
steepen for some giant relics (e Battgering et al. 1997 After a few times 18yrs the electrons
behind the shock front have lost most of their energy andechitie synchrotron emission. It
takes of the order of 1 Gyr for a shock wave to travel from th&teeof the cluster to about the
virial radius.

As has been mentioned, an alternative explanation for thedsize-spectral index corre-
lation could be a possible fiigrent origin of the smaller radio relics. With the smalledica
relics originating from the adiabatic compression of fbisiio plasma. In fossil radio plasma,
the high-frequency synchrotron emitting electrons hasgé ieost of their energy. Due to com-
pression and the increase in magnetic field strength the @edsma becomes visible again.
Therefore these sources are characterized by (very) stekpuaved spectra. Proposed exam-
ples of such sources are 24P73 and those founSléy et al(2007). 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 versusrthize. Squares are the proposed radio phoenices,
i.e., the sources fror8lee et al(2001), 24P73 and the relic in Abell 2048. Diamonds represent dlér
relics tracing merger shocks where particles are beingerated by the DSA mechanism. The brightness
coding is according to the projected distance from the etusénter. For the relics represented by black
symbols we could not obtain a reliable projected distandbeacluster center. Right: Projected distance
from the cluster center of radio relics versus their size.

It would be interesting to determine the injection spedtrdices («in;) for the radio relics.
This requires reliable flux measurements over a wide randeeqfiencies, especially below
the break frequency,. With enough flux measurements it should be possible to atpére
effect of spectral aging and a steef;. In particular, if the correlation is explained by the
different Mach numbers of shocks the injection spectral indimesmaller relics located close
to the cluster center should be steeper than that of largjies.rdf this is indeed the case this
is evidence for DSA. For radio phoenices the injection spéaidex should be aroune0.5 to
—0.75 because the fossil radio plasma originated from AGN. T$teep spectral indices should
then solely be the result of spectral aging and not a steeptiojp spectral index. Currently, with
a limited number of flux measurements, mainly at frequenaieere electrons have already
lost some of their energy, there is a degeneracy betweemjbetion spectral index and the
amount of spectral aging. New low-frequency radio faetisuch as LOFAR, will be needed
to determineiy; for radio relics.

The spectral index versus the 1.4 GHz radio power for thegédi shown in Fig2.11 (left
panel). From the figure we can see that there is a lack of higlepsources with steep radio
spectra. This is not surprising since relics with less stgsgctra are larger (Fi@.10 and
therefore should have a higher radio power.

We have plotted the amount of spectral curvature for ourcemwersus their spectral index,
between 74 and 1400 MHz, in Fig@.11 (right panel). The curvature is defined @g, 610 —
as10-1400- A higher positive value for the curvature implies that thectra are steeper at higher
frequencies. We have only added the four sources f&tem et al(2001) for which flux mea-
surements at both 1.4 GHz and 74 MHz (VLSS) are available. dleutated the 610 MHz
fluxes by interpolating the fluxes (linearly in log-log sppbetween 408 and 834 MHz. For
other radio relics, flux measurements are less reliable toavaolable at 74 andr 610 MHz. As
shown in Fig2.11there is an indication that the curvature is higher for theses with a steeper
spectral index, although the number of sources in the plattiser low. If the spectral index of
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Figure 2.11: Left: Radio power at 1.4 GHz of radio relics wsrtheir spectral index. Symbols are defined
in Fig. 2.1Q Right: Curvature of the radio spectra versus their spkictdax between 74 and 1400 MHz.
The curvature is defined @S54 610 — @610-1400-

relics steepens by spectral aging such a trend is expeaiethdre measurements of spectral
curvature will be needed to show that this correlation whth $pectral index really exists.

2.7 Conclusions

We carried out 610 MHz radio continuum observations with @MRT of 26 difuse steep
spectrum sources. All of these sources were resolved outh@Hz VLA B-array snapshot
observations or in the 1.4 GHz FIRST survey. Of these 26 ssu2& were detected with the
GMRT. The radio observations show a wide range of sourceo ralics, a giant radio halo, a
mini-halo, FR-I, head-tail, and USS sources. Here we shertinmarize the properties of the
relics and halos in our sample.

-The radio relic 24P73 (VLSS J221%5943) is located close to the galactic plane. This
source was previously known to have a steep spectrum butimethanclassified due to the
limited sensitivity and resolution of previous observasoDue to the crowed Milky Way field
and high extinction no cluster is found in POSS-Il imagesefRIR imaging will be needed to
reveal the presence of a cluster. The sources has an exyrsteep curved spectrum, likely the
result of adiabatic compression of fossil radio plasma gedtal aging.

-VLSS J1133.%2324 is a filamentary relic located next to a nearby spirabgalThe radio
source breaks up into two parallel filamentary structuréss fielic source is probably associated
with a structure of galaxies located at a distance-0f0.6. The nearby spiral galaxy itself is also
detected in the radio images, the flux density consistert thiat predicated by the FIR-radio
correlation (using IRAS fluxes for this galaxy). The galagypartly blocking our view of the
distant structure of galaxies, making follow-up obsexvasimore dficult.

-VLSS J1431.81331 consists of two components. The eastern part is prpbabbciated
with a ¢D galaxy in the center of the cluster MaxBCG J217.96863.53470 az = 0.16. The
radio morphology suggests we are seeing signs of interabgbween the radio plasma and the
ICM. The other part is probably a relic source. These soumtases an interesting target for
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follow-up X-ray observations.

-VLSS J0004.93457 is associated with an elliptical galaxy in a small @usttz ~ 0.3.
The difuse radio emission surrounds the galaxy in the form of a mahd. The source has an
arc-like extension to the east.

- VLSS J0717.53745 is located in the cluster MACS J071¥345, a massive merging
system at a redshift of 0.5548. The radio emission is complensisting of a large elongated
radio relic and a giant 1.2 Mpc radio halo. The halo has a radiger P14) of 5x 10?° W Hz ™1,
the highest one known to date. The relic might trace a giantisiwvave related to the cluster
merger. This is consistent with the very hot ICM and reldyikat spectral index.

-VLSS J1515.20424 is a radio relic consisting of three filamentary streesun the periph-
ery of the cluster Abell 2048. Adiabatic compression of flasslio plasma probably resulted in
the complex morphology.

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

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

Follow-up observations to measure the polarization prtigmare currently underway. We
also plan to create spectral index maps for our sources vehiobld give more information on
the life-times of the various synchrotron emitting regio®gtical observations have been taken
to characterize the large-scale environment around thie smlirces. For two of our ffuse
sources these observations should confirm the presencdustarc X-ray observations will be
needed to study the dynamical state of the clusters andlitegaresence 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 emis3ihe brighter eastern com-
ponent has a flux of 28 mJy and the weaker western componen2IiJy. Both components
are resolved, 28’3by 10.3’ (eastern component) and 22 8y 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 componeatsptital counterpart is detected

at the limit of the POSS-II survey. The steep spectral indextout—1.5 could be explained

if this source is a FR-I type AGN, where the central engine $tapped and the synchrotron
emission in the two lobes has steepened by spectral agitigisinase both components should
roughly have the same spectral index.

VLSS J0250.5-1247

The radio observations show a double source. The two conmp®aee slightly resolved, have
a similar flux and seem to be connected by a faint bridge. Tparagon between the two radio
componentsis 5 No optical counterpart is detected.

VLSS J0646.8-0722

The radio map shows a source with an angular size df dy00.5. An optical counterpart
(PCG 76039, mag=18.4) is detected in both the POSS-Il and 2MASS surveys. Jdlaxy was

also listed in the catalog of Galaxies Behind the Milky Way5(@W 1-0379,Saito et al. 199

and in the catalog Galaxies in the “zone of avoidance” (ZOAXA &99-04.3\Weinberger et al.
1995 and was in both cases classified as an elliptical galaxy.aff@unt of extinction in this
region is A3 = 2.2 mag. The radio map shows a one-sided tail originating frioendptical

counterpart. This might indicate that the source is locatexcluster and we see thé&ects of

the interaction between radio plasma and the surroundiiy IC

VLSS J1117.%7003

This source has a remarkable steep and straight radio speatithout any indication of a flux
turnover at lower frequencies. The source is resolved isto@oth featureless roughly spherical
blob (26’ by 23”). No optical counterpartis detected. Given the steepgditaadio spectrum it
could be a radio halo, however the small size of the souragearggainst such an identification.
The source could be a mini-radio halo surrounding a cenagalaxy of a distant (proto)
cluster.

VLSS J1636.%3326

The radio map shows two compact components, with the naritmnponent extending to the
west. SDSS images show several faint mostly red galaxiesmdrie radio source. Photometric
redshifts (SDSS DR7) indicate the presence of a cluste£d.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.@8d a width of 0.27 An optical counterpart
is detected, a galaxy with a K-magnitude of 14.75. An optidadnd image from the 2.5m
Isaac Newton Telescope (INT) shows that this source is éocaithin a cluster at a redshift of
z ~ 0.3. An east-west elongated X-ray source 1RXS J1710638@403 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 10he radio morphology is con-
sistent with a FR-I radio source. No optical counterpartatedted at the position of the core,
but this is not surprising given the amount of extinctiég & 3.759) at this galactic latitude of
—3.6 degrees and the high star density in the POSS-Il images.6\63y (probably unrelated)
radio source is located 7@ the north.

VLSS J2043.9-1118

An optical counterpart for this source is detected in POIS®dges. The faint optical source is
located on the peak of the radio emission. The radio emissiomounds the galaxy and there is
a hint of a faint extension to the east.

VLSS J2044. 40447

The source is elongated in the east-west direction and hasSadf 101’. A R-magnitude
19.56 galaxy corresponds to a peak in the radio emissiorsistent with this being a FR-I
radio source. The high rms noise is the radio map is causegimnaic range limitations from
4C 04.71, a 24 Jy source (610 MHz), located 318 the south.

VLSS 2122.9-0012

The radio source is compact, 11.6y 10.7’. This is probably a USS source associated with a
HzRG. The lack of an optical counterpart in SDSS images irsistent with this explanation,
and implies the source is locatedzat 1.4.

VLSS J2213.2-3411

This source was also included in the USS sample®Breuck et al(2000, WN J2213-3411.

A K band image fronDe Breuck et al(20028 showed a possible counterpart. However,
because no high-resolutiog (L0”) VLA images were available the identification was uncertain
on the basis of position alone. Our high-resolutidhifiage shows a distorted double-lobe
source. The central radio core is not detected. The NIR eopatt is located in between the
two lobes, confirming that this is indeed the host galaxy. KH®nd magnitude of 18 implies

a redshift of 16 + 0.5 for this source using the K-z relation.
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VLSS J2341.%1231

The radio map shows a FR-I type radio source. The northwesied southeastern lobes are
listed as NVSS J234104.23203 and NVSS J23410123126, respectively. An optical coun-
terpart is detected on POSS-Il images at roughly the exgedsition 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 eqpart is detected in 2MASS and
POSS-Il images being the central cD galaxy of a cluster. iBhi®nfirmed by the presence of
the X-ray source 1RXS J234518.215753.

VLSS J0511.6-0254

The radio map shows a FR-I type radio source. Two possibieamounterparts are detected
which are the central elliptical galaxies in a cluster atdshgft of about 0.2.

VLSS J0516.2-0103

VLSS J0516.20103 is a relatively compact source, without a double lohectiire. The source
does not have an optical counterpart in POSS-1l images. ifp$es the source is probably
located az > 0.7.

VLSS J2209.5%-1546

The radio map shows an elongated source. No optical cowrtéspdetected at the limit of the
POSS-Il images. The source is probably a distant FR-1 so@pécal imaging will be needed
to confirm this classification.

VLSS J2241.3-1626

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

VLSS J2357.6-0441

The source is found to be a blend of three compact sourcewjthtbut optical counterparts.
By convolving the GMRT image to the NVSS resolution (45t seems that the two outer
components are responsible for the steep spectrum. Thegearably distant FR-1l sources.
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Figure 2.12: GMRT 610 MHz radio maps. Contour levels are drawin Fig.2.1 (left panel).
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CHAPTER 3

Diffuse steep-spectrum sources from the 74 MHz VLSS survey

Abstract. Galaxy clusters grow by a sequence of mergers with othetertkiand galaxy groups.
During these mergers, shocks amdturbulence are created within the intracluster medium
(ICM). In this process, particles could be accelerated tihllyirelativistic energies. The syn-
chrotron radiation from these particles is observed in tivenfof radio relics and halos that
are generally characterized by a steep radio spectral irflescks can also revive fossil radio
plasma from a previous episode of AGN activity, creating &alted radio “phoenix”. Here
we present multi-frequency radio observations dfudie steep-spectrum radio sources selected
from the 74 MHz VLSS survey. Previous Giant Metrewave Radite3cope (GMRT) obser-
vations showed that some of these sources had filamentasi@anglated morphologies, which
are expected for radio relics. We attempt to understand #tere of difuse steep-spectrum
radio sources and characterize their spectral index aratipation properties. We carried out
radio continuum observations at 325 MHz with the GMRT. Obatons with the Very Large
Array (VLA) and Westerbork Synthesis Radio Telescope (WBSRe&re taken at 1.4 GHz in
full polarization mode. Optical images around the radiorses were taken with the William
Herschel and Isaac Newton Telescope (WHT, INT). Most of theces in our sample consist
of old radio plasma from AGNSs located in small galaxy clustérhe sources can be classified
as AGN relics or radio phoenices. The spectral indices aarmsst of the radio sources display
large variations.  We conclude thafffdise steep-spectrum radio sources are not only found
in massive X-ray luminous galaxy clusters but also in smaljstems. Future low-frequency
surveys will uncover large numbers of steep-spectrum realics related to previous episodes
of AGN activity.

R. J. van Weeren, H. J. A. Rottgering, and M. Brliiggen
Astronomyé Astrophysics527, 114, 2011
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3.1 Introduction

Studies of large-scale structure formation show that gatéusters grow through mergers with
other clusters and galaxy groups, as well as through théntants accretion of gas from the in-
tergalactic medium (IGM). The baryonic content of clustenmostly in the form of hot thermal
gas visible at X-ray wavelengths. Several clusters alse hanon-thermal component within the
ICM, which is observable at radio wavelengths (efFgrrari et al. 2008Giovannini et al. 2009
Giovannini & Feretti 2000van Weeren et al. 20)0The idea is that shocks gfod turbulence
generated during cluster merger events can acceleraiel@ato relativistic energies, and in the
presence of a magnetic field, synchrotron radiation is eahite.g. Ensslin et al. 1998Miniati

et al. 2001 Hoeft & Briggen 2007Hoeft et al. 2008 Pfrommer 2008Battaglia et al. 2009
Skillman et al. 2011 These radio sources, which trace the non-thermal commpof¢he ICM,
can be divided into several classes.

Radio halosare found at the center of merging galaxy clusters and havealysizes of
about a Mpc. They follow the X-ray emission from the thern@1and are mostly unpolarized,
although there are some exceptions (Geeoni et al. 2005Bonafede et al. 2009aRadio halos
have been explained by turbulence injected by recent mexgaits. This injected turbulence
might be capable of re-accelerating relativistic partiqle.g., Brunetti et al. 200;LPetrosian
2001)). Alternatively, the energetic electrons are secondapgpcts of proton-proton collisions
(e.g.,Dennison 1980Blasi & Colafrancesco 199®olag & Enfilin 2000. The turbulent re-
acceleration model currently seems to provide a bettera@gpion of the occurrence of radio
halos (e.g.Brunetti et al. 2008

Mini-halos (also called core-halo systems) aréfuse radio sources with sizes500 kpc
located in relaxed galaxy clusters, in whiclffdse emission surrounds the central cluster galaxy
(Murgia et al. 2009Govoni et al. 2009Gitti et al. 2007 2004 Bacchi et al. 2003Gitti et al.
2002 Burns et al. 199p

Radiorelics are irregularly shaped radio sources with sizes ranging 86 kpc to 2 Mpc,
which can be divided into three grougégmpner et al. 2004 Radio gischare large elongated,
often Mpc-sized, radio sources located at the peripheryasfimg clusters. They probably trace
shock fronts in which particles are accelerated via tifusive shock acceleration mechanism
(DSA; Krymskii 1977, Axford et al. 1977 Bell 1978ab; Blandford & Ostriker 1978Drury
1983 Blandford & Eichler 1987Jones & Ellison 1991Malkov & O’'C Drury 2001). Among
these are rare double-relics that have two relics locatdabtimsides of the cluster center (e.g.,
Bonafede et al. 2009lvan Weeren et al. 2009kenturi et al. 2007Bagchi et al. 2008R6ttger-
ing et al. 1997 van Weeren et al. 201@rown et al. 201L According to DSA theory, the
integrated radio spectrum should be a single power-Radio phoeniceand AGN relicsare
both related to radio galaxies. AGN relics are associatéld gitinct or dying radio galaxies.
The radio plasma has a steep curved spectrum due to syrahiand inverse Compton (IC)
losses. Fossil radio plasma from a previous episode of AGNigccan also be compressed
by a merger shock wave producing a radio phoeEnf§lin & Gopal-Krishna 2001EnRIin &
Briiggen 200p, these sources again having steeply curved radio sp&roposed examples of
these are those found I8fee et al(2007).

In van Weeren et al20099, we presented observations of a sample of Zhusé steep-
spectrum sources, with < —1.15, selected from the 1.4 GHz NVSE&dndon et al. 1993
and 74 MHz VLSS Cohen et al. 2007surveys. These sources were either resolved out in the
VLA B-array 1.4 GHz snapshot observations or 1.4 GHz FIRSVesy (Becker et al. 1996



Section 3.2. Observations & data reduction 43

GMRT 610 MHz observations of these 26 sources detected stentipowerful radio halo with

a radio relic yan Weeren et al. 2009dive radio relics including two radio phoenices, and one
possible mini-halo. The remaining sources were classifiedhdio sources directly related to
AGN activity. The spectral indices of the radio relics in s@mple are generally steeper than
most previously known relics. By complementing our obstoves with results for other relics
from the literature, we found that the larger relics gengiadve flatter spectra and are located
farther away from the cluster center. This is in line withgictions from shock statistics derived
from cosmological simulationdHoeft et al. 2008Skillman et al. 2008Battaglia et al. 2000

In these simulations, it is found that larger shock wavesioatainly in lower-density regions
and have larger Mach numbers, and consequently shallowetrap On the other hand, smaller
shock waves are more likely to be found in cluster centershawe lower Mach numbers, thus
steeper spectra.

In this paper, we present follow-up radio observationsxsiurces (i.e., those most likely
related to radio relics and halos) foundvian Weeren et a(20099. GMRT 325 MHz as well as
VLA and WSRT 1.4 GHz observations were obtained to createtsgdendex and polarization
maps. Optical images were acquired with the 4.2m WHT and 2N\bhtelescopes at the posi-
tion of the radio sources to search for optical countergartsidentify galaxy clusters associated
with the radio sources.

The layout of this paper is as follows. In Se8t2, we present an overview of the observa-
tions and data reduction. In Se8t3, we present the radio and spectral maps as well as optical
images around the radio sources. In S8ct, we show additional optical images around five
slightly more compact radio sources (also from the sampb6afources) to search for optical
counterparts. These sources are not located in nearbyygellasters and their nature remains
unclear. We end with a discussion and conclusions in S8&snd3.6.

Throughout this paper, we assumA&DM cosmology withHo = 71 km s Mpc™, Qp, =
0.3, andQ, = 0.7. Allimages 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 weneied out on 14, 15, and
17 May, 2009. Both upper (USB) and lower (LSB) sidebands, (i#sich included RR and
LL polarizations) were recorded with a total bandwidth of [dBiz. The observations were
carried out in spectral line mode with 128 channels per IFatlifate the removal of radio
frequency interference (RFI) and reduce tlfeet of bandwidth smearing. The integration time
per visibility was 8 sec. Each source was observed for abdus4n total. The data were
reduced with the NRAO Astronomical Image Processing Sy$fRS) package.

The data was visually inspected for the presence of RFI, lwhigs subsequently removed
(i.e., “flagged”). We carried out an amplitude and phasebcation on the flux and bandpass
calibrators 3C147 and 3C286 on a timescale of 8 sec. Forws;hose three neighboring
frequency channels free of RFI. These gain solutions wapkegpbefore determining the band-
pass response of the antennas. This assures that any ale@litdor phase variations during
the scans on the calibrators are corrected before detergtiné bandpass solutions. At higher
frequencies (e.g., 1.4 GHz), both amplitude and phasesatgreed to be constant during band-
pass calibration. However, for the GMRT observing at lovgérencies, this assumption is not
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Table 3.1: GMRT 325 MHz observations

rms noise beam size
uly beam?® arcsec

VLSS J1431.81331 178 188" x 7.8
VLSS J1133.42324 132 1 x 7.7
Abell 2048 248 97" x 9.6”
24P73 162 1%” x9.0”
VLSS J0004.93457 309 13" x11.0”
VLSS J0915.#2511 412 147" x 8.1”

always valid and canfiect the quality of the bandpass solutions as well as therdéatation of
the flux scale.

After correcting for the bandpass response, both the amdgliand phase solutions for both
primary and secondary calibrators were determined buisrctise using the full channel range.
The fluxes of the primary calibrators were set accordingédériey & Taylor(1999 extension
to the Baars et al(1977) scale. The flux densities for the secondary calibratorsevibeot-
strapped from the primary calibrators. The amplitude arabsplsolutions were interpolated and
applied to the target sources. Some targets were obsereedmltiple days (observing runs),
the resulting diferent data sets were combined with the AIPS task ‘DBCON'.

For each of the target sources, we created a model of theusulirg field using the NVSS
survey with a spectral index scaling-e0.7. We carried out a phase-only self-calibration against
this model to improve the astrometric accuracy. This walsfiad by several rounds of phase
self-calibration and two final rounds of amplitude and phsalé-calibration. To produce the
images, we used the polyhedron methBérfey 1989 Cornwell & Perley 199pto minimize
the dfects of non-coplanar baselines. The model was then subdr&om the data, a step that
facilitated the removal of additional RFI or baselines witloblems. 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 tior2s the rms noise level §Zns)
within the clean boxes. The final images were corrected femptimary beam respon'seThe
uncertainty in the calibration of the absolute flux-scal@éishe range 5- 10%, seeChandra
et al.(2004). The resulting noise levels and beam sizes are shown ire Babl

Radio observations at 610 MHz were taken with the GMRT in Ealyrand November 2008
of the sources in Tablg. 1L The reduction of these observations is similar to the GMRF [dHz
data and is described in more detaiVen Weeren et a{20099. 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 thé Ysee Table3.2). The observa-
tions were taken in standard continuum mode with two IFsh&aging a bandwidth of 50 MHz
recording all polarization products (RR, LL, RL, and LR).iaolutions were determined for
the calibrator sources and transferred to the target seutde fluxes for the primary calibrators

Ihttpy/gmrt.ncra.tifr.res.ifgmrt. hpaggéUsergdogmanualUsersManuahode27.html



Table 3.2: VLA 1.4 GHz observations

VLSS J1133.#2324 MaxBCG J217.95869.3.53470 VLSS JO004-8B457 Abell 2048
Frequency bands (IFs) 1385, 1465 MHz 1385, 1465 MHz 1385% Mgz 1385, 1465 MHz
Bandwidth 2x 50 MHz 2x 50 MHz 2x 50 MHz 2x 50 MHz
Polarization RR, LL,RL, LR RR, LL,RL,LR RR, LL,RL, LR RR, LLRL, LR
Observation dates 4 Nov 2008, 17 Apr 2009, 2 Nov 2008, 18 ApB20 11 Jun 2009 15 Jul 2009
10 Aug 2009 31 Jul 2009
Project code AV305, AV312 AV305, AV312 AV312 AV312
Integration time 3.3s 3.3s 3.3s 3.3s
Total on-source time 5.0 hr,6.8 hr,3.9 hr 49hr,6.8hr,3.9h 4.0 hr 4.0 hr
VLA configuration A+B+C A+B+C CnB C
Beam size B’ x 1473, 67" x6.7"° 1.6 x 1573 64" x53"° 198" x 10.3” 130" x 124"
RMS Noise ¢ms) 143, 19 pJy beam? 154, 17 pJy beam? 49 1 Jy beam? 88 uJy beam?

a Briggs weighting (robust —1.0)
b natural weighting

uonoNpal elep 7 sUoNeAIasqO "Z'S UoNIas
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Table 3.3: WSRT observations

Frequency bands 21 cm (IFs) 1311, 1330, 1350, 1370, 1399, 1482, 1450 MHz
Frequency bands 18 cm (IFs) 1650, 1668, 1686, 1704, 1729,1758, 1776 MHz

Bandwidth per IF 20 MHz

Number of channels per IF 64

Channel width 312.5kHz

Polarization XX, YY, XY, XY

Observation dates 11, 17, and 18 March, 2009
Integration time 30s

Total on-source time .6 hr21lcm+ 6.5 hr 18cm
Beam size 19”7 x 16.5”

RmMs noise ¢ms) 37 uJy beam?

were set according to tHeerley & Taylor(1999 extension to th&aars et al(1977) scale. The
effective feed polarization parameters (the leakage termsterms) were found by observing
the phase calibrator over a wide range of parallactic arayiélssimultaneously solving for the
unknown polarization properties of the source. The paddion angles were set using the po-
larized sources 3C286 and 3C138. For the R-L phaSerdnce, we assumed values-@®6.0
and 150 deg for 3C286 and 3C138, respectively. Stokes Q and U images compiled for
each source. From the Stokes Q and U images, the polarizatigies ¥) were determined
(¥ = % arctan U/Q)). Total polarized intensityR) images were also mad® = Q2 + U2).
The polarization fraction were found by dividing the totalgrized intensity by the total inten-

sity (Stokes 1) image {/Q? + U?/).

3.2.3 WSRT1.3- 1.7 GHz observations of 24P73

WSRT observations were taken of a single source (24P73)oloided in the VLA observations.
Every 5 min, the frequency setup was changed within the Ldpalternating between the 21cm
and 18cm setups. Both of these frequency setups have 160 stixidth divided over 8 IFs,
each having 20 MHz bandwidth. The data were recorded in isgdicte mode with 64 spectral
channels per IF in 4 polarizations. The observations wengechout in three runs on 11, 17,
and 18 March, 2009 resulting in a more or less complete 12-$ymthesis run, see Take3.
The data were partly calibrated using the CASA (formerly 84R)? package. The L-band
receivers of the WSRT telescopes have linearly polarized$e The leakage terms (D-terms)
for the WSRT are frequency dependent (eByentjens 2008 As a first step, we flagged the
autocorrelations, and removed any obvious RFI and cordugi¢a. Time ranges of antennas
affected by shadowing were also taken out. Bandpass and gatiosslwere determined using
observations of two standard calibrators, both at the atadtend of an observing run. The
fluxes for the calibrators were set according to Berley & Taylor(1999 extension to the
Baars et al(1977) scale. We used both polarized (3C138 or 3C286) and ungeth(iCTD93,

2httpy/casa.nrao.edu
3The WSRT records XX | — Q, YY = 1 - Q, XY = —U + iV, and XY = —U — iV, where |, Q, U, and V are the
Stokes parameters.
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3C48) calibrator sources. The bandpass and gain solutiens applied and the data were
calibrated for the leakage terms using the unpolarizedebr source. The polarization angles
were set using the polarized calibrators sources, the sibgieg the same as in Se8i2.2 The
data was then exported into AIPS for two rounds of phase omdiytavo rounds of amplitude
and phase self-calibration (separately for each IF). Thatisas for the amplitude and phase
self-calibrations were determined by combing both XX andp©farizations as Stokes Q is not
necessarily zero.

The images for each IF were cleaned to abani,2 using clean boxes. The images for
each IF were combined into a deep image by convolving the émafthe individuals IFs to a
common resolution and using a spectral index scalinglof

3.2.4 Optical WHT & INT imaging

Optical images around the radio sources were made usingRifeddmera on the 4.2m WHT
telescope and the WFC camera on the INT. The observatioressaeried 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 34x 34 for the WFC camera. The seeing varied betweery @uéd 2.0', but was
mostly between 1/0and 1.5. Most nights were photometric. The total integration tings p
target was about 1500 s for both V, R, and | bands for the WHEMasions and 4000 s for the
INT observations. The data were reduced with IRABdy 1986 1993 and themscredpackage
(Valdes 1998 All images were flat-fielded and bias-corrected. The | arithRd images were
fringe corrected. The individual exposures were averaggith pixels being rejected above
3.00ms to remove cosmic rays and other artifacts.

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

3.3 Results

A list of the observed sources with their integrated fluxed eadshifts is given in Tabl8.4.
For sources without a spectroscopic redshift, we used thHebldeK or Hubble-R relations to
estimate the redshiftNillott et al. 2003 Snellen et al. 1998&le Vries et al. 200)7 Spectral index
maps were also made for the radio sources. Only common Uyesawere used to minimize
errors due to dferences in the UV-coverage and the individual maps wereateed to the
same resolution. For sources with high-resolutign10”) 1.4 GHz observations, we created
a high-resolution spectral index map between 610 and 142%.MKlow-frequency spectral
index map between 325 and 610 MHz was also made for most souRigels below &ms

at either one of the two frequency maps were blanked. Lowhiéisn spectral index maps
between 325, 610, and 1425 MHz were created to map the shieda in low signal-to-noise
ratio (SNR) regions. We fitted a single (power-law) spedtraéx through the three frequencies,
pixels below 250-ms being neglected.

For two sources, the SNR was high enough to create spectraltave maps. The spectral
curvature we defined ags 610 — a610-1425 Pixels with a spectral index error larger thad®
were blanked in the spectral curvature maps. The errorserrsplectral index map are based
on the noise levels (rms) of the individual images. In théofsing subsections, the radio and
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spectral index maps are presented together with opticalayse

3.3.1 VLSS J1133.#2324,7C 113%2341

VLSS J1133.#2324 is a filamentary radio source, possibly associated aviglalaxy cluster
atz = 0.61 (van Weeren et al. 2009c To the west of the filamentary source, our 610 MHz
image detected duse emission associated with the foreground galaxy UGC &izbted at
z=0.02385 Haynes et al. 1997

The 325 MHz image (see Fi@.1 left panel), is similar to our previous 610 MHz image.
In the 325 MHz image, the southern part of the filamentarys®ig significantly brighter than
the northern part, while little emission from UGC 6544 iset#ed at 325 MHz. The VLA
1.4 GHz image made with natural weighting is shown in Bigd.(right panel) and reveals much
more emission from UGC 6544. The southern part of the filaargngource is quite faint
at 1.4 GHz, confirming that it has a steep spectrum. A highlaéien VLA image, also at
1.4 GHz, reveals only three faint compact radio sourcesFgpe3.3 (left panel). This shows
that the emission from the steep-spectrum source is tréiysdi, and cannot be attributed to the
combined emission from compact sources. We do not detegpalayized emission from the
source at 1425 MHz. We place e hipper limit of 5% on the polarization fraction.

The spectral index map, between 325 and 610 MHz, is showrgin3g2 (left panel). The
spectral index of the southern part of the filamentary soige€.0, while for the rest of the
diffuse emission it i&x ~ —1.7. Towards UGC 6544, the spectral index flattens. The spectra
index map between 610 and 1425 MHz is shown in Big.(right panel). Here the spectral
index steepens te < —2.5 for the southern part of the filamentary source. The spaottax
of the foreground galaxy UGC 6544 is relatively flat with- —0.5.

VLSS J1133.%2324 was also observed Dwarakanath & Kalg€2009 at 1287 MHz with
the GMRT and at 330 MHz with the VLA. The reported integratpddral indices were 1.6 +
0.03 between 74 and 328 MHz ard..9 + 0.08 between 328 and 1278 MHz. The integrated
flux density was 15% 12 mJy at 328 MHz. We measure a flux of 2¢28 mJy at 325 MHz,
which is significantly higher than the reported value frbwarakanath & Kale This may be
partly caused by the higher SNR of our image as we may pick dfiadal emission beyond
what is visible in theDwarakanath & Kalémage. Although, this cannot completely explain the
difference in fluxes.

The source could be old radio plasma from a previous episbd&dl activity, although
UGC 6544 is a spiral galaxy which normally do not host AGN.Hétradio emission were
explained by relic lobes, they would be expected to be lacsgenmetrically with respect to the
nucleus of the galaxy, which is not the case. The flat speatadiio emission we detect from the
galaxy is fully consistent with that predicted by the fafréimed radio correlationvn Weeren
et al. 2009¢.

At the location of the filamentary radio source, we detectedwaerdensity of faint galaxies
(see Fig3.3). These galaxies are partly hidden behind UGC 6544. Thean&IDSS photomet-
ric redshift is 061 for these galaxies. To confirm the presence of a clusteay>ebservations
andor spectroscopic redshifts of several galaxies are needed.

If this is indeed a distant galaxy cluster, the radio emis&@wery likely to be associated with
the cluster. The source may then trace a shock wave in thieclukere particles are accelerated
by the DSA mechanism. In that case the integrated radio gspecthould be a single power-
law. Our flux measurements however indicate a slightly adisgectrum. A redshift of 0.61



Table 3.4: Source list & properties

sourcécluster z Ssos Si425 @74-1400 curvature LLS classification

Jy mJy @74-610 — U610-1425 KPC
VLSS J1431.81331 0.1599 B73+0.040 146+11 -2.03+0.05 1.03 125 AGN-+ AGNR or PHNX
VLSS J1133.¥2324 061+0.16° 0.273+0.028 123+11 -169+0.06 0.96 570 AGNR or DSAR
Abell 2048 0.0972 ®59+ 0061 189+43 -150+005 1.6 310 PHNX
24P73 015+ 0.1°9 0.307+0.033 120+3.0 -220+0.06 2.0 270 PHNX
VLSS J0004.93457 03+0.1° 0417+ 0.046 322+19 -1.40+0.04 0.30 200 AGN (or MH+ DSAR?)
VLSS J0915.#2511 0.324 MN17+£0.046 247+15* -152+004 1.02 190 AGNR or PHNX
VLSS J1117.27003 08+ 0.4¢ 0.030+0.006 29+05* -1.87+0.07 0.0 130 AGN?
VLSS J2043.91118 05+ 0.3¢ . 77+06% -1.74+0.05 0.84 250 AGN (MH?2 DSAR?)
VLSS J0516.20103 12+ 0.7¢ . 43+04* -1.73+0.06 0.0 290 AGN (or MH?)
VLSS J2209.51546 11+ 0.7¢ . 70+£09° -156+0.07 0.59 500 AGN?
VLSS J2241.31626 05+ 0.3¢ . 146+ 1.1* -1.44+0.06 0.0 290 AGN?

aflux from NVSS (Condon et al. 1998

b jdentification of the cD galaxy uncertain
¢ flux from WENSS Rengelink et al. 1997
d redshift estimated using the fitted Hubble-R relation frderVries et al(2007), since it is unclear whether there is a common underlying
population of massive elliptical galaxies for extende@ptspectrum radio sources we have taken the 3C Hubble-forefeom Snellen
et al.(1996 as an upper limit for the redshift (i.e., the 3C galaxiesayeut 1 mag brighter at the same redshift)

€ redshift estimated using the fitted Hubble-K relation fréflott et al. (2003

f varies across the source

9 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/fl, 2, 4, 8, . . .] X 40ms. The position
of is UGC 6544 is indicated by the dashed ellipse. Right: VI423 MHz map. Contour levels are drawn
as in the left panel.

would correspond to a physical size of about 500 kpc. The s&@wgp and somewhat curved
radio spectrum then suggest the source to be an AGN relierétian a radio phoenix because
the source is quite large and the time to compress such afadje “ghost” would remove
most of the electrons responsible for the radio emissionalative energy losse€larke &
Ensslin 200%. Additional flux measurements at lower d@odhigher frequencies will be needed
to confirm whether the radio spectrum is indeed curved.

3.3.2 VLSS J1431.81331, MaxBCG J217.9586913.53470

VLSS J1431.81331 is located in the galaxy cluster MaxBCG J217.9586053470 ¢ =
0.1599,Koester et al. 2007and associated with the central cD galaxy of the clustee dlts-
ter has a moderate X-ray luminosity b§ 01 24 kev ~ 1 x 10* erg s* based on the ROSAT
count rate Yoges et al. 1999 The GMRT 325 MHz image (see top left panel F&g4) shows
a bright elongated source. To the west a somewhat fainfieisdi component can be seen. This
component is not associated with any optical galaxy (see38yright panel). A third fainter
source is located further to the southwest. The first two aomepts are connected by a faint
radio “bridge”. This bridge was not seen in our previous 61d2Mmage. The bright source
is a currently active radio galaxy with the radio core cheding visible in our VLA 1.4 GHz
images (see Fig3.4 top middle and right panels). Probably, radio plasma froenabre flows
westwards and then forms the north-south elongated staictu

The spectral index maps (see F3g4 bottom panels), are indicative of a relatively flat spec-
tral index of-0.5 for the radio core between 325 and 610 MHz. Spectral stéegenobserved
to the north and south of the elongated structure. The speattex for the southern part of
the elongated structure steepens 85 between 610 and 1425 MHz. The spectral index of the
southwestern component is abeut5 between 325 and 610 MHz, there being smaller spectral
index variations across it than in the brighter western comept. Between 610 and 1425 MHz,
the spectral index steepens to abefts. The spectral curvature magsbs 610 — @s10-1425) (S€€
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Figure 3.2: Left: Spectral index map between 325 and 610 Mtdzesolution of 175" x 7.65”. Contour
levels are from the 325 MHz GMRT image and drawn at levels g2,[4,8,...] x 60ms. Right: Spectral
index between 610 and 1425 MHz. Contour levels are from t2& MHz VLA image and drawn at levels
of [1,2,4,8,...] X50ms The beam size is.8’ x 6.7”.
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Figure 3.3: Left: Optical WHT color image for VLSS J1138328324. GMRT 610 MHz contours are over-
laid. The beam size is@’ x 3.9”. Three compact sources detected in the VLA 1425 MHz highlugisn
image are marked with crosses. Right: Optical WHT color ienfay MaxBCG J217.9586913.53470.
GMRT 610 MHz contours are overlaid. The beam size.8 % 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 arewdraas in Fig.3.1 Top middle: VLA
1425 MHz map. Contour levels are drawn as in BdL Top right: VLA 1425 MHz high-resolution
image. The image was made using Briggs weighting with robessto—1. Contour levels are drawn at
V[1,2,4,8,.. ] x 40 ms. Bottom left: Spectral index map between 325 and 610 MHz asalution of
104" x 7.7”. Contour levels are from the 325 MHz GMRT image and drawn\agl$eof [1,2,4,8,...] x
60 ms. Bottom middle: Spectral index between 610 and 1425 MHz.t@orlevels are from the 610 MHz
GMRT image and drawn at levels of,[4, 4,8,...] x50 ms. The beam size is.81” x 5.26”. Bottom right:
Spectral curvature map. Contour levels are drawn as in thpdael and the resolution is ¥ x 7.7”.

Fig. 3.4 bottom right panel), shows that the southwestern sourca vasy curved radio spec-
trum. The southern end of the radio structure from the aéts8l is also quite curved. The high
spectral curvature is likely to be the result of spectralimgiethe gradient in the spectral index
away from the core providing evidence of this. The twffudie sources the southwest of the
active AGN are probably old “bubbles” of radio plasma linkedhis AGN, which is consistent
with the curved radio spectrum. The presence of a faint rbdilge also suggests a relation
between this southwestern component and the radio galde/.sduthwestern component can
therefore be classified as a radio phoenix (if the radio péalsas been compressed) or an AGN
relic. XMM-Newton observations of the cluster will be prased by Ogrean et al. (submitted).

3.3.3 VLSS J2217.85943, 24P73

This source was discovered during the Synthesis Telesddpe ®ominion Radio Observatory
(DRAO) Galactic plane survey at 408 MHz and 1.42 GHmgs 1989 Joncas & Higgs 1990
Green & Jonca$1994) found the source to be filise and have an ultra-steep spectram=(
—2.58+ 0.14). Our GMRT 610 MHz observations (see Fg5 bottom right panel) detected a
very complex filamentary source, resembling the relics ébumAbell 13 and Abell 85 $lee
et al. 200). Our GMRT 325 MHz image, Fig3.5top left panel, is similar to the 610 MHz
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image. In our combined WSRT.3- 1.8 GHz image (top right panel), the fainter western part
of the relic is only marginally detected, which is indicatiof a steep spectral index in this
region. We set an upper limit to the polarization fractiorb®6 for the source at 1.4 GHz.

The spectral index map between 325 and 610 MHz is shown in dkterb left panel of
Fig. 3.5 The spectral index varies betweeh.4 and—2.9 over the source. The western part of
the source has the steepest spectrum. Towards the souttiveespectral index flattens to about
—1.0. This part may be associated with a separate compact r&aha A

Our optical WHT image (bottom right panel Fi§,5) is dominated by foreground stars as the
source is located in the Galactic plane, at Galactic lagitoid244 degrees. However, there are
also several faint red galaxies seen in the image that maynbeb a galaxy cluster, and these
are marked by circles. The brightest galaxy (located soesit)thas an R-band magnitude of
20.69. Using the Hubble-R relatiom¢ Vries et al. 200)7 we estimate a redshift of 16+ 0.1,
including an extinction in the R-band of 4.173 ma&rhlegel et al. 1998 We note that this
redshift estimate is based on the corrected identificatfdheocD galaxy in the cluster. If the
source is indeed located at 0.15, then its largest physical extent is 270 kpc. We clasbidy t
source as a radio phoenix given the filamentary morphologyeatreme spectral index. In fact,
the relic is very similar to the proposed phoenix in Abell Blee et al. 2001l To confirm the
presence of a cluster, deep near-infrared (NIR) imaginghgihecessary.

3.3.4 VLSS J0004.93457

The radio source is located in a small galaxy cluster or gr&8®2291 Zanichelli et al. 2001
The clustefgroup is located at a redshift of®+ 0.1 (van Weeren et al. 200%¢c No X-ray
emission from the system is detected in the ROSAT All-Skyw8ui(Moges et al. 19992000,
which implies that the system is not very massive. An op®@ES-II color composite is shown
in Fig. 3.6 (bottom right panel). The various radio components areléabalphabetically (see
Fig. 3.6top right panel).

Our GMRT 325 MHz image of VLSS J0004-8457 (top left panel) displays aftlise source
(A) centered on a K-magll4.86 galaxy. The source extends somewhat further norttssban
in the 610 MHz image (bottom right panel).

Source B is associated with another galaxy, C does not hawgtaral counterpart and seems
to be related to source A. Source D is a fainter source (redatvthe 610 MHz image) located
just east of VLSS J0004-8457 at RA 00 04™ 50°, Dec —34° 56 38”. In the CnB-array
VLA 1.4 GHz image, shown in Fig3.6 (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 irBFigright panel). Source
B has a flat spectral index ef —0.5. Source D has a steeper spectral indexbf. The spectral
index of A steepens away from the center (defined as the peakfid located at the position
of the K-mag=14.86 galaxy). The central region has a spectral indexlo?2. Outwards, the
spectral index steepens 40—2. Component C has a spectral index of abelib. A spectral
index map, for the frequencies 325, 610, and 1425 MHz, is shiavwFig. 3.7 (middle panel).
The spectral curvature map, in the right panel of Bg, shows the least curvature (i.e., less
than 0.5 units) for the western part of A and source B. Emisgiothe 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 obsgein the VLA images,
Fig. 3.6 (bottom left panel). Source B is polarized at the 8% levele Pblarization fraction at
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Figure 3.5: Top left: GMRT 325 MHz map. Contour levels arewhras in Fig.3.1 Top right: WSRT
1.3- 1.8 GHz map. Contour levels are drawn as in Bd. Bottom left: Spectral index map between 325
and 610 MHz at a resolution of 8}’ x 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 Mldontours are overlaid.
The beam size is.8” x 4.3”. Contour levels are drawn as in F3g3. Several faint galaxies in the image
are marked by circles.



Section 3.3. Results 55

the center of A is roughly 6%. The arc-like southeast exmn§C) is highly polarized, with a
polarization fraction between 25 and 35%.

We tentatively classify the source as a 200 kpc “mini-hato”qore-halo), because the radio
emission of difuse source A surrounds a central galaxy in a cluster or gaglieyp. The spectral
steepening away from the core is then the result of synadmaind IC losses. The eastern
arc-like extension could be a radio relic based on its eltetaature and high polarization
fraction. The high polarization fraction is indicative bftpresence of ordered magnetic fields.
Therefore it is likely that this component traces a regiothalCM that has been compressed by
a shock wave. Radio mini-halos usually occur in massivexeglgjalaxy clusters. The possible
presence of a radio relic indicates merger activity so itdsgible that the “mini-halo” can also
be linked to the merger activity of the system. Radio plasmmfthe central AGN might have
been re-accelerated or compressed by this merger eventsotiiee 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 4088457 seems to
consist of a single component. The morphology of the sowoedre similar to the core-halo
system in ZwCl 1454.82223 and candidate core-halo system in Abell 34%&h(uri et al. 2008
2007). The clustefgroup would make an interesting target for future X-ray ostons to study
the relation between the radio sources and the surroun@ixig |

3.3.5 VLSS J0915.#2511, MaxBCG J138.9189825.19876

The radio source is located in the cluster MaxBCG J138.9488519876. The source consists
of a northern component (Fi§.8left panel) and a slightly more extended fainter component t
the south. A compact source to the west is associated withatexy J091539.68251136.9.
This source has a spectroscopic redshift (SDSS DRBazajian et al. 2009of 0.324. This
cluster has a photometric redshift 0289 (Koester et al. 2007 but the galaxy seems to be part
of the cluster, hence we adopt a redshift &2 for the cluster. The compact source is resolved
in our 610 MHz GMRT image and displays a double lobe structsee Fig3.8right panel).

The spectral index map between 325 and 610 MHz is shown ir8RE8gmiddle panel). The
spectral index map is noisy because of dynamic range liimitatfrom the source 4@25.24
(1.35 Jy at 325 MHz) located aboutt® the southeast. The eastern part of the northern compo-
nent has the steepest spectrum with an index ©f-2, although the SNR is low in this region.
The compact source to the west has a flat spectral index ot aldd

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

3.3.6 VLSS J1515.20424, Abell 2048

VLSS J1515.20424 is located in the cluster Abell 2048+ 0.0972; Struble & Rood 1999
to the east of the cluster center. The source has a largestt@ft310 kpc (see Fi.9top left
panel), and has a complex morphology. Only the brightesmdthe source are seen in the VLA
1.4 GHz C-array image (Fi®.9top right panel). No polarized flux is detected from the seurc
We set an an upper limit on the polarization fraction of 8%tfar source, again requiring a SNR
of 5 for a detection. An optical V, R, and | color image of thaster with 610 MHz contours
overlaid does not reveal an obvious optical counterparifeisource.
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Figure 3.6: Top left: GMRT 325 MHz map. Contour levels arewdraas in Fig.3.1 Top right: VLA
1425 MHz map. Contour levels are drawn as in Big. Bottom left: VLA 1425 MHz polarization map.
Total polarized intensity is shown as grayscale image. dfsatefer to the polarization E-vectors, with
their length representing the polarization fraction. Aerefhce vector for a polarization fraction of 100%
is shown in the bottom left corner. The polarization fraetiavere corrected for Ricean biad/drdle &
Kronberg 1973 No polarization E-vectors were drawn for pixels with a SMBs than 3 in the total
polarized intensity map. Contours show the total intensitgge (Stokes 1) at 1425 MHz. Contour levels
are drawn at [116,256 4096 ...] x 0.147 mJy beart. Bottom right: Optical POSS-II color image for
VLSS J0004.93457. GMRT 610 MHz contours are overlaid. The beam size4$ & 4.3”. Contour
levels are drawn as in Fig.3.
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Figure 3.8: Left: GMRT 325 MHz map. Contour levels are drawnraFig.3.1 Middle: Spectral index map between 325 and 610 MHz at auésal of
14.7” x 8.1”. Contour levels are from the 325 MHz image and drawn as inFR®.Right: Optical WHT color image for VLSS J0915.2511. GMRT
610 MHz contours are overlaid. The beam size.& & 5.9”. Contour levels are drawn as in F3g3.



Section 3.4. Optical imaging around five compact steeptap®c
sources 59

The spectral index map between 325, 610, and 1425 MHz, isrshoftig. 3.9 (bottom left
panel). No systematic spectral index gradients are se@sstne source. A region with a flat
spectral indexd > —0.5) is located under the southern “arm” of the source at RAIBS' 08.6,
Dec+04° 23 08”. This part is associated with the galaxy 2MASX J151508B23085 in front
of the cluster £ = 0.047856 from SDSS DR7) (see Fig.9 bottom right panel). The spectral
index of the relic is steep with an average value of abdu? between 1425 and 325 MHz.

The complex morphology of the radio source suggests thatdhece can be classified as
a radio phoenix. The steep curved radio spectrum is consigi¢h this interpretation. If the
source is indeed a radio phoenix, the radio plasma shoulg baginated in a galaxy that has
gone through phases of AGN activity. A candidate is the &digh 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 skewtrer elliptical galaxies around,
although at the moment they are not radio-loud. A ROSAT im(@gevan Weeren et al. 2009c
of the cluster shows a substructure to the east of the madter/which implies that the cluster
is presently undergoing a merger. The velocity dispersigrpf the galaxies in the cluster is
857 km s (Shen et al. 2008 The bolometric X-ray luminosity is.914x 10* erg s*. On the
basis of theLx — o relation (X-ray luminosity versus velocity dispersionyiin Shen et al.

Iog(i) =4.39 Iog(

0erg st )— 0.530, (3.1)

500 km s*

we predict a velocity dispersion of 76540 km s? given the X-ray luminosity. This is lower

than the observed value, which is not inconsistent with theter having undergone a recent
merger event. A shock wave generated by the proposed merget might have compressed
fossil radio plasma and produced the radio phoenix. Futurapobservations will be needed to
study the dynamical state of the cluster and the relatiowéet the ICM and the radio phoenix.

3.4 Optical imaging around five compact steep-spectrum
sources

We present optical images around five slightly more compieipsspectrum radio sources,
which nature was found to be uncleanian Weeren et a(20099.

3.4.1 VLSS J2043.91118

The radio source has a largest angular size 6f #h optical counterpart (R band magnitude of
20.1) is visible in our WHT image (see Fig-10. The radio emission surrounds the galaxy and
there is a hint of a faint extension to the east. We estimagelshift of 05 + 0.3 for the optical
counterpart, which implies a physical extent of 250 kpc Fa tadio source. The source could
be a mini-halo or core-halo system given its steep spectdax of —1.74 + 0.05 (between 74
and 1400 MHz). Alternatively, we are detecting radio plagroen 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 arevaneaas in Fig.3.1 Top right: VLA
1425 MHz map. Contour levels are drawn as in Bid. Bottom left: Power-law spectral index fit between
325, 610, and 1425 MHz. Contours are from the 1.4 GHz VLA imaggdrawn as in Fig.2 (left panel).
The resolution is 18 x 12.4”. Bottom right: Optical WHT color image for Abell 2048. GMRTL6 MHz
contours are overlaid. The beam size .8'7x 5.4”. Contour levels are drawn as in F3g3.
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Figure 3.10: Left: Optical WHT color image for VLSS J204319418. GMRT 610 MHz contours are
overlaid. The beam size is& x 4.2”. Contour levels are drawn as in F3¢g3. A circle indicates the
proposed optical counterpart. Right: Optical WHT color gador VLSS J1117.47003. GMRT 610 MHz
contours are overlaid. The beam size i87x 4.3”. Contour levels are drawn as in F3g3. A circle
indicates the proposed optical counterpart.

3.4.2 VLSS J1117.27003

This source has a remarkably steep radio spectymioo = —1.87 + 0.07) without any indi-
cation of a spectral turnover at low frequencies. The soigrnesolved into a smooth featureless
roughly spherical blob (26by 23”). We identify a red galaxy, with an R magnitude of2]las

a possible counterpart, which would put the source at a i@dl0.8 + 0.4. A blue galaxy is
located only B north of the red galaxy. This might also be the counterpattiefradio source.
The integrated R-band magnitude is about the same as therrgdidxy putting it at about the
same redshift if it were the optical counterpart. At 0.8, the radio emission would have a
physical extent of 130 kpc.

3.4.3 VLSS J2209.81546

The radio map shows an elongated source. We find a faint (R imagghitude of 221) coun-
terpart halfway along the elongated source. We estimatdshift of z = 1.1 + 0.7 (using the
Hubble-R relation), giving a physical extent of 500 kpc.

3.4.4 VLSS J0516.20103

VLSS J0516.20103 is a slightly elongated source that does not have acabmidunterpart
in POSS-Il images. In our INT image, we identify a possiblatfaed counterpart with an R
magnitude of 22.9. This implies a redshift a2 0.7 (including an extinction of 0.367 in the
R band), which gives a size of 290 kpc and makes it a candidiaiehalo or core-halo system.
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Figure 3.11: Left: Optical WHT color image for VLSS J22091%46. GMRT 610 MHz contours are
overlaid. The beam size is® x 6.2”. Contour levels are drawn as in FBg3. A circle indicates the
proposed optical counterpart. Right: Optical INT color gador VLSS J0516-£20103. GMRT 610 MHz
contours are overlaid. The beam size i$"8x 6.5”. Contour levels are drawn as in RBg3. A circle
indicates the proposed optical counterpart.

3.4.5 VLSS J2241.31626

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

3.5 Discussion

Most radio relics and halos known till date are located witimassive X-ray luminous clusters.
The majority of these sources were discovered in the NVSSWRHISS surveys by visual
inspection of the radio maps in and around known galaxy etegmostly Abell clustersGio-
vannini et al. 1999Kempner & Sarazin 2001 Venturi et al.(2007, 2008 carried out a search
in a complete sample of 50 massive X-ray selected(1-24 kev > 5 x 10* erg s*) clusters to
determine the fraction of radio halos in these systems. Tdwidn of clusters hosting a giant
radio halo was found to beZ9 + 0.09. The number of small galaxy clusters with low X-ray
luminosity known to host a ffiuse radio source is very small. An example is the radio halo in
Abell 1213 identified byGiovannini et al(2009 with Ly 0124 kev = 0.1 x 10* erg s*.

We note that the sources presented in this paper were sklectthe basis of their steep
spectral index and ffuse nature. There was no requirement for the radio sourdesslticated
in a galaxy cluster. The question arises of whether mosbnadics and halos are indeed located
in massive galaxy clusters or whether they also occur in plusters and galaxy groups.
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Figure 3.12: Optical INT color image for VLSS J22411%26. GMRT 610 MHz contours are overlaid.
The beam size is.f” x5.8”. Contour levels are drawn as in F3¢3. A circle indicates the proposed optical
counterpart.

None of the sources in our sample, with< —1.35 (between 74 and 1400 MHz), are
located in massive known galaxy clusters. Only VLSS J1543424 (in Abell 2048) and
VLSS J1431.81331 (in MaxBCG J217.95869.3.53470) are found in clusters detected in the
ROSAT All-Sky Survey. The X-ray luminosities of these clkrst are moderate, with values
between 1-210* erg s'. Therefore, our observations indicate thafulie steep-spectrum
sources do also occur in less massive clusters and galanpgrivost of the sources seem to be
radio relics related to previous episodes of AGN activityhe AGN relics or radio phoenices.
Some other sources in our sample can be classified as carethaini-halo candidates, where
the radio emission surrounds a central galaxy of a poorelwstgalaxy group. In our case, they
are not found in massive cool-core clusters.

Amongst the sources in our sample, there are also a numbeoref distant £ ~ 1) fila-
mentary radio sources related to AGN activity. These coelddtatively “nearby” ultra-steep
spectrum (USS) sources (e.g., sdiiley & De Breuck 2008 for a review). As they are rel-
atively nearby, they are clearly extended in for examplel#eGHz FIRST survey images
(5” resolution) and therefore included in our sample.

We did not detect any ultra-steep spectrum radio haosretti et al. 2008in our sample.
This could be because the surface brightness of these slggob low for them to be detected
in the 74 MHz VLSS surveyRrunetti et al. 2008Macario et al. 2010 The 74 MHz VLSS
survey is relatively shallow with an average rms noise of)y.beam?.

Since poor galaxy clusters and groups are more numerowseipected that the sources
in our sample are only the tip of the iceberg and many more eftishould turn up in low-
frequency surveys, as will be carried out for example by LAHAthe near future. In terms also
of the timescales related to AGN activity and the ubiquitglobcks, these surveys will uncover
large populations of AGN relics and radio phoenices. Onéefdificulties will be to classify
these sources on the basis of the radio morphology, polamizand spectral index alone. The
differences between radio phoenices, AGN relics, and relicewgahock fronts with DSA are
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often subtle. The AGN relics and phoenices should have wamyed radio spectra, while relics
caused by electrons accelerated at shocks should hawghstiadio spectra. Nevertheless, deep
optica)NIR and X-ray surveys will play an important role in identifg the nature of these
diffuse radio sources.

3.6 Conclusions

We have presented 325 MHz and 1.4 GHz radio observationsxadifuse steep-spectrum
sources. The sources were selected from an initial sam®é diffuse steep-spectrum (<
—1.15) sourcesvan Weeren et al. 2009cOptical WHT and INT images were taken at the po-
sitions of 10 radio sources from the sample. We briefly sunmadhe results.

-The radio source VLSS J143%8331 is located in the cluster MaxBCG J217.95869.53470
(z=0.16) and associated with the central cD galaxy. A second rgalioce is located 175 kpc
to the east. This source is connected by a faint radio briddke central radio source. This
source probably traces an old bubble of radio plasma fronegiquis episode of AGN activity
of the central source. The spectral curvature of this soisriz@ge, indicating the radio plasma
is old, which is consistent with the above scenario.

-VLSS J1133.#2324 is an elongated filamentary steep spectrum sourceatheerof the source
is unclear. It might be a radio relic located in a galaxy @usttz ~ 0.6.

-The relic in Abell 2048 and the source 24P73 are both classis radio phoenices, which con-
sist of compressed fossil radio plasma from AGNs. We dewarsl galaxies close to 24P73,
probably belonging to the cluster hosting the radio phoenix

-VLSS J0004.93457 is a difuse radio source with emission surrounding the centragdteél
galaxy of a small cluster or galaxy group. The source could bedio mini-halo (or core-halo
system). An arc-like structure is located to the east of twece which has a high polarization
fraction of about 30% at 1.4 GHz indicative of ordered mamgrfetlds. This is probably a relic,
where either particles are accelerated by the DSA mechamisadio plasma from the central
AGN is compressed.

-The origin of VLSS J091542511, a dffuse radio source in MaxBCG J138.9182%.19876,

is somewhat unclear. The source is most likely an AGN reliadio phoenix.

We also presented optical images around five oth@usk radio source from the sample. For
these sources, we could not find optical counterparts in PID&& 2MASS images. We de-
tected candidate counterparts for all of these sourcesredtbhifts in the range.b < z < 1.2.
Some of these sources are radio galaxies, some others mdgssdied as mini-halos as the
radio emission surrounds the host galaxy.

From our observations, we conclude that radio relics atémtnot only in the most massive
merging galaxy clusters. They can also be found in smallexgalusters and groups. Most of
these sources probably trace old radio plasma from pre@pisedes of AGN activity. Several
other sources resemble mini-halos or core-halos that apefalind in less massive systems.
Future low-frequency surveys will probably uncover largenbers of these sources, which can
then be used to constrain timescales related to AGN actwitystudy the interaction between
radio plasma and the ICM in clusters and galaxy groups.
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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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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
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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
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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
Black dotted lines in the 610 MHz image indicate the intdgraarea for the flux measurements.
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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.@f_*gg 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
and marked with dashed circles, see Tabk
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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.



%:tion 4.5. Conclusions 99

,_.
o
™

K

=
i)
=
=
@
)
@
=
=
b=}
B
o
=2
Q£
=
=

10

(%]

all (blue), with relics (red)

fraction of clusters with relics
fraction of clusters with relics

number of clusters
number of clusters

N
0.2 0.3
redshift

15 20
L, [10* erg/s]

Figure 4.24: Histograms showing the X-ray luminosity (lefhd redshift (right) distribution. Dark grey
histograms shows the NORAS-REFLEX sample, light grey thie ctuster sample. The solid thick black
line displays the predicted luminositgdshift distributions fronNuza et al(2011) for clusters with fluxes
> 3.0x 10?2 erg st cm? , 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).

4.5 Conclusions

We have presented WSRT, VLA and GMRT observations of galéxsters 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®mrear 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 NORASREBFLEX 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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CHAPTER D

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 thatagg clusters grow via
mergers of smaller clusters and galaxy groups, as well asigiir continuous accretion of gas.
MACS J0717.53745 is an X-ray luminous and complex merging cluster, ledatt a redshift
of 0.5548. The cluster is suspected to host a bright radio relitup until now no detailed
radio observations have been reported. Here we present Mietnewave Radio Telescope
(GMRT) radio observations at 610 MHz of this cluster, commated by Very Large Array
(VLA) archival observations at 1.4, 4.9 and 8.5 GHz. We hand & radio halo in the clus-
ter MACS J0717.53745 with a size of about 1.2 Mpc. The monochromatic radio grost
1400 MHz (P14) is 5x 10?° W Hz%, which makes it the most powerful radio halo known to
date. A 700 kpc radio structure, which we classify as a radlic,ris located in between the
merging substructures of the system. The global spectdaixiof radio emission within the
cluster is found to be-1.24+ 0.05 between 4.9 GHz and 610 MHz. We derive a value.8i%&

for the equipartition magnetic field strength at the locatibthe radio halo. The location of the
relic roughly coincides with regions of the intra-clusteedium (ICM) that have a significant
enhancement in temperature as shown by Chandra. The magaofeke relic is also roughly
perpendicular to the merger axis. This shows that the ralibitibe the result of a merger-related
shock wave, where particles are accelerated via ttiegsiie shock acceleration (DSA) mecha-
nism. Alternatively, the relic might trace an accretionahof a large-scale galaxy filament to
the southeast.

R. J. van Weeren, H. J. A. Rottgering, M. Briiggen, and A.€oh
Astronomyé Astrophysics505, 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 M@y 8435, 8485 MHz (X)
Bandwidth 2x 16 MHz 2x 50 MHz 2x 50 MHz 2x 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 NOL2 22 Aug 1997
Project Code 15HRa01 AEQ0147, AEO111 AHO0748 AEO0111
Total on-source time  ~ 4 hrs 49 min, 18 min 89 min 8 min
VLA configuration B, C D C
Beam size &’ x6.0” 6.1” x 6.1 177 x 17" 3.0 x29”
rms noise ¢) 78 uJy beam® 494y beam? 22 uJy beam? ..
Largest angular scale ~ 4’ 15 5 ~1lya

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

5.1 Introduction

According to hierarchical structure formation, galaxystirs grow via mergers of smaller clus-
ters and galaxy groups. During cluster mergers an enornraosiat of energy is released. This
energy can heat the intra-cluster medium and acceleratielparto highly relativistic energies
(e.g.,Sarazin 2002Dolag et al. 2008Takizawa & Naito 200D In the presence of magnetic
fields these particles will emit fiise synchrotron radiation, known as radio relics and halos
(see the reviews blferetti & Giovannini 1996Feretti 2005 Ferrari et al. 2008and references
therein). Radio halos have a typical size of about 1 Mpc aeddlio emission has a regular
smooth morphology that follows the thermal X-ray emissiconf the ICM. Radio halos are
unpolarized up to a few percent level. One of the main problEmnunderstanding the presence
of halos in clusters is the origin of the synchrotron-emgtelectrons. The lifetime of these par-
ticles is much shorter than theirftlision time over the full extent of the haldefe 19773. Two
main possibilities have been proposed to explain the poesefithe relativistic particles produc-
ing the radio halos: (i) the re-acceleration models, whelaivistic particles are re-accelerated
in situ by turbulence in the ICM generated by merger evengs,@runetti et al. 2001Petrosian
200% Fujita et al. 2003 and (ii) the secondary models, where the energetic elestare sec-
ondary products of proton-proton collisions (e[@ennison 1980Blasi & Colafrancesco 1999
Dolag & EnR3lin 200Q. Currently, the re-acceleration models provide a bettptamation for
the occurrence of radio halos since (i) halos seem to ocdyiimnlusters which are undergoing
a merger (e.g.,Venturi et al. 20072008, and (ii) the spectra of some radio halos show the
expected high frequency cufde.g.,Brunetti et al. 2008 This in contrast to secondary models
that predict that halos should be present in all massivaarisisind the spectral indices should
follow simple power-laws, both of which appears to contcadbservations.

Unlike halos, radio relics are irregular structures and lbarighly polarized. Their sizes
vary but relics with sizes of megaparsecs have been foundnmreslusters. These giant radio
relics are thought to trace merger shocks, where partickea@elerated through thefidisive
shock acceleration (DSA) mechanisBrgry 1983 Ensslin et al. 1998Miniati et al. 200).

An extreme example of a merging cluster is MACS JO713545 Ebeling et al. 2001Edge



Section 5.2. Observations & data reduction 103

et al. 2003. This massive X-ray luminous clustdry = (24.6 + 0.3) x 10* erg s?) is located
atz = 0.5548, with an overall ICM temperature of Bk 0.5 keV (Ebeling et al. 200) The
cluster shows pronounced substructure in optical imagedarge-scale filamentary structure of
galaxies connected with the cluster was discovere&lgling et al.(2004. Steep spectrui
radio emissionq¢ = —1.15, between 1400 and 74 MHz) in the direction of the clustéoimd

in the NVSS Condon et al. 1998 WENSS Rengelink et al. 1997and VLSS Cohen et al.
2007 surveys. The radio emission within the cluster was classbifis a radio relic bjedge

et al. (2003, no radio halo was foundvia et al.(2009 presented X-ray (Chandra) and optical
observations (Hubble Space Telescope (HST), ACS; KedREIMOS) of the cluster. Instead
of just two clusters merging, as is the case for 1IES065M&BKevitch et al. 200p they found
the situation in MACS J0717+#8745 to be more complex. A comparison of the galaxy and
gas distribution with the radial velocity information shesithe cluster to be undergoing a triple
merger event. As pointed out byla et al, the partial alignment of the merger axes for the
subclusters suggests that these mergers are linked tartjgedeale filament to the southeast of
the cluster. ICM temperatures exceeding 20 keV were fourgbine regions of the merging
system. Near two of the merging subclusters regions withemheents in the ICM temperature
were observed. These regions are probably remnants of coes.c

One of the main questions is whether the radio relic in MACBLJ05+3745 is the result of
a large shock wave, where particles are accelerated via$t#erdechanism. According tvla
et al, the high temperature of the ICM in the cluster could to sortere be explained by shock
heating from the ongoing mergers. However, the size of tgh temperature ICM regions is
very large & 1 Mpc). Therefore they conclude that it is more likely we ageisg the result of
contiguous accretion of gas along the cluster-filamentface.

In this paper we present 610 MHz continuum observations o€08A0717.53745 with the
GMRT. These observations are complemented by unpublishédavchival observations. The
layout of this paper is as follows. In SeBt2we give an overview of the observations and data
reduction. The radio images, spectral index maps, and Xovaylay are presented in Sebt3.
This is followed by a discussion and conclusions in See#and5.5. Throughout this paper
we assume aCDM cosmology withHg = 71 km st Mpc™, Q,, = 0.3, andQ, = 0.7.

5.2 Observations & data reduction

MACS J0717.53745 was observed with the GMRT as part of a larger samplefiafsai steep
spectrum sources selected from the 74 MHz VLSS survey. Hershertly describe the re-
duction of these observations, for further details the ee&lreferred to van Weeren et al. 2009
(submitted). The cluster was observed in the 610 MHz bandamd@® November, 2008. The to-
tal on-source time was about 4 hours, see TallleThe observations recorded both RR and LL
polarizations in two intermediate frequency bands (IFaghehaving 128 channels, with a total
bandwidth of 32 MHz. We used the NRAO Astronomical Image Bssing System (AIPS) for
reducing the data. The data was flux and bandpass calibrsitegithe primary calibrators 3C48,
3C147 and 3C286. We used tRerley & Taylor(1999 extension to th8aars et al(1977) scale
for the absolute flux calibration. Special care was takermnoave radio frequency interference
(RFI). To track gain variations during the observationsdeeondary calibrator 07%338 was
observed several times. After this initial calibrationes@l rounds of phase selfcalibration were

1F, o v®, with @ the spectral index
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carried out followed by two final rounds of amplitude and phaslfcalibration. We used the
polyhedron methodRerley 1989Cornwell & Perley 1992for making images to minimize the
effects of non-coplanar baselines. Both IFs were simultagaguisided, imaged and cleaned.
About two times the primary beam radius was covered with 28615 to remove sidelobes from
sources away from the field center.

MACS J0717.53745 was observed with the VLA, in the L-band on 15 July 20@-array,
in the C-band on 27 November 2001 in D-array, and in the L ar@hies on 22 August 1997 in
C-array, see Tabls.1 These observations were carried out in single channeireanh mode
with two IFs, each with a bandwidth of 50 MHz. The L-band Bagrdata was calibrated in the
standard way using the flux calibrator 3C48 and phase c#iib@&13+438. Several rounds of
phase only selfcalibration was followed by a final round opéitade and phase selfcalibration.
The L and X-band C-array observations lacked a usable scanflor calibrator, so we could
only use the secondary calibrator 04438. Flux calibration for the L-band data was carried
out by an amplitude and phase selfcalibration against tlaer®y clean-component model, re-
stricting the UV-range to avoid the inclusion of short bases. This produced the desired result
after checking the flux of the compact sources in the cordeicbages. The B and C-array L-
band UV-datasets were then combined and imaged simultatyedun extra round of amplitude
and phase selfcalibration was carried out on the combinted &ux calibration for the X-band
data was not carried out as we only used the images to ideatifipact sources related to AGN.
The calibrated C-band observations were taken from the NRA®@ Archive Survey. We
carried out an additional round of amplitude and phase adfation.

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

Our GMRT radio image with a noise of 78y beam® (using robust weighting 0.8Briggs
1999 is shown in Fig5.1 (left panel). The 1.4, 4.9 and 8.5 GHz images are shown in Bigs
(right panel) and.5(the 4.9 GHz image as overlay on the spectral index map). dtsehevels
are 49 and 22Jy beam® for the 1.4 and 4.9 GHz images, respectively, see TalleWe have
indicated the various sources found in Figl (right panel). The 610 MHz, 1.4 and 4.9 GHz
images reveal a bright elongated source, defined as R, whadtawe further subdivided into R1
to R4. The source runs from north to south and then turns s@sthat a compact source HT.
In the north and in the southwest, at the end of the elongatecdtsre R, there are two regions
with enhanced emission R1 and R4. The linear size of theeestitcture is about 700 kpc.
On the basis of the spectral index map and location withimibeging system we classify this
source, except the central component (HT), as a radio s#lie $ectb.3.2and5.4). The bright,
relatively compact region, HT, is located roughly halfwdgrey this elongated source. To the
southwest a straight elongated linear source (FR-) is,saest likely related to a nearby AGN.
Around the radio relic (R), both to the south (H1) and nortkir€12), we detect faint diuse
radio emission with a total size of about 1.2 Mpc.

The 8.5 GHz image, Figh.1, shows four compact sources. HT is located on the elongated
radio relic. A hint of difuse emission is seen from the northern brighter region R&.s€cond
compact source is located halfway along the fainter lindfarcaire (FR-1) to the southeast.

2This NVAS image was produced as part of the NRAO VLA Archive\@y, (c) AU/NRAO. The NVAS can be
browsed through httpwww.aoc.nrao.edtvibacald
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Figure 5.1: Left: GMRT 610 MHz radio image. Contour levels drawn atv[1,2,4,6,8,16,32 ..] X
234 uJy beam®. The image has a noise of 78y beam'. The beam size is.8” x 6.0” and is indicated
in the bottom left corner. Right: Greyscale 8.5 GHz VLA Cegrimage with a resolution of.@’ x 2.9”.
Contours are from the VLA BC array 1.4 GHz radio image. This image has a restoring beaendsi
6.1” x 6.1” (shown at the bottom left corner) and a rms noise ofid@beam?'. Contours levels are drawn
at[1,2,4,8,16,32 ...] X 3ome Indicated in the figure are the radio halo (H1 & H2), radidaéR1-R4),
central head-tail source (HT), source FR-I to the southaast two other compact sources (C1 & C2).
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Figure 5.2: Left: Chandra X-ray image overlaid with radiotmurs at 610 MHz from the GMRT. The
beam size is @ x 6.0” and is indicated in the bottom left corner. The greyscalegenshows the X-ray
emission from (- 7.0 keV. The image has been adaptively smootheda@nfidence) using theSMOOTH
algorithm Ebeling et al. 2006 Contour levels are drawn at,[2,4,8,16,32 ..] x 0.312 mJy beart.
Right: Temperature map (Fig. 2 froMa 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 comjpacte C1 is located to the north
of R1. All these compact sources are related to AGN. No ols/apiical counterpart was found
for the central compact radio source (HT)Bgige et al(2003. We identify an elliptical galaxy
located within the cluster at RA 017" 35°.5, DEC+37° 45 08’5 as a likely counterpart. The
source can be classified a “head-tail” source. The tail is/isithle in the 8.5 GHz image due to
its steep spectral index, but it is detected at all threeueegies below 8.5 GHz. The spectral
index map clearly shows spectral steepening along tHd@ty tail as expected, see Fig.4.
The southeast source FR-I with its compact core is assdondth a bright elliptical foreground
galaxy (RA 07 17™ 375.2, DEC+37 44 23"). The faint linear extensions on both sides of the
compact radio core probably make up a FR-I typar(ardt & Riley 1974) radio source.

The large-scale €liuse radio emission, HH?2, is classified as a radio halo given the large
size of about 1.2 Mpc and the emission following roughly tlaéagy distribution and X-ray
emission from the ICM. The monochromatic radio powei 4) is estimated to be (& 1) x
10?° W Hz™! using the 610 MHz image, a spectral index-df.1 (see Fig5.5), an extent of
1.2 Mpc, and the AIPS task ‘TVSTA?’ The uncertainty in the radio power is based on a
spectral index error of about® We have extrapolated the halo flux at the location of thghtri
radio relic using the average flux from the halo per unit tefarea outside the relic region. This
increased the radio power by a factor a23. This makes it the most powerful radio halo known
as the radio power is higher than the halo in 1E0657-56 whagPh, = 3 x 10°° W Hz?!
(Liang et al. 200D In fact, we could have underestimated the radio power ashas have
missed some additionalftlise emission due to our limited sensitivity on large angsitares.
The high radio power is in agreement with the X-ray luminps#dio power [x — P14) and
temperature-radio poweT (— P14) correlations [(iang et al. 2000EnRlin & Rdttgering 2002
Cassano et al. 2006see Fig5.3.

A radio overlay on Chandraimage is shown in FH@ (left panel). The radio relic is roughly
located between the merging substructures as indicatdblgt al.(2009.

5.3.1 Equipartition magnetic field strength

The existence of a radio halo reveals the presence of madiedds within the cluster on a
scales of about 1 Mpc. We can estimate the equipartition etagfield strength on the basis of
the minimum energy density of the magnetic field for the rditm. We use the same procedure
as invan Weeren et al20090 and taked = 1.2 Mpc (the depth of the sourcel,= 100 (the
ratio of energy in relativistic protons to that in electrprend a spectral index ofl1.1. Using
these values and a flux of 68y arcsec® (integrated flux of the halo divided by the surface
area) givesBeq = 3.2 uG. For diferent values ok, the equipartition magnetic field strength
scales with (1+ k)?7. This method assumes fixed frequency €ist@ymn = 10 MHz and
vmax = 100 GHz). This is not entirely correct, rather low and higkrmey cutdfs (ymin, Ymax) for
the particle distribution should be usdsrgnetti et al. 1997Beck & Krause 2005 Assuming
thatymin < ymaxand using a lower energy cuifo/min = 100, the revised equipartition magnetic
field strengthB;, is 5.8 uG. For diferent values ok, the revised equipartition magnetic field
strength B;,) scales with (& K)Y/G-2) These equipartition magnetic field strength values are
similar to those found for other radio halos (e@ipvannini et al. 1993Kim 1999 Thierbach

et al. 2003 Clarke & Ensslin 2005

STVSTAT measures the integrated flux in a user defined regi@mamage
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Figure 5.3: Left: X-ray luminosity versus 1.4 GHz radio pawd he circles are radio halos from the
list compiled byCassano et a2006. The square represents the radio halo in MACS JO#13785.
Right: ICM temperature versus 1.4 GHz radio power. The egr@re radio halos from the list compiled by
Cassano et a{2006. The square represents the radio halo in MACS JO7137585.

The equipartition energy density in the magnetic field caodrepared to the thermal energy
density for the cluster. For the density profile of the cluste use thegg-model (e.g.Cavaliere
& Fusco-Femiano 1976derived byMa et al.(2008. We find that in the cluster center the
thermal energy density is9x 1010 erg cnt3, the equipartition energy density in the magnetic
field is 94 x 10713 erg cnt3. At a distance of 0.6 Mpc from the cluster center the thermal
energy density drops ta®%x 10~ erg cnt3. The thermal energy density is about two orders of
magnitude higher than the equipartition energy densithéragnetic field. This is consistent
with the fact that a small fraction of the thermal energy iggeused to accelerate particles to
highly relativistic energies.

5.3.2 Spectral index

We have created a spectral index map between 1.4 GHz and 6 xGMitHesolution of 6/1(see
Fig. 5.4). Pixels below &g in each of the images were blanked before computing thergpect
index map. A second, lower resolution”1gpectral index map, see Fi§.5 was created by
fitting single power-law spectra to the combined imagesit ,0L.4 and 4.9 GHz. The spectral
index is only shown in regions where the flux is larger th&fugns at all three frequencies.
Differences in the UV coverage and calibration errors may haudteg in additional errors in
the spectral index.

Steepening along the tail of the central compact source (8i€)early visible in Fig.5.4.
This is most likely caused by spectral aging due to synchnaind Inverse Compton (IC) losses.
The spectral index of the head-tail source is steeper tretroftthe surrounding halo and relic.
The origin of the synchrotron emitting electrons in HT ane kalgrelic are diterent. For HT
the relativistic electrons are produced in an AGN, aftet #pectral aging in the tail produces
the steep spectrum. The electrons in the fietito are probably continuously being accelerated,
the spectral index thus depends on the balance betweenauingcceleration. On top of that,
the equipartition magnetic field strength in the tail is l@gthan that of the surrounding radio
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Figure 5.4: Left: Spectral index map between 610 MHz and 1H @t a resolution of 8" x 6.1”.
Contours are from the 610 MHz image and drawn at levels ¢, [,8,16,32 ..] x 0.468 mJy bearrt.
Right: Spectral index uncertainty map between 1.4 GHz afdMz based on the rms noise in both radio
images. The absolute flux calibration uncertainty is nolicied.

halo. The values of the (equipartition) magnetic field sgtarfor the halo, tail, and equivalent
magnetic field strength of the microwave backgrouBd (= 3.25(1+ 2)? in units ofuG, e.g.,
Miley 198G, Slee et al. 200{1are 3.2, 36, and 7.8G, respectively. Comparing these values, we
find that the energy losses are higher in the tail comparduttbalo, also resulting in a steeper
spectral index.

In the high-resolution spectral index map (Fgd), the spectral index in the two regions with
enhanced emission (R1 and R4), at the north and southwesf émarelic, steepens to the west.
This might be caused by spectral aging behind a shock frdrgrevparticles are accelerated by
the DSA mechanism, located on the west side of R1 and R4 (se&akt5.4.2. This dfect is
also visible to some extent at R2 in Fig4. Alternatively, the relic traces a wider region with
multiple shocks. Variations in the Mach number of the shagksld then cause variation in
the (injection) spectral indices. The overall spectrunhisstdetermined by the balance between
spectral aging, acceleration of particles, and the injectipectral index (determined by the
Mach number of the shock). At present, it is not possible masste between theséects.
Furthermore, spectral index variations on scales smélér the beam size have been smoothed
out.

The low-resolution spectral index map is similar to the leigtesolution one. However, the
tail of the central compact radio source HT has a spectrabitod only—1.55 compared te-2.2
in the high-resolution map. This is explained by the lowsbtetion of the second spectral index
map. In this map the tail has been partly blended with the gorisfrom regions surrounding
it having a shallower spectrum. The low-resolution spédt@dex map provides us with some
indication of the spectral index of the radio halo. We find tthraaverager ~ —1.1 for the radio
halo. More observations are needed to better constrairvétiee and create a good spectral
index map of the radio halo.

The total integrated spectral index, excluding the soghER-|1 source, is-1.04 + 0.13
between 610 MHz and 1.4 GHz1.37 + 0.06 between 1.4 and 4.9 GHz, ard.24 + 0.05



Section 5.4. Discussion 109

Spectral index Spectral index uncertainty map
T T T

AL/ SZN

0.25

30
46' 00" - 8 46' 00" -
-0.33

30" 30" F

s 5
= -0 =
3 5
< —075p 8 2 0.12
3 45" 00" - g 3 45' 00" |- R
g g
(=] (=}
30" F 4 -117 30" _| 0.08
44' 00"~ 1 -1.58 44" 00" - 7 0.04
o ' - _ o) ' nl -
377 43 30 4‘% | | -2.00 377 43" 30 4‘_.- 1 L 0.00
07" 17M 405 35° 30° 07" 17M 40%  35° 30°

Right Ascension Right Ascension
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between 610 MHz and 4.9 GHz. The errors in the spectral isdice dominated by the absolute
flux calibration uncertainty which we have taken to be 5% tier¥LA* and 10% for the GMRT
(Chandra et al. 2004 These values for the spectral index are consistent wilspiectral index
of —1.15+ 0.04 derived from the 1.4 GHz NVSS, 325 MHz WENSS, and 74 MHz Vil8%es.
The radio spectrum is thus relatively straight, althougtrehis evidence for a small amount
of spectral steepening at the higher frequencies due tdrgpeging. This indicates particle
acceleration is currently still ongoing, as otherwise argfrhigh frequency cutbwould be
expected.

The southeast linear structure (FR-I) has a relativelylsiadpectral index of0.52 + 0.13
between 610 MHz and 4.9 GHz. In the high resolution map (&i4).the spectral index seems
to flatten somewhat (from0.6 to —0.3) away from the center of this source (the compact core
seenin Fig5.1). This could be explained by the presence of hotspots atithethe lobes from
the FR-I source. The flattening is not seen in the low-regmigpectral index map (Fi®.5).

5.4 Discussion

5.4.1 Alternative explanations for the elongated radio stuctures

The bright elongated radio structure R could be a 700 kpc aidge tail (WAT) source, with
the enhanced regions of emission to the north and southiRéstr{d R4) the lobgsotspots of
this WAT. However, the spectral index map does not suppatt sun explanation as there is no
obvious connection with the central head-tail source (HRe central head-tail source has a
size of about 115 kpc, much smaller than the total extentebtight elongated radio structure.
Furthermore, the proposed lobes have a spectral index eftaliol and steepen towards the

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

Another possible interpretation for the fainteffdse linear structure to the southeast (FR-
) is that of a second radio relic since the linear structige parallel to a “ridge” of X-ray
emission visible in Chandra image (F¢R). This relic would then be seen in projection against
the compact radio source located in front of it. However, vefgr a FR-I interpretation since (i)
the source has a shallow spectral index-6f5, and (ii) a central component is associated with
a nearby active elliptical galaxy, also detected in the @hawobservations. This component is
located halfway along the linear structure. High-resolutbservationsg 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 afkiheun in a direction that all
point towards the large-scale galaxy filament to the sosth@de large elongated radio source
(R) has an orientation roughly perpendicular to the mergéesr which is expected for a relic
tracing a large shock front, where electrons are accebkragethe DSA mechanism in a first-
order Fermi process (e.d¢dpeft 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 line-resolution temperature maps
that have been published Ibja et al.(2009, see Fig5.2 (right panel). The south part of the
relic (R3) is located north, but relatively close to a regiawingkT ~ 25 keV. The northern part
of the relic (R1 and R2) directly follows T ~ 20 keV extension to the north of cluster. The
spectral index for the north part of the relic seems to steepeay from these hot ICM regions.
This is expected in the case of an outwards (to the east)limgv&ock front where particles
lose energy by synchrotron and IC losses in the post-shgasreThe southern part of the relic
(R4) also passes through regions hawig~ 20 keV. Close to HT the relic does not directly
trace any regions with a high temperature. However, the éeatpre map fronMa et al. has a
fairly low resolution so a one-to-one comparison with thaipon of the relic is currently not
possible. The temperature map also does not have the riesolatidentify the location of a
shock wave related to the ongoing merger.

Because of the large 1 Mpc extent of the high-temperatuiemsgMa et al. conclude that
it is more likely that the ICM is heated as a result of contigsi@ccretion of gas along the
cluster-filament interface. In this case, the radio religimirace an accretion shock rather than
a merger shock. Merger and accretion shocks generdlbr h their location with respect to the
cluster and also in Mach numbeidifiati et al. 2000 Miniati 2002 Ryu et al. 2003Pfrommer
et al. 2006 Hoeft & Briiggen 2007Hoeft et al. 2008Vazza et al. 2000 Accretion shocks have
high mach numbers¥ > 1) and process the low-density, un-shocked inter-galactidium
(IGM). Merger shocks have lower Mach numbers and occur withé cluster, at radii smaller
than about 1 Mpc. The relic in MACS JO71#5745 is located relatively close to the cluster
center, although this may (partly) be the result of proattiThe spectral index over the relic
varies roughly between0.8 and—1.5. Therefore the radio observations do not exclude any of
the two scenarios. Additional Chandra observations wilhbeded to establish the location of
the proposed shock front and link this to the location of tdia relic.

Polarization observations of the radio relic will be import to investigate the relation be-
tween the relic and the suggested shock wave that has eekerdreated by the merger or by
the accretion of gas. Shocks waves in the JBM can compress and order magnetic fields.
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If the magnetic field is seen under some angle (between thealaf the shock front and the
line of sight) the projected magnetic field is expected to hmltel to the major axis of the
relic (Ensslin et al. 1998 The polarization E-vectors are then perpendicular testieek front.
This is indeed what has been observed for the double reliébail 1240 and Abell 2345 by
Bonafede et al(2009h for example. Therefore, future polarization observagion the relic
in MACS J0717.53745 will be important to test the shock wave scenario, wparécles are
accelerated by the DSA mechanism (either created by a clusteer or by accretion of gas).

5.5 Conclusions

We have presented GMRT 610 MHz radio observations of the t®omperging cluster MACS
J0717.5-3745. We confirm the presence of a bright radio relic. We aport on the presence
of additional difuse emission in the cluster in the form of a radio halo, witk —1.1. The
radio halo has the highest radio powé¥ ) known to date. This high radio power is in line
with scaling relations, relating it to X-ray luminosity an@M temperature. The integrated
spectral index of the radio emission within the clusteris24 + 0.05 between 610 MHz and
4.9 GHz. We have derived an equipartition magnetic fielchsfite of 32 uG for the radio halo.
A somewhat higher value of 585 is obtained by using lower and higher energy €istmstead
of fixed frequency cutds.

The location of the bright relic roughly coincides with regs in the cluster having higher
temperatures. The major axis of the relic is orientated@gprately perpendicular to the merger
axis of the system. This shows that the relic is probably &sailt of a large-scale shock wave
within the cluster where particles are accelerated via t88 bhechanism. Spectral index maps
created using additional archival VLA observations show phesence of a 115 kpc head-tail
source located roughly halfway the bright radio relic.

Follow-up polarization observations will be importantéstthe prosed shock wave scenario
for the origin of the relic. High sensitivity radio obseriats at 8 GHz with a resolutiog 2”
will allow a more detailed morphological study of the radalic. This would also provide
spectral indices with lower errors due to the larger spetiageline and allow a search for
spectral breaks or curvature.

Deep Chandra observations will be needed to create higtabpestolution temperature maps
and pinpoint the location of the proposed shock wave. Thbsergations might also be able to
discriminate between the merger and accretion shock sosnar
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CHAPTER O

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

Abstract. Hierarchal models of large-scale structure (LSS) fornmaticedict that galaxy clus-
ters grow via gravitational infall and mergers of smallebausters and galaxy groups. fiise
radio emission, in the form of radimalosandrelics, is found in clusters undergoing a merger,
indicating that shocks or turbulence associated with theyarere capable of accelerating elec-
trons to highly relativistic energies. Double relics araeerclass of radio sources found in the
periphery of clusters, with the two components located sginigally on the opposite sides of
the cluster center. These relics are important probes dafltfster periphery as (i) they provide
an estimate of the magnetic field strength, and (ii) togethtir detailed modeling can be used
to derive information about the merger geometry, mass, amgstale. Observations of these
double relics can thus be used to test the framework of LS8dtion. Here we report on radio
observations of ZwCl 234140000, a complex merging structure of galaxies locateda0.27,
using Giant Metrewave Radio Telescope (GMRT) observatiofise main aim of the observa-
tions is to study the nature of theflilise radio emission in the galaxy cluster ZwCl 234DQ00.
We carried out GMRT 610, 241, and 157 MHz continuum obsesnatof ZwCl 2341.30000.
The radio observations are combined with X-ray and opties @f the cluster. The GMRT
observations show a double peripheral radio relic in theteluizwCl 2341.20000. The spec-
tral index is—0.49+ 0.18 for the northern relic and0.76+ 0.17 for the southern relic. We have
derived values of @8- 0.93Gauss for the equipartition magnetic field strength. Thiesealre
probably associated with outward traveling merger shockesa

R. J. van Weeren, H. J. A. Rottgering, J. Bagchi, S. RaychanydH. T. Intema,
F. Miniati, T. A. EnRlin, M. Markevitch, and T. Erben
Astronomyé Astrophysics506, 1083, 2009
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6.1 Introduction

Galaxy clusters grow by mergers of smaller subclusters ataky groups as predicted by hier-
archical models of large-scale structure formation. Dyiamtlusters merger a significant amount
of energy is released, of - 10° ergs for the most massive mergers according to these mod-
els. All massive clusters have undergone several mergéhginhistory and presently clusters
are still in the process of accreting matter. Key propeftietesting models of large-scale struc-
ture (LSS) formation include the total energy budget anddibimiled temperature distribution
within a cluster, which are both stronglyfected by the cluster's merger history. Moreover, the
physics of shock waves in the tenuous intra-cluster medi@i) and the &ect of cosmic rays
on galaxy clusters are all fundamental for our understandi.SS formation.

Diffuse radio sources with relatively steep spéctra< —0.5), which are not directly as-
sociated with individual galaxies, are observed in a nunalbetusters (e.g., see the review by
Ferrari et al. 2008 The vast majority of clusters with filise extended radio sources are mas-
sive, X-ray luminous and show signs of undergoing a merdeocks and turbulence associated
with the merger are thought to be responsible for (re)acathg electrons to highly relativistic
energies and synchrotron radiation is produced in the poesef magnetic fields (e.ggnsslin
et al. 1998 Miniati et al. 2000 Brunetti et al. 2001 Petrosian 2001Fujita et al. 2008 The
correlation between cluster mergers anfiugie radio emission is strongly suggested by current
observational and theoretical work, however the connedigtween the diiuse radio emission
and clusters mergers has still not been fully understood.

The ditfuse radio sources in clusters are commonly divided intcetigreups: radio halos,
radio mini-halos, and relics. Radio halos have smooth magafies, are extended with sizes
2> 1 Mpc, unpolarized (with upper limits of a few percent, excApell 2255;Govoni et al.
2005, and are found in the center of clusters. Radio halos fotloevthermal X-ray emitting
gas from the ICM. Radio mini-halos are not associated witlging clusters and are found
in the centers of cool core clusters (elgabian et al. 1991Peterson & Fabian 2006 They
are associated with the central, brightest cluster galaglyheave typical sizes 500 kpc (e.qg.,
Govoni et al. 200 Radio relics can be highly polarized, are usually founthisperiphery of
clusters, and have a filamentary or elongated irregular hwdggy. Their polarization fraction,
morphology, and location can vary significantly, possildffecting diferent physical origins or
conditions in the ICM; se&empner et al(2004).

Giant radio relics are observed in the cluster peripherih) wizes up to several Mpc (e.g.,
Giovannini et al. 199 1Rottgering et al. 1994Clarke & Ensslin 2006 These giant radio relics
sometimes show symmetric or ring-like structures and agélhipolarized (10- 50% at 1.4
GHz). They are probably signatures of electrons acceléedtarge-scale shocks. Smaller relics
have been found closer to cluster centers. In this case thag be “radio ghosts”, i.e., remnants
of past AGN activity. All known radio relics and halos are fmlin clusters that show signs of
undergoing a merger. This gives strong support for the s@efmawhich the electrons are
accelerated by merger-induced shocks or turbule@eacintucci et al(2008 reported that the
location of the peripheral relic in Abell 521 coincided wéh X-ray brightness edge. This edge
could well be the shock front where particles are acceldrdibe spectral index 6f1.48+0.01
for the A521 relic is in agreement with the low Mach numberngested in clusters mergers (see
below). This suggests that at least in some clusters, théwvistic particles responsible for the
presence of a peripheral radio relic are accelerated in eksinont. However, not all merging

1F, o v®, with @ the spectral index
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clusters host a €liuse radio source, indicating that other processes musteindified for a full
understanding of this phenomena.

The class of double radio relics is particular interestiegduse, based on current models
of electron acceleration for this class of radio sourcesnébles us to explore the connection
between clusters mergers and shock waves (Ragttiger et al. 1999&nsslin et al. 1998 In
this case two (sometimes ring-like) relics are found in teeghery, symmetric with respect to
the cluster center as traced by the X-ray emission. Thems @ale thought to trace an outward
traveling shock emanating from the cluster center, which ar@ated during a cluster merger
with a smaller substructure. An alternative shockwavesandg mechanism is that of external
“accretion” shocks where the intergalactic medium (IGMjilaments 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 lesglbeen heated by these external
shocks. The external accretion shocks occur farther out titnia merger shocks up to a few
times the virial radius of a cluster. However, the gas dgrisimuch higher closer to the cluster
center so the energy densities in cosmic ray (CR) electrodsreagnetic fields are also higher.
Accretion shocks of filaments can therefore also be respla&r the occurrence of peripheral
radio relics Miniati et al. 200). While double relics are allowed in the filament accretia p
ture, they are not necessarily symmetric with respect tXthay elongation axis. A symmetric
configuration arises naturally in the binary cluster mepjeture (e.g.Roettiger et al. 1999a

Double relics are rare, with only five of them known in totabell 3667 hosts a giant double
relic (Rottgering et al. 1994vith a total size of 3.8 Mpc. A numerical model for théfdse radio
and X-ray emission in A3667 was presentedRuettiger et al(199939 where the formation of
the double relics was explained by an outgoing merger shmek.f The model suggested that
the two relics were produced by a slightlff-axis merger about 1 Gyr ago, with the merging
subcluster having 20% of the mass of the primary cluster.irfthedel correctly predicted (i)
the orientation of the X-ray emission, (ii) the spectralérdyradients of the radio relics with
steeper spectra farther away from the shock front due tatrgppegying, (i) the approximate
location of the radio emission with respect to the X-ray emois, and (iv) roughly the shape of
the two relics.

The double radio relic around Abell 337Bdgchi et al. 200Bhas a maximum size of about
2 Mpc. Bagchi et al.(2006 argue that the relics can be explained by outgoing mergesksh
or by accretion shocks tracing the infall of the IGM or wari-imtergalactic medium (WHIM)
onto the cluster at approximately the viral radius. RXC 31812515 {/altchanov et al. 2002
Feretti et al. 2005Venturi et al. 200y also hosts a double relic. This is the only cluster known
to have a radio halo and a double radio relic.

Bonafede et a20091 present observations of double relics in Abell 2345 andIki#40.
The polarization fraction for the relics in A2345 was foundoe 22% and 14%. For A1240,
values of 26% and 29% were derived. Steepening of the spaatex was observed away from
the shock front towards the center of the cluster for one iialiA1240 (the data for the other
relic was consistent with this trend), as well as for onecraliA2345. They concluded that
these trends are consistent with shock model predictiomsopposite trend has been seen for
the second relic in A2345, i.e., steeper spectra farthey dmoan the cluster center. This trend
could be explained by the peculiar position of the relic ltwtwo merging substructures.

In this paper we present deep low-frequency Giant MetreviRagio Telescope (GMRT)
observation of the merging system ZwClI 23440000 at 610, 241, and 157 MHz. These ob-
servations were taken to investigate the nature of tifes# radio emission within the cluster
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and explore the connection between the radio and the X-ragsen. ZwCl 2341.20000

(@ = 23'43M05, 6 = 00°16'39”) is a complex cluster galaxies, composed out of seveférdi
ent subclusters, probably at the junction of supercludtenénts Raychaudhury et ain prep.;
Bagchi et al. 200R The system is located at a redshifto& 0.27 (using SDSS DR7 spec-
troscopic redshifts of several galaxies in the vicinityleTcluster is also listed as SDSS CE
J355.93075600.303606 and NSCS J23433W1747. Galaxy isodensity maps, derived from
SDSS imaging data, show an elongated cluster of galaxiekidimg several subclusters dis-
tributed roughly along a north-south axis. A galaxy filamisrgeen branchingtbfrom the main
structure towards the northeast.

Bagchi et al.(2002 discovered the presence offdise radio emission in 1.4 GHz NVSS
images (FWHM 48 Condon et al. 1998 as the emission was not seen in higher resolution
5” FIRST images\\Vhite et al. 1997Becker et al. 2008around ZwCl 2341.20000. Very Large
Array (VLA) observations at 325 MHz confirmed the presencdififise emission in the cluster,
although the resolution in the corresponding images waerddw (108), making it dificult
to disentangle the ffuse emission from compact sources. At 325 MHz an extensiditfoke
emission towards the northeast was suggested, with a apaudex< —-0.9, as well dffuse
radio emission following the north-south galaxy distribat The spectral index (between 1400
and 325 MHz) of the dfuse emission was found to be-0.5, which is not steep compared to
other difuse radio sources in clusters. The derived equipartitiogrmetc field strength was
0.3 - 0.5uGaussBagchi et al.also found the system to be an extended source in ROSAT PSPC
All-Sky X-ray Survey. They concluded that theftlise radio emission was the first evidence of
cosmic-ray particle acceleration taking place at cosmizks in a magnetized IGM on scales
> 5 Mpc.

Raychaudhury et al(in prep.) obtained high sensitivity X-ray observationgtod cluster
ZwCl 2341.10000 with the Chandra and XMM-Newton satellites. They finel ¥iray emis-
sion span about 3.3 Mpc in the north-south direction. An msiten towards the east is also
visible (see Fig6.1). The X-ray data show a complex, clearly disturbed ICM, @ating a
merger in progress.

The layout of this paper is as follows. In Se6t2we give an overview of the observations
and data reduction. In Sect6.3and6.4 we present the radio maps and compare them to the
X-ray and galaxy distribution. In Sec6.5we present the spectral index maps and derive the
equipartition magnetic field strength. We end with a dismrsand conclusions in Sects. ref-
sec:discussionzwcl ar@l?.

Throughout this paper we assumA&DM cosmology withHg = 71 km st Mpc™?, Q;, =
0.27, andQ, = 0.73. At a distance of = 0.27, I corresponds to a physical scale of 246 kpc.

6.2 Observations & data reduction

High-sensitivity radio observations of the merging cluge/Cl 2341.10000 were carried out
with the GMRT at 610, 241, and 157 MHz. The 241 and 610 MHz olzgems were carried
out simultaneously using the dual-frequency mode. At 610zMHIly the righthanded circular
polarization (RR) was recorded and at 241 MHz only the leftded circular polarization (LL).
Both upper (USB) and lower (LSB) sidebands were recorded @tNdHz resulting in a total
bandwidth of 32 MHz. At 241 MHz only the USB was recorded witbfiective bandwidth of
6 MHz (see below). The data were collected in spectral lindenwith 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 e
Phase calibrator(s) 2225-049 2225-049 0025-260
Bandwidth 32 MHz 6 MH2 8 MHz
Channel width 125 kHz 125 kHz 62.5 kHz
Polarization RR LL RRLL
Sidebands USBLSB USB USB
Observation dates 3,4,5,6 Sep2003 3,4,5,6 Sep 2003 2, 06N 2
Integration time per visibility 16.9 s 16.9s 16.9s
Total duratiof 12.90 hr 12.90 hr 6.25 hr
Beam sizé 6.9” x4.3" 175" x 10.3” 211" x 17.1”
rms noise ¢) 28 uJy beam? 297ulJy beam®  1.36 mJy bearnt

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 Jime
¢ restoring beam, robust weighting parameter was sett¢Bviggs 1995

band (IF), resulting in a spectral resolution of 125 kHz gearmel. The 157 MHz observations
recorded the LSB sideband and included both LL and RR paitwizs. The data were also
collected in spectral line mode with 128 channels and a batatiwidth of 8 MHz (62.5 kHz per
channel). The total integration time for the dual-freque®t0 and 241 MHz observations was
12.9 hours. For the 157 MHz observations this was 6.25 h@ussimmary of the observations
is givenin Tables.1

The data was reduced and analyzed with the NRAO Astronorimade Processing System
(AIPS) package. Bandpass calibration was carried out ukmgtandard flux calibrators: 3C48,
3C147, and 3C286. The flux densities for our primary calimsatvere taken from thBerley
& Taylor (1999 extension to thdaars et al(1977) scale. This results in 283 Jy for 3C48
and 3826 Jy for 3C147 at 610 MHz; 505 Jy and 5%2 Jy at 241 MHz. At 157 MHz, the flux
density scale gives 621 Jy for 3C 48 and 31.02 Jy for 3C 286. A set of channels (tyipica
5) free of radio frequency interference (RFI) were taken donmalize the bandpass for each
antenna. We removed strong radio frequency interferenEd) @utomatically with the AIPS
task ‘FLGIT’, but also carefully visually inspected the ddbr remaining RFI using the AIPS
tasks ‘SPFLG’ and ‘TVFLG'. The RFI was partially strong atl2dnd 157 MHz. The antenna
gains were set using the primary (bandpass) and secondémmatars and applied to our target
source. We have not chosen to average any channels to diéifuemoval of RFI at a later
stage. The first and last few channels of the data were disda@sinoisy. At 241 MHz, only the
first ~50% of the 16 MHz bandwidth is usable.

For making the images (used subsequently in the selfcéibibjawe used the polyhedron
method Perley 1989 Cornwell & Perley 1992to minimize the &ects of non-coplanar base-
lines. At 610 MHz the USB and LSB were reduced separately. ¥éal & total of 199 facets
covering~2 times the full primary beam in order to remove sidelobemfairong sources far
away from the field center. After a first round of imaging, frigs” in the background were
subsequently removed by identifying corresponding baélbes). Several rounds of phase
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Figure 6.1: X-ray emission from Chandra in th& 6 3.0 keV energy band. Point sources were excluded
from the image, seRaychaudhury et alin prep.). The image has been convolved with a circular Gans

of 24”. The solid contours represent the radio emission at 610 Méta the GMRT. The radio map has
been convolved to a circular beam of”’1t® better show the ffiuse radio emission. The radio contours are
drawn at [12, 4,8, 16,32, ..] x 0.224 mJy bearrt. Dashed contours show the galaxy isodensity contours

from SDSS, corresponding roughly to a limit bfy

181 (i.e.,M* + 2.4). The dashed contours are

drawn at [23, 4, 5, ...] galaxies arcmir?, using the redshift cuts described in the text.
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Figure 6.2: Radio map at 610 MHz. The greyscale image représe high-resolution map with a restoring
beam size of ®” x 4.3”, indicated in the bottom left corner.
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selfcalibration were carried out before doing a final anoplét and phase selfcalibration. A
deep image was made, and the corresponding clean compoaodat was subtracted from the
UV-data. This data was then visually inspected for remajminv-level RFI and flagged auto-
matically with ‘FLGIT’ using a @ rms clip before adding back the clean component model to
the UV-data. The data was then averaged to 22 (610 MHz), 8 #44), and 11 (157 MHz),
channels. The 610 MHz USB and LSB were combined using the thBkFLP’? (Garn et al.
2007 written by D. A. Green, ‘BLOAT’, and ‘DBCON’ so they could lmultaneously imaged
and cleaned.

The 157 MHz data was further calibrated for ionospheric plistortions, because they can
become quite severe at this frequency, using the SPAM padiglmtema et al(2009. Phase
solutions of the 10 brightest sources within the field of vieare used to fit an ionospheric
model to the data. The resulting direction-dependent phasections were applied during
imaging using the Cotton-Schwab clean algorittBolfwab 1984Cotton 1999 Cornwell et al.
1999. This lowered the rms noise in the image by factor.@\iith respect to conventional self-
calibration. The final 610 and 241 MHz images were made usigAC(formerly AIPS++)3,
using w-projectionCornwell et al. 20052008 with 512 internal planés We weighted our UV-
data using robust weighting®(Briggs 1999, increasing the noise level in the maps by about
15%. The 610 and 241 MHz were cleaned with the Multi-scale &NElgorithm Cornwell
2008 yielding significantly better results than Clark CLEAN flarge-scale dfuse emission.
Five different convolving scales were used at 610 MHz'(036”, 18.0", 60.0", 120.0") and
three at 241 MHz (0.0 9.3’, 15.8"). We checked absolute flux calibration by obtaining flux
measurements from the literature for 15 strong compactsswithin our field from 74 MHz
to 4.8 GHz. These flux measurements were fitted with secorel palynomials in log-space
to obtain the radio spectra. The fitted spectra were then acedpo fluxes measured from the
GMRT maps. The accuracy of the absolute flux calibration wasd to be about 5 10% at all
three frequencies, in agreement with values derive@lhgndra et al2004).

The theoretical thermal noise in the image is giveh by

\/szys
(o = ,
thermal G Vn(n— DNeAVin

with the Tsys the system temperatur@ss = Tr + Tsky + Tgrouna With Tr, Tsky, andTground the
receiver, sky, and ground temperatures respectivelyd,0.32 K Jy ! the antenna gaim ~ 26

the number of working antennds the number of sidebands used (both recording RR and LL
polarizations) Av the bandwidth per sideband, atid the net integration time. At 610 MHz
Tsys= 92K, N = 18, Ay = 135 MHz, andt;,, = 12.9 hrs. The expected thermal noise ford2
hrs integration time is about 22y beam?, where we take into account that typically 25% of
the data is flagged due to RFI. The noise level in our mapsigyBeam?, which is close to the
thermal noise since weighting increased our noise levebloyt10%. The system temperature
at 157 MHz is 482 K and 177 K at 241 MHz. In both caSgg dominates the contribution over
Tr (at all frequencied ground < Tr). The thermal noise at 241 MHA{ = 6.9 MHz, N = 0.5,

(6.1)

2httpy/www.mrao.cam.ac.kdagUVFLP/

Shttpy/casa.nrao.edu

4The 157 MHz images could not be made with the CASA imager sinealirection-dependent phase corrections
could only be applied using specialized imaging routinesnfthe SPAM package.

Shitpy/www.gmrt.ncra.tifr.res.igmrt hpaggUsergdogmanualUsersManughode13.html

6There are two sidebands but only one polarization is recbrde
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tix = 129 hrs) is expected to be 98ly beam'. At 157 MHz we expect 245)y beam?

(Av = 6.0 MHz, N = 1, andtj; = 6.25 hrs). The noise levels in our 241 and 157 MHz images
are 297uJy beam? and 1.36 mJy beam, respectively. These are a factofl &nd 55 higher
than the expected thermal noise. This is probably cause@rogining RFI, pointing errors,
and other phagamplitude errors, which cannot be solved for in our calibrat A significant
amount of RFI is still present on short baselines at 157 MHg flBgging these baselines, the
noise level decreases to abol@DmJy beamt. We have, however, not chosen to use this map
as the difuse emission from the cluster is removed together with the RF

6.3 Results

A summary of the maps made, the corresponding restoring vadues and noise levels, is
given in Table6.1 The high-resolution maps at thredfdrent frequencies are shown Figs2
and6.3.

We labeled the compack(30”) radio sources alphabetically in order to clarify the dis-
cussion of the dierent sources found in the maps, see Bi@ and Appendix6.8. We only
chose to label the brightest sources and those located asgions with difuse emission.
The 610 MHz, as well as the 241 MHz image, show two regionsftifigk emission, one to the
north of the cluster center (RN: relic north) and one in tha&ls¢RS: relic south). The southern
diffuse region consists of thredi@irent components labeled RS-1, RS-2, and RS-3. RS-3 seems
to be detached from RS-1 and RS-2. A hint of th&ulie emission is visible in the 157 MHz
map at the & level. Given that the dliuse sources are located in the periphery of the cluster and
the difuse emission does not seem to be associated with any of tlegaexies, we will refer
to them as relics (see Sed.6). Several compact sources related to AGNs, including séver
possible head-tail sources, are located within the clu€#rer compact sources are related to
AGNs located behind or in front of the cluster. An overviewtloé labeled sources with their
flux densities and spectral indices is given in Teh2

Source A is located in the center of the clusters (near thayXemission peak, see Sect.
6.4). Other bright sources include B northeast to RN, D in thaxtath, and G in the south north
of RS-2. Several fainter sources are visible close to relic Ramely 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 wuUBeirce G is not listed
in the FIRST catalog, but a hintis seen in the FIRST imagehérlt4 GHz NVSS image sources
A, B, D, and G are visible, and the combined emission fromaesit, J, K, L, RS-2, and RS-1.
A hint of source RN is seen (blended with B). In the 325 MHz im&@m Bagchi et al(2002
source A and B are visible, although the resolution is not leigough to separate source B from
the relic RN. The northeast extension offdse emission towards source D, which was detected
at the 2r-level in the 325 MHz image fronBagchi 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 radiosr&N and RS are truly
diffuse and do not originate from compact sources. RN has a sieocoft 1.5 by 1’ (0.37 by
0.25 Mpc) and a total flux of 14, 21, and 36 mJy at 610, 241, and 16z Mespectively. RS
(RS-1+ RS-2+ RS-3) has a size of about by 2 (1.2 by 049 Mpc) and a total flux of 43
mJy (610 MHz), 72 (241 MHz), and 70 mJy (157 MHz), see Tdhi& We subtracted the flux
contribution of the compact sources (E, F, |, J, K, and L) & BHz from RS and RN. At 241
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Table 6.2: Source properties

Source RA DEC Fs10 Foaq Fis7 aP resolvedunresolved  morphologtype
mJy mJy mJy

A 234339.3 0018436 28+29 694+7.0 697+7.8 -092+-0.15 resolved head-tail

B 234340.3 002052.8 1D+1.2 204+26 385+76 -0.76+0.19 resolved head-talil

C 234340.7 002029.3 .33+018 ... .. . unresolved

D 234350.1 002239.7 12+1.2 158+16 195+3.0 -0.22+0.15 unresolved

E 234336.2 002051.0 .mW©+012 ... . s unresolved

F 2343346 0020365 .®+011 ... .. . unresolved e

G 2343458 0016058 1D+12 422+47 532+53 -153+0.17 resolved head-tail

H 234346.0 0015335 .23+025 636+12 ... -1.08+0.23 unresolved

| 234348.6 001506.5 .30+037 ... .. . unresolved

J 234348.7 0015309 .44+025 ... ... ... resolved

K 234349.6 0015055 .16+043 ... . . resolved

L 2343479 0014004 .33+032 ... .. . unresolved .

RN ~234335 ~002100 143 21+ 7 ~36 -0.49+ 0.18° resolved difuse, relic

RS-1+ RS-2 ~234350 ~001420 3% 13 72+ 21 ~70 -0.76+0.17 resolved difuse, relic

RS3 ~234352 ~001615 6+£3 . . e resolved dliuse, relic

a position (peak flux) derived from the 610 MHz map

b spectral index between 610 and 241 MHz

¢ Spectral index was calculated using our fluxes at 610, 244 18@ MHz, combined with the fluxes at 325 and 1400 MHz fiBagchi
et al.(2002), see Sect6.5.1
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Figure 6.3: Left: Radio map at 241 MHz. The restoring beara §274” x 10.3”. Right: Radio map at
157 MHz. The restoring beam size is.21x 17.1”.

and 157 MHz we assumed a spectral index 05, because the resolution at those frequencies
was too low to properly identify these sources within thugie emission. The flux of RN and
RS was determined by measuring the flux within a region shgwie difuse emission (using
the lowest contour visible in the convolved 610 MHz image ig.6.1) with the AIPS task
‘TVSTAT".

A description of the compact sources and their optical cenpatrts is given in Appendi&.8.

6.4 Radio, X-ray, and galaxy distribution comparison

An X-ray map of 05 — 3.0 keV X-ray emission from Chandra with radio contours is shamw
Fig. 6.1 The Chandra image was taken frddaychaudhury et al(in prep). These observa-
tions had a net exposure time of.2%s, and the cluster was placed on the ACIS I3 CCD array.
Point sources were removed from the maps based on the @ritesicribed irRaychaudhury
et al. The X-ray image shows extended emission roughly in thénrsotith direction. A fainter
northeastern extension is also visible. The morphologgrleshows a highly distorted ICM, an
indication of a recent or ongoing merger. The global tenmjpeedn the cluster was found to be
~ 5keV. The cluster has a total X-ray luminosity( 0.3—8.0 keV) of 3x10* erg s*. The com-
bined (restframe) radio pow 4 g Of the two relics is~ 5 x 10?4 W Hz 1. The two difuse
radio structures are located to the north and the south of-tfas emission, symmetrically with
respect to the cluster center. The radio emission is loaateside the X-ray bright area, similar
to the double relics found in A3667, A3376, A2345, and A21R0tfgering et al. 199Bagchi
et al. 2006Bonafede et al. 2009bThe relics appear elongated perpendicular to the dmect
the main merger apparent from the X-ray data (the main mexgjsris orientated north-south).
No central radio halo is detected, with a limit on the surfadghtness of- 1.5 uJy arcsec?.
The largest spatial scale detectable in the 610 MHz map istaddpwhich corresponds to a
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Figure 6.4: Large-scale galaxy distribution around ZwCA#23+0000. The optical R band image, a
combination of several individual exposures resulting fatal exposure time of 7800 s, was obtained with
the WFI at the MP@SO 2.2m telescope. Dashed contours show the galaxy isodensatours from
SDSS, for details see Fi§.1 The image shows an area of 2616 (~ 4 Mpc x 4 Mpc) in size.
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Figure 6.5: Left: Spectral index map between 610 and 241 MIidk & resolution of 18. The black
contours show the 610 MHz radio map convolved to a resolwfols”’. The radio contours are drawn
at [1,2,4,8,16,32 ..] x 0.224 mJy bearmt. Right: Spectral index uncertainty map between 610 and
241 MHz. The uncertainty of about 10% in the absolute fluxration, 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 radilo fin ZwCl 2341.%0000 has a
sizex> 1 Mpc, or a very low surface brightness; or alternativelgaes not exist at all.

An optical R band image from the Wide Field Imaging (WFI) gystat the MPESO 2.2m
telescope, showing the large-scale galaxy distributionad ZwCl 2341.20000, is shown in
Fig. 6.4. For more details about this image dRaychaudhury et al(in prep.). The galaxy
isodensity contours are also indicated in Figd.and6.4. The surface density of galaxies (per
square arcmin) was computed using the photometric reddndin the SDSS DR7 catalogs.
Galaxies between.®4 + z; < z < 0.31 - z,y Were selected from the catalogs, with (typi-
cally between @2 and 006) the error in the photometric redshift. This assuresghéixies at
approximately the distance of the cluster are selectedeviibiie/background galaxies are omit-
ted. The galaxy distribution more or less follows the X-rayigsion. The fainter northeastern
extension in the X-ray emission is associated with a galdayntnt extending roughly in the
same direction. Several substructures are visible withémbain 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 understandingtigen of the relativistic electrons.
We have created a spectral index map between 610 and 241 Midpnbolving the 610 MHz
image to the 241 MHz resolution, see F&5 (left panel). We blanked pixels with a signal-
to-noise ratio (SNR) below 3 in both maps. The errors in thecspl index are displayed in
Fig. 6.5 (right panel) and are based on the rms noise in the imagesngréhe uncertainty of
about 10% in the absolute flux calibration into account tssnlan additional systematic error



126 Chapter 6. Radio observations of ZwCl 2341Q000: a double radio relic cluster

in the spectral index of0.15.

Spectral index variations are visible for RS and RN. At theatmn of compact sources (I,
J, K, and L) embedded within the relic RS, the spectral indexlatively flat, around-0.5. A
region with steep steep spectra is found in the northerroregi RS-2. The spectral index of
RN seems to steepen towards the east. However one has tcelie oat to overinterpret these
variations, as residual calibration errors may have reduit artificial variations. Furthermore,
differences in the UV-coverage can also have introduced spuwrariations in the spectral index
map. For source A, there is an indication of spectral steegeéawards the northwest consistent
with the hypothesis that the core of the radio source is &ztabutheast. The same is observed
for source B, with steepening towards the north.

The integrated spectral index for RN (excluding the compaatces) is-0.49+0.10+0.15,
with the second error the previously reported systemic faliocation error. The spectral index
of —0.49 is consistent with the value 60.47 + 0.2 measured bBagchi et al(2002. For RS
(notincluding RS-3), we fine-0.76+0.09+0.15, somewhat steeper than the value 056+ 0.15
reported byBagchi et al.but consistent within the errors. The spectral indices wietermined
by fitting a simple power-law spectra through the integrdtexes for RN and RS. The flux
measurements in this work were combined with those meagtordthe images presented by
Bagchi et al.(2002. The fluxes were determined in a fixed region, which was tiheesat all
frequencies (without blanking). Compact sources wereraatetd using the flux measurements
at 610 MHz and a spectral index €0.5.

6.5.2 Equipartition magnetic field

The presence of magnetic fields in the cluster on scaledpc is demonstrated from the ob-
served synchrotron radiation from the two radio relics (R &S). The strength of the mag-
netic field can be estimated by assuming minimum energy tiesién the radio sources. The
minimum energy density (in units of erg cA) is given by

Umin = (@, vi, v2)(1+ KTy %7 (1 + 21247 37477 (6.2)

with (e, v1), a constant tabulated @ovoni & Feretti(2009), typically between 1012 — 10-14,

lo the surface brightness (mJy arcsdat frequency, (MHz), d the depth of the source (kpc),
andk the ratio of the energy in relativistic protons to that inattens (taken often ds= 1 or

k = 0, behind a shock k is in the range 100). A volume-filling factor of one has been assumed
in the above equation. The equipartition magnetic fieldhgfite can then be calculated as

12
245 ) 6.3)

Beq = (7 Umin

This method calculates the synchrotron luminosity usingedfihigh and low-frequency cut-
off (v1 andv,). However, this is not entirely correct since the upper awvder limits should
not be fixed during the integration because they dependetiteoenergy of the radiating elec-
trons. Instead, low and high energy cfiiscfor the particle distribution should be us&tnetti
et al. 1997 Beck & Krause 200b Taking this into account (and assuming thalh < Ymax,
the energy boundaries indicated by the Lorentz factor)reékised equipartition magnetic field
strength B¢ is

B/eq ~1 1y(l+2a)/(3—a) BZ{:](G_ZH) ) (64)

min
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Using a ratio of unity for the energy in relativistic protatasthat in electrons (i.ek = 1) and
applying the first of the previous two methods, we derive anigatition magnetic field of
Beq = 0.59 uGauss for the northern reli¢ & 2.13x 10712, y; = 10 MHz, v, = 10 GHz), and
Beq = 0.55 uGauss for the southern reli¢ & 8.75x 107%). For the depth along the line of
sight, we have taken the average of the major and minor axtseatklics. Using the lower and
higher energy cutd limits results inB;, = 0.64 uGauss (RN) and.03 uGauss (RS), assuming
Ymin = 100. Usingymin = 5000 leads td;, = 0.66 uGauss and @8 uGauss, respectively. The
exact value for the lower cufibis difficult to estimate. The Lorentz factoy)(can be estimated
according toy ~ 5x 10? x (v[MHz]/B,[uGauss]. The exact value foymi, depends on the
shape of the radio spectrum. Takikg 100 results in magnetic field strengths of about a factor
of three higher thak = 1.

6.6 Discussion

We have interpreted theftlise radio emission in the periphery of ZwCl 23440000 as a dou-
ble radio relic, arising from outgoing shock fronts becaofse cluster merger. This interpreta-
tion is based on (i) the location of theflilise radio emission with respect to the X-ray emission,
(ii) the presence of an elongated structure of galaxiesticapmages, (iii) the orientation of the
symmetry axis of the double relic perpendicular to the estiogy axis of the X-ray and optical
emission, (iv) the morphology of the X-ray emission, (v) kaek of a direct connection between
the difuse emission and the radio galaxies within the cluster, aidhe presence of head-tail
galaxies, which are commonly found in merging clusters.(&grns et al. 1994a This is all
clear evidence that we are witnessing a merging system afisstbrs where electrons are (re-
)accelerated by large-scale shocks. Neither the ChandrineadcXMM-Newton X-ray images
(Raychaudhury et glshow any shock fronts at the location of the relics. Howgveth obser-
vations are probably too short to see any sharp details ilotiddrightness X-ray regions so far
from the cluster center.

6.6.1 Alternative explanations

AGN also provides a source of relativistic electrons, amdgbestion arises whether thetdse
radio emission could be related to an AGN. In particular,Idd®S and RN be the lobes of
a giant radio galaxy located within the cluster? This seeni&ely, as (i) no host galaxy is
visible located roughly halfway between RN and RS. The mikstyl candidate would then be
source A, but this source has the morphology of a compact taélagburce, with no indication
of a large-scale jet. The arm-length ratio of 1.9 betweemiodobes and the core would also be
quite extreme, because arm-length ratios are typicallijllenthan 15 (e.g.,Konar et al. 2008

A faint 0.6 mJy source (RA 2343™ 39.7, DEC 00 17 58’ 0) is located below A, resulting
in a more reasonable arm-length ratio of about 1.3. But thisce seems to be associated with
a much more distartnot = 0.70 galaxy. It could also be that the host galaxy is no longer
active and therefore no central radio source is visible;é&v@s, in this case the spectral index
of the lobes is expected to be steeper than abdutwhich is not observed. (ii) This would
make it one of the largest radio galaxies known with a size.Bf\pc, but radio galaxies of
this size are very rare. The largest known radio source i2@48645, 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 environmentBagchi et al.(2002 came to the same conclusion that sources
RN and RS are probably not related to a giant radio galaxy. tiheropossibility is that the
electrons originate from some of the compact sources Iddat®r around the regions with
diffuse emission. However, RN does not seem to be associatedhgithroposed head-tail
source B, with the tail pointing north and RN located to thestwvé&Source E and F are located
within the difuse emission but are unresolved. Source F would then be tbdikaly candidate
because it is located at the distance of the cluster (souisdd€ated behind the cluster with
Zphot = 0.45). However, in that case we would expect some head-tajpphwogy, but the source

is compact.

RS-1 and RS-2 could be the radio lobes from source L, whichaidés with an elliptical
galaxy (probably a member of the clustgho = 0.30). The radio source would then span a size
of about 700 kpc. However the morphology of RS-1 and RS-2tigntirely consistent with this
scenario because no obvious lobe structure is visible hEtntore there are no jets originating
from L and the radio bridge connecting the two relics (RS- BS$-2) is very wide. In fact
source L is completely embedded within th&dse emission. The fluse emission could also
be associated with sources J, K, which could have supplesdaitio plasma. However, no clear
connection is visible although sources J and K are resoBeth of these scenarios also fail to
explain the presence of RS-3. An association with sourceaunlikely since it seems to be
completely detached from thefflise emission.

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

Rottgering 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 J1314515 Venturi et al.(2007) report a spectral
index of about-1.4 for both relics between 1400 and 610 MHBonafede et al20091 report
integrated spectral indices efL.5 and—1.3 between 1400 and 325 MHz for A2345 antil.2,
—1.3 for A1240. Spectral steepening was observed away fromhibekgront towards the center
of the cluster for one relic in A1240 (the data for the othdicn@as consistent with this trend) as
well as for one of the relics in A2345. If the relics trace oatd/itraveling shock fronts, spectral
steepening towards the cluster center is expected becégpedral aging. Our low SNR in
the 241 MHz map means that this cannot be tested for the doeiidde in ZwCl 2341.3-0000,
although this prediction relies on several assumptionsiatie viewing angle, the magnetic
field structure, and some assumptions about the merger ggoeletailed merger scenario is
presently unavailable from optical and X-ray observations

Our derived spectral indices 6f0.49 (RN) and -0.76 (RS) are not particularly steep, al-
though the errors in the spectral indices are relativelydaiVe also note that some large-scale
variations in the background flux level are present, in paldr east of the northern relic. By
measuring the total flux within with an area just east of RN gstgmate that this could have po-
tentially resulted in the flux loss of 10 mJy. If correct, thigygests a spectral indices-of0.6
for RN. High-sensitivity observations, at for example 32b6l&) are needed to resolve this issue
and create better spectral index maps.

Equipartition magnetic fields of aboyt®Gauss have been derived for several clusters having
radio halos or relics (e.gGovoni & Feretti 2004 Our derived equipartition magnetic field
strength of approximately.6 uGauss is comparable to values derived for other doublesrelic
Bagchi et al.(2006 derive a value of B — 3.0 uGauss for the double relics in A3376, and
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Bonafede et a2009h derived field strengths 0f0-2.5 uGauss for A1240 and 8-2.9 uGauss
for A2345.

Equipatrtition field strength should be used with cautiort, axdy for their dependence on
merely guessed properties of the electron spectrum, buf@she assumption of equipartition
between relativistic particle and magnetic field energidsch may or may not be established
by physical processes in the synchrotron emitting regianadray rotation and inverse Compton
(IC) scattering of CMB photons by relativistic electronshie relics can also give an independent
estimate of the magnetic field strength. Both techniques gimilar results (within a factor of
10) to the derived equipartition magnetic field strengttidating that the assumptions made are
reasonable (sg@ovoni & Feretti 2004Ferrari et al. 2008Bonafede et al. 2009knd references
therein).

6.6.3 Origin of the double relic

The presence of Mpc scale radio emission in the periphetysofluster requires an acceleration
mechanism for emitting relativistic particles. This isunatly provided by the dfusive shock
acceleration mechanism (DSKrymskii 1977 Axford et al. 1977 Bell 1978ab; Blandford &
Ostriker 1978 Drury 1983 Blandford & Eichler 1987 Jones & Ellison 199lvia the Fermi-

| process Ensslin et al. 1998Miniati et al. 200). In this scenario the synchrotron spectral
index, a, of the relativistic electrons is determined by the slopegf the underlying CR dis-
tribution function, which in turn depends on the shock Macimber, M (Landau & Lifshitz
1959 Sarazin 2002 The relevant expressions (in linear theory) are

q-3 4 Ora__sM—2+1
T1-M277T T 2-2M-2°

(6.5)

For strong shocksy > 1, resulting in a flat spectral index of abot.5.

However, the high-energy electrons responsible for thelsyiron emission have a finite

lifetime given by

fago = 1060 [(1 05 M 6.6

g0 = 1060z [(1.+ 2] M), (6.6)
with B the magnetic field strength am = 3.25(1+ 2)? the equivalent magnetic field strength
of the microwave background both in unitsig®auss (e.gMiley 1980 Slee et al. 20011 We
have no information about the break frequemgyexpressed in GHz) but assume a reasonable
value of> 1 GHz, because the spectral indices between 241 and 610 MHmaparticularly
steep. Then for a magnetic field strength of 0&aussage < 50 Myr.

In the post-shock flow, the accelerated particles are mioslylitrapped by the strong tur-
bulent field generated by the shock itself. Then, the extétiieregion within which diuse
radio emission is expected to be visible can be roughly eséichby taking the product of the
particles cooling time and the shock spebtinjati et al. 200). This typically gives a few hun-
dred kpc, roughly consistent with the thickness of the sesiabserved in Figh.1 The lateral
extent, on the other hand, is related to the size and strefigiie shock. In addition, the energy
losses mean that the longer the distances from the acdetesite (shock front), the lower the
energy cutff appearing in the particle distribution function. As it tarout, the combination of
the particles distribution functions atftéirent locations has a slope that is steeper by one unit
with respect to the one at the acceleration dgagchi et al. 200R As a result, although the
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spectrum is flat at the acceleration site~{ —0.5), we expect to measure a spectral index closer
to minus one. Higher values than this (i.e., flatter radiasjag can either indicate a continuous
acceleration in the post-shock region, incomplete shocklatation model, a systematic error
in the calculation of the spectral index, or a combinaticaréof.

Our spectral spectral indices are relatively flat and maibirconsistent with the above
description in which the radio emitting electrons are shackelerated. Such flat spectral indices
have also been found for other merger related relics. An elais the relic in Abell 2256.
Brentjens(2008 measures a spectral index-ef-0.5 for some parts of the relic between 338
and 365 MHz. The integrated spectral index for the relic veamél to be-0.72+ 0.02, similar
to thatin ZwCl 2341.20000.

High mach number shocks are required ffiiaéent particle acceleratio®{andford & Eich-
ler 1987%. Numerical simulations indicate the development dfedient types of shocks during
structure formation, including external accretion shods well as merger and flow shocks,
both of which are internal to a galaxy clustéfigiati et al. 200Q. These shocks fler in their
respective Mach number, (e.d¢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-dgnsit-
shocked IGM, haveM > 1, which result in flat spectral indices at the acceleratitnaf about
—0.5. Although some level of dliuse radio emission is expected there, the surface brightnes
is too low to be detected by current facilities, owing to tixpected low density of both mag-
netic field energy and CR particles thehifiati et al. 2001 Hoeft et al. 2008Pfrommer et al.
2008. Nevertheless, these shocks could possibly shine andtbetdd in gamma raysL6eb
& Waxman 2000 Miniati 2002, 2003 Keshet et al. 200Miniati et al. 2007. Internal shocks
produced by accretion through filaments are weaker thanxteeral accretion shocks but still
strong enough to produce flat spectra at the shock front. ditiad, unlike external accretion
shocks, they occur in a high enough density environment teltected by current radio facil-
ities. Finally, binary merger shocks are weak andfioent in the initial stages of the impact.
As the shocks propagate outward into the lower density enaiient, however, they steepen and
evolve into high Mach number shocks. Therefore, these shiockare viable candidates for the
origin of the observed radio emission. Also, a weak shock wit ~ 2.3 seems to be able to
produce a peripheral radio relic in A52Giacintucci et al. 2008 so it may be that the Mach
numbers do not need to be that high fd@i@ent particle acceleration.

While, in principle, according to simulations double relare allowed in the filament-shock-
accretion picture discussed above, there is no reason \elnstiould be symmetric with respect
to any particular axis. Instead, a symmetric configuratiath wespect to the X-ray elonga-
tion axis arises quite naturally in the binary merger piet(Roettiger et al. 1999a Thus the
morphological and symmetry properties of the source asdhasrge from the combined X-ray
and radio image seem to strongly suggest that the double reliti is associated with a binary
merger scenario.

6.7 Conclusions

We have presented low-frequency radio observations of grgimg cluster ZwCl 234140000
at 610, 241, and 157 MHz taken with the GMRT. The radio mapwsho diffuse structures to
the north and south of the cluster, which we classify as a lgawaldlio relic, where the particles
are accelerated by the DSA mechanism in an outward movingksh®ur interpretation is
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different fromBagchi et al.(2002, which proposed that the radio emission originated from
cosmic shocks in the IGM. The relics are located along thegelted X-ray axis (i.e, the merger
axis). Their orientation is perpendicular to this axis amel tadio emission straddles the outer
boundary of the X-ray emission. Several possible headstaitces are also found within the
cluster.

The derived galaxy distribution shows an elongated streatonsisting out of several sub-
structures, and a galaxy filament extending towards thénaast that seems to be connected to
the main structure. This extension is also visible in ther@ha X-ray images. The radio spec-
tral indices found are relatively flat,0.49+ 0.18 for the northern relic and0.76+ 0.17 for the
southern relic. The derived equipartition magnetic fieteérsgth is~ 0.6 uGauss, comparable
to values derived for other double relics. The two radiocgebn both sides of the cluster are
probably outward traveling shocks caused by a major mengatte High SNR radio spectral
index maps, together with more detailed optical and X-rajyses of the cluster, will be needed
to further test the merger scenario, in particular whethdial spectral steepening of the relics
is observed towards the cluster center. This would be eerlehan 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 weehaverlaid the 610 MHz radio con-
tours on SDSS images, see Fig6and6.7.

Source A is resolved, 13by 197, with the brightest part of the emission located to the
southeast. The resolution is infBaient to classify the source, but the morphology is constste
with a head-tail source. A spectral index gradient is alsseoked towards the northwest (Sect.
6.5.1). An optical counterpartis visible to the southwest of thater of the radio source, close
to the peak of the radio emission (see Figh). The photometric redshifizgney) of this galaxy
is 0.32, consistent with being a cluster member. TH8@Egalaxy (mag= 18.65) has a close
companion (mag= 21.12) about 3 to the southwest. The spectral index of A-892, between
157 and 1400 MHz, typical for a radio galaxy. The source ttoeesdoes not seem to be directly
related to the diuse emission within the cluster, as suggesteBagchi et al(2002).

Source B has a peculiar morphology, resembling a headdkikyg. A mag = 18.65 ESO
counterpart is located &not = 0.29. The direction of the tail suggest the galaxy is falling in
from the north towards the cluster center. The spectrakinfithe source is-0.76 (between 241
and 610 MHz). Other sources north of the cluster center areeses C, E, and F. Source C has
a blue star-forming galaxy (mag 17.87) as an optical counterpartat 0.261 (spectroscopic
redshift). The SDSS DR6 spectrum of this galaxy shows stemgssion lines (in particular
Ha). A close companion is located aboutt the west. The 50 mag = 18.06 counterpart of
source F has a spectroscopic redshift of 0.269, and the SP&%m shows a strong Balmer
break. The mag 20.11 optical counterpart of E is locatedzgio: = 0.45 and may therefore not
be associated with the cluster.

To the south of the cluster center we have sources G, H, |,ané&L. Source G is probably
a head-tail source, with the tail pointing south, indicgtihe galaxy is also falling towards the
cluster center. The spectral inde: 411(1) of —1.53 is consistent with such an identification, and
there is a hint of spectral steepening towards the south cdteterpart of source G is afi$d
mag = 18.35 galaxy (located a@hnot = 0.35) with two close companions. The counterpart of
source H is a blue mag 18.02 galaxy afynot = 0.28. The spectral index§;? of ~—1.08, quite
steep for a star-forming galaxy (e.gvindhorst et al. 1993Thompson et al. 200@ondi et al.
2007, this indicates that an AGN may also be present. The coparteof source | is an 50
mag = 18.45 galaxy located @jnot = 0.26. The counterpart of source L is af8b mag= 19.84
galaxy withzgnot = 0.30 ande$;) ~ —0.5. The galaxy is located roughly in the middle between
RS-1 and RS-2. Radio sources J and K aftude with sizes of about Y0 Source K has no
counterpart, while source J has a possible m|&#.23,Z,n0t = 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 imageg, ¢, andi bands) of the cluster center (left panel) and northern
part of the cluster (right panel), overlaid with radio cam@ The 610 MHz contour levels are drawn at

V[1,8,32 128 ..] x 84 uJy beam!. The beam size of.8” x 4.3” is indicated in the bottom left corner.
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ZwCl 2341.1+0000 — South
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Figure 6.7: SDSS DRY7 color imagg, (r, andi bands) of the southern part of the cluster overlaid with
610 MHz radio contours. Contours are drawn at the same legdls Fig.6.6.



CHAPTER [

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

Abstract. Some merging galaxy clusters hosffdse elongated radio sources, also called radio
relics. It is proposed that these radio relics trace shoalewin the intracluster medium (ICM)
created during a cluster merger event. Within the shock svpegticles are accelerated to rela-
tivistic energies, and in the presence of a magnetic fieldlsytron radiation will be emitted.
Here we present Giant Metrewave Radio Telescope (GMRT) apstéfbork Synthesis Radio
Telescope (WSRT) observations of a new double relic in thexgaluster ZwCl 0008.85215.
The aim of the observation is to understand the phenomencedas relics. We carried out
radio continuum observations at 241 and 610 MHz with the GIViRIll 13 — 1.8 GHz obser-
vations with the WSRT in full polarization mode. Optical V, &d | band images of the cluster
were taken with the 2.5m Isaac Newton Telescope (INT). Aicapspectrum, to determine the
redshift of the cluster, was taken with the William Herschakescope (WHT). Our observations
show the presence of a double radio relic in the galaxy alusteCl 0008.8+5215, for which
we find a spectroscopic redshift b= 0.1032+ 0.0018 from an optical spectrum of one of the
cD galaxies. The spectral index of the two relics steepenarids to the cluster center. For part
of the relics, we measure a polarization fraction in the ean§ — 25%. A ROSAT X-ray image
displays an elongated ICM and the large-scale distribuifagalaxies reveals two cluster cores,
all pointing towards a binary cluster merger event. Thecadlics are located symmetrically
with respect to the X-ray center of the cluster, along theppsed merger axis. The relics have a
linear extent of 1.4 Mpc and 290 kpc. This factor of fiv&elience in linear size is unlike that of
previously known double relic systems, for which the sizesidt diter by more than a factor
of two. We conclude that the double relics in ZwCl 00088215 are best explained by two
outward moving shock waves in which particles are (re)asegtd through the flusive shock
acceleration (DSA) mechanism.

R. J. van Weeren, M. Hoeft, H. J. A. Rottgering, M. BriiggdnT. Intema, and S. van Velzen
Astronomyé Astrophysics528, 38, 2011
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7.1 Introduction

Radio relics are filamentary structures often located irptr@hery of galaxy clusters. Itis pro-
posed that large radio relics trace shock waves generateldsier merger event&qsslin et al.
1998 Miniati et al. 200). At the shock front particles from the thermal gas are age¢dd to
relativistic energies by DSA mechanism in a first-order Hgrmacess Krymskii 1977 Axford
et al. 1977 Bell 1978ab; Blandford & Ostriker 1978Drury 1983 Blandford & Eichler 1987
Jones & Ellison 1991Malkov & O'C Drury 2001). In the presence of a magnetic field these
particles emit synchrotron radiation at radio wavelengtAsother possibility mentioned by
Markevitch et al(2005), is that the shock re-accelerates relativistic fossittetes injected pre-
viously into the ICM by for example AGN. They note that fromalpservational point of view,
this case will probably be indistinguishable from the diloock acceleration mentioned above.
An alternative scenario has been recently proposed, natinafyelics arise from emission of
secondary cosmic ray electronéshet 201D

Some smaller radio relicss( 500kpc) have been been explained by old (“fossil”) radio
plasma from a previous episode of AGN activity. These saiare calledAGN relics(see
Kempner et al. 20040r an overview of the classification offtlise radio sources). The fossil ra-
dio plasma could also have been compressed, creating gataakmix(EnRlin & Gopal-Krishna
200% EnBlin & Briiggen 200R Both radio phoenices and AGN relics, are characterized by
very steep¢ < —1.5, F, « v*, wherea is the spectral index) and curved radio spectra due to
synchrotron and Inverse Compton (IC) losses.

In the hierarchical model of structure formation galaxystéwn grow by the accretion of
gas from the surrounding intergalactic medium (IGM) anatigh mergers with other clusters
and galaxy groups. Large radio relics are exclusively foundisturbed clusters, indicative of
merger activity. This supports the idea that shocks geeéhiring cluster merger events can be
responsible for the non-thermal radio emission. Hydrodyigal models of structure formation,
including particle acceleration mechanisms (ektpeft & Briiggen 2007 Hoeft et al. 2008
Pfrommer 2008Battaglia et al. 200@make predictions about the location, orientation andaradi
power of relics in merging clusters. Amongst the severaédaadio relics known to date (e.g.,
van Weeren et al. 2009&udnick & Lemmerman 20Q%izzo & de Bruyn 2009Giacintucci
et al. 2008 Brentjens 2008Kempner & Sarazin 20QXGiovannini et al. 19991991), there are
a few rare double relic systems, with two relics located swtnizally on opposite sites of the
cluster center (e.g.van Weeren et al. 201@rown et al. 2011 Bonafede et al. 2009lvan
Weeren et al. 2009bv/enturi et al. 2007 Bagchi et al. 2006Rottgering et al. 1997 These
double relics can be used to constrain the merger geomaetrtiragscales involvedRoettiger
et al. 19994 |If radio relics trace outward traveling shock waves in efhDSA takes place,
then the radio plasma in the post-shock region should haveepar spectrum due to IC and
synchrotron losses. For a relic seen close to edge-on, thiedsity profile across the width of
the relic can then be used to constrain the magnetic fieldagti at the location of the shock
(Markevitch et al. 2005Finoguenov et al. 2090 This is because the downstream luminosity
profile should directly reflect the synchrotron losses, Wwliicturn depend on the magnetic field
strength. Invan Weeren et a(2010 we presented observations of a double relic in the merging
cluster CIZA J2242.85301, which provided evidence for DSA in galaxy cluster neeghocks.
For the largest relic we derived a magnetic field strengthboluia 5—7uGauss by modeling the
relic’s luminosity profile across the width of the relic f@iugh a strength of about 1.&auss
could not be completely ruled out).
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Because there are only a few double relics systems known,anwéd out an extensive
search in the 1.4 GHz NVSE6ndon et al. 1998325 MHz WENSS Rengelink et al. 1997
and 74 MHz VLSS Cohen et al. 2007surveys for the presence of arc-like radio structures
around X-ray selected galaxy clusters from the ROSAT A§-Skirvey. This search already
resulted in the discovery of several new radio relics,\s@eWeeren et al2009hc,d). In this
paper we present the discovery of a double relic in the gathister ZwCl 0008.85215 which
showed faint elongated structures in both NVSS and WENS§ésa

The layout of this paper is as follows. In Seét2we give an overview of the observations
and the data reduction. In Se@t3 we present the radio and spectral index maps as well as
optical images around the radio sources. In Sé@&we discuss the merger scenario and the
magnetic field strength at the location of the relics. We eitl wonclusions in Sec?.5.

Throughout this paper we assumA&DM cosmology withHg = 71 km st Mpc™?, Q, =
0.3, andQ, = 0.7. Allimages are in the J2000 coordinate system.

7.2 Observations & data reduction
7.2.1 GMRT observations

The GMRT observations were taken in dual-frequency modegrding RR polarization at
610 MHz and LL polarization at 241 MHz. Total useable bandiidas 30 MHz at 610 MHz
and 6 MHz at 241 MHz. The GMRT software backend (GI®y et al. 201pwas used giv-
ing 512 spectral channels. The total on source time was 28Q3a7 hr). A summary of the
observations is given in Tablel

For the reduction we used the NRAO Astronomical Image PiogsSystem (AIPS) pack-
age. The 610 MHz dataset was visually inspected for the poesef radio frequency interfer-
ence (RFI) which was subsequently removed. Strong RFI ort baselines was present in the
241 MHz band. This RFI was fitted and subtracted from the dsitegithe technique described
by Athreya (2009 which was implemented in ObiCptton 2008. Summarized, the fringe-
stopped correlator output of a baseline oscillates witHitinge-stop period in the presence of
RFI. The fitting routine tries to fit such a signal and subsacfrom the dataAthreya 2009.
This has the advantage that most of the visibilities fronsth@t baselines are not removed (i.e.,
flagged) and hence spatial structure on large angular ssgtesserved. We assumed the RFI
to be constant over periods of 10 min and required a minimalli&ude of 5 Jy for the RFI to
be subtracted. Further visual inspection of the data wasedaout to remove some remaining
RFI which could not be fitted because of short timescale tiaria of the RFI signal.

Amplitude and phase corrections were obtained for the @b sources using 5 neigh-
boring channels free of RFI. These solutions were applietti¢odata before determining the
bandpass. The bandpass was then applied and gain solutiotieffull channel range were
determined. The fluxes of the primary calibrators were sebiing to thePerley & Taylor
(1999 extension to thdaars et al(1977) scale. Several rounds of phase self-calibration and
two final rounds of amplitude and phase self-calibrationenearried out. We used the poly-
hedron methodRerley 1989Cornwell & Perley 1992for making the images to minimize the
effects of non-coplanar baselines. Both in the 610 and 241 MHm@s, there were several
bright sources in the field that limited the dynamic rangereBtion dependent gain solutions
for these sources were obtained and these sources weractadtfrom the data. This method
is commonly referred to as “peeling” (e.&dpordam 2004
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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 14657 x 12.5” 6.3” x5.3”

RmMs noise ¢ms) 483uJy beam? 38 uJy beam?

Table 7.2: WSRT observations

Frequency bands 21 cm (IFs) 1311, 1330, 1350, 1370, 1399, 1482, 1450 MHz
Frequency bands 18 cm (IFs) 1650, 1668, 1686, 1704, 1729,175%8, 1776 MHz
Bandwidth per IF 20 MHz

Number of channels per IF 64

Channel width 312.5kHz

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 183 hr (21cm), 125 hr (18cm)

Beam size 2% x 17.0” (21cm), 235”7 x 17.0” (18cm)
RmMs noise ¢ms) 27 uJy beam? (21cm), 33uJy beam? (18cm)

Final images were made using “briggs” weighting (with rabsest to 0.5,Briggs 1999.
Images were cleaned down to 2 times the rms noise lewgl,(Pwithin the clean boxes. The
images were corrected for the primary beam respbridee uncertainty in the calibration of the
absolute flux-scale is between-5.0%, see€Chandra et ali2004).

7.2.2 WSRT 1.3-1.7 GHz observations

WSRT observations of ZwCl 0008:8215 were taken in the L-band, see Tabl2 The obser-
vations were spread out over various runs of several hassltmg in more or less full 12 hours
synthesis coverage. Frequency switching, between thed 8 om setups, was employed ev-
ery 5 min to increase the spectral baseline of the obsenat®ach setup had a total bandwidth
of 160 MHz, evenly divided over 8 sidebands (IF). All four @otation products were recored
with 64 channels per IF.

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

Ihttpy/gmrt.ncra.tifr.res.ifgmrt. hpageUsergdogmanuglUsersManuahode27.html
2httpy/casa.nrao.edu
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antennas have linearly polarized feéd8andpass and gain solutions were determined from
observations of the standard calibrators 3C48, 3C138, 33286, and CTD93. Time ranges
for antennas féected by shadowing were removed. Some IFs were dfsotad by RFI and
had to be partly flagged. The fluxes for the calibrators weteaseording to thePerley &
Taylor (1999 extension to th8aars et al(1977) scale. Frequency (channel) dependent leakage
terms (D-terms) were calculated from observations of ahbrignpolarized point source, while
the polarization angles were set using either 3C138 or 3C¥&6assumed-66.0° and 150°

for the R-L phase dierence of 3C286 and 3C138, respectively. The data were ttported
into AIPS and several rounds of phase self-calibratioripfe#d by two rounds of amplitude
and phase self-calibration, were carried out. The solstion the amplitude and phase self-
calibration were determined combining both XX and YY pdatations because Stokes Q is not
necessarily zero. Separate images for each IF were made (@) using robust weighting of
0.75 (21 cm) and 1.25 (18 cm) giving roughly the same resmiufrhese images were corrected
for the primary beam attenuatioA(f))

Ar) =cof (r xvxC), (7.1)

with r the distance from the pointing center in degreethe observing frequency in GHz and
C = 68, a constarit

Images were cleaned to about2s and clean boxes were used. For each frequency setup
the eight images from each IF were combined, convolvingrtiegies to the same resolution of
235" x17.0” and weighting the images inversely proportionaifg.. The images are centered
at frequencies of 1382 and 1714 MHz. The final noise level@@rand 33:Jy beam? 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 Fielth@a (WFC) on the INT. The
observation were taken between 1 and 8 October, 2009. Thmgsesried between 0.9 and
1.3” during the observations. Most nights were photometricalliotegration time was about
6000 sec per filter. The data were reduced in a standard wayg IRAF (Tody 1986 1993

and themscredpackage Yaldes 1998 The R and | band images were fringe corrected. The
individual exposures were averaged, pixels were rejedbedeadr;,s to remove cosmic rays
and other artifacts. Observations of standard stars oropfeitic nights were used to calibrate
the flux scale. The images have a depth (signal to noise r&N&) of 5 for point sources) of
approximately 24, 239, 233 magnitude (Vega) in the V, R and | band, respectively.

To determine the redshift of the cluster a 600 sec WHT ACAMykslit spectrum, with the
V400 grating, was taken of 2MASX J00112 17231437 Skrutskie et al. 2003 On the INT
images this galaxy was identified being the largest cD gatdstiie cluster. The spectrum was
taken on November 2, 2010 with a slit width of 1.55tandard long-slit calibration was done in
IRAF.

3The WSRT records X% | - Q, YY =1 -Q, XY = -U +iV, and XY = -U —iV. |, 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 J001121%3231437 taken with the WHT ACAM
V400 grating. Various absorption features are indicatedgh®R X-ray emission from ROSAT, tracing
the thermal ICM, is shown by the greyscale image. The originage from the ROSAT All Sky Survey
was convolved with a 200FWHM Gaussian. Solid contours are from the WSRT 1382 MHz ienaigd
drawn at levels of [12,4,8,...] X 4o0ms. The resolution of the WSRT image is.83 x 17.0”. Dashed
contours show the galaxy iso-density distribution derifrean the INT images. Contours are drawn at
[1,1.1,1.2,1.3,1.4.. ] x 0.38 galaxies arcmirf using the color cuts as described in S&c8.2

7.3 Results

7.3.1 Redshift of ZwC| 0008.8-5215

No redshift is available in the literature for the galaxyster ZwCl 0008.85215, with co-
ordinates RA 0011M25.6, DEC +52°31'41”. The cluster is located relatively close to the
galactic plane at a galactic latitude= —9.86°. Galactic extinction is 0.812 mag in the R-
band and 0.111 in the K-band according3chlegel et al(1998. The spectrum of cD galaxy
2MASX J0011217%5231437 is shown in Figr.1 (left panel). From this spectrum we de-
termine a redshift of 1032+ 0.018 for the galaxy, which we adopt as the redshift for ZwCl
0008.8r5215. 2MASX J001121745231437 is associated with a complex disturbed radio
source, see Se.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 akedgsource,
see Fig.7.1 (right panel), and listed as 1RXS J00114823147 Yoges et al. 1999 Using
the redshift and the ROSAT count rate we find an X-ray lumityolix 1-24 kev) Of ~ 5 X
10¥ erg st. With theLy_ 0.1-24 kev-temperature scaling relation froRratt et al (2009, Table
B.2 BCES Orthogonal Fitting Methodve find a corresponding temperature-o8 to 4 keV.

We computed galaxy iso-densities from the INT images. Wedieated a catalog of objects
using SextractorBertin & Arnouts 1998. We then removed all point-like objects (i.e., stars)
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Table 7.3: Relic & source properties

Source Sz mHz S610 MHz Siss2MHz  Si71amHz Qe P14 GHz LLSP
Jy mJy mJy mJy WWHz! kpe
RW 011+0.03 56+ 8 11+12 89+12 -1.49+ 012 0.37 290
RE 082+ 0.09 230+ 25 56+ 35 37+ 27 -159+0.060 1.8 1400
A 0.186+ 0.020 86+ 9.0 37+19 29+ 1.6 -0.96+006 1.1 270
B 0.112+0.015 87+9.0 34+19 28+ 1.6 -0.81+0.06 0.99 289
C 0423+ 0.045 205+ 21 88+ 4.6 69+ 3.6 -0.94+006 26 249
D .. 22+03 106+0.1 12+01 -0.63+0.16° 0.030 e
E 281+0.28 1016+ 102 387+20 302+ 15 -1.14+0.05 11.9 200
F 0280+ 0.030 135+ 14 58+ 3 47+ 3 -0.93+006 1.7 151
G 0.040+0.005 16+2 73+04 63+04 -0.94+0.07 0.22 38
H 87+12 26+02 27+02 -1.18+0.15° 0.081 60
| 28+ 05 12+019 076+0.18 -1.15+0.23 0.037 45

@ see also Figr.10(left panel)
b Jargest linear size
¢ between 610 and 1714 MHz

from the catalogs. To exclude galaxies not belonging to thster we selected only galaxies
with R—I and V-R colors within 015 magnitude from the average color of the massive el-
liptical cD galaxy 2MASX J001121745231437 (see Fig/.9 and Sect7.3.1). The range of
0.15 in the colors was taken to maximize the contrast of thetetusith respect to the fore
and background galaxies in the field, but not being too I&ste so that a sticient number of
candidate cluster members was selected. The galaxy isstgeontours are shown in Fig@.1
The cluster shows a pronounced bimodal structure, with mvescseparated by about 700 kpc.
The cluster extends somewhat further in the east-westtitirethan the X-ray emission from
ROSAT. The cD galaxy 2MASX J001121¥%231437 belongs to the western subcluster (i.e.,
it is located at the center of the subcluster). The eastdonlsster also hosts a separate cD
galaxy (2MASX J001218925233460, see Fid/.8 (right panel)). Although we do not have a
spectroscopic redshift for this galaxy, the (i) color arigRiand K magnitudes are in agreement
with a subcluster located at the same redshift as the westdaiuster (e.gWillott et al. 2003

de Vries et al. 200)f The same is true for the other massive elliptical galateesd in both
subclusters, see Se@t3.5 Therefore, both the X-ray and optical observations pantairds

a bi-modal galaxy cluster, indicative of an ongoing mergemng. As we will show in the next
sections, the radio observations also point towards a mecg@ario.

7.3.3 Radio continuum maps

The WSRT 1382 MHz image is shown in Fig.2 (left panel). It reveals a large arc offflise
emission on the east side of the cluster and a smaller faffutsei source on the west side of
the cluster, symmetrically with respect to the cluster eeniVe classify these sources as radio
relics based on their location with respect to the clustetaretheir morphology, and the lack of
optical counterparts. The relics are located about 8501k the center of the X-ray emission.
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Figure 7.2: Left: WSRT 1382 MHz image. Contour levels arenairat [-1, 1,2, 4,8, .. .] x40 ms. Negative
contours are shown by the dotted lines. The beam size® 237.0” and shown in the bottom left corner
of the image. Sources are labeled as in Fig.(right panel). The white- symbols mark the centers of the
two subclusters based on the iso-density contours from7=3g2 (right panel). Right: WSRT 1714 MHz
image. Contour levels are drawn atl[ 1,2, 4,8, ...] X 40ms. Negative contours are shown by the dotted
lines. The beam size is 28 x 17.0” and shown in the bottom left corner of the image.

Several complex tailed radio sources, related to AGN dygtidre also visible. The WSRT
1714 MHz image is similar to the 1382 MHz image, although therall signal to noise ratio

is less, therefore revealing less of th&dse extended relics. The radio relics are also visible in
the GMRT 610 and 241 MHz images (Figs3and7.4), although at 241 MHz the SNR on the
relics iss 5 per beam.

To facilitate the discussion we have labeled various s&urceigs.7.2and7.4(right panel).
Optical overlays can be found SeZt3.5 The integrated fluxes, spectral indices, radio power
and largest linear size for the two relics (RE & RW) are digpthin Table7.3,

Relic RE consist of two parts, a smaller region of emissioth®north and a larger one
in the south (most clearly seen in Figs3and7.4, right panel). In the 1382 MHz image the
two regions are seen connected. The eastern boundary of &iniswhat more pronounced,
while on the western side the emission fades more slowlyearditection of the cluster center.
The relic has a total extent of 1.4 Mpc. The surface brigttnesies across the relic fading at
the extreme northern and southern ends. The northéiusdipatch has a “notch” like region
of higher surface brightness. Relic RW has a much smalleaméxdf 290 kpc. The western
boundary is more pronounced in the WSRT images. A compactsan the middle of RW is
associated with a background galaxy.

The cluster also hosts a number of complex radio sourcasddia AGN activity, for a short
discussion on these sources see Se8th
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Figure 7.4: Left: GMRT 241 MHz image. Contour levels are dnat[-1,1,2, 4,8, ...] X 4o ms. Negative
contours are shown by the dotted lines. The beam size.&14 1250’ and shown in the bottom left
corner of the image. Right: GMRT 610 MHz image with sourcéelad. Ther symbols mark the centers
of the two subclusters based on the iso-density contouns Fig. 7.1 (right panel).

7.3.4 Spectral index and polarization maps

A spectral index map was computed using both the WSRT and GMfges, including only
common UV ranges. Both the WSRT and GMRT datasets havevaiatijood inner UV-
coverage. The largest detectable angular scale is limitexbout 16 at 610 MHz, which is
suficient not to resolve out the extended radio relics. The sioluof maps at four dierent
frequencies enables us to map the spectral index over theuodface brightness radio relics.
Spectral index maps made with only two frequency images wayenoisy to map the spec-
tral index across the relics. The spectral index map wagentday fitting a single power-law
through the flux measurements at 241, 610, 1382, and 1714 Mthis way, we only fitted
for the slope and normalization of the radio spectrum, énguhe number of free variables in
the fit remains as low as possible (at the cost of detectingtisdecurvature). The technique
of combining maps at more than two frequencies has anothvansabe that errors in the maps
arising from RFI, calibration errors, deconvolution esaslightly diferent UV coverage, etc.,
are suppressed in the spectral index map as long as they domelate at the same location
and spatial frequencies on the sky.

Pixels in the spectral index map were blanked if any of cgwasling pixels in the individual
maps fell below 150ms. Special care was taken about the precise alignment of tips,ma
slightly shifted the GMRT maps by about a quarter of the sgsitted beam, removing a small
spectral index gradient visible across all the point sasir@@e result is shown in Fig@.5.

For relic RW, the spectral index steepens to the north anavaeds to the cluster center,
from —0.9 to —2.0. The spectral index for relic RE also varies roughly betwe@9 and-2.0.
The overall spectral index at the east side of relic RE is abd2 There is an overall trend
of spectral steepening towards the west, see also/Fl@.(right panel). The spectral index is
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Figure 7.5: Left: Spectral index map. Spectral indices vemmaputed by fitting a single power-law radio
spectrum through the fluxes at 241, 610, 1382, and 1714 MH#d 8antours are from the 1382 MHz
WSRT map and drawn at levels of,[4 16,64, ...] X 60ms. The resolution of the map is 28 x 17.0”.
Right: Spectral index uncertainty map. The map is computethe basis ofs values for the individual
maps.

correlated with the surface brightness of the relic, thghigst parts have a flatter spectral index.
The polarization map from the WSRT at 1382 MHz is shown in FFi§. No useful polariza-
tion information could be extracted from the WSRT 18 cm oba#ons. The polarization map
reveals that most of the compact sources are polarized he®BP6 level. Some polarized emis-
sion is detected from the two radio relics, although at lonRSKRor relic RW the polarization
fraction is around 5 10% (reported polarization fractions are corrected foeRithiasWardle
& Kronberg 1974. For RE the polarization fraction varies, with a maximum-a25%. For the
fainter parts of the relics no polarized emission is detidbet this is expected if the relics are
polarized at the 30% level or less. Most polarization E-9extire aligned perpendicular to the
major axis of the two relics (for the parts where polarizedssion was detected).
Spectral index and polarization properties for the compaistces are discussed in S&cR.5

7.3.5 Radio galaxies in the cluster

The cluster hosts several interesting tailed radio soufRasdio overlays on optical images are
shown in Figs7.7t0 7.9. Sources are referred to as in Fig4 (right panel). The morphology of
these radio sources is as expected for a system undergoiagge@mmwith high galaxy velocities
with respect to the ICM. The radio powers reported for thesesiin Tabler.3, are consistent
with them being FR-I sources-énardtf & Riley 1974) located in the cluster (e.gQwen &
White 1991 Owen & Ledlow 1994Baum et al. 199b

Source A is a “head-tail” source belonging to the elliptigallaxy 2MASX J00120320
+5234132. The spectral index steepens along the tail, frOr6 to —2.1 to the west. The
“head” is polarized at the 1% level. The tail has a total ext#n270 kpc in the 610 MHz
image. Source B is a double-lobe radio source (also listeB\&SS J001242522717 or
B0010.G+5210) consisting of a central core and two radio lobes. Aalti diffuse emis-
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Figure 7.6: WSRT 1382 MHz polarization E-vector map. Tothpzed intensity is shown as grayscale
image. Vectors depict the polarization E-vectors, theigth represents the polarization fraction. The
length of the E-vectors are corrected for Ricean bvsar(lle & Kronberg 1978 A reference vector for a
polarization fraction of 100% is shown in the bottom leftrwar. No vectors were drawn for pixels with a
SNR< 5 in the total polarized intensity image. Contour levelsdmavn at [12,4,8,...] X 5oyms and are
from the Stokes | 1382 MHz image. The beam size i$2% 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 ddve spectral index does not vary
much over the core and radio lobes, the average spectra is@bout—0.6. The radio emis-
sion from the source has a polarization fraction betweenntD20%. An optical counterpart
(2MASX J0012421+5227182) is centered on the radio core. The source could hesterc
member as its color is similar to that of other galaxies indluster.

Source C is a narrow angle tailed (NAT) radio source with 2MA®01128595228096
being the optical counterpart. The spectral index steefrens—0.6 to —1.7 along the tails as
expected for a radio galaxy moving eastwards with respetttedCM. The radio emission is
polarized at the 2 4% level. Source D belongs to the cD galaxy 2MASX J0012+&233460
in the eastern part of the cluster and has a spectral index0@f No polarized emission is
detected from the source.

Source E is the brightest radio source (#&2.01) in the cluster and has a very complex mor-
phology. The radio emission has a sharp western boundaiig thle eastern boundary is more
diffuse with “fans” of emission. The counterpart is the galaxyA3X J001121715231437,
which has a close companion to the west. The spectral inégepshs to the north and south
from —0.9 to —1.7. Fractional polarization for the brightest emission ikbel%.

Source F has a complex morphology and is located to the nestw? E. There is a bridge of
steep spectrum emission (with~ —1.4) between E and F. The polarization fraction of F varies
between 2 and 10%. The brighter parts of the source have &raliadex of-0.75. Because the
spectralindex here is flatter than the bridge of emissiowd&en E and F, this suggests the source
is a separate radio galaxy with the emission not coming frohe most likely counterpart is
the galaxy 2MASS J00111135232421. The complex morphology of both E and F suggest
that the radio sources are significantly disturbed, pogsibke to the merger event. The radio
morphology of both E and F suggest the sources moves westwaétttrespect to the ICM.

We could not identify optical counterparts for sources G,rtd & However, a diraction
spike in the INT images from a nearby bright star partly cessurce G, likely blocking our
view of the optical counterpart. The high surface brighsrafss 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 thapttocess takes of the order of0
(e.g.,Vazza et al. 2010Paul et al. 201/1Battaglia et al. 2009Skillman et al. 2008Hoeft et al.
2008 Pfrommer et al. 200&Ricker & Sarazin 2001l During a cluster merger, “internal” shock
waves are generated. Typically, these have lower Mach nimih€ < 5) than “external” shock
waves which are generated by the infall of unprocessed gas fine surrounding IGM and
having M > 10. The Mach numbers of internal shocks are low because tnedsspeed in
the gas of the main (bigger) cluster and the velocity of th&alling subcluster both reflect the
same gravitational potential of the main cluster. Mergesnés which generate shock waves
with M > 3 are rare, and these are mainly formed in major merger ewgititsthe mass ratio of
the two merging clusters approaching unity. In the case afiarp cluster, merger two shocks
are produced along the merger axis. As the shock waves patgagtward into a lower density
environment their Mach number increases. The shock streiotay get broken when it interacts
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Figure 7.7: Left: Source A. GMRT 610 MHz contour are drawrezels ofV[1,2,4,8,...] X 40ms The
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Figure 7.8: Left: Source C. GMRT 610 MHz contour levels asptiiyed as in Figr.7. Right: Source D.
GMRT 610 MHz contour levels are displayed as in Fid.
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with the galaxy filaments connected to the cluster. This nxgjeén the presence of the “notch-
like” feature observed in the north of relic RB4ul et al. 201l These notch-like structures are
also observed for the double relics in Abell 33B&gchi et al. 200Band Abell 3667 Rottgering
et al. 1997.

At the location of the shock front particles are propodenisslin et al. 19980 be accelerated
(or re-accelerated) by the DSA mechanism. In this casenjbetion spectral index of the radio
emission is related to the Mach number of the shock. Behiedstiock front particles cool
through IC and synchrotron losses. The spectral index ghibuk steepen inwards to the cluster
center. The overall integrated spectral is still a power#aough, but steeper by about 0.5 unit
(e.g.,Blandford & Eichler 1987 Sarazin 19992002 than the injection spectral index. Relics
which such power-law spectra have been found for exampléillA21 and the Coma cluster
(Giacintucci et al. 2008Giovannini et al. 19911

We have fitted a power-law radio spectrum for the integratea8 of the radio relic reported
in Table7.3. The fitted radio spectra for the two relics are displayedig F.10(left panel).
RE is well fitted by a single power-law spectrum with a spddtrdex of —-1.59 + 0.06. For
the western relic we find a spectral index-6£.49 + 0.12. We note that the 241 MHz flux
measurement and the corresponding error are somewfhatitlito estimate as the noise in the
image increases sharply towards bright radio source E Beazuesidual calibration errors, see
also Fig.7.4.

As reported in Sect.3.4 the spectral indices at the front of the relics are abdu? + 0.2
and-1.0 + 0.15 for RE and RW, respectively. The errors give the varialioapectral index
across the outer edges of the relic. The integrated spéutiiaes are consistent with this values
(if we assume that DSA takes place), being steeper by abbuirlts. We take the values at
the front of the relic as the injection spectral indices. sTihien gives Mach numbers 0.1228:5
and 24j8:‘2‘ for relics RE and RW, respectivelygn Weeren et al. 2009bThe uncertainties in
the Mach number are based on the variation in spectral intdigredront of the relics of about
—0.15 units. These Mach number are in agreement with those fouoither merging clusters,
typically being between 1.5 and Blarkevitch et al. 2002005 Markevitch 2006Russell et al.
201Q Finoguenov et al. 2010

Compression of fossil radio plasm&r(3lin & Gopal-Krishna 2001does not seem to be
a likely scenario to explain the relics in ZwCl 0008815, because regions with a spectral
index of —0.9 are seen in front of the relic, not very steep for a radio phoeThe integrated
radio spectra do also not reveal significant spectral curedsee for exampl8lee et al. 20011
Furthermore, relic RE has a size of 1.4 Mpc and the time to cesgsuch a large radio ghost
would have removed most of the energetic particles respltanfsir the radio emissiorGlarke &
Ensslin 200%. Relic RW is located not far from the complex sources E antiRW is directly
associated with E and F, one would not expect the spectrakitwlsteepen across RW in the
direction of E and F. Also, the overall polarization fractiof RW is considerably higher than
that of sources E and F. Therefore, our preferred scenati@tsof relics tracing shock fronts
where particles are accelerated or re-accelerated by tlenighanism.

The large diference of a factor of five in linear extent for relic RE and R8\ilike that of
previously known double relics. This large ratio in lineeescould be explained by a relatively
large mass ratio between the merging clusters, as the sthe shock waves formed during a
binary cluster merger event roughly scale with the yathisses of the merging components. The
galaxy iso-density contours in Fig.1 show two subclusters, with the eastern subcluster being
slightly larger. Another possibility is that the shock ftam the west side of the cluster is partly
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Figure 7.10: Left: Integrated fluxes for the relics. We fingpactral index of-1.59 for relic RE and-1.49

for relic RW by fitting a single power-law spectrum througle flux measurements at 241, 610, 1382, and
1714 MHz. Right: Radio luminosity profile across the widthrelfc RE. Solid line displays the 1382 MHz
luminosity profile, averaged over the full 1.4 Mpc extentttad relic RE. Dashed line displays the resulting
spectral index profile (labeling on the right axis), alsoraged over the full 1.4 Mpc extent, between 1382
and 241 MHz. The averaging was done by adding up the total fleaeh frequency in a spherical shell
and then calculating the spectral index.

broken up due to the presence of substructures or galaxyefiltanin case of re-acceleration, a
supply of fossil electrons is needed. Therefore, a thirdipddy is that if these electrons have
a limited spatial distribution, the shock front might beiiinated only locally.

The overall configuration of the relics is largely symmeatiound the east-west merger axis,
indicating that the impact parameter for the merger is closzero Ricker & Sarazin 2001

7.4.2 Radio luminosity profile for the eastern relic

The width of a relic [jic), tracing a plane shock wave, to first order reflects the dowam
velocity of the shocl, a characteristic timescale due to spectral aggipgg and the angle
between the shock front normal and the plane of the sky

V2 X tageing (7.2)
cosp '

The characteristic timescale due to spectral ageing isxdiye

Irelic =

tageing[yr] = 3.2 x 10" [(A+2v] Y2, (7.3)

2 2
B* + Bzyg

with B the magnetic field at the shock front iiGauss,Bcys the equivalent magnetic field
strength of the CMB inuGauss, and the observed frequency in MHz. A&t= 0.103, Bcus

is 4.0 uGauss. Ifv; and¢ are known this gives a method for determining the magnetid fie
strength. Even i is not known, limits on the magnetic field can be obtained éf ¢thserved
width (Ireiic) is smaller than the maximum width allowed from Eq2
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To get an estimate of, we use a temperature in the post-shock region of 6 keV,ba,ta
twice the average cluster temperature. This factor of twoeiase is roughly what has been ob-
served in other clusters with shocks (eRussell et al. 201,0Ma et al. 2009. We use Rankine-
Hugoniot jump conditionsl@ndau & Lifshitz 1959, with an adiabatic index = 5/3, and take
the Mach number from the injection spectral index. This give

4 2
E:SM + 14M 3, (7.4)
T1 16M2

with indices 1 and 2 referring to the pre-shock and postdshegions. The downstream speed

is given byv, = Mcs1/C, with cs; the pre-shock sound spedtks T1/myu) Y2, with u = 0.6

the mean molecular weight. The compression r@tie given by

1 3 1
C_4M2+4' (7.5)
Filling in the numbers give€ = 2.4 andcs; = 1100 km s*. We then obtaiv, = 750 km s?.
The downstream velocity depends only weakly on the adoptachstream temperature. For
example, using a downstream temperature of 10 keV incredseso about 950 km <. For
the remainder we will adopb = 750 km s*. This then gives for the width of the relic (FWHM)
observed at 1382 MHz
Bl/2
lreiic [kpc] ~ 628x ——————cost ¢, (7.6)

2. R2
B? + BZyg

with the magnetic field strengths in units@gBauss.

For ¢ = 0°, the maximum width is 46 kpc, which correspondsBo~r 2 uGauss. This
is smaller than the observed width of about 150 kpc (see®if) right panel) and hence no
constraints on the magnetic field can be put since the angl@ot known. It is possible to set
limits on ¢ using the observed polarization fractidénsslin et al. 1998 A 20% polarization
fraction impliesp < 50°. This limit on¢ is not consistent with the observed width which would
require¢ > 72°. Although, for large sections of the relic the polarizatfoarction is unknown
and could be smaller than 20%.

7.4.3 Simulated radio luminosity and spectral index profile

In the above analysis we assumed that a relic traces a plaoek svave. In a more realistic
model of a relic would trace a shock wave that forms a part phese. This is illustrated by the
curved shape of relic RE. The observed width is about a fadtibiree larger than the maximum
intrinsic allowed width, madfeic(¢ = 0, B)). This implies that projectionfiects probably play
an important role. The questions is then why do we still seéarspectral index gradient
(Fig. 7.10 across the relic?

To answer this questions we use a more realistic model of eksfiont. The spherical
shock subtends an angfé into the plane of the sky and has a radius of curvaRygected
The total angle subtended by the relic .2We compute the radio luminosity profiles at the
observed frequencies of 241 and 1382 MHz. The injectiontsaldadex is taken to be1.0.
Synchrotron cooling processes, based on the distance antlitting radio plasma from the
front of the shock, which in turn depend on the downstrearaigl v, = 750 km s?, are taken
into account. For the magnetic field we assuthe 2 uGauss, which maximizes the intrinsic
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width of the relic to 46 kpc. A spectral index profile is comgdiusing the profiles at the two
different frequencies. The resulting intrinsic luminosityfpes (with intrinsic referring to a
planar shock wave without any projectioffieets) and profiles foRyrjected= 0.75 and 1.0 Mpc,
with opening angle¥ = 22 30, 40° are shown in Fig7.11 For Ryjected= 0.75 Mpc, we find
that the profile with an opening angle between 30 arfg226°) provides the best match to the
observed profile. FORyjected= 1.0 Mpc, we find the best match f&f = 22°.

Our computed luminosity profiles do no provide a very goodamab the observed profile
at distances of more than 0.85 Mpc from the cluster centee. oliserved profile is more sym-
metric, while the computed profiles are rather asymmetrib @istrong luminosity decrease at
large radii. This may be caused by the fact that the actuall&pes of the shock front fiers
somewhat from a sphere. Also, we assumed a uniform surfagletibess over the front of the
shock surface (which forms part of a segment of a sphere) héetiges of this surface the
radio emission drops to zero abruptly. This causes the disugties in the modeled profiles
inwards of the peak luminosity towards the cluster centethé GMRT and WSRT images, the
relic’s surface brightness fades towards the northern aanthern ends. This could (partly) be
explained by the spherical shell model we use for the reditcha relic’s extent into the plane of
the sky decreases at the northern and southern ends. lbigsadsible that the surface brightness
across the shell decreases towards the edges. fféct & not included in our model. However,
our goal was not to reproduce the exact profile of the reli¢,rather to show that although
projection dfects can be significant, a clear spectral index gradient earain. Even for an
opening angle of 4{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 towardslhster center.

Based on this we argue that although relic RE is widenedf&gnily by projection &ects,
the fact the we see a clear spectral index gradient is notising. This could also explain
the spectral index gradients visible for the relics obséiwg Rottgering et al(1997); Clarke
& Ensslin (2006; Orrl et al.(2007); Giacintucci et al(2008; Bonafede et al(2009h, even
though the observed widths are significantly larger thamibgimum intrinsic widths.

7.4.4 Equipartition magnetic field strength

Since the width of the relic is larger than the maximum irgigrwidth, we estimate the magnetic
field at the location of the relics by assuming minimum enetggsities in the relics. We use
the same procedure as describedam Weeren et al20090) and takek = 100, i.e, the ratio
of energy in relativistic protons to that in electrons. Feliac RW, we have a spectral index of
-1.49, and a surface brightness o2 LJy arcset®. We take 290 kpc for the depth)(along the
line of sight. This giveBeq = 3.4 uGauss. For RE we have a spectral index 059] a surface
brightness of ®6 uJy arcset?, and we assumeé = 1 Mpc. This givesBeq = 2.5 uGauss. The
equipartition magnetic field strength scales with«k)?”. In the above calculation, we used
fixed frequency cutids (Vmin = 10 MHz andvimax = 100 GHz), which is not entirely correct
(Beck & Krause 2005Brunetti et al. 199Y. With low and high energy cuffs (Ymin, Ymax)»
Ymin < Ymax and fixingymin to 100, we find a revised magnetic field stren@gqi of 7.9 and
6.6 uGauss for RW and RE, respectively. For a lower @utd ymin = 5000, we get 1.4 and
1.0uGauss for RW and RE, respectively. The revised equipartitiagnetic field strengti(,)
scales with (3+ k)Y/©-) for different values ok.
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Figure 7.11: Left: Radio luminosity profile fdgjectea= 0.75 Mpc andB = 2 uGauss. Thin black lines
are the 1382 MHz luminosity profiles, the thicker grey linepresent the spectral index profiles. Solid
lines are the observed profiles. The simulated intrinsidilpso(i.e., without any projectionfiects) are
shown by the dashed-dotted lines. The simulated profilekjding the projectionféects, are shown with
the following line styles: dashed for an opening angle ¢f 22shed-triple-dotted for an opening angle of
30, and long dashes for an opening angle of. Right: Radio luminosity profile foRygjectea= 1.0 Mpc.

In addition to the left panel, the simulated luminosity apéctral 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 ZQ@r8.8-5215, located a = 0.103
(based on a single spectroscopic redshift). A ROSAT X-raggenand galaxy iso-density map
show that the cluster is undergoing a binary merger evett,tve merger axis oriented roughly
east-west. The two radio relics are located along this nmeagis, while their orientation is
perpendicular to this axis. The relics probably trace skag&ves in the ICM, created by the
merger event, in which particles are (re)accelerated byDt®8& mechanism. Integrated radio
spectra are consistent with particle acceleration in tbelshy DSA and indicate Mach numbers
of ~ 2 for the shocks. The spectral index for both relics showsepgning towards the cluster
center. Parts of the relics have a polarization fractionhie tange of 5- 25%, but further
observations are needed to better map the polarizatiorefiep. The relics have an extent of
1.4 Mpc and 290 kpc. This factor of fiveftkrence in their linear extent is unlike that of other
known double relic systems. The sizéfdience could be related to a relatively large mass ratio
between the two merging clusters, although galaxy isoitleosntours do not indicate a large
difference in masses between the two subclusters. Alternatilrelsecond shock front is partly
broken up due to interaction with substructures, or the lssirad of the western relic reflects the
limited spatial distribution of fossil electrons.

We modeled the radio luminosity and spectral index profifethe eastern relic, assuming
that the relic traces a curved shock front. We conclude ti@égption dfects play an important
role in increasing the observed s width of the relic. Howewerfind that a clear spectral index
gradient remains visible for large opening angles.

Future X-ray observations will be needed to investigatedyr@amical state of the cluster,
determine the mass ratio of the merging systems, and searcihdck 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 sngdlaxy clusters and
groups. Models of diusive shock acceleration (DSA) suggest that in shocks tairaduring
cluster mergers, particles are accelerated to relathastergies, similar to supernova remnants.
Together with magnetic fields these particles emit syncbnatadiation and may form so-called
radio relics. Here we report the detection of a radio relicvidnich we find highly aligned
magnetic fields, a strong spectral index gradient, and aowarelic width, giving a measure
of the magnetic field in an unexplored site of the universer @aservations provide strong
evidence for DSA on scales much larger than in supernovaaata@and this implies that shocks
in galaxy clusters are capable of producing extremely eatgrgosmic rays.

R. J. van Weeren, H. J. A. Rottgering, M. Briiggen, and M.fHoe
Science330, 347, 2010
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In the universe structure forms hierarchically with smadieuctures merging to form bigger
ones. On the largest scales, clusters of galaxies mergesieeenergies of the order off@rg
on timescales of 1-2 GyRoettiger et al(19993; Hoeft et al.(2008. During such merger
events, large-scale shock waves with moderate Mach nurob&#$, should be created. In such
shocks, DSA is expected to accelerate electrons to higlymsein the presence of a magnetic
field, these particles are expected to form large region#tiagisynchrotron radiation at radio
wavelengthdMiniati et al. (2001); Hoeft et al.(2008; Pfrommer et al(2008. The accelerated
particles at the shock front have a power-law energy digtidl which directly translates into an
integrated power-law radio spectrum (flex“, with o the spectral index andthe frequency).
The slope of the particle distributiors)(in the linear test particle regime, and thus the radio
spectral indexq¢ = (1 — s)/2), only depends on the compression ratipdf 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 aligalfghto the shock fronEnsslin
et al.(1998. These ordered and aligned magnetic fields cause the radgsien to be highly
polarized. Synchrotron and inverse Compton (IC) lossebtheaadio plasma behind the shock,
creating a strong spectral index gradient in the directiovards the cluster center. It has been
suggested that such synchrotron emitting regions fromkshcen be identified with radio relics
Ensslin et al(1998; Miniati et al. (200]). These are elongated radio sources located mostly in
the outskirts of massive merging galaxy clustéesetti(2005; Bagchi et al(2006); Clarke &
Ensslin(2006; Bonafede et ali2009ab); van Weeren et a[2009db).

Here we present the detection of a 2 Mpc radio relic (RBgkand8.2) located in the northern
outskirts of the galaxy cluster CIZA J22428301 ¢ = 0.1921). This X-ray luminous cluster
Kocevski et al.(2007 (Lx = 6.8 x 10* ergs?, between 0.1 and 2.4 keV) shows a disturbed
elongated morphology in ROSAT X-ray imagémsges et al(1999, indicative of an undergoing
major merger event. The relic is located at a distance of J6 fvbm the cluster center. Unlike
other known radio relics, the northern relic is extremelyroa with a width of 55 kpc. Deep
Westerbork Synthesis Radio Telescope (WSRT), Giant MetvewRadio Telescope (GMRT)
and Very Large Array (VLA) observations (SOM) show a cleaamnbiguous spectral index
gradient towards the cluster center (F&3). The spectral index, measured over a range of
frequencies between 2.3 and 0.61 GHz, steepens 01 to —2.0 across the width of the
narrow relic. The gradient is visible over the entire 2 Mpadth of the relic, constituting
clear evidence for shock acceleration and spectral agdirgativistic electrons in an outward
moving shock. The relic’s integrated radio spectrum is glsipower-law, withe = —1.08 +
0.05, as predictedrury (1983; Blandford & Eichler(1987. The relic is strongly polarized
at the 50—-60% level, indicating a well ordered magnetic fialttl polarization magnetic field
vectors are aligned with the relic. In the southern part efdluster, located symmetrically with
respect to the cluster center and the northern relic, tlseaesiecond fainter broader relic. The
elongated radio relics are orientated perpendicular tonthpr axis of the cluster’'s elongated
X-ray emitting ICM, as expected for a binary cluster mergam in which the second southern
relic traces the opposite shock waReettiger et al(19999. Furthermore, there is a faint halo
of diffuse radio emission extending all the way towards the clicgater connecting the two
radio relics (Fig8.1). This emission extends over 3.1 Mpc, making it the largastkn difuse
radio source in a cluster to date.

The source cannot be a gravitational lens because it is tge End located too far from

the cluster center. The morphology, spectral index, andcéesson with a cluster exclude the
possibility of the source being a supernova remnant. Thecsds also not related to the radio
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AGN located at the eastern end of the relic. High-resoluioservations show this source to be
detached from the relic (Fig.2). The spectral and polarization properties are also utliké

of any known tailed radio sourcédiley (1973, Sijbring & de Bruyn(1998. The power-law
radio spectral index, clear spectral index gradient andreoos extent, exclude the possibility
the source is tracing (compressed) fossil radio plasma &aadio source whose jets are now
off Enf3lin & Gopal-Krishng2001); Enf3lin & Briiggen(2002. The integrated radio spectra of
such fossil sources are very steep<{ —1.5) and curved, because the radio emitting plasma is
old and has undergone synchrotron and IC losses. In additiershell-like (and not lobe-like)
morphology does not support the above scenario.

Instead, all the observed properties of the relic perfengych that of electrons accelerated
at large-scale shocks via DSA. The characteristics of tighbrelic provide evidence that (at
least some) relics are direct tracers of shocks waves, araydondetermine the magnetic field
strength at the location of the shock using similar argusénthose that have been used for
supernova remnantédnk & Laming (2003.

The configuration of the relic arises naturally for a rougddyial mass head-on binary cluster
merger, without much substructure, in the plane of the sk thie shock waves seen edge-on.
First, the polarization fraction of 50% or larger can onlypkined by an angle of less than
30 degrees between the line-of-sight and the shock su@rke & Ensslin(2006. Second,
because there is evidence for spectral ageing across theaely part of the width can be
caused by projectionfiects.

The amount of spectral ageing by synchrotron and IC lossgstesmined by the magnetic
field strength,B, the equivalent magnetic field strength of the cosmic mierabackground
(CMB), Bcms, and the observed frequency. The resultis a downward spheatvature resulting
in a steeper spectral index in the post-shock region (oeeta). For a relic seen edge-on
the downstream luminosity and spectral index profiles thtscty reflect the ageing of the
relativistic electrondlarkevitch et al(2009. To first approximation, the width of the religjc)
is determined by a characteristic timescalg.§ due to spectral ageing, and the downstream
velocity (Va): Irelic ~ tsyncX Vd, With teync o (Bl/z/(B2 + B(Z:MB)) X (1/(v(1 + z))l/z). Conversely,
from the width of the relic and its downstream velocity, eedirmeasurement of the magnetic
field at the location of the shock can be obtained. Using stahdhock jump conditions, it
is possible to determine the downstream velocity, from tteelMnumber and the downstream
plasma temperature.

The spectral index at the front of the relic49.6 + 0.05 which gives a Mach number of
4.6jé:g for the shockvan Weeren et al20091 in the linear regime. Using thiex — T scaling
relation for clusterdarkevitch (1998 we estimate the average temperature of the ICM to be
~ 9 keV. Behind the shock front the temperature is likely to igghlr. Temperatures in the range
between 1.5 and 2.5 times the average value have previoasly tbserveia et al.(2009.
The derived Mach number and the advocated temperature,rmmgly downstream velocities
between 900 and 1,200 km's(we used an adiabatic exponent gB%. For the remainder we
will adopt a value of 1,000 knT$. Using the redshift, downstream velocity, spectral indand
characteristic synchrotron timescale we have for the wadthe relic

Bl/2
Iretic, 610 MHz ~ 1.2 X 103827

2
+ Boye

(kpc], (8.1)

with B and B¢y in units of uGauss. BecausBcyg is known, the measurement ;. from
the radio maps, directly constrains the magnetic field. Ftioen610 MHz image (the image
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with the best signal to noise ratio and highest angular utiewl), the relic has a deconvolved
width (full width at half maximum) of 55 kpc (Fig8.4). Because E@8.1 has two solutions,
the strength of the magnetic field is 5 or k@auss. However, projectiorffects can increase
the observed width of the relic andfect the derived magnetic field strength. Therefore, the
true intrinsic width of the relic could be smaller, which iligs thatB > 5 or < 1.2 uGauss
(Eq. 8.1). We investigated thefkects of projection using a curvature radius of 1.5 Mpc, the
projected distance from the cluster center. Instead ofguBig. 8.1, we computed full radio
profilesHoeft & Briiggen(2007) for different angles subtended by a spherical shock front into
the plane of the sky¥(; the total angle subtended i¥Zor a shell-like relic). The profile for

Y = 10 deg andB = 5 uGauss agrees best with the observations &i4. For¥ = 15 deg,
Bis 7 or Q6 uGauss. Values o¥ larger than~ 15 deg are ruled out. Lower limits placed on
the IC emissioNakazawa et a[2009; Finoguenov et a2010 and measurements of Faraday
rotation Clarke et al.(2001) indicate magnetic fields higher than 2 uGauss. We therefore
exclude the lower solutions for the magnetic field strengith @nclude that the magnetic field
at the location of the bright radio relic is between 5 andsauss.

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

Because radio relics directly pinpoint the location of dhronts they can be used to get
a complete inventory of shocks and their associated priegért galaxy clusters, important to
understand the impact of shocks and mergers on the generatien of clusters. Because
less energetic mergers are more common and have lower Machears, there should be many
fainter relics with steep spectra which have currently pedadetection. Interestingly, these
large-scale shocks in galaxy clusters have been suggestattaleration sites for highly rela-
tivistic cosmic raydRyu et al.(2003. As the radiation losses for relativistic cosmic ray preto
are negligible, the maximum energy to which they can be acatdd is only limited by the
lifetime of the shock, which can last for at leasf3@. This means that in merging clusters pro-
tons can be accelerated up to extreme energies’§feM) 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 résolaf 16.5 arcsex 12.9 arcsec and
the rms noise is 19Jy beam!. Contours (linearly spaced) represent the X-ray emisgiom fROSAT

showing the hot ICM.
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Figure 8.2: GMRT 610 MHz radio image. The image has a rms mufig@8 ;1 Jy beam! and a resolution
of 4.8 arcsex 3.9 arcsec.
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Figure 8.3: Radio spectral index and polarization maps.The spectral index was determined using
matched observations at 2.3, 1.7, 1.4, 1.2, and 0.61 GHngfiét power-law radio spectrum to the flux
density measurements. The map has a resolution of 16. Tardse7 arcsec. Contours are from the WSRT
1.4 GHz image and are drawn at levels af4116, . ..] x 36 uJy beam?. b: The polarization electric field
vector map was obtained with the VLA at a frequency of 4.9 GHa has a resolution of 5.2 arcsgc
5.1 arcsec. The contours are from F8g2 and are drawn at levels of [4, 16,...] x 70 uJy beam'. The
length of the vectors is proportional the polarization fiat, which is the ratio between the total intensity
and total polarized intensity. A reference vector for 1008tapzation is drawn in the top left corner.
The vectors were corrected for th&exts of Faraday rotation using a Faraday depth-b40 rad m?
determined from the WSRT.2- 1.8 GHz observations.
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Figure 8.4: The deconvolved profile at 610 MHz, averaged thefull length of the relic, is shown by the
solid line and dots. Models for fierent magnetic field strengths and projection anglés.€., the angle
subtended by the relic into the plane of the sky) are overllelused an equivalent magnetic field strength
of the CMB atz = 0.1921 of 4.6uGauss and a downstream velocity of 1,000 kih §he model (dashed
lines) for¥ = 10 deg andB = 5 uGauss provides the best fit. A model Br= 5 uGauss without any
projection dfects is overlaid with dotted lines. Fdf > 15 deg no good fit to the data could be obtained,
as an example we have plotted the profile (dashed-dotted) fo20 deg andB = 10 uGauss(inset)The
intrinsic width of the relic as function of magnetic fieldestigth (Eq. 1), it shows that for a given width
usually two solutions for the magnetic field strength can lataioed.
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8.1 Appendix: Data reduction

We carried out radio observations of CIZA J22425801 with the WSRT in the L-band (at 1.2,
1.4 and 1.7 GHz) and at 2.3 GHz recording full polarizatiomdurcts. The total integration time
was 12 hr at 2.3, 1.2 and 1.7 GHz, and 30 hr at 1.4 GHz. The ots@ng were spread out
over various runs between March and November 2009. For efiehaht frequency setup the
total bandwidth was 160 MHz. The 160 MHz was further dividedr88 sub-bands (IFs) with
20 MHz bandwidth and 64 spectral channels. GMRT observa@610 MHz were carried out
with 32 MHz bandwidth in spectral line mode with 512 chanrmisNovember 19, 2009. The
total integration time was 9 hr. Only RR and LL polarizatitmcreate a total intensity image,
were recorded. VLA C-array 4.9 GHz observations were takeAwgust 17, 2009 in single
channel continuum mode recording all four polarizationduets. Total integration time was
about 7.5 hr.

We reduced the data using AlP8Astronomical Image Processing System, NRAO) and
CASA? (Common Astronomy Software Applications). After inspeatifor the presence of
radio frequency interference and other problems, bad dat subsequently removed (i.e.,
“flagged”). Bandpassand gain calibration were carried out using several brigtresolved
calibrator sources. The flux scale was set using standardpyicalibrator®aars et al(1977);
Perley & Taylor(1999. For the WSRT observations the channel dependent pdiiarizieak-
age terms were determined using a bright unpolarized e&tibsource. The polarization angles
were set using the polarized calibrators 3C138 and 3C28&h&®WSRT and VLA observa-
tions. Subsequent rounds of self-calibration were caroigdto improve the dynamic range
of the images. Several bright nearby sources still limitezldynamic range in the 610 MHz
GMRT image. These sources were subtracted from the datg theri‘peeling-methodNoor-
dam(2004); Intema et al(2009. The 610 MHz high-resolution image of the relic was made
using robust weightin®riggs (1999 set to—-1.0. A 610 MHz image of the cluster, with robust
weighting set to 0.5, is shown in Fig.5.

We made a radio spectral index map using images at 2.3, 4,7,.2, and 0.61 GHz, fitting a
power-law spectral index through the flux measurements.iMiteld the UV-ranges (to include
only common UV-coverage) for the images that were used topewethe spectral index map.
The spectral index map for the full cluster is shown in s Both the northern and southern
relics show steepening of the spectral index towards thetelcenter.

We used the technique of Rotation Measure SyntH@®stjens & de Bruyr{(2005 to de-
termine the Faraday depth of the northern relic. We foundvanage Faraday depth of about
—140 rad m? and used that to correct for théfect of Faraday Rotation by de-rotating the
electrigmagnetic field vectors.

AcknowledgementsThe WSRT is operated by ASTRON (Netherlands Institute fodiRa\stronomy)
with support from the Netherlands Foundation for Scienfasearch (NWO). We thank the Staf the
GMRT who have made these observations possible. The GMRIniby the National Centre for Radio
Astrophysics of the Tata Institute of Fundamental Researble National Radio Astronomy Observatory
is a facility of the National Science Foundation operatedeurtooperative agreement by Associated Uni-
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Thttpy/www.aips.nrao.edu
2httpy/casa.nrao.edu
Sonly for the GMRT & WSRT observations



166 Chapter 8. Particle acceleration on megaparsec sosamnerging galaxy cluster

05—

Declination
.
/

53° 00'f— . . ‘ : ¥ | —

20" 44™ 00S 43M 308 00°® 42M 30° 00°
Right Ascension
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image is 24uJy beam®.
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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 hosffdse extended radio emission, so-called radio
halos and relics, which origin is still being debated. Heespresent WSRT and GMRT observa-
tions of a new radio-selected galaxy cluster 1RXS J060&34 atz = 0.225. The cluster is de-
tected in the ROSAT All Sky Survey with an X-ray luminositylof o124 kev ~ 1x10*°erg st.
The cluster hosts a large bright 1.9 Mpc radio relic, an edded~ 2 Mpc radio halo, and two
fainter smaller radio relics. The large radio relic has auiaclinear morphology. For this relic
we observe a clear spectral index gradient from the frontefélic towards the back. Parts of
this relic are highly polarized with a polarization fractiof up to 60%. We performed Rotation
Measure (RM) Synthesis between 1.2 and 1.7 GHz. The reqgtgest that for the west part
of the large relic some of the Faraday rotation is caused ¥ &4d not only due to galactic
foregrounds. We also carried out a detailed spectral aisadf¢his radio relic and created radio
color-color diagrams. We find (i) an injection spectral irad —0.6 to —0.7, (ii) steepening
spectral index and increasing spectral curvature in thé-gfosck region, and (i) an overall
power-law spectrum between 74 MHz and 4.9 GHz with —1.10+ 0.02. Mixing of emission

in the beam from regions with fierent ages is probably the dominant factor that determimees t
shape of the radio spectra. Changes in the magnetic fiel,dlactron content, or adiabatic
gainglosses do not play a major role. A model in which particles(eegaccelerated in a first
order Fermi process at the front of the relic provides thé imedéch to the observed spectra. We
speculate that in the post-shock region particles arecelated by merger induced turbulence
to form the radio halo as the relic and halo are connectedofibatation of the bright relic and
halo indicate a north-south merger event, but the peciitiaat shape and the presence of an-
other relic, perpendicular to the bright relic, suggest aemmmmplex merger event. Deep X-ray
observations will be needed to determine the merger seenari

R. J. van Weeren, H. J. A. Rottgering, H. T. Intema, L. Rukinic
M. Briiggen, M. Hoeft, J. B. R. Oonk
to be submitted
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9.1 Introduction

Radio halos and relics areftlise sources found in galaxy clusters that show signs of aniogg
merger event (seleeretti 2005 Ferrari et al. 2008Briiggen et al. 201,Xor an overview). These
sources reveal the presence of relativistic particles &arstar-wide magnetic fields (e.glafe
1977 within the intracluster medium (ICM). In the hierarchicabdel of structure formation
galaxy cluster form through a sequence of mergers with emallbstructures. These merger
events create shocks and turbulence in the ICM and couldifgrmphgnetic fields. Several
models have been put forward which link the presence of t#Bese radio sources to cluster
merger events (e.ggnsslin et al. 199@runetti et al. 200]1Petrosian 200ICassano & Brunetti
2005 Keshet 2010EnRlin et al. 2011

Radio halosare smooth extended radio sources that roughly follow thieyemission from
the ICM. They are typically unpolarized and have an extenalmbut a Mpc. Radio halos
have been explained by the turbulence re-acceleration Infedg, Brunetti et al. 2001Pet-
rosian 2001 Cassano & Brunetti 200Brunetti et al. 2008Cassano 2010 In an alternative
model, the energetic electrons are secondary productsotdrpproton collisions (e.gDen-
nison 1980 Blasi & Colafrancesco 199®olag & Enf3lin 2000. Simulations fromDonnert
et al.(2010ab), observed radial radio profiles (e.@rown & Rudnick 201}, upper limits on
the Gamma ray emissiodéltema & Profumo 20J)1and the existence of ultra-steep spectrum
radio halos Brunetti et al. 2008put tension on the secondary models. Clusters with and with
out radio halos also show a bimodal distribution in #, gy, — Lx diagram, i.e., a fraction
of clusters hosts giant radio halos, while the majority ofstérs do not show evidence of radio
emission Brunetti et al. 200y, in agreement with the turbulent re-acceleration moBalifetti
et al. 2009. However, it has been claimed that cosmic ray transponuisters can also induce
the radio bimodality that is observeHr{3lin et al. 201}

Radio relicsare usually divided up into threeftirent classes (sd€empner 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 wdsess{in et al. 1998Miniati et al.
2001, in which particles are accelerated by th&wuBive shock acceleration mechanism (DSA,;
e.g.,Krymskii 1977, Axford et al. 1977 Bell 1978ab; Blandford & Ostriker 1978Drury 1983
Blandford & Eichler 1987 Jones & Ellison 1991Malkov & O’C Drury 2001) in a first-order
Fermi process. However, théfieiency with which collisionless shocks can accelerateigiast
is unknown and may not be enough to produce the observediwedhitness of relics. A closely
linked scenario is that of shock re-acceleration of preskrated electrons in the ICM, which
is a more icient mechanism for weak shocks (eldarkevitch et al. 2005Giacintucci et al.
2008 Kang & Ryu 201). (2) AGN relicstrace old radio plasma from previous episodes of AGN
activity. (3)Radio phoeniceare AGN relics that have been compressed adiabatically lbgene
shock waves boosting the radio emissi@nRlin & Gopal-Krishna 20G1EnRlin & Briiggen
2002. The radio spectra of these sources should be steep{1.5, F, « v*, wherea is the
spectral index) and curved due to synchrotron and Inversep@n (I1C) losses.

A different model for radio relics (radio gischt) and halos hasleposed byKeshet
(2010. Itis based on a secondary cosmic ray electron model, wtherétme evolution of the
magnetic fields and cosmic ray distribution are taken intwoant to explain both halos and
gischt. For the outer edges of relics it is predicted thassgectral index should be ~ —1. In
addition, the magnetic fieldBJ are expected to be strong, wiBh> Bcyg > 3 uGauss, and
Bcwms the equivalent magnetic field strength of the cosmic mick@n@ackground.



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 NowP09 & 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 RRLL 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 3.5hr 6.5 hr &B.0hr 4.0 hr
Beam size 26 x 22’ 16" x 12" 127 x 8.7 51" x4.1” 58" x 20"
RMS noise ¢ms) 0.92 mJy beamt  300uJy beam®  79uJy beam® 26 uJy beam? 32uJy beam?
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

21cm,1382MHz 18cm, 1714 MHz 13cm,2272MHz 648 GHz

Bandwidth 8x 20 MHz
Number of channels per IF 64
Polarization XX, YY, XY, XY
Observation dates Aug 28, 2010
Total on-source time 12 hr

Beam size 29" x 19.0”
RMS Noise ¢ms) 39 uJy beam?
Briggs weighting 0.0

8% 20 MHz 8% 20 MHz 8x 20 MHz
64 64 64
XX, YY, XY, XY XX YY, XY, XY RR,LL RLLR
Sep 10, 2010 Sep 3, 2010 Sen®, 2
12 hr 12 hr 12 hr
27.1” x 16.4” 23.6” x 15.6” 16.1” x 9.8”
27 uJy beam? 25uJy beam? 40 Jy beam?
0.5 1.0 0.5

8% 20 MHz
64
XX, YY, XY, XY
Sep 2 &6, 2010
24hr
7.0"x4.7”
41 1y beam?
0.5
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Although there is now substantial evidence that radio sedicd halos are related to galaxy
cluster mergers (e.gGassano et al. 201pkhe detailed physics are still not understood. Radio
spectra are a crucial way to separate between the physicImfor the origin of radio relics
and halos. Obtaining high-quality spectra is howevéidlilt as these sources are extended and
have a low surface brightness. In particular, spectralature provides important information
about the underlying physical processes. However, cuwatuthe synchrotron spectrum is
only observable if the observed frequency range is wide gnoln addition, obtaining images
at matched resolutions over a wide-frequency range is oftépossible.

We carried out an observing campaign to search for néiws# radio sources in clustexsf
Weeren et al. 2011l6). By inspecting the WENSSRengelink et al. 1997and NVSS Condon
et al. 1998 surveys we came across the complex radio source B39858B. The radio source
roughly coincided with an extended X-ray source in the ROBABky Survey. In addition, an
overdensity of galaxies following the X-ray emission, wasshie in 2MASS images. The fiuse
radio source, extended X-ray emission and galaxy overtyestsongly suggested the presence
of a previously unidentified galaxy cluster located at matkeredshift. In this paper we present
detailed radio observations of this new galaxy cluster 1RB&03.3-4214 and investigate the
spectral and polarimetric properties of thé&fase emission.

The layout of this paper is as follows. In Se@t2we give an overview of the observations
and the data reduction. The WSRT and GMRT images are presantect.9.3. The radio
spectra and polarization data are analyzed in Sedtso 9.6. We end with a discussion and
conclusions in Sect8.7and9.8.

Throughout this paper we assumA&DM cosmology withHg = 71 km st Mpc™?, Q, =
0.3, andQ, = 0.7. Allimages are in the J2000 coordinate system.

9.2 Observations & data reduction

9.2.1 GMRT observations

GMRT observations were taken using the GMRT software battk&%B; Roy et al. 201D An
overview of the observations is given in TalSld

The data were reduced with the NRAO Astronomical Image Rging System (AIPS)
package. The data were visually inspected for the presehB&lowhich was subsequently
removed. For the 147 and 241 MHz data, RFI was fitted and sttbttaising the technique
described byAthreya(2009, implemented in ObitCotton 2008. Standard bandpass and gain
calibration were carried out, followed by several roundplodse self-calibration and two final
rounds of amplitude and phase self-calibration. The flugethe calibrator sources were set by
the Perley & Taylor(1999 extension to th@aars et al(1977) scale. Images were made using
“briggs” weighting Briggs 1993, see Tabl®.1. were cleaned down to 2 times the rms noise
level (20;ms) Within the clean boxes and corrected for the primary bedemaation. For more
details about the data reduction sesm Weeren et a(2011¢. The 147 MHz data were further
calibrated for ionospheric phase distortions, as thesébeaome quite severe at this frequency,
with the SPAM packagédrtema et al. 2009 At 325 MHz we removed several sources using
the “peeling”-method (e.gNloordam 20034

Ihttpy/gmrt.ncra.tifr.res.ifgmrt. hpaggUsergdogmanual
UsersManughode27.html
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9.2.2 WSRT observations

WSRT observations of 1RXS J0603&214 were taken in the L-band, 13cm and 6cm bands,
see Tabl@.2 for details. The data were calibrated with the CAJackage. We first removed
time ranges fiected by shadowing and RFI. The data were then calibratethéobandpass
response and subsequent gain solutions were transfeitregltarget source. Channel dependent
leakage terms were found using an unpolarized calibratercgoand the polarization angles
were determined from 3C286. The fluxes for the calibratorcesiwere set by thBerley &
Taylor (1999 extension to th®aars et al(1977) scale. The data were exported into AIPS for
several rounds of phase self-calibration, followed by teonds of amplitude and phase self-
calibration, see alsean Weeren et a(2011¢. Images were cleaned with manually placed clean
boxes and corrected for the primary beam attenuation. A oheage was created by combining
the images from individual IF's from the 18, 21, and 25 cm kmarikthe images were convolved
to the same resolution and combined with a spectral inddingoaf —1. The resolution of this
combined image is 29 x 19”.

We used the WSRT L-band observations to perform RM-Syrdéh@sie Sect9.6.2). For
this, we created full polarization maps of every two neigfitogp frequency channels (i.e., the
image bandwidth is 62.5 kHz). We inspected all these imagdsemoved maps that had high
noise levels, wereftected by RFI or had other artifacts. In the end, 280 channafsrhetween
1170 and 1786 MHz were retained for RM-synthesis.

9.2.3 WHT spectroscopy & imaging

Optical images of 1RXS J0603:3214 were taken with the PFIP camera on the 4.2m William
Herschel Telescope (WHT) between 15 and 19 April, 2009 wjtR¥nd | filters. The seeing
varied between 1’0and 1.%and the total integration time was 1500 s per filter. The daeew
reduced with IRAF Tody 1986 1993 and themscredpackage Yaldes 1998 Images were
flat-fielded and corrected for the biafs®et. R and | band images were also fringe corrected.
The individual exposures were averaged, with pixels be@jgcted above .Boms to remove
cosmic rays and other artifacts. The optical images weomngly dfected by the bright star
BD+42 1474 (\nag= 8.62), see Fig9.1

To determine the redshift of the cluster, WHT ISIS spectrgadéxies located on the optical
images were taken on 10 and 11 February, 2011. For the blusvarased the R300B grating
and for the red arm the R316R grating. The slit-width wag' 1 Hat-fielding, bias correction,
and wavelength calibration were performed in fDIThe total exposure time per galaxy was
1500 s in both the blue and red arms. In the end, the spectthddslue 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 1IRXS J0603.84214

The brightest cluster members are visible in the 2MASS suivages Skrutskie et al. 2006
and some of them are also listed in the 2MASS Extended sooatawg Skrutskie et al. 2003

2httpy/casa.nrao.edu
Shttpy/www.ittvis.com
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Table 9.3: Redshifts

Galaxy 2MASS Kmag z

2MASX J0603166+4214416 13.204 0.227
2MASX J0603075%4216215 13.610 0.222
2MASS J060326054214050 15.075 0.228
2MASS J060306444215241 15.201 0.227
2MASX J060324324209306 13.858 0.220

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

No published redshifts are available for any of the galaxiethe cluster. Galaxies for
which WHT ISIS spectra were obtained are listed in Teh@and the spectra are shown in
Fig. 9.2 The spectra are typical for passive red elliptical galsxieostly found in clusters.
We find that the five galaxies are located &2D < z < 0.228. Taking the average value we
adoptz = 0.225+ 0.04 for the cluster, with the uncertainty in the redshift giley the standard
deviation.

9.3.2 X-ray emission from the ICM

1RXS J0603.24214 is seen the ROSAT All-Sky Survey as an extended sourddisiad as
1RXS J060313.4421231, 1RXS J060322+321305, and 1RXS J060314-821439 {oges

et al. 19992000, see Fig.9.3 (left panel). Using the redshift and ROSAT count rate (0.21
PSPC cts 3) we find an X-ray luminosity l{x. 01-24 kev) Of ~ 1 x 10" erg s*. The X-ray
emission is extended in the north-south direction. Addailcemission extends to the east and
west of the main X-ray peak. The high X-ray luminosity andegexted 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 F&3. We labeled some of the most prominent sources
in this image. The GMRT 147, 241, 325, 610, 1280 MHz, and 13 cBRWimages are shown
in Figs.9.4t0 9.7 (for the 4.9 GHz image see Fif.16). The properties of the ffuse source in
the cluster are summarized in TalBlel.

Source A (B3 0559422A) is a compact flat spectrum source with a flux of 0.29 Jy.4t 1
GHz (Jackson et al. 200'Beasley et al. 2002Marecki et al. 1999Patnaik et al. 1992 The
radio source is associated with a star-like object in the Widages and listed as a quasar by
Andrei et al.(2009, but no redshift is reported. Source F is a compact sounterésolved in
the 1280 and 610 MHz images) and has an optical counterptue WHT images.

The most prominent source in the GMRT and WSRT images is B®-0582B (source
B). The source is also visible in the 74 MHz VLSS surv€olen et al. 2007and listed as
VLSS J0603.24217. In the L-band image, the source has a largest angaéao&B.7’, which
corresponds to a physical size of almost 1900 kpc. The sawousists of a bright western
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Declination

42° 10!

06" 03™ 508 408 308 208 10% 00° 02™ 50%
Right Ascension

Figure 9.1: WHT V, R, | color image. Yellow contours are fronetGMRT 610 MHz image (Fig9.4)
and drawn at levels of [R,4,8,...] x 0.15 mJy beamt. Galaxies for which spectra were obtained are
marked with circles, see also Talfle8and Fig.9.2 The spiral pattern at the bottom right is due to residual
calibration errors around the source B3 05892A.



Section 9.3. Results: redshift, X-rays, and radio contmumiaps 177

gx10 18— L e e e e e e e e L e e e
-16|
6x10 Lo . : Mg b
n F H [ Fel
]
a L i CallH G band HE
3
> Ca Il K 4
-16
5 4x10
=
Q0
~
©
&,
o]
=]
3
=
2x107'¢
0 F A S T T S T SN ST S IS N ST Y T ST ST SN SN Y ST SO ST W S
3000 4000 5000 6000

wavelength [4]

Figure 9.2: Rest-frame WHT ISIS spectra for the galaxiegdisn Table9.3. The order (from top to
bottom) is the same as in Tal®e3. Various absorption features are indicated.
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Figure 9.3: Left: X-ray emission from ROSAT. The image frdm ROSAT All Sky Survey was smoothed
with a 2000 FWHM Gaussian and is shown in orange colors. Solid contowéram the WSRT L-band
image and drawn at levels of [2,4,8,...] x 0.15 mJy beamt. Right: WSRT L-band image (1160—
1780 MHz) with sources labelled. Contour levels are drawi,&, 4, 8, ...] x 80 uJy beam®. The beam
size is 29 x 19” and indicated in the bottom left corner of the image.
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Table 9.4: Difuse radio sources in 1RXS J06084214

Source  SizgamHz P1acHz LLS a

mJy 16G*WHz ! kpc
B 3195+ 148 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 B8). The radio emission brightens
and fades two times along this extension, while the widthhef $ource also varies. In the
high-resolution 1280, 610, and 325 MHz images, the soursplalis a complex filamentary
morphology. Some “streams” of emission extent from the hreart part of B1 to the south.

The northern boundary of the source is sharp, while the éonidgades more slowly at the

southern part. We classify source B as a radio relic because dack of optical counterparts,

its polarization and spectral properties (see Sex#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 surfagghtness emission (C:
subdivided into Cland C2). A hint of emission is visible haot B1 in the L-band and 325 MHz
images, possibly associated with C1. The surface brightdesreases more rapidly at the
south side of C (C2) than at the east and west sides. If we dentie faint emission north
of B1 to be part of C then the source has a largest angular $iabaut 10 (i.e., a physical
extent of 2.1 Mpc). Only counting the emission south of B1¢harce extends about.8We
classify source C as the giant elongated radio halo becamegily follows the X-ray emission
from the ICM and has dierent spectral index properties than source B. The radicepoiv
6.8 x 10?* W Hz ! falls on theLyx—P1 4cH; correlation for giant radio halos (e.d.iang et al.
200Q Cassano et al. 2006 However, at the most southern part of C2 the surface brasst
increases slightly. This is best seen in the 147 and 241 MHmes (Figs9.6 and9.7). The
southern end of C2 could therefore be the “counter” radiic #IB1 (see Sec9.7). Although,
we can also not exclude the possibility that it is part of theio halo.

Another difuse elongated source is located to the east of C1. The sooansgstof two
parts, E1 and E2. We classify source E as a radio relic becaesmuld not find an optical
counterpart associated with it and it is located at the easteundary of the X-ray emission.
The extent of E is 4vhich corresponds to 860 kpc. Source D is anothfusé source without
any optical counterpart in the WHT images, which we alsosifgsas a radio relic. It has
a largest angular size of 1.th the GMRT 610 MHz image and displays hints of a complex
morphology (Fig9.5), very diferent 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 WSRA. dVe first made radio
maps at roughly the same resolution applying suitable sapahe uv-plane and using uniform
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Figure 9.7: Left: GMRT 147 MHz image. Contour levels are dnaat [1 2, 4,8, ...] X 40ms. Negative
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weighting. We discarded data below 0.2btk select only common inner uvranges. The maps
were then convolved to the same resolution. A high-resmufv.9” x 6.2”) spectral index
map between 610 and 325 MHz is shown in FB8. Pixels with values below &s were
blanked. A medium-resolution (20x 18”) spectral index map between 2272 and 147 MHz
was also made by fitting a second order polynomial in 8)g- log (v) space through the flux
measurements at 2272, 1714, 1382, 1221, 610, 325, 241, drdH42, see Fig9.9(left panel).
Pixels with values below.boms were blanked. To map the spectral index across the low surfac
brightness halo emission in the cluster, we also made aésohition spectral index map. We
convolved the eight maps with a 3%WHM Gaussian (giving a resolution of approximately
40”) and fitted a power-law spectral index to minimize the nundfditted parameters. Pixels
with a spectral spectral index errsr0.7 were blanked (Fig9.9, right panel).

The spectral index across relic B displays a clear northksgradient, with a spectral index
of about-0.6 to —0.75 on the north side of the relic, steepeningte1.9 at the south side of B2
and B3 and tas —2.5 for B1. The spectral index gradient is visible over thererigngth of the
relic. The high-resolution 610-325 MHz spectral index mageels the same general trends for
relic B as in the medium-resolution map. However, the SNRherspectral index is somewhat
lower, mainly because of the smaller frequency span. Wethat¢he spectral index at the front
of B2 and B3 has a steeper spectral index (abd® 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 betwekf to —1.2. There are no sys-
tematic trends visible across the relic, except that théhngeirt of E3 has a somewhat flatter
spectral index, see Fi®.9. The spectral index for relic D steepens fre.0 to —1.3 from
south to north. The spectral index across the radio halog@jficult to determine as the SNR
is low, but it roughly varies betweenl.5 and—0.8 with an average of1.1. There is a hint of
spectral flattening for the center of the halo, while to thelmand south of it the spectral index
is steeper on average.

9.4.2 Integrated radio spectra

We determined the integrated radio spectra of the compstaking the same maps which were
used to create the medium-resolution’(20 18”) spectral index map to minimize th&ects of
different uv-coverage. In addition, we added flux measurementsMHz and 4.9 GHz for relic

B from the VLSS survey and the WSRT observations. The radéotspm is shown in Fig9.10
and is well fitted by a single power-law with= —1.10+ 0.02 between 74 and 4900 MHz. For
relics D and E we find integrated spectral indices-#f10 + 0.05 and-1.0 + 0.2. For source C
we finda = —1.15+ 0.06. The integrated radio spectra do not show clear eviderrcgpectral
breaks or turnovers, although the radio spectrum for E islpaetermined, see Fi@.11

9.5 Radio color-color diagrams

We investigated the detailed spectral shape of the relisgon. We first divided the relic into
two parts, B1 and B2B3, which we analyzed separately. These parts were furthmtigded
into regions {ef) Within a specific spectral index range ol @inits, using the spectral index map
from Fig.9.9(left panel). The resulting spectra, including first ordelymomial fits through the
data points (in logl() — log (v) space) are shown in Fi§.12 The fluxes were normalized by
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Figure 9.8: GMRT 610325 MHz spectral index map. Contowelefrom the GMRT 325 MHz image are
drawn at [14, 16,64, ...] x 60ms @and the spectral index map has a resolution.@f % 6.2”. Pixels below
50 ms are blanked.
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Figure 9.9: Left: Fitted spectral index map between 22721a¥dMHz. The spectral index map was made
by fitting a second order polynomial in lo§) — log (v) for each pixel in the maps at 2272, 1714, 1382,
1221, 610, 325, 241 and 147 MHz. Contour levels are drawn 81418, ...] x 0.175 mJy bearrt and are
from the L-band image in Fi@®.3. The spectral index map has a resolution of 208" and pixels below
1.50ms Were blanked. Right: Fitted spectral index (2272 and 147 Mbizeach pixel in the maps at 2272,
1714, 1382, 1221, 610, 325, 241 and 147 MHz. The individugisnaere convolved with Gaussians of
35" FWHM and pixels with a spectral index errsr0.7 were blanked, contours are drawn as in the left

panel.
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Figure 9.11: Integrated radio spectra for sources D (leftyl E (right). The lines are fitted straight power-
laws with indices given in Tabl@.4.

dividing by the number of pixels found in each region, i.ee, work in surface brightness units.
Each spectra thus corresponds to a region from the spaudiat map where e —0.05 < @jer <

aref + 0.05, withayet = —0.65, —0.75, —0.85, etc. We limiteda,es to —1.85 and-1.65 for B1 and
B2+B3, respectively, to retain fiicient SNR at the highest frequency map (at 2272 MHz). We
use these spectra as a starting point for creating the rattio-color diagrams.

9.5.1 Spectral models

In the model put forward bfnsslin et al(1998, relics trace shock waves in which particles are
accelerated by the DSA mechanism. Without projectideats and mixing of emission, and all
properties of the shock remaining constant, the spectizeatifferent locations should simply
reflect the energy losses of the radiating particles. Assgran edge-on planar shock-wave, the
time since acceleration for particles at a given locatidmethe front of the relic is simplly/ vy,
with | the distance from the front of the shock apdhe shock downstream velocity. According
to DSA-theory, the injection spectral index; is linked to the Mach numbe\) of the shock
by (e.g.,Blandford & Eichler 198¥

1 M>+1

2T ML ®-D

Qinj =

The integrated spectral index is steeper by about 0.5 uaitpared tav, for a simple shock
model where the electron cooling time is much shorter thanitetime of the shockMliniati
2002. Most of the synchrotron radiation we observe comes froaf'thitical” frequencyv.

Ve = .
7 drmec

(9.2)

Directly behind the front of the shock, the spectra shouker@power-law shape of the form
I(v) = lgv*m, under the usual assumption that one starts with a powedistnibution of rela-
tivistic electronsN(y) = NoyS", wheresy; = 1 — 2ain;. Synchrotron and IC (radiation) losses
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steepen the distributioN(y) above certain break energyfk). This also causes the radio spec-
trum to steepen above a corresponding break frequeggy, (ith

B
Vork 0 ———————, (9.3)

(8% + B2 s ]t)”

andt the time since injection.

The full spectral shapes are given by th&dderola Jafe & Perola 1978and Kardashev-
Pacholczyk modelsKardashev 1962Pacholczyk 1970 The JP-model takes into account
the spectral ageing due to synchrotron and IC losses andhaapitch angles of the syn-
chrotron emitting electrons are continuously isotropiae@ timescale shorter than the radiative
timescale. In the KP-model, the pitch angle of the electrensains in its original orientation
with respect to the magnetic field. The JP model is more teafrom a physical point of view,
as an anisotropic pitch angle distribution will become nmisogropic due to changes in the mag-
netic field strength betweenftirent regions and scattering by self-induced Alfvén wdeeas.,
Carilli et al. 1991 Slee et al. 20011

In addition to the above “single burst” models, there is thetmuous injection (Cl) model
(Pacholczyk 197) i.e., a fresh supply of particles is injected continugushd the so-called
KGJP or KGKP models{omissarov & Gubanov 1994where particles are injected for a fixed
period of time after which the supply of newly injected efeoss is switched .

9.5.2 Hfect of resolution on surface brightness

If radiative losses are the dominaritext then all spectra for flierent parts of the relic should
line up at some fiducial low energyequency where radiation losses are not important. The
spectra displayed in Fi@.12should therefore all line up at low enough frequencies. Efrt
such a trend is indeed visible. Although, the spectra with = —0.65,-0.75 have a lower
surface brightnesses than we naively expect. We attrilhigetd the fact that the pixels, from
which these spectra are determined, are all located on g sluter edge of the relic, where
the emission drops abruptly to zero within a single beam etémSince the resolution of the
spectral index map is only about’2@nd there are about 4 pixels per beam, the regions with
the flattest spectral index are all located on pixels whezesthiface brightness drops at the front
of the relic due to the finite beam size. This can be seen byingadkt the black contours in
Fig. 9.9 i.e., the surface brightness does not peak at the regidnthtflattest spectral index.
Comparing these contours to the higher resolution imagEgm 9.4 and9.5, we find however
that the outer rim of the relic is indeed the brightest pathefrelic. The lower surface brightness
for the ares = —0.65, —0.75 regions is thus caused by the low spatial resolution ofgeztral
index map. This is also confirmed by the high-resolution 3®-MHz spectral index map, see
Fig.9.8

It is interesting to note that the spectra for the region$aiflattest spectral index are all
relatively straight and show little deviations from a pumver-laws (Fig9.12). Going to the
regions with a steeperes, the spectral shapes change and display signs of curvatheetzigher
frequencies. These changes happens gradually from thrensegith a flatoes to a steepety e
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9.5.3 Color-color diagrams

To better investigate the spectral shape we use so called filmguency “color-color” diagrams
for which the spectral indices forfiiérent 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 andhe
y-axis the high-frequency one. Color-color diagrams amgiq@darly useful to discriminate
between theoretical synchrotron spectral models, sucheadR, KP, Cl, KGJP, KGKP models
described before.

Another advantage of color-color diagrams is that the shageed out in the diagrams
are conserved for changes in the magnetic field, adiabagiareston or compression, and the
radiation losses, for standard spectral models. We obsedierent portion of the spectrum
for each diferent frequency or source physical condition (e.g., I®&#&éld). We can thus use
the observed curve to constrain thetelient models (JP, Cl, KP, etc.) and injection spectral
indices. Mixing of emission, for example from regions wititferentB strengths or radiation
losses, due the finite resolution of the observations oreptigin dfects, will lead to dierent
curves in the color-color diagrams. If a global spectralpghexists, it also allows for a better
effective frequency sampling and provides sampling of a lar@ege of electrons energies.

9.5.3.1 Color-color diagrams for B1 and B2-B3

The color-color diagrams for B1 and BB3 are shown in Fig9.13 (left and right panels, re-
spectively). The points in the color-color diagrams seetretee out single curves. This suggests
the existence of a global spectral shape for these regidrescirves are similar for the B1 and
B2+B3 regions, but they slightly éier foraer < —1.4.

Tracing the curves back to thé1) = 2273 (i.e., power-law) line gives the injection spectral
index. In both cases we find,; is about-0.6 to —0.7 for B1 and B2-B3, in agreement with
the spectral index maps. The color-color diagrams highligh trend of increasing spectral
curvature, i.e., distance from the power-law line, withr@esingy. (Fig.9.12). The spectra for
aret = —0.65,-0.75 are power-laws. We also indicated varies spectral madefse diagrams.
We compare the observed curves in the color-color diagrartimetsome of the standard spectral
models.

The observed curve is clearlyftirent from the continuous injection spectral model. The
Cl model only steepens @ = ain; — 0.5 (Pacholczyk 1970 The KP model (withein; = —0.6)
roughly follows the data for flates, but deviates forer < —1. However, in the end the KP
curve bends back and returns to 29 = o23/%line. We do not see evidence for a turn back
to theaS)) = 2312 line in the data, although we do not sample this part of thgrdia well
because of indticient SNR at high-frequencies.

The JP model (plotted faty, = —0.6 and—0.7) follows the KP model for flats. Instead
of turning back to thexS}) = o232 line, the spectral curvature keeps increasing. The date als
show this trend of increasing curvature, but less quickbntithe JP curve. A KGJP model
with ainj = —0.7 matches the data for BB3 very well. The KGJP curves in Fi§.13are for
particles injected continuously for abous® 108 yr andB = 9 uGauss (see Sed@.7.3. The
KGJP model also provides a better match for the B1 region emetpto the KP and JP curves.
Although, in the regions with the steepest; values the KGJP model still overestimates the
amount of curvature. A KGJP model can be thought of as anratieg of JP spectra with a
range of spectral ages, up to the oldest population of elestrAt first, the KGJP model follows
the CI model until at some point in time the supply of newleitted electrons is shuffo
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9.5.3.2 The #ect of resolution and mixing

One important ffect is mixing of emission within the beam. Each beam sampipsrpositions
of regions with potentially physical fierent conditions. To investigate thiect of resolution in
the color-color diagrams, we decreased the resolutioneo$piectral index maps by convolving
them with Gaussians of B0FWHM. The data for the lower resolution maps are also digday
in Fig. 9.13 The dfect of the lower resolution is that the curve ends up clos#taa$;9 = a?3/2
line. This is expected because the total integrated spaatfithe relic has a power-law shape
(Fig.9.10.

We also investigated for B1, thetect of a possible underlying flux component from the
radio halo C. For this, we determined the average spectrutheofadio halo and subtracted
this flux contribution at each frequency. This however ditsubstantially change the resulting
color-color diagram for B1 because the surface brightné#iseorelic is much higher than that
of the radio halo.

Our conclusion is that mixing of emission (from regions wdiferentB-fields or diferent
electron energy distributions, etc.) pushes the speatsecko power-law shapes. The spectral
curvature we find can thus be regarded as a lower limit on thebcurvature and it is therefore
important that when searching for spectral curvature oten® suficient 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 ther@alor diagrams, we have at-
tempted to map the flux measurements onto a single spectjaésising the “shift-technique”
described byKatz-Stone et al(1993; Rudnick & Katz-Stong1996); Rudnick (2001). This
allows for a much better sampling in frequency, and mapstmispectrum over a larger range
of electron energies. The idea is that the individual ragecsra for diferenta,es regions each
trace some part of the “global spectrum” (or electron enetligribution) of the source, de-
pending on the energy losses, and magnetic fields in thegmeed he shifts (in logl(-log (v)
space) remove thefects of possible dlierent local magnetic field strengths, electron densities,
radiative energy losses, and adiabatic energy gasses.

We shifted the spectra, displayed F&g12 in log (1)-log (v) space and tried to line them all
up. This went remarkably well, indicating we indeed havenglsi electron energy distribution
(or global spectral shape) that is consistent with the spdot each individual region. The two
resulting spectra (for B1 and BB3) are displayed in Fig9.14 As can be seen it allows for
an almost continuous sampling of the radio relic spectruar about 4 orders of magnitude in
frequency (two oders of magnitude in energy, see%E2).

Similar to the color-color diagrams we find that the low-fneqcy part of the global spec-
trum has a power-law shape, with= —0.6 to —0.7. At higher frequencies the spectrum steep-
ens. We also compare the global spectra with some of theat@mdodels in Fig9.14 The
results are the same as for the color-color diagrams, he.pest match we find for a KGJP
model and for B1 the KGJP spectral curvature is somewhatitgofbr ves > 20 GHz.

9.5.4.1 Shift diagrams

Interestingly, the shifts made to align up all the indivitsdio spectra to create Fi§.14pro-
vide information about changes in the underlying physieabmeterskatz-Stone & Rudnick
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1994). The shifts made in the frequency direction (lep{ to line up the spectra, are related
to y?B. The shifts in log[) are related td\7B, whereNr 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 indiatlspectra (logy) shifts
against logl) shifts), we can investigate the contributions of the abmemtioned quantities,
i.e., which quantities cause the spectra tedifrom region to region. The shift diagrams are
shown in Fig.9.15 For example, a slop& (og (I)/d1og (v)) of +1 indicates mainly variations
in the magnetic field strength, a slope of infinity indicateasity variations, and a slope of zero
energy variations. If every line of sight samples the samgsighl conditions (i.e., the same
magnetic field, path length through the source, number afividtic particles at some fiducial
low energy), then ageing alone would give a slope equal tofeetion spectral index. The idea
is that for spectral ageing you need to shift in leg$pace to match up the break frequency,
but then the spectrum will fall below the initial power-lamjéction spectrum, so a shift (up) in
log (1) is also required.

We find slopes 0f0.83 and-0.67 in the shifts diagrams for B1 and BB3, respectively.
We did not include the first three (B1) and two (B23) points for fitting the slope. This because
the log ()-shifts for these points ardfacted by the reduced surface brightness at the outer edge
of the relic, see Sec®.5.2 The slopes are close to the injection spectral indicesdd to —0.7
we found from the color-color diagrams. The slope for B1 d&®s a little more, but overall
the shift diagrams indicate that spectral ageing is likbly dominant factor in explaining the
different spectral shapes from region to region. Apparentyntagnetic field and total number
of number of relativistic electrons remain more or less tamsfor the dfferenta s regions.

9.6 RM-synthesis & polarization maps

9.6.1 Polarization maps

The distribution of the polarization E-vectors at 4.9 angB82. GHz are shown in Fid.16 In
the 4.9 GHz map, we find the relic to be polarized over its eréngth (in the region with
suficient SNR). The E-vectors are mainly perpendicular to thie'serientation, except at the
eastern end of B1 (where the relic bends and is connectee imtar eastward extension B2).
The polarization fraction across the relic varies betwe@arid 60%, where it can be measured.
At the front of B1, the polarization fraction is mostly bewvel5 and 30%, while at the front
of B2 the fraction is 50% or higher. In the 4.9 GHz map we camledérmine the polarization
fraction for B3 because the attenuation of the primary belishould be noted that the spatially
averaged polarization fractions are lower.

At 1382 MHz the polarization fraction drops significantly 81 and B2, compared to at
4.9 GHz. For region B3 we measure a polarization fractionigh hs 40%, while for the
brightest part of B2 it is about 5%, and for B1 it drops below.1¥he average polarization
fractions and depolarization properties for relic B arectdiégd in Sect9.6.3

9.6.2 RM-synthesis

Faraday rotation changes the intrinsic polarization afygjedepending on the wavelength)(
or frequency of the radiation. The Faraday dethi¢ related to the properties of the plasma
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Figure 9.12: Normalized radio spectra for relic B1 (top) @@kB3 (bottom). Each spectrum cor-
responds to a region from the spectral index map whege— 0.05 < @t < apr + 0.05, with

aret = —0.65,-0.75,...,-1.85 for B1, anda,es = —0.75,-0.85,...,-1.65 for B2+B3. The spectra are
plotted invlog (I) — log (v) space to emphasize theldrences between the spectra. First order polynomial
fitsin log (I) — log (v) space are shown by the solid lines to emphasize possibiatdes from power-law
radio spectra. Colors correspond to thffatienta,; 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-B23 (right). Black data points are from the spectra
displayed in Fig9.12 The solid black (slightly curved) line is a JP model with; = —0.6, the dashed
black line a JP model with;,; = —0.7, the dash-triple-dotted line a KP model with; = —0.6, the dotted
line a Cl model withei,; = —0.6, and the dash-dotted line a KGJP model with = —0.7. The grey
data points are for the same data as the black points, exweptaps were smoothed with a’6BWHM

Gaussian. The5;) = eZ372line is also shown for reference.
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Figure 9.14: “Global” radio spectra for B1 (left) and BR3 (right). The spectrum for each.s spectral
region from Fig9.12has been shifted in log)- log (v) space to create the “global” spectral shape. Fourth
order polynomial fits through these data points are showrhbysolid thin black lines. JP (dashed), KP
(dotted) and KGJP (dash-dotted) models are also plotted.cdlor coding, based on theger regions, is

the same as in Fi@.12
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Figure 9.15: Shifts in logl{ — log (v) space, for B1 (left) and B2B3 (right), needed to line up the radio
spectra displayed in Fi@.14 A line is fitted through the data points, excluding the firsee (B1) or two
(B2+B3) points. Color coding for thes regions is the same as in Fig12
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Figure 9.16: Left: WSRT 4.9 GHz polarization E-vector mapotal polarized intensity is shown as
greyscale image. Vectors depict the polarization E-vectbeir length represents the polarization fraction.
The length of the E-vectors are corrected for Ricean Bi¢ardle & Kronberg 1974 A reference vector
for a polarization fraction of 100% is shown in the bottont kfrner. No vectors were drawn for pixels
with a SNR< 3 in the total polarized intensity image. Contour levelsdravn at [14, 16,64, ...] X 30 ms
and are from the Stokes | image. The beam size0$ ¥ 4.7” and indicated in the bottom left corner
of the image. Right: WSRT 1382 MHz polarization E-vector maptal polarized intensity is shown as
grayscale image. No vectors were drawn for pixels with a SINRin the total polarized intensity image.
Contour levels are drawn at,[4, 16,64, ...] x 30yms and are from the Stokes | image.
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casing the Faraday rotatioBirn 1966 Brentjens & de Bruyn 2005

telescope

o(r) = 0.81[ NeB - dr [rad m?], (9.4)
source

wheredr is an infinitesimal path length in parsec along the line ofiiB the magnetic field in

uGauss andh the electron density in cm. The sign is defined to be positive for a magnetic

field pointing towards the observer. The rotation measul$)(R defined as

dy (22
RM = XA(Z ) | (9.5)

If there is only one source along the line of sight (withouemal Faraday rotation), the
Faraday depth is equal the rotation measure (RM) at all veagghs. In other words, all polar-
ized emission is observed at a single Faraday depthhe observed polarization angle) (is
then

X =xo+pA%. (9.6)
In more complicated situations this relation is not validy(gvallee 1980 Sokoldf et al. 1998.
By expressing the polarization as a complex ve@ot per = Q + iU, with p the intrinsic
polarizationBurn (1966 showed that

P(1?) = f - F(¢)e?* dg , 9.7)

00

whereF(¢) is the Faraday dispersion function, i.e., the complex jmea surface brightness
per unit Faraday depth. E§.7is invertible if the intrinsic polarization anglg is constant as
function of A, thenF (¢) can be found by measuriri(1?)

F(¢) = I - P(1%)e 2% da? . (9.8)

o

With modern correlator backends, such as the one at the WBEBVIoA, P(1%) can measured
over a large number of frequency channelspdfi?> < 1, with 642 the channel width in wave-
length squaredrentjens & de Bruyr{2005 showed that EQ.8can be approximated as

N
F(¢) ~ K ) wpe2ei-1), 9.9)
i=1

with w; being some weights arifl a normalization factor

K = [iw) . (9.10)

i=1
An extra/lg has been added in the exponent in B@ by Brentjens & de Bruyrwho showed
that this results in a better behaved or rotation measusadgdunction (RMSF), with

2= w2

0= Zi’\ilwi , (9.11)
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and the RMSF given by

N
RMSF(@) = K Z wye 20U -15) (9.12)
i=1

BecauseP is not measured for every possiblﬁ, the true Faraday depth function is related to
Eq.9.9by a convolution

F(¢) = F(¢) * RMSF() . (9.13)

Depending on the sidelobe structure of the RMSF (which camadjested by choosing the
weightsw;) a brighter component can contaminate the response oéfainmponents it (¢)
and therefore deconvolution might be necessary. The amertiional deconvolution algorithm
which has been used is a simple extensiokldgbom(1974) RM-CLEAN algorithm to the com-
plex domain as described IBrentjeng2007), see alsdieald et al(2009. It works as follows

1. For a spatial pixel the maximum {ﬁ(¢)| is found and the location of the peak is stored
(¢Ppeay)-

2. If this maximum value is higher than a user defined fflutbe RMSF is shifted to the
location of the peakdpeay and a scaled version (i.e., using a gain of 0.1) is subtiacte
from F(¢). Since the RMSF is complex, a multiplication with a phasgdais needed
which depends on the phasel-affﬁpeak).

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

4. Steps 24 are repeated until a user defined threshold is reached puthber of iterations
has reached a predefined maximum.

5. Optionally, the clean components are restored with Ganssvith a FWHM matched to
that of the RMSF. The Gaussians are again shifted to thgiemive locationsgpeay, and
since this happens in the complex domain, multiplied by sehactor (i.e., the complex
part of the clean component). The restored Gaussians aeel aolthe residual from step
4. If there are multiple RM components within the beam it isvheer not a good idea
to reconvolve the spectra with the RMSF if one wants to ingest the depolarization
properties. This is related to the fact that the clean coraptsnare complex numbers and
can interfere with each othefférnsworth et al. 2091

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

The above described RM-synthesis technique works bettar linear fitting techniques
(e.g.,Ruzmaikin & Sokoldt 1979 Dolag et al. 2005Vogt et al. 200%, which break down
in low signal to noise regimes and do not apply to more comsgi@ations when E®.6is not
valid.

The RM-synthesis technique (i.e., E219) andRM-CLEAN algorithm were implemented in
IDL.



Section 9.6. RM-synthesis & polarization maps 195

9.6.2.1 Application to the L-band WSRT data

We performed RM-synthesis on the WSRT 25, 21 and 18 cm datg asibes of Stokes Q and
U images with a resolution of 40« 28", see also Sec®.2.2 These data give a sensitivity to po-
larized emission up to a maximum Faraday deptig@fl ~ V3/612 ~ 8.8x 10" rad nT2 (Bren-
tiens & de Bruyn 2005 The three bands provide a resolutionsef~ 2 v3/A1? = 88 rad m?,
with A2? = A2, — A2 the total bandwidth in wavelength squared. The maximumesical

¢ space to which the sensitivity has dropped to 50% is appméMn/A%in = 111 rad m?.

The RMSF is shown in Fi®.17 (left panel). Since the first sidelobe of the RMSF is about
65% of the main lobe, we used tR-CLEAN algorithm, cleaning down to a threshold of
0.12 mJy beamt RMSF. The distribution of the peak dF (¢)|, the so-called “rotation mea-
sure map” (or Faraday depth map), is shown in Big.7 (right panel).

We extracted the location of the peak in the Faraday defthy for all compact sources
within 0.5° radius of the cluster. In total for 17 sources we find an outksistant mean of
+11.7 + 3.0 rad n7?, clipping values more than two standard deviations awaw fitte median,
with the uncertainty the standard deviation of the mean efgifa.x distribution. This is in
agreement with the value of 11 rad-fnfrom Taylor et al.(2009 derived from NVSS data
measured over scales of.8 The |If(¢)| spectra for seven compact sources are displayed in
Fig. 9.18(left panel).

For the relic,¢peax values vary spatially from about53 to +55 rad 2. For B3, ¢peak is
about 10 rad 17, similar to the compact sources in the field. For B2, we find@nst gradient
from —10 to+55 rad m? from east to west. For BMpeakvaries between10 and-53 rad m?2.

The “clean component” spectra are clearly resolved, seeQFig(right panel).

Interestingly, thepyeak values for B1 and B2 deviate from the average galactic fonagyl
of +11.7 + 3.0 rad n7?, indicating that some of the Faraday rotation is probablysed by the
ICM. The ¢peak value for B3 indicates it is located in the cluster outskamsl the line of sight
towards it does not pass deep into the ICM. B2 and B1 seem tochésld progressively deeper
into the ICM of the cluster (or more behind it) given the larg@g.axdeviation from the galactic
foreground. Although the number of counts is low in the ROS#age (Fig.9.3), it is indeed

telescope

expected thafSource nedr increases from B3, B2, to B1.

9.6.3 The depolarization properties of the radio relic

Our observations show a significant decrease in the potamizBiaction towards lower frequen-
cies. There are several factors that can cause sucfiieant. &Ve rule out theféect of bandwidth
depolarization, as the frequency resolution of the obsiemais suficient to detected polarized
emission with a Faraday depth10* rad nT? using RM-synthesis. A second possibility is beam
depolarization due to multiple RM components within therbdapatially varying). These dif-
ferent RM components can be caused by variations of the niadiedd andor electron density.
The spatially averaged polarization fraction over B1 and€3&bout 13% at 4.9 GHz, 1.6% at
1714 MHz cm andc 1% at 1382 and 1221 MHz. We excluded B3 from the analysis ls&cau
the SNR is too low at 4.9 GHz due to the primary beam attenoatio

Two types of depolarizatioimternal andexternal have been identifiedurn 1966 Tribble
199)). Internal depolarization takes place within the radiorseutself, while external depo-
larization takes place in a medium between the source andbiserver, e.g., the ICM or mag-
netized plasma from our own galaxy. A simple case of intedeglolarization is for a uniform
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Figure 9.17: Left: RMSF from the 25, 21, 18 cm bands WSRT dHt. solid line is the overall amplitude
of the complex RMSF. Dotted line depicts the Real part of thSR and the dashed line the Imaginary
part. The FWHM of the RMSF is 88 radth Right: Faraday depth value of the peakFi(y). Contours
are from the WSRT 1382 MHz image and drawn at levels p8[%, 27, ...] x 0.225 mJy beart.
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Figure 9.18: Left: Gaussian restoreéH(¢)| spectra of compact sources. B3 0%822A solid

line, NVSS J06023#422811 (west component) dashed line, NVSS J060232811 (east com-
ponent) dash-dotted line, and NVSS J0602482045 dotted line, NVSS J060404622125 dashed
line (1 mJy beam' RMSF! offset), NVSS J060416422110 (south component) solid linefiget),

NVSS J060416422110 (north component) dashed-dotted liné's@t). The high “residuals” for
B3 0559+422A are an artifact due to remaining calibration errorsghRi |F(¢)| spectra, consisting of
clean components, extracted at threfedent positions from relic B. The positions are indicatedtisy

circles drawn in Fig9.17(right panel). Dash-dotted line: position B3, dashed lipesition B2, and solid
line: position B1 (see also Fi§.3).
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magnetic field and electron density within the source. Ia #fialb modelBurn 1964, the frac-
tional polarization as function of is given by a sinc-function. From this, the extent in Faraday
depth of the source can be estimated. Observations inditatt¢he uniform slab model does
not fit the data for the radio relics in A2256 and the Coma elu@rentjens 2008Pizzo 2010.

For B1 and B2 there is a clear trend of depolarization towhigiseri?. The only way to get
depolarization as a function of wavelength is to have migtifiM components within the beam,
either across it or along it — external —, or mixed with thechyotron emitting plasma — internal.
Therefore, the Faraday spectrum must be resolved wheles#er is depolarization. In practice,
because of the finite width of the RMSF, it may not always besinds to see these multiple RM
components, even though they are depolarizing. In the dd&dt and B2, the spectra are indeed
clearly resolved, consistent with the high amount of defipdéion found for these regions. It
cannot be directly determined whether this is due to bearolddpation (spatially varying RM
components) or due to multiple RM components along the lingght. In the first case, the
depolarization should vanish when going to high enoughiapagsolution. The fact that the
RM varies spatially from beam to beam across B1 and B2 makesytlikely that at least a
significant part of the depolarization is indeed caused bégpolarization.

The trend from east to west over the relic of (i) a lar@ggsax deviation from the galactic
foreground, and (ii) an increasing depolarization towdridgher 12, suggest that most of the
depolarization is probably due to the ICM of the clusterlitaad not due to internal depolar-
ization.

9.7 Discussion

The complex diuse radio emission and extended X-ray emission give stropgast for the
fact that the cluster is currently undergoing a merger evéhere are however a few puzzling
aspects to the ffuse emission in this cluster. The linear extension of relitbBhe east is
quite peculiar. Usually shock surfaces are curved and ngt lirear over distances of more
than a Mpc (e.g.Hoeft et al. 2008Battaglia et al. 2009Vazza et al. 2009Skillman et al.
2011). The ongoing merger event for 1RXS JO6034214 is probably more complex than the
“simple” binary merger events that are thought to give risesymmetric double radio relics
(e.g.,Roettiger et al. 1999aan Weeren et al. 2011aDeep X-ray observations will be needed
to investigate whether the relic is indeed associated with s linear shock front.

Relic E could also trace a shock wave with DSA, given its laageent and relatively flat
integrated spectral index. The nature of relic D remaindaarcits small size and morphology
would suggest a radio phoenix scenario, but the integrgtectsal index of-1.10+ 0.05 is not
consistent with this interpretation. Higher-resolutidiservations{ 1”) would be helpful to
better delineate the morphology.

An interesting point is the relation between relic B and tadio halo C. The radio halo
is located directly south of B1, the brightest part of relicTBe halo and relic are connected
by a region witha < -2, but then the spectral index flattensato~ —1.2 and increases a bit
towards the center of the halo. We speculate that reldtivistrticles, previously accelerated
at the shock front, are re-accelerated due to merger induckdlence and then form the radio
halo. Another interesting feature of the halo is the incedasurface brightness at its southern
end. Why does the surface brightness increase here? Fomgy lwluster merger event one
expects two shock waves to form traveling diametricallyarts (e.g.Roettiger et al. 1999a
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If relic B traces the main shock wave one could also expectargbshock waves at the south
side of the cluster center. This could be the region of irmedaurface brightness at the southern
end of C. Although, this remains somewhat speculative, laészause the merger event seems
to be complex given the peculiar linear extension of relicBay observations could reveal
whether the south part of radio halo C is associated with akstbregion with a higher ICM
temperature.

There is also a possibility that source C is not a radio halb abother relic seen close to
face-on, because the surface brightness does not cleaityapthe location of the ROSAT X-ray
peak. However, the radio power of source C is in agreemetit thé Lx—P; 4, correlation.
Also, the brightness distribution over C is regular and esitnooth, which argues against a
relic interpretation. Relics are often composed of sméill@mentary structures (e.glarke &
Ensslin 2008. We note that source C is somewhat similar to thfeude emission seen between
the relics in CIZA J2242.85301 {yan Weeren et al. 2030

9.7.1 Relic spectra

The analysis of the radio spectra for radio relic B are caestswvith the existence a two global
spectral shapes, one that describes the spectrum for theaghand one for the west part. This
because it is possible to line up all radio spectra onto desisttape with shifts along lodj(and
log (v).

The spectral shapes of the west (B1) and east-@88) regions only dier in regions in
the spectral index map with < -1.4 (e.g., see Fig9.13. At the front part of the relic we
find power-law radio spectra, consistent with an injectipadiral index of~0.6 to —0.7. The
injection spectral index is also consistent with the totéé¢grated spectral index efl.1, i.e.,
the integrated spectral index should-b&5 units steeper than the injection spectral index (e.g.,
Miniati 2002 Bagchi et al. 200pfor a simple shock model (with the properties of the shodk no
changing over time). We also find that the shape of the radiotspare mostly governed by the
effects of spectral ageing, by looking at the shifts made toalig all individual spectra to the
global spectral shape (see Sexb.4.]). Changes in the magnetic field, total electron content,
or electron energy (except energy changes due to ageing)td®em to play a major role.

The observed radio spectra are not consistent with a JP njwtah consists of a single
burst of injection and spectral ageing). Instead, we findtta KGJP model, which consist of
a sum of individual JP spectra withftirent amounts of ageing, provides a good match to the
spectrum of the east part of the relic. This can be thoughs ofi@ing of emission, most likely
because of projectionfiects. For the west part of the relic (in the regions with tleegest
spectral index), we find deviations from the KGJP model. Wecafate that additional mixing
of emission takes place here, or the spectra are contardibgtine emission from radio halo C
(although we attempted to subtract this emission).

The KGJP spectra indicate that (1) at the front of the relicsee freshly injected radio
plasma, giving a power-law spectrum. Little mixing of enosstakes place here. (2) For the
middle part of the relic (the region0.9 < a < —1.1 from the spectral index map), we observe a
mix of radio aged radio plasma and freshly injected radispla For the back part of the relic
(the region withe < —1.1), we see a mix of aged radio plasma, but no freshly injeclzshpa.

Mixing of emission thus seems to be an important factor deiténg the spectral shape.
This suppresses spectral curvature and pushes back tlespatitra to power-law shapes. It is
therefore crucial that thisfiect is considered. The lack of spectral curvature doesfireraot
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directly imply spectral ageing is not important.

An injection spectral index 0f0.6 in combination with DSA, implicates a Mach number of
4.5, surprisingly high. These Mach numbers are rarely seemninlations of cluster mergers.
Instead of DSA, another possibility is shock re-acceleratif fossil electrons. In practice, these
radio spectra will probably be indistinguishable from D3afkevitch et al. 200p

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

An alternative explanation for radio relics, based on asdaoy cosmic ray electron model, has
been proposed bigeshet(2010. This model predicts a spectral index-ef at the front of the
relic. We do not observe this, although there is a hint of eespectral index at the front of B1
at some places in the 325-610 MHz spectral index map. Howthisrcould be an artifact, as
edge pixels is the spectral index map are not reliable. Alsed steeper regions are smaller than
the beam size. We do not find indications of magnetic field gbaracross the relic from the
shifts needed to align up the spectra from individual regiddn the other hand, in the images
we see a morphological connection between the radio retidato, these halo-relic “bridges”
are included in the model frokeshet(2010.

EnBlin & Gopal-Krishng2001) andEnflin & Briiggen(2002 proposed that (some) radio
relics could be the result of adiabatically compressedilfosdio plasma due to a shock wave.
This could boost the radio luminosity by about two orders afimitude. The question is whether
the large relic in 1RXS J0603+3214 can be explained in this way. The modeErf3lin &
Gopal-Krishna2001) consist of five phases: (1) injection by a radio galaxy, (@ansion of
the radio cocoon, during this phase the cocoon becomeseaatdbte, (3) the “lurking”-phase,
when pressure equilibrium is reached and the volume of tlkeao remains constant. Due
to significant adiabatic losses most of the electrons residew energies which reduces the
radiation losses. The losses can be further reduced by anlagnretic field. (4) Adiabatic
compression of the cocoon, the radio emission is boostetllsecomes visible again and the
break frequency moves upwards. (5) The radio emission fagtag due to synchrotron and IC
losses.

In the case of 1RXS J0603:3214, the fossil plasma should be quite ald 1 Gyr) as it
takes a considerable amount of time for a radio galaxy to novee a distance of 2 Mpc and
dump the radio plasma. The change in the break frequencytfieradiabatic compression is
(Giacintucci et al. 2008

vafter 2
bl:arf';re ~ 5M4 ! ' (9'14)
Ybrk

Adopting a reasonable value fﬁﬁjme = 50 MHz for 1 Gyr old fossil radio plasma (e.g&nRlin
& Gopal-Krishna 200}, we would need aV > 8 shock to push/g‘;‘fr above 4 GHz. For more
realistic Mach numbers oM < 4 we should thus observe steep and curved radio spectra. This
contradicts the flat spectral indices ®f= —0.6 we find and the straight power-law integrated
radio spectrum.

Only in the unlikely scenario that the plasma is about 0.1@grbefore it is compressed by
the shock, the break frequency could be pushed up to a few Bldzalso note that to produce
a spectral index gradient a high mass load is required, whimld allow the shock wave to
successively compress the radio plasma. In the case of anaghk load due to undetectable
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cool gas, a shock forms and the adiabatic gains are restritte to the limited compression
factor of such a shock wav&(Rlin & Gopal-Krishna 2001

9.7.3 Magnetic field

The RM for the west part of the main relic (B1) deviates from tbreground RM, determined
from compact sources in the field around the cluster. Thigestg that the west part of the relic
is located deeper into the ICM, also consistent with the éigtmount of depolarization found
for that part of the relic. A constant magnetic field giGaussne = 1 x 104 cm2 and a path
length 500 kpc, will give a Faraday depth of about 40 rad.rithe observed dlierence of about
60 rad n72, compared to the galactic foreground value, suggests tvetiehigh magnetic field
(B > 1 uGauss). Also because the magnetic field topology is likelyerammplex, 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 asegmminimum energy den-
sities in the relics (e.gGovoni & Feretti 2004 and using the same procedure as described in
van Weeren et a(20090. We takek = 100, i.e, the ratio of energy in relativistic protons to that
in electrons, 250 kpc for the deptt)(along the line of sight, a spectral index-€0.6, and a
surface brightness of 0.205 mJy arcSeat 610 MHz. We use low and high energy cffi$o(ymin
andymax With ymin < ¥max) instead of low and high frequency ctite Beck & Krause 2005
Brunetti et al. 199, giving the so-called “revised” equipartition magneticesgth @;,). For
¥min = 100 this givesB,, = 9.2 uGauss. If we takgmin = 5000 we geB, = 7.4 uGauss. The
revised equipartition magnetic field strength scales witi K)*/G-).

The polarization and equipartition results indicate atietdy high magnetic field strength.
These relatively high values have also been found for o#dersrbyFinoguenov et al(2010);
van Weeren et a(2010 using limits on the IC X-ray emission or modeling the radibrightness
profile.

9.8 Conclusions

We presented detailed GMRT and WSRT radio observations efrdyndiscovered cluster of
galaxies az = 0.225. We find the cluster to host three radio relics and alsastgi2 Mpc radio
halo. The radio power follows thHex—P1 4cH, correlation for giant radio halos. The extended X-
ray emission and complexftlise radio emission indicate we are withessing an ongoirggeriu
merger event.

The WSRT observations reveal that the front of the relicgghyi polarized, with a polariza-
tion fraction of up to~ 60% at 4.9 GHz. At lower frequencies (in the L-band), the poéion
fraction drops considerably, as has been seen for othestuelies relics, e.g., in A2258(en-
tiens 2008 and A2255 Pizzo et al. 201l The observed depolarization and Faraday depth
suggest that the west part of the main relic is located ddaafmethe ICM of the cluster. Using
equipartition argument we find a high magnetic field stregtibout 7-Q:Gauss for the bright
relic.

For the radio halo we find a spectral indexaof —1.15+ 0.06. The spectrum for the bright
radio relic is a power-law between 74 MHz and 4.9 GHz with —1.10+0.02. If this relic traces
a shock, where particles are accelerated by the DSA mechathien the injection spectral index
of —0.6 would imply a Mach number of.8. The spectral index steepens systematically across
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the width of the relic from about0.6 to ~ —2. For the bright western part of the relic we
can trace the spectral steepeningrtec —2.5. The radio spectrum at the front of the relic has
a power-law shape withr = —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 &iftl diagrams Katz-Stone
et al. 1993Katz-Stone & Rudnick 1994and divided the relic into an eastern and western part.
Both parts were further divided into smaller regions basethe spectral index map in Fi§.9
(left panel). We found that the individual radio spectra acle region could all be lined up.
This implies the existence of a single global electron epéigtribtuion. The shifts needed to
align up the individual spectra, indicate that spectralagis the dominant factor explaining the
changes in the spectra from one region to another. Changles magnetic field, total number
of electrons, or adiabatic expansioompression do not seem to be important.

In addition, we find evidence for mixing of radio emissionhdifferent amounts of spectral
ageing within the beam. The amount of mixing increases away the front of the relic. A so-
called KGJP model (see Se#6t5.1), which can be thought of as a mix of spectra witffefient
ages, describes the global spectral shape for the eastffhg elic. For the west part of the
relic, in particular the region with the steepest spectrdék, we find a small deviation from this
shape, possibly because the amount of mixing increases here

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

We conclude that the color-color and shift diagrams proadeowerful tool to constrain
physical conditions that shape the radio spectra. In thedutve plan (i) to expand the color-
color analyses to smaller regions, by obtaining higherlutism maps, (ii) increase the fre-
guency range tec 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 brighktic), the results favor a scenario
where particles are accelerated or re-accelerated in & sBocprising and somewhat puzzling
is the high Mach number of 4.5, shocks with these Mach numhetisister are rare. A crucial
test would be the to measure the Mach number directly fronjuttme conditions and compare
this with ainj. Deep X-ray observations of this cluster will also be neddembnstrain the merger
scenario and determine the dynamical state of the cluster.
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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 andxgajeoups. These merg-
ers create shock waves within the intracluster medium (I@M} can accelerate particles to
extreme energies. In the presence of magnetic fields, iskiti electrons form large regions
emitting synchrotron radiation, so-called radio relicehid the shock front, synchrotron and
inverse Compton (IC) losses cause the radio spectral imdeeépen away from the shock front.
In a binary cluster merger, two shock waves are generatechwhove diametrically outwards
along the merger axis. Two radio relics can then form on bitéssof the cluster center. An
example of such a cluster is CIZA J22423801, where very clear spectral steepening in the
downstream region is observed. The main relic has a totahewtf 1700 kpc, while its width is
only 55 kpc. Together with the high observed polarizati@tfion, this implies the relic is seen
very close to edge-on which makes it easier to constrain #grgen geometry. Here we present
hydrodynamical simulations of idealized binary clustergees with the aim of constraining
the merger scenario for this cluster. From our simulatioves find that CIZA J2242.85301

is probably undergoing a merger in the plane of the sky (lesa L0 from edge-on) with a
mass ratioll; : My) of about 2 : 1, and an impact parameted00 kpc. We find that the core
passage of the clusters happened about 1 Gyr ago. We cortlcatatouble relics relics can set
constraints on the mass ratios, impact parameters, tinessead viewing geometry of binary
cluster mergers, which is particularly useful when dethXeray observations are not available.
In addition, the presence of large radio relics can be usedristrain the degree of clumping in
the outskirts of the ICM, which is important to constrain Bayon fraction, density and entropy
profiles, around the virial radius and beyond. We find thattiglitude of density fluctuations,
with sizes ofg 200 kpc, in the relic in CIZA J2242486301 is not larger than 30%.

R. J. van Weeren, M. Briiggen, H. J. A. Rbttgering and M. ioef
Monthly Notices of the Royal Astronomical Soci@@11, in press
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10.1 Introduction

Radio relics are diiuse, steep-spectrum radio sources found in merging galastecs. They
have been divided into three group&@mpner et al. 2004 radio gischt, radio phoenix and AGN
relics. Here we will only be concerned with so-calledlio gischtrelics, these are elongated
arc-like radio sources with sizes of up to 2 Mpc (eEmsslin et al. 1998 They are mostly found
in the outskirts of galaxy clusters. Recent observations lgaven support to the hypothesis that
they trace shock fronts in which particles are acceleratedhe difusive shock acceleration
mechanism (DSAKrymskii 1977 Axford et al. 1977 Bell 1978ab; Blandford & Ostriker
1978 Drury 1983 Blandford & Eichler 1987 Jones & Ellison 1991Malkov & O'C Drury
200).

A particularly interesting “class” of radio gischt are trealled double-relics. In this case
two relics are diametrically located on both sides of thestgucenter (e.g.,Bonafede et al.
2009h van Weeren et al. 20090enturi et al. 2007Bagchi et al. 2006Rottgering et al. 1997
van Weeren et al. 2018rown et al. 2011van Weeren et al. 2011Bagchi et al. 2011 These
double relics are very rare, with only about ten known soHlwever, most of them were found
in the last few years suggesting that more of them await desgpespecially with future deep
radio surveys. Large cosmological simulations that ineluadio emission from shocks, also
indicate that double radio relics are more common (&gillman et al. 2011Battaglia et al.
2009 Hoeft et al. 2008

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

An example of a cluster hosting a double radio relic is CIZR42.8+5301 an Weeren
etal. 2010. The cluster is located at= 0.1921 and has an X-ray luminosity 08 10* ergs?,
between 0.1 and 2.4 ke\K@cevski et al. 200y With this X-ray luminosity the total mass of
the cluster is roughly 5 x 10*M,, (Pratt et al. 200p In van Weeren et a[2010 we presented
Westerbork Synthesis Radio Telescope (WSRT) and MetreRadio Telescope (GMRT) ob-
servations of this cluster that showed the presence of aressjve double relic system. In the
north of the cluster, a large radio relic is found with a taaient of 1700 kpc (we did not in-
clude the patch of emission at RAR222™ 20°, Dec+53° 08 45”). To the south of the cluster
center a second fainter relic is found with an extent of 146 KThe relics are located along
the major axis of the elongated X-ray emission from the ICMijlevthe relics themselves are
orientated perpendicular to this axis. This configuratioexpected for a “clean” (i.e., a merger
event without much substructure) binary merger event irctvishock waves are propagating
diametrically outwards to the north and south. Within theckhparticles are proposed to be
accelerated by DSA. The relics are separated by a distan28 dflpc. The northern relic is
strongly polarized at 4.9 GHz, with a polarisation fractadn- 50%. The polarization magnetic
field vectors (corrected for thdfect of Faraday rotation) are parallel to the major axis of the
relic. The magnetic fields are thus mainly orientated withimplane of the shock wave and the
relic must be seen close to edge-&méslin et al. 1998 We also observe clear steepening of the
radio spectrum (with the spectral index changing fre@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, sthe width of the relic. Between
the two relics additional diuse emission is found, which is also seen in a deep 150 MHz GMRT
image fan Weeren et al. 201}d

However, there are still quite a few puzzles that surroudébreelics, such as:

e Which processes accelerate electronsfRoiently at relatively low Mach numbeM ~
2 —4) shocks?

e What produces the magnetic fields inside relics?
e Why do some relics have very sharp edges while others appeafuzzy?

e Under which conditions do relics form? When do we see singtevehen double relics?

Many of these questions touch physical processes that amypmderstood, such as dif-
fusive shock acceleration and magnetogenesis in collessrshocks, and relate to regions of
the cosmos of which we know very little. At the same time, kiuts of galaxy clusters have at-
tracted considerable interest for cosmology as they arerged primarily by simple gas physics
and gravity and much less by complicated processes suctliativa cooling, star formation and
AGN feedback. However, information about the peripheryalbgy clusters is scarce. Recent
X-ray observations with Suzaku have measured surfacetnegh profiles out to the virial ra-
dius for a number of nearby clusteBautz et al. 2009George et al. 20QReiprich et al. 2009
Hoshino et al. 2010Simionescu et al. 20)1 The results indicate significant deviations from
extrapolated profiles of the gas mass fraction which area@ix@ll by an increased clumpiness
of the ICM that occurs on scales of several 100 kpc or smallethe cluster outskirts areftlr
cult to access via X-ray observations owing to the low swtagghtness at large cluster-centric
radii, important information may be derived from radio eslwhich illuminate the outskirts of
merging galaxy clusters.

In this paper we will describe simulations with the aim ofamstructing the merger event
of the cluster CIZA J224285301. In particular we will focus on the mass ratio and impact
parameter of the merger and how they can be constrained frephiservations and simulations.
We further attempt to infer properties of the ICM at distabeyond the virial radius from the
observed features of the radio relics, such as the morphaloifpe emission.

In Sect.10.2we will shortly discuss previous work on idealized modelgloster mergers,
and in Sect10.3we describe the method and adopted initial conditions. Ehisllowed the
results in Sectsl0.4and10.5 We end with a discussion and summary in Sebs6and10.7.

10.2 Overview: Simulations of galaxy cluster mergers

Numerical simulations of idealized binary galaxy clustergers were performed Roettiger
et al.(1993; Schindler & Mueller(1993; Burns et al(1994h; Pearce et al1994); Roettiger
et al.(1997); Ricker(1998; Roettiger & Flore$2000); Ricker & Sarazin2001).

Roettiger et al(1993 simulated a head-on merger with a mass ratio of 8. The chigtere
modeled as King-spheres. They used a hybrid Hidhtoody code, simulating the hydrody-
namical component with the ZEUS-3D code on a nonuniform, gnidl the N-body component
with the Hernquist treecodéiernquist 198Y. Their simulation showed the development of a
single shock that reached a Mach numbef) (of more than 4. In addition the core of the main
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cluster was heated tox310° K. The simulated X-ray surface brightness was double peakdd
elongated parallel to the merger axBurns et al(1994h simulated the collision between the
Coma cluster and the NGC 4839 galaxy group using the sameasodescribed biroettiger
et al.(1993.

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

None of the works mentioned above included the baryonicritmriton to the gravitational
potential. Head-on equal mass collisions between clusters simulated biPearce et a(1994
using smoothed-particle hydrodynamics (SPH), includiathtibaryons and dark matteRoet-
tiger et al.(1997 used a PPNparticle-mesh code to simulate a collision intended torrgde
the cluster Abell 754 Roettiger et al(1999 presented the first three-dimensional numerical
magnetohydrodynamical (MHD) simulations of the magnettdfievolution in merging clus-
ters of galaxies, which they subsequently applied to mdaetibuble radio relics in Abell 3367
(Roettiger et al. 1999a They concluded that the radio structures arise from &tigft-axis
merger that occurred nearly in the plane of the sky approbaiya Gyr ago, with the subcluster
having a total mass of 20% of the primary clusteoettiger & Floreg2000 also modeled the
X-ray substructure seen in Abell 3266 as dfiaxis merger with a mass ratio of®: 1.

Ricker(1998 simulated df-center collisions of equal mass clusters using a PPM codiaman
isolated multigrid potential solver. They simulatefi-oenter collisions with 0, 5, and 10 times
the cluster core radius and studied how the virialisatiometiX-ray luminosity, and structure of
the merger depended on the impact parameter of the colligibay found that the increase in
X-ray luminosity due to the merger depends on the impactrpater of the collision Ritchie
& Thomas (2002 also reported that mergers can lead to large increaseslambtric X-ray
luminosities and emission-weighted temperatures. Caelscare completely disrupted by equal
mass head-on mergers, while for mergers with mass ratios:of 8he cooling flow restarts
within a few Gyr. For mergers with impact parameters of 500tk cool-core is not disrupted.
Ricker & Sarazin(2001) investigated cluster collisions, varying both the mas® r@nd impact
parameters. They found that merger events created laedetscbulent motions with eddy sizes
up to several hundred kiloparsecs.

FLASH (Fryxell et al. 2009 high-resolution N-bodfhydrodynamics simulations have been
carried out byZu Hone et al.(2009 to model the cluster Cl 0024L7, a proposed merger of
two clusters, with the interaction occurring along our lafesight. Also, gas sloshing initiated
by mergers with subclusters, and tHeets 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 byfakizawa(1999 2000; Takizawa & Naito(2000; Takizawa(2008). In Takizawa
(2008 N-body+ magnetohydrodynamical simulations were performed fronckvis was found
that cluster mergers cause various characteristic maygfielti structures. The magnetic field
component perpendicular to the collision axis is amplifigdH® merger which results in a cool
region wrapped by field linesMcCarthy et al.(2007) focussed on the generation of entropy
during cluster mergers ar&kahori & Yoshikawa(2010 investigated how the ionization equi-
librium state is &fected by cluster mergers. They report that the ICM signiflgateparts from
the ionization equilibrium state at the location of shocks.

Poole et al(2006 carried out a suite of SPH simulations of merger of clustdrase initial
conditions resembled relaxed cool core clusters. Theystiyated the &icacy of (i) centroid
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variance, (ii) power ratios, and (iii) X-ray surface brighsgprojected mass displacement to
qguantify the degree to which observed clusters are distlirBeom this it was found that the
centroid variance gives the best measure of the state dectsnd how far they are from virial
and hydrostatic equilibrium.

Cluster mergers can decouple the baryonic matter compdr@ntthe dark matter (DM)
which causes andfiset between the gravitational center (measured from Ighsind X-ray
center of the cluster. This was first observed for the “Builaster” (LE065%56,Clowe et al.
2009. Springel & Farrar(2007) presented hydrodynamical models of galaxy cluster merger
to reproduce the dynamical state and mass models (fromtgtiavial lensing) of the “Bullet”
cluster (LE065%56). They showed that the size of the spati@et between the baryonic peak
and mass is quite sensitive to the structural details of thrgimg systems. Thidtset was earlier
also found in numerical models Byakizawa(2006. Mastropietro & Burker(2008 presented
detailed N-bodySPH simulations of the system. They found that the X-ray rolggy is best
simulated with a mass ratio of 6 : 1 and an impact parametes@kbpc.

10.3 Numerical method

We used the FLASH 3.2 frameworkifyxell et al. 2000 for the simulations which includes
standard hydrodynamics and gravity. We did not include ffexts of radiative cooling, as this
is not very relevant for the spatial and temporal time scetesidered here. Furthermore, the
hydrogen number density was assumed to be related to thigoslemumber density asy =
0.6n.. We chose outflow boundary conditions. We simulated a bolx avgize of 55 x 5 Mpc.
A maximum of 6 refinement levels are allowed, resulting in ximam resolution of 3.25 kpc.
The minimum refinement level was set to 3 giving a resolutit®6okpc. The simulations were
run at this relatively low-resolution in order to study agar range of merger parameters.
For the gravitational potential of each subcluster we asstgdrostatic equilibrium and
spherical symmetry,
dp _ ks [T(r) dp(r)  dT(r)
—_ B | A )
dr umy | p(r) dlogr dlogr

whereT (r) andp(r) are the radial density and temperature profilasthe hydrogen mass, and
u the mean molecular weight (we adgpt= 0.6). We move the center of the gravitational
potential of the merging subcluster around the fixed paatofithe main cluster, ignoring the

interactions between the dark matter.

: (10.1)

10.3.1 Radio emission from shocks

We use passive tracer particles in the simulations to mdaetadio emission. At the start of
the simulation the particles are distributed proportidnahe density throughout the complete
computation volume. The advantage is that in this way easkiyatracer particle represent
roughly the same amount of mass which simplifies the normiidiz of the radio emission, as
the contribution from every particle can be simply addedkg. each tracer particle, 5 million
in total, we record the position, velocity, density and temgure as a function of time, writing
the results to disk every 30 10° yr. In order to create synthetic radio maps, we locate all
particles that have passed through the shock waves in thaation by looking at the variation
of the temperature as function of time for each tracer gdartit?Ve define a particle to have
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passed through a shock if the temperature between two sineesitputs spaced 3010° yr
apart increases by more than a factor of 1.5 (no radio ennissigenerated below this number).
For each particle that passes through the shock we then dertiuMach number/, using
Rankine-Hugoniot jump conditions and adiabatic ingex 5/3 (Landau & Lifshitz 1959,
compression ratio, entropy ratio, and the time since it lz@s@d through the shock. With these
parameters we compute the synchrotron emission at a gieguéncyv using the JP model
(Jafe & Perola 1973 taking into account the spectral ageing due to synchnaral IC losses.
We apply eq. 5 and 6 fror{omissarov & Gubanoy1994 and usdy = 0, see alsiardashev
(1962); Pacholczyk1970.

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

We takeBcvg = 4.6 uGauss the equivalent magnetic field strength of the CMB at
0.1921. To compute the radio emission the magnetic field is eete8ince we do not include
magnetic fields in our simulation we adopt constant valueti®magnetic field. The spectra
are then normalized using the method describetlbgft & Briiggen(2007), which takes into
account the @iciency of acceleration as function of Mach number. We stét & spectrum of
suprathermal electrons with a power-law distributigg) o« E~3, with E the energy. The index
s, with s = 1-2ap;, andain; the injection radio spectral index, depends only on the gesgion
ratio (or Mach numbery,, of the shock front:

r+2
= — 10.2
$=—7 (10.2)
and (e.g.Giacintucci et al. 2008
1 M+1
Tinj = z - m . (10.3)

We assume that a small fractigpof the thermal energy goes into the acceleration of elec-
trons Keshet et al. 2004 Furthermore, we take into account that the electrons céwy lze
accelerated to a finite maximum ener@y) (Keshet et al. 2003 The electron spectrum with
a smoothed high-energy cutk@s then given by

N & 152 5
dne _ ] neCopec eofi-g5) " ¢ e<Em , (10.4)
dE 0 : elsewhere
whereé'= E/mec?. The normalization consta@tpecgives the fraction of electrons Bt= MeC2.
Following Hoeft & Briiggen(2007), we assume that the thermal Maxwell-Boltzmann distri-

bution goes over continuously into the power-law spectréith@suprathermal electrondoeft
& Briiggen(2007 show that the normalization of the electron spectrum isigivy

u -1) 1
Cspec: ‘fe_d L M—

— , 10.5
c? me q Ispec ( )

whereuy is the downstream velocitg,the entropy ratio%y/S,) across the shock, and

00 é s-2
lspec= olééls{l—~ } . (10.6)

Emin ax
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The minimum energyemn = Emin/MeC?, is the energy above which electrons are considered to
be suprathermal. This results is an implicit equatiorHg#, that has to be solved simultaneously
with the normalization of the spectrum. We directly applg ttode fromHoeft & Briiggenfor

this.

10.3.2 Initial conditions

For the initial conditions we start with two spherically syratric (sub)clusters with masskh

and M, separated by a distande Subscript 1 always refers to the more massive cluster (i.e.
M1 > My). The density profiles of both subclusters are describedrnyes3-models Cavaliere

& Fusco-Femiano 1976

-3
r 2172

o0)=pol1+(£) } , (10.7)
wherepg the central density, the core radius. We decided to fixo 2/3 (e.g.,Bohringer et al.
2000 andpo = 2x 10726 g cn3 (0.02 particles per cf) for both subclusters. This value fog
is roughly the average of the values found@®spston et al(2008 for a sample of 31 clusters.
They found that the central densities did not show any chesardt 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|0g10 (M/10%*M,) [keV] . (108)
For the radial temperature distribution we use a polytrppatile (e.g.Pratt & Arnaud 2002
T(r) = Tavgp(r)™* (10.9)

with 7 = 1.1 andyt = 1.2 andTayg given by Eq.10.8 In addition we allow for a temperature
drop in the center of the cluster to simulate a relaxed cow ctuster (e.g.Fabian et al. 1991
Peterson & Fabian 2006The temperature decline is the central region is givenAte( et al.
200%; Vikhlinin et al. 2006

Teool(r) = Tx+1 X=

X+ Trin/ Tavg ( r )ac (10.10)

I'cool

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

Trun (r) = T(r)Teool(r) - (10.11)

For the merger scenario we follo®arazin(2002, where two subclusters merge at time
tmerge (the age of the Universe at the time of the merger). The twstets have a large initial
separationgdy. The value ofdy does not stronglyféect the merger because the infall velocity
approaches free-fall from infinity. If we assume that thestdus dominate the mass in the region
of the Universe they occupy

1/3 2/3
M;+ M t
do ~ 4.5( 1+ 2) ( merge

/
105M, 1010 yr) [Mpc] . (10.12)
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For CIZA J2242.85301 ¢ = 0.1921)tmergeis 110 Gyr.

To speed up the simulations the centers of the two subctuaterplaced at a distande=
2 Mpc from each other. This we definetas 0. The relative velocity between the clusters at
that starting point is given bgarazin(2002 as

1/2
1-4d -1/2
v~ 2030 MLt M2 "7 G d kmsY, (10.13)
10%Mg 4 _ (ab_)z 1 Mpc
0

whereb is the impact parameter of the collision. Using the startowgtion, initial velocities
and masses of the subclusters we move the center of theajiawél potential of the merging
subcluster 1) around the fixed potential of the “main” clusteM/{), ignoring the interactions
between the dark matter and treating the clusters as poissasa This fixes the subcluster’s
orbit around the main cluster. The point ¥, 2) = (0,0, 0) is defined by the center of mass of
the system. The gravitational acceleration of the gas wars ¢tbomputed using EG0.1

To reconstruct the merger that gave rise to the double ratdio CIZA J2242.85301, we
varied the mass ratio and impact parameter in the simulatiothe post-processing (to create
the radio maps) we also varied the viewing angle. The totasnad the two (sub)clusters
(M1 + My) was kept constant to.5x 10**M,. The values for. are fixed by the total mass of
the system and the required mass ratio (these are reporfatdhi@10.1). In Sect.10.6we will
discuss theféect on the simulations if we takeftBrent values fo8 andr.. For the default runs
we choseTyin/Tavyg = 1, i.€., No temperature drop in the cluster center. In Skt#.1.5we
discuss theféect of including a central cool core to the most massive sigbet. For all runs we
place the merger axis along the y-axis with the least massiger located at positive y-value
and the initial velocity (given by EdL0.13being in negative y-direction).

10.4 Results

The names and parameters for thatient FLASH runs are given in Tabl®.1 We start with

a description of the basic hydrodynamical quantities (thesity, temperature, and the velocity
field) from the simulations. We will discuss the results fanarger with a mass ratio of 2 : 1
and zero impact parameter (R21b0; see E@J), and for a merger with the same mass ratio
but with an impact parameter of 4r(4; R21b4), see Figl0.2

The R21b0 merger starts with the subcluster approachingntiia cluster. Two shocks,
with M ~ 1.15 att = 600 Myr, develop as the cores approach each other. Afterpassage,
att = 1.25 Gyr, a pair of stronger symmetrical shock waves form thatel diametrically
outwards in front of the two subclusters. The shock waveesse in size as the time advances,
although their Mach numbers decreaset At1.95 Gyr the maximum Mach numbers are about
3.1 and 2.3 for the top and bottom shock waves, respectivdly. = 2.28 Gyr the two shock
are separated by 2.8 Mpc, as is the case for the double rali€3ZA J2242.85301. The
Mach numbers at this time have decreased to abguazd 22, for the top and bottom relics,
respectively. Thus, the most massive cluster with the Eirgre radius develops the largest (and
slightly stronger) shock wave in front of it after core pagsaThe velocity field at = 2.3 Gyr
is shown in Fig10.3(left panel).

Mergers with dfferent mass ratios, ranging between 1 to 5, show a similammgicThe size
and strength of the shock waves depend on the mass ratioh(\iwhiarn determines the core
radii of the subclusters). In collisions with a larger maassorthe shock waves in front of the
less massive subcluster reduces in relative size and $itreng
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A 2 : 1 merger with an impact parameterlof= 4r.; (R21b4) develops two asymmetric
spiral-like shock waves, and again the two shocks hafferént sizes depending on the mass
ratio used. The amount of asymmetry deepens on the impaaingder. The Mach numbers
across these asymmetric shocks decrease more slowly oeftteide of the merger axis. At
t = 2.1 Gyr the maximum Mach number is about 2.9 and 2.2 for the taplaoitom shock
waves, respectively. This decreases to about 2.7 and 24 2¥ Gyr when the two shocks are
separated by 2.8 Mpc. The velocity fieldtat 2.4 Gyr is shown in Fig10.3(right panel).

10.4.1 Radio maps

In this section we present the simulated radio maps for aerahgnass ratios, impact parame-
ters, viewing angles and radial dengigmperature profiles, and compare them to the observed
WSRT radio map at 1382 MHz. To create the radio maps, we iatedrthe radio emission
from each tracer particle that passed through the shoclgdlmnline of sight. All radio maps
are normalized to the peak flux in the simulated map and aregrad with a 2-dimensional
Gaussian of 5& 40 kpc to match the resolution of the WSRT image. This smaogtis also
needed as the radio emission is computed using a discretieanohparticles with insfiicient
sampling to create images at the resolution of the hydrd-dfor making the radio maps, we
assumed a constant magnetic field strengtB ef5.0 uGauss, segan Weeren et a(2010.

It takes about 1.0 Gyr for the two relics to be separated b8 after core passage. This
number varies very little for mass ratios between 1.5:1 ahdRor impact parametebs> 0 kpc
the time since cores passage only increases slightly tadbbGr forb = 5r¢; (e.g., Fig.10.3.
Therefore, the time since core passage does not depend mubb adopted initial conditions
such as the mass ratio and impact parameter. However, tiestime core passage will also
depend on the adopted total mass of the system and on thertomeeorofile, since thisfiects
the sound speed. Detailed X-ray observations would be tidipfe 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 antl. ¥he mass ratio (which also
set the core radii)féects the size of the two outwards moving shock waves after gassage.
The resulting radio maps for mergers with fouffeient mass ratios are displayed in Fig.4
and the largest linear extent of the relics are listed in dd8.2 The radio maps display a
double relic system, with the front of the two relics tracthg shock waves. Towards the cluster
center and the leftight edges of the relics, the surface brightness decreddss size of the
shock waves (thea > 2 part) directly reflects the extent of the relics in the radiaps.

We compare the synthetic radio maps to the observed 1382 MBRWnap. The observed
and synthetic maps are aligned by eye to the bright nortreimin CIZA J2242.8 5301, by
simple translation and rotation. With a visual comparisod the taking into account the sizes
listed in Table10.2 we find the best match between the observed and simulatedmags for
a mass ratio around 2 : 1 to5Ll: 1 For more equal mass ratios the bottom relic increases to a
size that is larger than the observed size. The oppositesmadpr larger mass ratios. When we
compare the simulated radio images with the temperatureimfaig. 10.3(left panel) we note
that the relic emission does not trace the full extent of theck waves. This is a consequence
of the non-linear relation between the Mach number and niizaten of the radio spectrum,
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Figure 10.1: Temperature and density evolution for a 2:1gerewith zero impact parameter. The images display the teatyre at a slice = 0, while
the white contours follow the density. The density cont@nesdrawn at levels of lqg(o([g cm™®]) = [-27.9,-27.8,-27.7,.. .
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Figure 10.2: Temperature and density evolution for a 2:1gerewith an impact parametér= 4r.;. The images display the temperature at a stiee0,
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Table 10.1: List of simulations with their defining parantste

run mass rati® impact parameteb] r¢1, rc2 Tavgts Tavgz WS comment

M : My kpc kpc, kpc  keV, keV kmg
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 48,3.1 -926
R31b0 3:1 0 145, 80 5.0,3.0 -944
R21b0.5 2:1 ., = 67 kpc 134,90 4.7,3.3 -922
R21b1 2:1 1.1 =134 kpc 134,90 4.7,3.3 -921
R21b2 2:1 2., =268 kpc 134,90 4.7,3.3 -916
R21b3 2:1 8.1 =402 kpc 134,90 4.7,3.3 -908
R21b4 2:1 4.1 =536 kpc 134,90 4.7,3.3 -897
R21b5 2:1 Bc1 =670 kpc 134,90 4.7,3.3 -883
R21b(0.5 2:1 0 82.6,90 4.7,3.3 -922 B =05
R21b(0.75 2:1 0 162.5,90 4.7,3.3 -922 B =075
R21b0cc 2:1 0 134,90 4.7,3.3 -922 cool corkfor cluster 1
R21b0ss (A0.2,4 =100kpc) 2:1 0 134,90 4.7,3.3 -922 substructure
R21b0ss (A0.3,4=75kpc) 2:1 0 134,90 4.7,3.3 -922 substructure
R21b0ss (A40.3,4 =150kpc) 2:1 0 134,90 4.7,3.3 -922 substructure
R21b0ss (A40.3,4 =200kpc) 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

SINsay 0T UONJSS

2 subscript 1 refers to the most massive subclusfer M, = 5.5 x 101 M,
b Tmin,l/Tavgl =03, lcooll = 50 kpC and Acooll = 2
¢ starting velocity in y-direction for the least massive tdu (Eq10.13

GT¢e
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Table 10.2: Relic sizes

top relic  bottom relic
ClIZA J2242.85301 1700 1450

run R1.51b0 1730 1570
run R21b0 1670 1220
run R2.51b0 1680 930
run R31b0 1690 660

discussed in Sectl0.3.1 Below M ~ 2 there is no observable radio emission generated.
Another reason for the gradual disappearance of the rad&s@mn at the righteft edges of the
relics is that the amount of projected shock surface aloadjiie of sight decreases.

10.4.1.2 Impact parameter

Taking the 2 : 1 merger event, we varied the impact paransteri-ig10.4 As discussed in the
beginning of Sect10.4 two asymmetric shock waves develop, breaking the cylisgametry
(or reflection symmetry in the resulting image) around thegeeaxis. The variation in Mach
number across the shock front and the amount of projectezkshwface along the line of sight
cause the radio emission to fade away more slowly on one ditteeaadio relics. Integrated
brightness profiles for the top relic across the y-axis aosvshin Fig.10.5(top panel). The total
extent of the relic decreases by about 10% filme 0 kpc tob = 5r¢;.

The CIZA J2242.85301 relics are more or less symmetrically located alongthposed
merger axis, although the brightness profile at the east &ildeonorthern relic is not well
determined because of a bright compact radio source atobagibn. To obtain a better match
with the observed radio map, we reflected the map along thasy-e., placing the fi-axis
merger point on the other side (this is equivalent of chamgfire impact parameter frolmto
—b). The simulated profiles all peak arouré 0 kpc, while the observed profile does not. From
these profiles it is thereforefticult to constrain the impact parameter. However, by lookihg
Fig. 10.4we find thatb < 3rc1 is required to obtain a reasonable match. For larger impact
parameters the curvature of top shock does not match thevelolsene (i.e., this can be seen on
the right side of the top relic in the R21b4 panel from Rif.4).

10.4.1.3 Viewing angle

We varied the viewing angle)(by rotating our computational box around the x-axis befoe
jecting it along the line of sight. The extent of the emisdiawards the cluster center increases
by about a factor of three froin= 5° to i = 30°, see Fig.10.4 Radial profiles of the bright-
ness distribution are shown in Fi$§0.5 (middle panel). The outer edge of the northern relic
in CIZA J2242.85301 is very pronounced and the brightness of the radio @nislsops also
quickly towards the cluster center, therefore the relidkisly seen close to edge on, roughly
under an angles 10deg. In all cases, the simulated brightness profiles doaprbduce the
very quick drop towards the cluster center as it is obsergethie northern relic. The southern
relic is more dffuse and extended in CIZA J2242%8301, as is the case in our simulated maps.
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Figure 10.4: Simulated radio emission for cluster mergeth different mass ratios (top row), impact
parameters (middle row) and viewing angles (bottom rowk iEuio maps to the hydrodynamical snapshot
where the two shock are separated by 2.8 Mpc. The images spaB.8 Mpc. WSRT 1382 MHz contours
from CIZA J2242.85301 are overlaid on the synthetic radio images. Contowspaced by factors of

four in brightness.
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Figure 10.5: Left: integrated brightness profiles acrossytiaxis for the top relic. Black line displays the observedfife for the northern relic in CIZA
J2242.85301. Black dashed lineb = 0 kpc, black dash-dotted linda = 1r¢, black dashed-triple-dotted lindx = 2r., grey solid line:b = 3r¢, grey
dashed lineb = 4r., grey dash-dotted lineb = 5r.. Middle: integrated brightness profiles across the x-axmfx| < 100 kpc for the top relic for relics
seen under dlierent viewing angles. Solid line displays the observed lgréidi the northern relic in CIZA J2242+86301, dotted line i = 0°, dashed line:
i = 5°, dash-dotted linei = 10°, dash-triple-dotted linei = 20, long dashed linei = 30°. Right: integrated brightness profiles across the x-axismfr
|x| < 100 kpc for simulations including substructure. Solid ldisplays the observed profile for the northern relic in CI2242.8-5301, dashed line: no
substructure, dash-dotted ling:= 0.2, 1 = 100 kpc, dash-triple-dotted liné = 0.3, 2 = 150 kpc, long dashed lin& = 0.4, 2 = 200 kpc.
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10.4.1.4 B-model

One of the parameters which could influence the size of thie ratics is the core radius used
in our B-profile (Eq.10.7). Because the total mass is fixed in our simulations the ciieis is
set by the3 parameter in EqL0.7. We changeg@ from the default value of B to 0.5 and 0.75
for the most massive cluster to investigate tlffe this has on the produced radio maps. For
B = 0.5, the core radius decreases from 134 kpc to about 83 kpce idri3 = 0.75 the core
radius increases to 163 kpc. We run the simulations withetld@ggerent core radii and values
for the standard R21b0 merger scenario. The resulting radjos are displayed in Fig0.6

The change im¢; has a direct influence on the size of the resulting shock warndsadio
relics formed. For¢; = 83 kpc, the northern and southern relics are almost a fat®smaller
in size. Forrc; = 163 kpc, the relics have a slightly larger size and are simdlahe R1.51b0
merger (see Fidl0.4). This implies that our best fitting mass ratio found in S&6t4.1.1depend
on the adopted core radii. In particular if the most massiuster has a larger core radius this
mimics a merger with a smaller mass ratio (e.g5, 11), see Figl0.4 By increasing the core
radius of the less massive subcluster the size of the snsallghern relic can be increased, to
some extent mimicking a2 : 1 merger. Taking diierent core radii, the range of matching mass
ratios for CIZA J2242.85301 is therefore larger and lies roughly betweén:11 and 25 : 1.

10.4.1.5 Cool core

In massive relaxed galaxy clusters the ICM temperaturesdsers strongly towards the center.
To investigate the féect of such a cool core, we add a central cool core to the mossivea
subcluster using EdL0.10 We take typical value ofmin/Tavg = 0.3, reoor = 50 kpc and

reool = 2 (€.9.,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 aimkshape of the resulting radio
relics. The resulting radio map looks almost identical te tlefault R21b0 merger map, see
Fig. 10.4

10.4.2 Spectral index

We computed a spectral index map between 610 and 1382 MHhddR21b0 merger, again
taking a constant magnetic strength giGauss, see Fid.0.7. 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 specstepening ta ~ —2, the spectral index
remains constant. The radio emission in this region conans {i) aged radio plasma with a
steep spectrum in the post-shock region and (ii) projecdibremission from the front of the
shock wave with a flatter spectral index-of-1.

The observed spectral index in front of the northern CIZA4R8+5301 relic is flatter,
with @ ~ —0.6 or —0.7, than in our simulated spectral index map. The observettigbéndex
corresponds to &1 = 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 ifp= —0.8 to —0.9. However, in the
simulated maj is steeper by about 0.3 units at the front of the relic. Thifedénce is caused
by the limited spatial resolutiorn-(50 kpc) of our synthetic radio map: radio emission directly a
the front of the shock witli,j ~ —0.85 is always mixed with some emission from particles that
have already have undergone some synchrotron losses. EérJ2R42.8-5301 this implies
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Figure 10.6: Top row: Simulated radio emission for R21bGiEu merger with dferent values oB; andr.; and for a R21b0 cluster merger with the
two halos sticking at core passage, which represents thenegtcase of infinite tidal friction. Bottom row: Simulateatiio emission for a R21b0 cluster
mergers with substructure. Contours are the same as il@i4.The images span8x 3.4 Mpc.
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Figure 10.7: Simulated spectral index map between 610 a82 W81z for the R21b0 merger. The small
scale spectral index variations seen in the post-shockmemie due to the finite number of particles used
to compute the radio map.

that the true injection spectral index is probably evendtatian—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 sinansti Hence, the detailed prop-
erties, such as the shapes or brightness profiles of radis,relo not necessarily match with
the observations. In particular the presence of less nassivstructures and galaxy filaments
extending from the large scale cosmic web will modify thecdhmorphologies and locations
(e.g.,Paul etal. 201}l Indeed, there are additional smaller relics located inAC12242.8-5301
that points towards a more complex merger event. These noonglex relics are also seen in
simulations which include large-scale structure formatidth radio emission from shocks (e.g.,
Pfrommer et al. 2008Hoeft et al. 2008Battaglia et al. 2000 Although we cannot easily embed
our simulation into a large-scale cosmological environiese investigate theftect of small
scale & 200 kpc) substructurgdumps. Matter falling onto clusters is expected to be clyimp
nature and the clumps have typical dimensions of galaxiesnail galaxy-groupsRoncarelli
etal. 2008. If the gas in the cluster’s outskirts is clumpy, and thisastaken into account, it can
lead to an overestimation of the baryon fraction afida the derived entropy and pressure pro-
files (e.g., Simionescu et al. 2031 The presence of well-defined radio relics with sharp outer
rims can be used to constrain the amount of clumping in the 8EMrge distancesz(1 Mpc)
from the cluster center.

We modified our initial density and temperature profiles bgliad sinusoidal density fluc-
tuations throughout the computational volume. The two paters which control this are the
relative amplitudeA) and wavelengthA) of these density fluctuations. These sinusoidal waves
were inserted parallel to the X, y and z-axes. To keep thespresinchanged, we also included
temperature fluctuations that are inversely proportiom#té density fluctuations, see Fi0.8
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Figure 10.8: Left: Temperature distribution at the slice O for the R21b0ss (A0.4,4 = 200 kpc) merger.

for an example. We carried out several runs changing theiardpland wavelength of the fluc-
tuations. Radio images from runs wigh= 0.2, 0.3,0.4 anda = 100, 150, 200 kpc, respectively,
are shown in Figl0.6 Brightness profiles along the y-axis are displayed in E@5 (bottom
panel).

The resulting radio relics are similar in shape to the caredriR21b0 merger map, but the
relics are wider and display brightness fluctuations in #diac emission. Theftect of this
substructure is that the outer boundary of the relics is s defined. For relics observed
close to edge-on, projectiorffects average out some of the variations in the strength of the
radio emission. The northern relic in CIZA J22425801 has a smooth appearance and well-
defined outer rim. This probably implies that few clumps amspnt this location in the ICM.
We find that the radio maps with > 0.3 do not provide a good match to the observed northern
relic in CIZA J2242.85301. There is little dference between runs with = 0.3 anda =
75,150 200 kpc. We can therefore put upper limits on the amplitudéenfsity fluctuations of
roughly 30%, for substructures with scaleso200 kpc, at the location of the northern relic.
This means that clumping appears to be much less than tleaténffrom Suzaku observations
of Perseus withy/< nZ > / < ng >2 ~ 3—4 near the virial radius (e.gSimionescu et al. 2031
The reason for this could be that the shock waves in CIZA JB4&301 are expanding into a
region stficiently far from filaments such that it is largely free fronfidling substructure.

A more realistic representation of density clumps couldbpidy be used to put tighter
constraints on the amount of substructure. This is beyoa@dtbpe of this paper and we leave
this for future work.
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10.6 Discussion

10.6.1 Hfect of dark matter dynamics

Clearly, a gross simplification of our setup is the treatnadrthe gravity in the form of rigid
potentials that move on set trajectories without interagtin reality, the dark matter particles of
the progenitor halos will interact in the course of the metgéorm a new halo. In the course of
this, the potential changes mainly due to twieets: i) dynamic friction and ii) tidal shocking.
The first one is the most importanffect. After core passage, it will cause the halos to slow
with respect to each other until they turn around on theiiterbAs the merger shock waves
are running out of the cluster faster than the speeds of tlos kath respect to each other, this
will not change the results dramatically. To test the magtetof this &ect, we ran a simulation
where we made the two halos stick at core passage, whiclseisghe extreme case of infinite
tidal friction. The result is shown in Fidl0.6 The relics are now somewhat narrower (about
10% for the top relic) but apart from that there are not mamgngfes in the radio map even
though the temperature and density are quifeedént in the center. The main change are the
lower Mach numbers (which drop from 2.7 to 2.2, and from 2.2 @for the top and bottom
relics compared to the default R21b0 merger), but sinceatfésts both for the top and bottom
shocks the end result is not todf@rent from the default R21b0 map. Finally, we ignore the
effect of tidal shocking, which leads to heating of the centrsl @bits of the cluster and leads
to a puting up of the potential. This willféect the cluster potential within the core radius but
will leave the regions where the shocks are located largefffected. For a proper simulation
of this dfect, one would need to resort to a simulation with a dynamicdashponent.

10.6.2 Relic width and brightness profiles

One of the most intriguing properties of the northern reticGIZA J2242.85301 is its very
narrow width and rather uniform luminosity along its extdatom our simulated radio map we
find the brightest part of the top relic to be20% wider than the observed width. In Sei.6.1
we found a smaller width by including infinite tidal frictiohis dfects the shock downstream
velocity, which determines how far the the synchrotron @ngjtelectrons are carried away from
the shock front (e.g. Markevitch et al. 200p The relic’s width is linearly proportional to the
downstream shock velocity. In case of infinite tidal frictithe simulated radio relic is only
~ 10% wider compared to the observed width. In addition, thdttwdepends on the adopted
magnetic field strength, but increasiBdo 7 uGauss decreases the width only by a few percent.
This implies that projectionfiects and the finite resolution of our simulations play andartgmt
role in determining the width.

For the southern relic, the emission fades slowly towardstst and west ends. The reason
why this does not happen for the top relic in the simulatiobasause of the quick drop in the
Mach number aftx| > 850 kpc, see Figl0.3(left panel). However, for the CIZA J2242:8301
northern relic the integrated brightness profile acrosgtheis (Fig10.5 top panel) drops much
quicker and is flatter than in the simulations. The reasorthfisris unclear, it could be caused
by variations in the magnetic field strength, Mach numbebemause the shock surface is more
complex. The Mach number found from the injection spectidek is higher than that in the
simulations (4.6 versus 2.7 for the northern relic), thi$edence is puzzling. It could indicate
that our temperature profiles are not correct or that g3 which links einy and M, is not
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directly applicable. X-ray observations are crucial herditectly determine the Mach number
from the temperature jump.

10.6.3 Origin of single radio relics

Another interesting outcome of our simulations concermsekistence of single radio relics,
e.g., the relic in A521Giacintucci et al. 2008 In binary cluster mergers, two shocks should
be generated and hence one expects the majority of relicae n pairs. In the simulations
with mass ratiosz 3 very little radio emission is generated by the shock waviednt of the
less massive subcluster. The Mach number of these shocksteslqw (M < 2) and the
shock surfaces are small, which results in very little obeiele radio emission. Based on the
simulations, one would thus expect most double relics toobated in merging systems with
small mass ratios, while single should be found in mergetis larger mass ratios.

10.6.4 A quantitative metric for the goodness of fit

We did not define a quantitative metric for the goodness ofditMeen the simulated and ob-
served radio images. This paper is meant to be illustrafitieeopotential of the method and in
this work we chose to apply it only to the relics in CIZA J2225301. We also note that the
position, shape, and surface brightness distribution lafsare influenced by the cluster envi-
ronment (e.g., connected galaxy filaments) whiffiea the derived merger parameters. How-
ever, for future work when constraining merger parametarsiger numbers of double relics
systems, it is important to develop a metric for the goodioédis. We discuss here a possible
approach and address some of the issues involved.

A first step should be the removal (or masking) of point sosiiared extended radio galax-
ies. In addition, one may have to subtract the emission froad# halo in the cluster center.
Removing extended radio galaxies and a radio halo is notedntirivial as the spatial scales
of these structures can be comparable to that of relics. Memvthis should still be feasible as
double radio relics are relatively bright and their morgwyl is quite diferent from radio halos
or radio galaxies.

For constraining the merger parameters there are two asfettcan be considered: (i) the
spatial information of the location of the relics and (iigthrightness distribution. We ignore
information about the spectral and polarization propsiiecause this complicates matters and
this information is not available for all double relics. Dugethe uncertainties in the magnetic
field strength the brightness of the emission is probablyanetry good criteria for a quantitative
metric. It is also not entirely clear under what conditioabas precisely form, i.e, in the case
of Abell 2146 two shocks are found in a Chandra X-ray imagé,noubright radio relics are
detectedRussell et al. 201,®20117).

Radio relics, especially their outer edges, should diyetcice the location of the merger
shock waves and thus provide most of the constraints for #rgen scenario. This is also what
we mainly used in our qualitative comparison for the relic€1ZA J2242.8-5301. The viewing
geometry is mostly constrained from the downstream extetiteorelics. In the light of what
we discussed above, we propose a two-dimensional spatiss-correlation. This should be
repeated for every possible rotation angle for a given infega the simulations. The height
of the peak in the cross-correlation then gives a quan@atietric for the goodness of fit for
a single simulated image. Image scaling should not be cereidhere as this relates to the
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absolute sizes and distances of the relics which evolvetiower and the time since core passage
is one of the parameters we wish to constrain. The procestheanbe repeated for fierent
merger parameters (mass ratios and impact parameterpyisia in time and viewing angles
to find the best fit. Because the brightness distribution tettain, we propose to apply a fixed
cut in the radio flux (a few times the noise level in the obsémaglio image), and put all pixels
values to either 1 (emission) or 0 (no emission). This is dalse for the simulated images.
The overall normalization of the simulated radio emissian be fixed by normalizing to the
total flux in the observed image. Instead of a cross-cofoglabne could also consider a simple
image subtraction (after x, y-shifting and rotation) felled by taking the sum of the absolute
difference. It may be worth giving the outer edges of the reliamaesvhat large weight in the
process, for example by setting these to a higher valug @,gsome experimentation will be
needed here. Applications of these cross-correlatiorslshaeserved for future work.

10.7 Summary

We have presented simulated radio maps of idealized binasyec mergers, varying the mass
ratios, impact parameters, viewing angles and deftsityperature profiles. The radio emission
in these simulations is produced by relativistic electrasch are accelerated via the DSA
mechanism in the shock waves created by the merger event.

We have used these simulated radio maps to constrain theenmrgnario for the cluster
CIZA J2242.85301, which hosts a Mpc scale double radio relic. We find thateger with a
mass ratio betweenf : 1 and 25 : 1 provides the best match to the observed radio emission
in this cluster. The main uncertainty in the derived mas® redmes from the unknown core
radii of the clusters before the merger. The viewing angiaastly constrained by the extent of
the top relic towards the cluster center, additional sulsstir¢clumps also increase the relic’'s
extent in the downstream region. Since the observed exdamtly 55 kpc this implies that the
relic is seen close to edge-on (i.e.s 10°). The impact parameter isfiicult to constrain as
the observed brightness profile along the x-axis is not igypred for any our merger scenarios.
Only for b > 3rc1 = 400 kpc we find that the curvature of the simulated relics donmatch
with the observations. From our simulations we find that e tsince core passage does not
depend much on the adopted initial conditions. We thereforestrain this number to.Q Gyr,
although it also depends on the adopted total mass of thersyatd temperature profile.

One of the main uncertainties for comparing the simulatdtbramission with observations,
in particular the brightness profiles, is the structure drehgth of the magnetic field. Especially
the brightness profile of the main relic along the relic’sgdnis not well reproduced by our
simulations. Little is known about the magnetic field stringt distances larger than 1 Mpc
from the cluster center. Using equipartition argumentsmeég fields strengths of the order of
~ 1 uG have been derived (e.gspvoni & Feretti 2003 Upper limits on the IC emission from
radio relics indicate magnetic fields of a fems (e.g.,Nakazawa et al. 200%inoguenov et al.
2010. Faraday rotation measures give similar results (Bgnafede et al. 2090 However,
the spatial variations of the magnetic field strength atehdistances from the cluster center
are unknown. In addition, several smaller relics are founthée cluster which are not present
in our simulations. These relics are probably caused bytiaddi substructures which are not
included in our initial conditions.

We find that radio relics can be used to put constraints of theust of clumping or sub-
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structure in the ICM at large distances (about 1 to 2 Mpc) ftbm cluster center, under the
assumption that relics are tracers of shocks. The sharp batexdary of the northern relic
in CIZA J2242.85301 implies density fluctuations with an amplitugde30% of the average
density (the size of fluctuations beirg200 kpc).

The simulations also indicate that most double relics ghbel located in merging system
with mass ratios between 1 : 1 and 1 : 3, while single radiasdtiom in clusters that undergo
less energetic mergers with larger mass ratios.

We conclude that double radio relics can be used to consthagter merger events, which
is especially useful when detailed X-ray observations atewailable. Relics are often located
at large distances from the cluster center, where the geissigo low that even deep X-ray
observations cannot be used to probe the physical conslitimre (e.g., to measure the tem-
perature jump). In addition, relics can be located in lowerss systems where the thermal
X-ray emission is not detected in the ROSAT All Sky Survey,drample Yoges et al. 1999
Some examples of possible radio relics in poor systems withX-ray counterparts have been
reported byBrown & Rudnick(2009; van Weeren et a[2009¢ 20119.

One important parameter is the strength and structure ahtgnetic field at the location of
the radio relics. MHD simulations of cluster mergers willimeded to study the variations and
strength of the magnetic field at large distances from th&teficenter, and investigate thiéeet
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 dutingir lifetime galaxy clus-
ters undergo several mergers. An example of such a mergisteclis Abell 2256. Here we
report on the discovery of threefllise radio sources in the periphery of Abell 2256, using the
Giant Metrewave Radio Telescope (GMRT). The aim of the olsgems was to search for dif-
fuse ultra-steep spectrum radio sources within the gallsster Abell 2256. We have carried
out GMRT 325 MHz radio continuum observations of Abell 2256 R and | band images of
the cluster were taken with the 4.2m William Herschel Tedgsc(WHT). We have discovered
three difuse elongated radio sources located about 1 Mpc from theeclaesnter. Two are lo-
cated to the west of the cluster center, and one to the saithElae sources have a measured
physical extent of 170, 140 and 240 kpc, respectively. Theewestern sources are also visible
in deep low-resolution 115165 MHz Westerbork Synthesis Radio Telescope (WSRT) images
although they are blended into a single source. For the audl@mission of the blended source
we find an extreme spectral index) (0f —2.05+0.14 between 140 and 351 MHz. The extremely
steep spectral index suggests these two sources are nebdgtlik result of adiabatic compres-
sion of fossil radio plasma due to merger shocks. For thecgaiarthe southeast, we find that
a < —1.45 between 1369 and 325 MHz. We did not find any clear opticahtarparts to the
radio sources in the WHT images. The discovery of the steegtapm sources implies the ex-
istence of a population of faintfiluse radio sources in (merging) clusters with such steepirspec
that they have gone unnoticed in higher frequeneyt GHz) observations. Simply considering
the timescales related to the AGN activity, synchrotroséss and the presence of shocks, we
find that most massive clusters should possess similarasgufm exciting possibility therefore
is that such sources will determine the general appearanciesiers in low-frequency high
resolution radio maps as will be produced by for example LR©EA LWA.

R. J. van Weeren, H. T. Intema, J. B. R. Oonk, H. J. A. Rottggrand T. E. Clarke
Astronomyé Astrophysics508, 1269, 2009
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11.1 Introduction

Models of large-scale structure (LSS) formation show tlestrly all galaxy clusters grow via
mergers of smaller clusters and sub-structures. Theseansargn create shocks and turbulence
within the intra cluster medium (ICM) that are likely to arifiplmagnetic fields and accelerate
relativistic particles. In the presence of magnetic fiettigse particles will emit synchrotron
radiation, observable at radio frequencies (see the relvjelerrari et al. 2008and references
therein). Giant peripheral radio relics are thought to laedrs of the shock waves generated
by cluster mergersHnsslin et al. 1998Miniati et al. 2000Q. At the location of the shock front
particles are accelerated viaftisive shock acceleration (DSA) by the Fermi-I process (e.g.
Drury 1983 Blandford & Eichler 1987 Jones & Ellison 1991Malkov & O’C Drury 2001).
Shock waves generated by cluster mergers can also compssfigédio plasma from previous
episodes of AGN activity and produce radio reli&nlin & Gopal-Krishna 20G1EnRlin &
Briiggen 2002 Proposed examples of these radio relics, also called gtbenicesare the
sources found bglee et al(2001). These sources have a steep spectral ih@lex —1.5) and
filamentary morphologies. The steep spectral indices aeabult of synchrotron and inverse
Compton (IC) losses.

Abell 2256 is a massive cluster located at a redshift.0681 Struble & Rood 1999 Ex-
tensive observations from X-ray to radio wavelengths h&aave that the cluster is presently
undergoing a merger with a smaller sub-structure. Thesgy)6lbservations revealed significant
sub-structure within the cluster. The most prominent fieatue two separate X-ray pealgigl
et al. 1991 Briel & Henry 1994 Sun et al. 200Rproviding strong evidence that Abell 2256
is indeed undergoing a merger. At radio wavelengths, thetefilshows a very complex mor-
phology. The cluster is known to host a bright peripheralaadlic, a radio halo, a number
of complex relatively compact filamentary sources, and isdvlead-tail” sourcesRridle &
Fomalont 1976Bridle et al. 1979Rottgering et al. 199Miller et al. 2003 Clarke & Ensslin
2006 Brentjens 2008

Here we present deep 325 MHz radio continuum observatioAbelf 2256 with the GMRT,
complemented by WSRT 115165 MHz observations and optical WHT imaging. In this paper
we focus on the discovery of threefilise sources in the cluster periphery. A detailed com-
parison of the other sources in the cluster has been presbptmtema(2009. The layout
of this paper is as follows. In Sec@l.2we give an overview of the observations and data re-
duction. In Sectl1l.3we present the radio and optical maps. We end with a disqussid
conclusions in Sectd1.4and11.5 Throughout this paper we assumé&&DM cosmology
with Hg = 73 km s Mpc™?, Q,, = 0.27, andQ, = 0.73. At the distance of Abell 2256
1” corresponds to0.08 kpc right 2008.

11.2 Observations & data reduction

Abell 2256 was observed with the GMRT at a frequency of 325 MH= observations recorded
both LL and RR polarizations in two sub-bands (IFs) with alt@andwidth of 32 MHz, and
128 frequency channels per IF. The observations were dastieon May 25 & 26, 2008. The
absolute flux scale was set according to Berley & Taylor(1999 extension of theBaars
et al. (1977 scale using the calibrators 3C48, 3C147, and 3C286. Tla dotsource time

1F, o v®, with @ the spectral index
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Figure 11.1: Left: Radio map at 325 MHz with a restoring bedrs sf 239” x 15.9”, indicated in the
bottom left corner. The red contours are drawn at levels g2,4,8,...] x 3o ms uJy beam'. Various
sources are labeled with capital letters. Right: Opticaldes around AGAH (top right panel) and Al
(bottom right panel) composed out of V (blue), R (green), kfrdd) band images.
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for Abell 2256 was about 9.5 hours. The data were reducedyubki;m NRAO Astronomical
Image Processing System (AIPS). The data was correctedhéoinstrumental bandpass and
complex gain solutions were determined using the calilosediad applied to our target source.
The sidelobes from six bright sourceezted our target source in the center of the field. We
removed these six sources using the “peeling”-method, (Bgordam 2004 We used the
polyhedronimaging methodPérley 1989Cornwell & Perley 199Pto reduce theféects of non-
coplanar baselines. The final primary beam corrected imagemade using robust weighting
set to 05 (Briggs 1999, yielding a synthesized beam of .93 x 15.9”. The rms noise in this
image was 119Jy beam?.

A2256 was observed with the WSRT in 8 IFs, each IF having 2.5zNbdndwidth and
128 channels, placed between 115 and 165 MHz. The totalratteg time was 6< 12 hours
using six diferent configurations (with four moveable antennas) to segspgrating lobes. Each
12 hour observation and IF were calibrated separatelyecting for the bandpass and slow gain
variations (using 3C48 and 3C295). The data was furthercsditbrated using three rounds of
phase and one round of amplitude and phase selfcalibratfendata for the six configurations
were then combined per IF and imaged separately. The noigeimages ranged between
5.0 — 14.6 mJy beamt, and the resolution varied from 17%t 115 MHz to 130 at 165 MHz.
For more details on the reduction de¢ema(2009.

Optical V, R and | band images were taken at the location oihewly discovered sources
with the 4.2m WHT telescope (PFIP CCD camera) on April 19,200he seeing during the
observations was about 1.5the 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 | band image wagdraorrected. Zero-points were
determined using various observations of standard stees @uring the night. The final images
have a depth (SNR of 4 for point sources) of approximatel® 2342, 228 magnitude (Vega)
in the V, R and | band, respectively.

11.3 Results

We adopt the radio source labeling frd@ridle & Fomalont(1976 andRottgering et al(1994).
The 325 MHz GMRT image (Figl1.1) clearly shows the presence of the known AGN related
sources (A, B, C, and I), the bright peripheral relic (the bamed emission from G and H) and
the complex source F. The radio halo is only partly visibleusd source D since the short-
est baselines were severelfjezted by RFI and had to be flagged. In this paper we focus on
three new dituse sources discovered in the maps, which we label sourc@KBGand Al, see
Fig. 11.1 AG and AH are neighboring sources (aboQttb the west of the cluster center and
have an extent of 130and 160, respectively. Source Al is located on the SE side of thetetus
and has an extent of 220The integrated 325 MHz fluxes are:71, 12+ 1, and 11+ 1 mJy for
sources AG, AH and Al, respectively (by summing the flux withi region half an arcminute
outside the 3 contours). Sources AG and AH are also seen in the 351 MHz ipiegented by
Brentjens(2008. However, due to the lower resolution of this image, théude nature of the
sources is not apparent. Source Al is also seen in the sangejiipat only the southern brighter
part is visible. The northern half of Al is too faint to be W& in this map. At a redshift of
0.0581 the sources have a physical extent of 140 (AG), 170 (Atd)240 kpc (Al). They are
located at a projected distance of about one Mpc from theeasigenter.
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Figure 11.2: WSRT spectral index map between 140 and 351 Mbial intensity contours at 140 MHz
are shown at levels of [2, 4, 8,16, 32, ...] x18 mJy beam'. The total intensity map is a linear combination
of six IFs between 115 and 165 MHz. The 351 MHz image was taksm Brentjens(2008.

Optical images at the position of the radio sources are lsaisin Figl1.1 At aredshift of
0.0581 any cluster member capable of hosting an AGN shouwldsidge in our optical images.
We cannot unambiguously identify an optical counterparsfuurces AH and Al. The western
part of source AG may be identified with a background galaxpgt likely) located behind the
cluster. However, no radio source at this location is foun#l.# GHz Very Large Array (VLA)
images Clarke & Ensslin 200§ indicating the source must have a steep spectrum.

11.3.1 Spectral indices

Sources AG-AH are detected in each individual WSRT band. Source Al i©phty detected
(~ 30) in a deep low-resolution (17% WSRT 140 MHz continuum image, a combination of
images from six IFs convolved to 17%esolution, see Fidl1.2(the images of two IFsféected
by strong RFI have been left out). By fitting a single spedtrdéx through the 6 individual IFs,
it was found that the spectral index around-A&H was steeper by about -1.5 units than that of
the main relic to the east. A better spectral index map waatedeusing the 351 MHz image
from BrentjengFig. 2 convolved to a resolution of 17p The spectral index of AGAH in this
map is—2.05+ 0.14.

Sources AG, AH and Al are not detected in deep 1369, 1413,,1&181703 MHz VLA
C-array (L-band) observations fro@larke & Ensslin(2006, which have noise levels of 34, 40,
40, and 43.Jy beam?, respectively. This implies a steep spectrum for thesecesuand rules



232 Chapter 11. The discovery oftfiise steep spectrum sources in Abell 2256

out an identification as a radio-loud AGN within the clustehich have a typical spectral index
of —0.7). We combined these four L-band images to create a deepgeimsing the 1369 MHz
image as a reference. The images were all convolved to a Hearmfd8’ x 16”. The images
were scaled to a common flux scale by adoptirfipdént spectral indices ranging betweeh5
and-3.0, but we did not detect the ftlise sources in any of these combined maps. Using a
spectral index scaling 0f1.0 resulted in a noise level about a facto? Gower compared to
the 1369 MHz image. We have taken this image to derive an Uppitron the spectral index
between 1369 and 325 MHz. The local rms noise level near Alécbmbined L-band image
is 58uJy beam?. Al covers an area of 61 beams (using the same area over wkicheasured
the integrated flux as reported in Sett.3. Assuming that the noise scal@svNpeams With
Nbeamsthe number of beams, this gives an upper limit for the 1369 Miti#zof 1.36 mJy, using
a signal to noise ratio of (SNR) of 3 for a detection. Combiméith the 325 MHz flux this
implies thata < —1.45 for Al (between 325 and 1369 MHz). We do a combined anafgsis
sources AG and AH as they are not separable in the spectexd mdp. The rms noise level near
AG+AH is 40 uJy beam®. The sources cover an area of 92 beams, which gives an upper li
of 1.15 mJy for the 1369 MHz flux, implying that < —1.95 (between 325 and 1369 MHz).
This is consistent with the spectral index-e2.05+ 0.14 between 140 and 351 MHz.

11.4 Discussion

Three diferent origins have been proposed for the presence of rdiis e clusters: (i) in-situ
acceleration by the DSA mechanism, (ii) adiabatic compoeassf fossil radio plasma (produc-
ing radiophoenice} and (iii) AGN relics The first mechanism is thought to be responsible for
the presence of giant Mpc-size radio relics in the peripbégjusters, as is the case for the well
known bright relic in A2256. In the second case a passingkshawe in the ICM adiabatically
compresses fossil radio plasma, producing a radio phodihig.morphologies of such sources
can be filamentary or toroidaEqf3lin & Briiggen 200R This radio plasma is proposed to origi-
nate from a previous episode of AGN activity. After the elent have lost most of their energy
they become invisible as “radio ghosts”. At the passage bbalswave they are revived (their
brightness increases) and they become visible again withsteep radio spectra. The size of
these sources is in general limited to a few hundred kpc asrtteeto compress larger ghosts
would remove most of the energetic electrons responsibiléhtoradio emission by radiative
energy lossedlarke & Ensslin 2006 Radio plasma which originated from a previous episode
of AGN activity can remain visible as a steep-spectrum AGI r& hese sources are generally
fainter than radio phoenices of the same age, as no compmeaxfsiadio plasma has taken place
(EnBlin & Gopal-Krishna 2001EnRlin & Briiggen 2002 These AGN relics do not require
shocks from cluster mergers.

The two radio sources to the west of the cluster center ategbity radio phoenices or AGN
relics, as they have steep radio spectra, relatively snmdbsare not clearly identified with
galaxies, and diuse in nature. Since the cluster is undergoing a mergerjensbiurces do not
show a symmetric double lobe structure (like some of the A@I\¢s found byDwarakanath
& Kale (2009), these sources are more likely to be radio phoenices tiiN relics. Spectral
modeling as carried out by e.dgntema(2009 andDwarakanath & Kalg2009 can be used to
separate between these two scenarios. At present we doveoéhaugh flux measurements for
our sources available to carry out such an analysis. Sourtelécated at the edge of the radio
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halo, this source could be a radio phoenix or a faint radic tedcing a shock front.

Since the plasma from both radio phoenices and AGN relicsldhariginate from AGN,
we have searched for any nearby galaxies that could haverearan AGN. These galaxies are
marked with red crosses in Fi1.1 Sources AG and AH are located at the end of head-tail
source C. It could be that the radio plasma originated fromtdil. Other galaxies located in
the cluster are also present in the neighborhood: 2MASX02352-7842076 ¢ = 0.058834,
Berrington et al. 2008 is located at the position of AG. For AH we find two possib&daxies,
Abell 2256:[BLC2002] 00564 = 0.056518) to the north, and 2MASX J165948T842055
(z = 0.055357) to the south. However, none of these are classifiadgént ellipticals which
are more likely to have been active. A typical maximum agefiadio phoenix is 0yr (EnRlin
& Gopal-Krishna 2001 Using the velocity dispersion of 1269 km'gMiller et al. 2003 for
A2256, the displacement radius would be around 130 kp2’). This radius could be several
times larger if the radio plasma is older, or if the host gglhas a higher peculiar velocity.
Within the range of several hundreds of kpc many cluster negmbre found, we therefore
cannot identify the sources of the radio plasma.

There are about 50 elliptical galaxies within the clustelichcan host an AGN, 15 of
which are observed to be radio-loudi{ler et al. 2003 Berrington et al. 2002 This radio-
loud fraction is consistent with the results frdest et al.(2005 for the general population of
massive galaxie€nlin & Gopal-Krishng2001) showed that the fossil radio plasma in radio
ghosts needs to be revived within®1® 1 yr to become a radio phoenix, depending on the
synchrotron losses. Here we adopt the more conservative wl1® yr. The number of radio
phoenices in a clusteNgnoeniy is the product of the number of inactive AGNs in a clusteaf th
produced radio ghosts less tharf 30 old (Ngnos), and the fraction of them being compressed
(feompressel DY (merger) shocks wavesnoenix = Nghost X feompressed TO estimateNgnost One
needs to know which fraction of elliptical galaxies in a ¢&rsgoes through phases of AGN
activity and their duty cycle. These numbers are not wellst@ined, but we know that the
fraction of active AGN is at least ¥50 = 0.3 in the case of A2256. Estimates for the duty cycle
of AGN are around 19yrs (e.g. Birzan et al. 2004Pope et al. 200685habala et al. 20Q8but
these estimates vary by an order of magnitude and are ontgalaxies in the center of cool
core clusters. Although it is flicult to estimate the number of radio phoenices in a cludter, t
fact that there are several radio phoenices in A2256 maltigely that other merging clusters
have radio ghosts, which have been revived by merger shouksaand are visible as radio
phoenices.

11.5 Conclusions

We have presented GMRT 325 MHz radio observations of theerlusbell 2256. Our radio
maps reveal the presence of threffudie sources located in the periphery of the cluster. The
sources have a steep spectrum. For the combined emissionA and AH we finda =
—2.05+ 0.14 between 140 and 351 MHz. For Al we set an upper limiz 6f —1.45 between
325 and 1369 MHz. Optical images do not reveal any obviouatesparts. Source Al could be

a faint radio relic tracing a shock front in the ICM or a radioognix. Detailed spectral index
modeling angbr deep X-ray observations (searching for shock frontsiwitie ICM) could be
used to separate between these scenarios. Sources AG & ARloatdikely radio phoenices,
fossil radio plasma from a previous episode of AGN activitgtthas been compressed by merger
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shock waves. Although, we cannot exclude the possibiliy the sources are AGN relics. In
this case the sources might be related to the long headstaits C within the cluster.

Most massive merging clusters should possess similar ssuconsidering the timescales
related to AGN activity, the number of active AGN in clustetise presence of shocks, and
synchrotron and IC losses. These sources are very fainglatfrequenciesX 1 GHz) so they
have gone previously unnoticed. Since the radio spectrheasfet sources are steep, they will
probably determine the observed appearance of clustesw/ifréquency radio maps as will be
produced for example by LOFARRQttgering et al. 20060r 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 alusisting large-scale fiuse
radio emission that is unrelated to individual galaxiescdmtains both a giant radio halo and
a relic as well as number of head-tail sources and smalfirsgi steep-spectrum radio sources.
The origin of radio halos and relics is still being debatad, dver the last years it has become
clear that the presence of these radio sources is closalgdeio galaxy cluster merger events.
Here we present the first LOFAR Low-band antenna (LBA) obestiams of Abell 2256 between
18 and 67 MHz. To our knowledge, the images made at 20, 30 adH6Bare the deepest
ever obtained at frequencies below 100 MHz. Both the radio &ad the giant relic are clearly
detected in the LBA image at 63 MHz, and théfdse radio emission remains visible at fre-
guencies as low as 20 MHz. The observations confirm the presafna previously claimed
ultra-steep spectrum source to the west of the cluster ceittea spectral index 0f£2.3 + 0.4
between 63 and 153 MHz. The steep spectrum suggests thabtinise is an old part of the
head-tail radio source C in the cluster. For the radio rekdiwd an integrated spectral index of
—-0.81 + 0.03, after removing the flux contribution from the other s@s:cThis flat integrated
spectral index could indicate that in the observed frequeange the electron cooling time is
longer than the age of the relic. If shocks are assumed todpensible for relic formation, this
would imply that the relic traces a shock that only recentiyrfed (within the last 0.1 Gyr).

In the radio halo region we find indications of low-frequespgctral 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 arefilise radio sources, unrelated to individual galaxies, faordis-
turbed galaxy clusters (see the reviews Fsretti 2005 Ferrari et al. 2008and references
therein). These sources are rare — only several dozen egarhale been previously identi-
fied. The presence offiluse radio emission indicates magnetic fields and relatistrticles
in the intracluster medium (ICM) that are (re)acceleratediiu, due to the limited lifetime of
the synchrotron emitting electrondsfe 1977. The origin of this difuse emission is presently
still being debated and is crucial for understanding the-th@mmal component in the ICM and
particle acceleration mechanisms.

Over the last decade it has become clear that tifasdi radio emission in galaxy clusters
is often related to galaxy cluster merger events (€gssano et al. 2010kban Weeren et al.
2010. Itis also predicted in the framework of the concordanteolegical model that galaxy
clusters grow as a result of the mergers of smaller clustetsab-structures creating turbulence
and shocks (e.gMarkevitch et al. 2002Vazza et al. 2008Russell et al. 201)0n their ICM.

Diffuse sources in merging clusters have commonly been clasasieadiorelics andha-
los. In this context, elongated filamentary sources have généeen called relics. Relics are
usually further subdivided into three classes (see Hismpner et al. 2004 (1) Radio Gis-
chtare large extended arc-like sources mostly found in thekotgof galaxy clusters. They
are often highly polarized at frequenciesl GHz (20% or more). It has been proposed that
they directly trace shock waveEigsslin et al. 1998Miniati et al. 2003, in which particles are
accelerated by the fiusive shock acceleration mechanism (D®%andford & Ostriker 1978
Drury 1983 Blandford & Eichler 1987Jones & Ellison 1991Malkov & O’'C Drury 200]) in a
first-order Fermi process. A related scenario is that of klneeacceleration of pre-accelerated
electrons in the ICM, which may be a mor&ieient mechanism in weak shocks (eldarke-
vitch et al. 2005Giacintucci et al. 2008<ang & Ryu 201} and might be needed because the
efficiency with which collisionless shocks can accelerategastis unknown, and might not be
enough (e.gMacario et al. 201)lto produce the observed radio brightness. The pre-aeteter
electrons could for example originate from the radio gaan clusters. (2Radio phoenices
are most likely related to fossil radio plasma from previepsodes of AGN activity adiabati-
cally compressed by merger shock waves, boosting the radssesn Enf3lin & Gopal-Krishna
2001 EnBlin & Briiggen 200 (3) AGN relicstrace old (uncompressed) radio plasma from pre-
vious episodes of AGN activity. The radio spectra of bothaguhoenices and AGN relics are
expected to be steepr (s 1.5, F, x v*, wherea 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 areafjypimpolarized
and their radio emission roughly follows the thermal X-rayigsion from the ICM. Two classes
of models have been put forward to explain the origin of tHemes. In the first model the
energetic electrons are the secondary products of pratmoipcollisions (e.g.Dennison 1980
Blasi & Colafrancesco 199®olag & EnRlin 2000 EnRlin et al. 201} In the second model
the electrons are re-accelerated in-situ through a secatat Bermi mechanism by magneto-
hydrodynamical (MHD) turbulence (e.gBrunetti et al. 200;1Petrosian 2001The existence of
ultra-steep spectrum radio halos (USSRHs —1.5, Brunetti et al. 2008Macario et al. 2010
Dallacasa et al. 2009oes not support a secondary origin for the electrons a=gitires an
unrealistic amount of energy in the relativistic protoBsunetti 2004.

Abell 2256 is a nearbyz = 0.0581 Struble & Rood 199§ cluster that contains a giant
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radio halo, relic and a large number of tailed radio galaxidé® relic has a large integrated flux,
compared to other relics, of about 0.5 Jy at 1.4 GHz. The largpular extent of the ffuse
emission and its large integrated flux make it a prime targeidw-frequency observations
which typically sdfer from low spatial resolution and sensitivity, compareabservations at
high frequencies{ 1 GHz).

The cluster hosts a handful of head-tail radio sources dsawskveral smaller fluse radio
sources not directly related to individual galaxiBsidle & Fomalont 1976Bridle et al. 1979
Rottgering et al. 199Miller et al. 2003 Clarke & Ensslin 2006Brentjens 2008Intema 2009
van Weeren et al. 2009&ale & Dwarakanath 2010 X-ray and optical observations provide
strong evidence that A2256 is undergoing a merger eventdegtwa main clusteiicy ~ 7—

8 keV), a major sub-structur@ ey ~ 4.5 keV) and, possibly, a third infalling group(iel et al.
1991 Briel & Henry 1994 Sun et al. 2002Berrington et al. 2002Miller et al. 2003. The
cluster has an X-ray luminosity dfx 0124 kev = 3.7 x 10* erg s* (Ebeling et al. 1998

At wavelengths larger than 1 m, thefiise radio emission in A2256 has been studied with
the GMRT at 150 MHzlftema 2009Kale & Dwarakanath 201Qand with the WSRT between
115 and 165 MHz\@an Weeren et al. 2009mtema 2009 The VLSS 74 MHz imageGohen
et al. 2007 shows a hint of dfuse emission, and the 8C and 6C survey imagtses et al.
1995 Masson & Mayer 197ghave too low resolution to properly separate the flux coations
from the discrete sources. The observationdriigma(2009 andvan Weeren et al20093
showed the presence of three previously unknowfiusé sources with steep radio spectrag(
—1.5). These steep radio spectra suggest that these sourmesittaadio plasma from previous
episodes of AGN activity in the cluster.

In this paper we present the first LOFAR observations of AB286, focussing on the fre-
guency range around 63 MHz. The layout of this paper is asvisll In Sect12.2we give
an overview of the observations and the data reduction. ¢b $2.2.1we present the results,
including the radio images and a spectral index map. We adeclith a discussion and the
results presented in Sec&6and2.7, respectively. Throughout this paper we assum&EdM
cosmology withHg = 71 km s* Mpc™?, Q, = 0.3, andQ, = 0.7.

12.2 Observations & data reduction

Abell 2256 was observed with LOFAR on July 15, 2011, with tH@ALsystem for 10 hrs,
mostly during night-time. Complete frequency coveragaken 18 and 67 MHz was obtained,
although there were a few gaps at frequencies where ustiahygsradio frequency interference
(RFI) is present. All four linear correlation products weeeorded. The observed frequency
range was divided into 244 sub-bands (IFs), each having dviidth of 0.1953 MHz. Each
sub-band was subdivided into 64 frequency channels. Tlegration time was 1 s. The so-
called LBA.OUTER configuration was used for the LBA stations. In this ed8 (of 96) LBA
antennas are used, located mostly in the outer part of tlemaatfieldgstations (which have
diameters of about 80 m). This increases the sidelobe Iévethe station beams but reduces
the field of view (FOV) with respect to other station antenaafigurations.

In total 25 stations (8 remote and 17 core) were used for tiBbADbservation. The longest
baseline, between stations RS208 and RS509, is about 80 drthearshortest baselines corre-
sponds to~ 90 m. The uv-coverage is shown in FitR.1 The FOV (FWHM of the primary
beam) is about 4%6and 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 outerco¥erage is shown in the top left frame, the
next frames progressively zoom inwards. The relativelyadrbandwidth fills the uv-plane radially (not
shown in the figures).
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Figure 12.2: Left: LBA global bandpass. The bandpass peadisaut 58 MHz. Right: Measured LOFAR
fluxes and predicted fluxes for 5 bright sources in the A2236.fiEor all these sources 8C, VLSS, 7C,
WENSS, and NVSS fluxes were available. We used second ortjerguoial fits in log §) — log (v) space
to compute the predicted 63 MHz fluxes. An overall scalingdaof 1.23 was applied to the LOFAR
fluxes. The error bars display the adopted 10% uncertairttyarilux scale.

the stations beams are complex-valued, time and direcepentent, and slightly fier from
station to station.

As a first step, the RFI was flagged with the AOFlagdeftiinga et al. 201Pusing default
settings, and the first and last two channels at the edge bffdzband were removed. The
amount of RFI flagged was typically only few percent or lessv&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 ofatirgbutable to short-wave radio
transmissions. The RFI situation was somewhat better afignight. After flagging, the data
were averagedintimeto5s.

For this A2256 observation, the bright radio sources Casyy, £and Vir A (the so-called
“A-team sources”) were located 34, 42, and @way from the phase center, respectively. These
sources have integrated flux densities of about 17764, 1 &@b2085 Jy at 74 MHz, respec-
tively. Therefore the attenuated signals from Cas A and Cyayeé\still much stronger (more
than a factor of 10) than the signal from the sources in thagny FOV. Their amplitudes are
strongly modulated as they move in and out of the station b&delobes. For the first 2.5 hr
of the observations Vir A alsofiects the observed visibilities, until the source sets belmv
horizon. At frequencies 35 MHz, 3C 390.3 (located 4°7rom the phase center) isficiently
bright, 145+ 14 Jy at 38 MHz Kales et al. 1995 that it needs to be treated separately as
described below.

The first calibration step consisted of the removal of theghA-team” sources. Below
35 MHz, 3C 390.3 was also included in the calibration modelr the models of the A-team
sources and 3C 390.3 we used the clean component models aHZ4rbn VLA A-array*
observationsKassim et al. 200)7with resolution of 28. For all calibration steps we used
the BlackBoard Selfcal (BBS) software (e.gleald et al. 2010 Full polarization direction

Thttpy/lwa.nrl.navy.miltutoriay
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dependent complex gain solutions were obtained for theetAréeam sources (and 3C 390.3
below 35 MHz) independently per sub-band. Vir A was only inited in the calibration model
for the first 2.5 hr. In general, high-quality solutions wetsained for Cas A and Cyg A, while
the solutions for Vir A and 3C 390.3 were noisier due to theweér apparent fluxes. The A-
team sources were then subtracted (“peeled”) with the agtighgain solutions. 3C390.3 was
not subtracted as it is in the main FOV below 35 MHz and usedlissquent calibration steps.
After removal of the A-team sources from the visibility data performed another round of
flagging with the AOFlagger and averaged the data to 4 charamal 10 sec per sub-band, to
decrease the size of the dataset whilst mitigating bantivadtd time smearingfiects in the
central FOV.

The responses of the LBA antennas depends on the obsergeefrey (see Fidl2.2). The
LBA response was obtained from observations of Cyg A. Olagems carried out over the
course of several months show that the bandpass resportables at the few precent level or
better. We divided out this sensitivity pattern to avoid tleed to obtain amplitude calibration
solutions for each individual sub-band. The reason behiigi$ that the signal to noise ratio
(SNR) per sub-band is not icient to obtain good gain solutions due to the limitétketive
bandwidth of 0.183 MHz. By combining several sub-bands lim&ation can be overcome.
However, a problem at low frequencies is that the ionosph#rase distortions are frequency
dependent, and thidfect increases towards lower frequencies. At about 60 MHztigians that
if this effect is not included only about 1 MHz bandwidth can be useddbibation, depending
on the ionospheric conditions (e.g., eq. 4 fréntema et al. 2000 To obtain high-quality
solutions more bandwidth is required. This can be accommgli®y solving for the dierential
total electron content: TEC. This adds a frequency depdngleasse term (TEG/). During
the calibration we therefore solve for a single polarizatiependent complex gain factor (to
set the amplitudes and capture other instrumerifatts such as clock drift) and polarization
independent TEC value per station and time-slot (10 s). W @8 sub-bands around 20 MHz,
20 around 30 MHz, and 30 around 63 MHz for this “global calilana’’ including TEC solving.
Due to computational limitations we concentrated dimrs on these three frequency ranges.

We calibrated the data against a 74 MHZ'80LSS model of the field around A2256 (cov-
ering 15 x 15°), assuming that all sources are unpolarized, which is aoredde assumption
at these low frequencies. We used an overall flux scaling avgpectral index of0.8 to get a
first order approximation of the flux-scale. For computing thodel visibilities we included the
complex beam attenuation of each station beam.

12.2.1 Primary beam correction, absolute flux-scale and detalibration

We applied the calibration solutions and corrected the fbatdne each station’s beam response
in the phase center. Note that it is only possible to correcttie stations beam response in
a single direction. For the other directions (within the m&OV) this correction is only a
first order approximation. The entire FOV (to an attenuafasior of Q15 compared to the
beam center) was then imaged and cleaned with Casapy wittojeetion Cornwell et al.
2005 2008, 768 w-planes in total. Ideally, to create flux correctedevfield images, the time-
variable direction dependenffects need to be taken into account (eBlhatnagar et al. 2008
This functionality is still under development. We made iragvith “briggs” weighting Briggs
1995 with robust-0.1, a compromise between resolution and sensitivity to earisa# larger
spatial scales. We combined groups of sub-bands aroun®@®d320 MHz for multi-frequency
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Figure 12.3: Left: Simulated point sources of 1 Jy in the A2iBld at 63 MHz. Right: Hective primary
beam attenuation of the A2256 observations at 63 MHz, fittirgyirface to the integrated fluxes of the
sources in the left panel. Sources which were used to olitaifitix-scale are marked.

synthesis imaging, producing three broadband images.

To obtain the correct relative flux scale over the field we $atad a dense grid of 1 Jy
point sources in the A2256 field including the LOFAR stati@aim. This grid is illustrated in
Fig. 12.3 With this we could track theffective beam attenuation as a function of position in the
FOV. This simulated dataset (with the same frequency satdpua-coverage as the observed
data) was then imaged the same way as the observed A2256/ataxtracted the integrated
fluxes for these simulated point sources usingRpBDSM source detection softwatre A 2D
surface was fitted to these extracted source fluxes usingrtiddlata module from the python
matplotlib, which employs a Delaunay triangulatioithis triangulated surface gives thiee-
tive sensitivity as function of position in the A2256 fielddaoan be used to create a primary
beam corrected image. We used the flux-corrected image &inadnt updated sky model (again
with PyBDSM) for a subsequent round of self-calibration (the caliloragtrategy remaining un-
changed).

The final images (robust-0.1) have noise levels of 10, 43, 250 mJy beamt 60, 30 and
20 MHz respectively. A lower resolution, robu€t5 weighting, image at 63 MHz has a noise of
25 mJy beam'. See Tabld 2.1for a summary of the resolution, bandwidth and sensitivitye
images. Thermal noise is expected to be around 2.5 mJy Hea#tr63 MHz and 8 mJy bearh
at 30 MHz.

The presence of residual ionospheric phase errors aftdarat@bn lead to a wider point
source width. We measure a point source width that is aboui&@er than the synthesized
beamwidth at 63 MHz. Thisfiect has also been seen for 74 MHz VLA observations (e.g.,
Cohen et al. 2007 At lower frequencies this worsens to’7@nd 180 at 30 and 20 MHz,
respectively. In this case the unresolved sources are aedgdistorted, and partly broken up
into smaller components. Because of this reason, we onlthes®3 MHz maps for quantitative

2see the LOFAR Imaging Cookbook at hftpaww.astron.nradio-observatorjofar/lofar-imaging-cookbook
Shttpy/matplotlib.sourceforge.net
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Table 12.1: LOFAR LBA images

central frequency image bandwidthoms synthesized beam
MHz MHz mJy beam! arcsec

63 (robust -0.1) 55 10 22 26

63 (robust 0.5) 55 25 5% 62

30 (robust -0.1) 3.7 43 58 69

20 (robust -0.1) 3.7 250 108116

analysis in this paper, while the 30 and 20 MHz maps are usequalitative analysis until a
more complete ionospheric correction is made.

To obtain and check the overall flux scale we measured thgratied fluxes for five bright
sources in the FOV: 4€79.16 , 8C 1654785, 8C 165%780,8C 1708779, and 8C 1728783
(see Fig.12.3. For these sources we collected flux measurements from.th&Hz 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. 2007and 38 MHz 8C Kales et al. 1998surveys. We fitted
second order polynomials to these flux measurements irSlpg (og (v) space and compared
the LOFAR flux measurements at 63 MHz against the predictadglirom the polynomial fits.
The median of correction factors was used to tie the LOFARyiEsao an absolute flux-scale.
The correction factor we found was modest, being 1.23 at 62 MHe spread in the individual
correction factors is about 7%, see Hig.2(right panel).

From this we adopt a conservative error in the LOFAR flux so&lE0% compared to these
surveys.

12.2.2 Radioimages

The 63 MHz images are displayed in Fii2.4and the 20 and 30 MHz images in FiR2.5 We
labelled some of the known sources in the cluster followimggcheme frorBridle & Fomalont
(1976; Rottgering et al(1994); van Weeren et a(20099. The LOFAR 63 MHz image reveals
some of the well-known tailed radio sources (A, B, F), themmalic (G and H), and part of the
radio halo. A hint of the long and straight head-tail sourds @lso visible.

The main radio relic and halo are somewhat better visiblé&énldwer resolution 63 MHz
image (Fig.12.4 right panel). Interestingly, the LOFAR image also revestarce AG-AH.
This source has only been recently discoverah(Weeren et al. 2009and is not visible in
the deep VLA L-band observations from the VLE&Ilarke & Ensslin 2008 implying a steep
spectral index. We do not detect the steep spectrum sourdaifthis was expected since the
integrated flux of this source is about a factor of two loweanttAG+AH at 325 MHz. The
30 MHz image reveals source F and the combined emission frandAB. The relic is also
detected. At 20 MHz the ionospheric phase distortions aite gevere, causing the relic to
partly blend with sources F and therB complex.

An overlay of the 63 MHz image with a VLA L-band image is shownHig. 12.6 (right
panel). For this we combined 1369, 1413, 1513, and 1703 MHA Q:-array images from
Clarke & Ensslin(2006. These images were convolved to a common resolution ‘6{<166"
and combined adopting a flux scaling according to a spectdsx,« = —1. It is interesting
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Figure 12.4: A2256 61-67 MHz images. Left: High-resoluti@@” x 26", image made with robust0.1
weighting. Contour levels are drawn at P14,...] X 3 oms Right: Low-resolution image, 32x 62,
image made with robusD.5 weighting. The area for the halo spectral index measemém indicated by
the dotted lines. Contours are drawn as in the left panel.

to note the diferences between the L-band and LBA images around th® éomplex. The
VLA image peaks in brightness at the “heads” of the headstailces, while the LOFAR image
mainly shows the “tails”. The steep spectrum B2 region,aeatibylntema(2009), also clearly
stands out. A Chandra X-ray overlay is shown in Rig.7.

12.2.3 Spectral index map and integrated fluxes

We made a spectral index map between 63 and 351 MHz, makingfilse WSRT 351 MHz
map fromBrentjeng2008. We made a LOFAR image with uniform weighting of the visiigis
and applying a Gaussian taper in the uv-plane to approxiynaigtch up the WSRT resolution
of 67”7 x67”. To increase the SNR per beam for thffube emission we convolved both images
to 100’ resolution, pixels belowd,ns 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 relgtilalspectral index of about0.8
with variations of 03 in « across the structure. For the parts of the radio halo whersghctral
index can be measured we findo 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 spleicidex
between-2.2to-1.7.

We extracted the integrated fluxes for sources in the cldister the 63 MHz image, see
Table12.2 The integrated fluxes of the radio halo and relic (soureélfzare dificult to measure
as they are partly blended with some of the complex headadib sources in the cluster. To
estimate their flux contribution we used both the high and tesolution images (Figl2.4).
From the high resolution image we measured the fluxes focedtrand the combined emission
from A and B (A+B). Head-tail source C contributes a significant amount of ftuthe relic
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Table 12.2: 63 MHz source fluxes

Source S63MHz ag’

Jy
A+B 51+06 —11+02
F 28+0.3 -12+02
AG + AH 0.75+0.10 -23+04
relic (G+H) 56+0.8 -0.81+0.032
halo 66+ 1.3 -1.3+0.1°

a from a polynomial fit in log §) — log (v) space, see Fid.2.8(left panel)
® between 63 and 351 MHz, taken from Fig12.8(right panel)

emission, as judged from the GMRT 153 MHz image fromtema(2009. In the 63 MHz
image the source blends with the radio relic, making it ingiale to obtain a reliable flux
estimate. Using the 153 MHz GMRT image (giving a flux o4®+ 0.05 Jy) and the reported
327 MHz VLA flux (0.247 + 0.020 Jy,Rottgering et al. 1994we finda = —0.87 + 0.17 for
source C. Extrapolating this to 63 MHz, we estimate a flux 661Jy. To measure the relic
flux we summed the flux over the same region as indicated in@igpyBrentjeng2008. After
subtracting the flux contribution for source C we obtain &rilix of 5.6 Jy, with an estimated
uncertainty of 15%. A power-law fit through the relic flux meesments at 1369Q)arke &
Ensslin 2008, 351 Brentjens 2008 153 (ntema 2009, and 63 MHz gives a spectral index of
—0.81+0.03, see Figl2.8 For the radio halo we find a flux of®+ 1.3 Jy from Fig.12.4(right
panel), integrating over the entire halo area as definedé@%1 MHz image.

12.3 Discussion

The results on the radio spectra for source F;#Bl, 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 (seel2d) and steep radio spectrum
(e.g.,Bridle et al. 1979. The source is composed out of three smaller structuresFEAnd
F3. The brightest component F2 has a toroidal filamentampesfiRottgering et al. 1994Miiller

et al. 2003 Intema 2009 F3 has been classified as a head-tail radio source assbeigh
galaxy 122 Fabricant et al. 1989 No optical counterparts have been found for F1 and F2, and
their origin is still being debatedBridle et al.(1979 suggested that all three components are
the tail of galaxy 122, this scenario is also discusse®@t®ntjens(2008. In another scenario
F2 could be the compressed fossil radio plasma from preépis®des of AGN activityEnflin

& Gopal-Krishna 2001Enflin & Briiggen 200, in this case the fossil plasma could also have
originated from galaxy 122. This agrees with the observegidal shape Enf3lin & Briiggen
2002.
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is a second order polynomial fit through the flux measuremientsg (S) — log (v) space. During the
fitting procedure we assumed 10% uncertainty in the flux nreasents because flux measurement are
not all consistent within theird reported error. This prevents the fit to be forced to go thhoadew
measurements with small reported uncertainties. Righan@ta 0.5-7 keV ACIS/$ co-added image
smoothed by a variable-width Gaussian, fig. 1 fron et al(2002. LOFAR 63 MHz contours from the
high-resolution image are overlaid at levels af314,8,...] X 3.5 o me

We collected flux measurements for F2 from the literature Brentjens 2008 these are
plotted in Fig.12.7. The spectrum for F2 is clearly curved with the spectral inflattening
towards lower frequencies. From the fit, see caption ER7, we find a spectral index of
—0.95 between 63 and 153 MHz. Between 150 and 350 Nidle & Dwarakanath(2010
reporteder = —1.10+ 0.05 (but no flux measurements were reported for F2). We howvfacer
a spectral index of1.34 between 150 and 350 MHz using the polynomial fit. The redéson
the diference is unclear, but it should be noted that the measutsifiitem the literature are not
consistent within their reported uncertainties. Betwebh#&nd 1400 MHz we obtaim = —1.67,
much steeper than at low-frequenci®&entjens(2009 estimated a possible break frequency
to be located at 26 MHz, assuming a constant magnetic field3gi@ and an ageing time of
0.2 Gyr. The 63 MHz flux measurement indicates the spectrumtirages to flatten. However,
high-resolution measurements below 60 MHz are needed &rrdigte the possible underlying
(“zero ageing”) power-law component. The origin of sour@ré&mains unclear, although it is
likely the source is somehow related to the fossil radiompk$rom previous phases of AGN
activity given its brightness and steep radio spectrum.

12.3.2 Source AG-AH

The combined emission from source AGH is detected in the LOFAR 63 MHz image. With
the non-detection of these sources in the deep L-band imagedlarke & Ensslin2006), van
Weeren et al(20093 determined that < —1.95 between 325 and 1369 MHz. Between 140 and
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351 MHz, using WSRT observations, the spectral index2i®5+0.14 at a resolution of 175(at
this resolution the flux of this feature partly blends witle tielic 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 of42 mJy {zan Weeren et al.
20093. This gives a spectral index ef2.1 + 0.2 between these two frequencies, in agreement
with the earlier reported result 2.05+0.14. The LOFAR flux is 075+ 0.10 Jy for this source.
This results in a spectral index eR2.3 + 0.4 between 63 and 153 MHz. At low-frequencies the
spectrum thus remains steep, although the uncertaintyeiggbctral index is too large to rule
out a spectral turnover.

We consider the possibility that this emission is relatethhead-tail source C. Following
Miley (1980; Brentjeng2008 for a constant magnetic field and no adiabatic losses thatieal
lifetime/spectral age| is given as

0
26X 10°VB vl (12.1)
(B2 + B2y5) (1 + 2)viok

whereB is the magnetic field strength irG, Bcyg [1G] = 3.25(1+ z)? the equivalent magnetic
field strength of the microwave background agg the break frequency in MHz. The LOFAR
63 MHz flux measurement indicates thgf is locateds 50 MHz as the spectrum is still very
steep between 63 and 153 MHz. The magnetic fieldfficdit to estimate as the spectral shape
is poorly constrained. With a reasonable value ofu@we obtain a spectral age of 0.1 Gyr.
This increasesto 0.2 Gyr f@ = 5uG. In all cases we assumeg = 50 MHz. Rottgering et al.
(1994 estimated a velocityj of ~ 2000 km s? for the head-tail source. Then the separation
between the “head” and AGAH would bev x 7 = 200 kpc, forB = 10 uG. AG+AH is
located about 800 kpc (projected distance) from the head éfl6wer magnetic field strength
of B = 3.0 uG would give a distance of 600 kpc. It is also possible thatiteak frequency is
located at a lower frequency. If the radio plasma from thiqtla¢ AG+AH part) is compressed
by the merger shock wave, the radiative age of the sourcel teublder (about 0.5 Gyr or more,
e.g.,Dwarakanath & Kale 200%Kale & Dwarakanath 201)1 This makes it easier to explain the
distance of (at least) 800 kpc. Given all the uncertainsesyce 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)acated at shocks via the DSA mecha-
nism. In the linear test particle regime, the injection $dindex is related to the Mach number
(M) of the shock (e.gBlandford & Eichler 198¥

1 M2+1
2 M2-1°
If the properties of the shock remain unchanged and the agleeo$hock is larger than the
electron cooling time, the integrated radio spectrum weélleopower-law, with a spectral index
about 0.5 units steeper thap; (Miniati 2002). The radio spectrum of the relic has a power-law
shape over the observed frequency range, with a spectrex ioid-0.81 + 0.03. This would

imply ainj ~ —0.3 for a simple shock model. The flattest possible spectrarisl—0.5 from
DSA, suggesting that the relic recently brightened or josifed. In this case no equilibrium

(12.2)

Qinj =
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has yet been reached between the electron cooling andiamewtithin the observed frequency
range below 1369 MHz. Another possibility is that the arearavhich we integrate the flux
does not include all of the relic emission. It could be thahemf this steep-spectrum emission
is blended with that of the radio halo. Finally, the flat radjwectrum could also imply that
DSA is not fully understood or that the radio emitting eleas do not originate from the DSA
mechanism. If the relic traces a recently formed shock, gpactral steepening is expected
at high-frequenciesClarke & Ensslin(2006 indeed reported a steeper spectral index bR
between 1369 and 1703 MHz for the relic.

For a typical magnetic field strength of & for the relic Clarke & Ensslin 2006and
vprk = 1400 MHz, the spectral age is about 0.05 GBerrington et al(2002 proposed that
A2256 is undergoing a triple merger event. One between asstiec and the primary cluster
and one between the primary cluster and subcluster (or thpy cluster only) with a smaller
galaxy group. The relative velocity between the subclusier primary cluster is estimated to
be ~ 2000 km s and they are near the time of the first close passage of théustdrcand
primary cluster centers. The group is infalling from thethoi he “primary cluster—subcluster”
merger has a mass ratio of about 3 and the “primary clustit{cluster)—group” merger event
has a mass ratio of about 1Mdiller et al. (2003 argued that the “primary cluster—galaxy group”
merger is responsible for the radio relic and that the mesgent is viewed 0.3 Gyr after the
core passage. From the radio spectra alone it is not possilllsentangle the merger scenario,
but usually the strongest shocks form after core passag¢harftht 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 passaggyae@d to some of the double radio
relic clusters (e.gRottgering et al. 199Bagchi et al. 2006Bonafede et al. 2009van Weeren
et al. 2011y Further flux measurements above 2 GHz are needed to bettsirain the high-
frequency end of the spectrum and confirm the radio spectreepsns here.

No shock has been found so far in X-ray observations. Althoggen the large extent of
the relic in both the NS and EW directions we are probably mating the relic close to edge-
on, making it more dficult to detect a shock. For an edge-on shalic one would expect a
much larger ratio between the largest physical extent amdetic width (e.g.van Weeren et al.
2010. Because of the large size of the relic it is unlikely we ageisg fossil radio plasma
compressed by a shock wave since radiative energy lossegdine time it takes to compress
a several hundred kiloparsec sized radio ghost would remmmst of the electrons responsible
for the observable radio emissi@tarke & 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 sumrménfiLx in the region around
source D, see Figl2.4(right panel). In this region the halo is detected at thedl{el per
beam in the LOFAR 63 MHz image. The flux was measured from th&bBi2 image used
for the spectral index map. We sumed the flux over the samemnegithe 351 MHz WSRT
and 1369 MHz VLA D-array Clarke & Ensslin 200Bimages. The resulting radio spectrum
is shown in Fig.12.8 The 63—-351 MHz spectral index is1.3 + 0.1 and the 351-1369 MHz
spectralindex is-1.1+0.1. In the image made with robust 0.5 weighting (Fig.4) we measure
a halo flux that is a factor of 1.5 higher than in the uniformgteéd tapered image from the
spectral index map (summing the flux over the same region}h Wis higher flux the 63—
351 MHz spectral index would be aboul.5. Therefore the low-frequency spectral index is
probably steeper than the high-frequency one. This logtfeacy steepening was also reported
by Kale & Dwarakanath{2010 and is consistent with a combination of spectra from (adtlea
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Figure 12.8: Left: Radio spectrum of the relic. Flux meaments fromClarke & Ensslin(2006, Bren-
tiens (2008, andIntema(2009 were included. Solid line is a power-law fit to the flux measoents.
Right: Radio halo spectrum from flux measurements summedtbgeegion indicated in Fidl2.4

two populations of relativistic electrons.

Three diferent possibilities to explain this would be: (1) a model veherotons and their
secondaries live in a turbulent medium and get re-accelérathe re-acceleration time scale
here is very long (about 1 Gyr), meaning that most of the sighhigher frequencies is dom-
inated by the process of injection of secondaries (with aeflapectrum), while at lower fre-
guencies turbulent re-acceleration boosts the radio @nigBrunetti & Lazarian 201}, (2) a
model where there is a halo with a steep turbulent re-ac@erspectrum, while some pro-
jected emission from the relic (in the northern part) is sipposed on the halo emission. In
this case the 1369 MHz flux is dominated by the tail of the refitission downstream that is
projected onto the halo, or (3) an “inhomogeneous” turbiuleracceleration model, in this case
the turbulence is not homogeneous over the emitting voluimetweads to a distribution of
different spectral components.

With only three data points it is not possible to distinguigttiween these models, but with
future (LOFAR) observations it will be possible to much kettietermine the low-frequency
spectrum. This opens new theoretical questions and it walidteresting to determine if low-
frequency spectral steepening is unique to Abell 2256 ortldrédt also occurs for other radio
halos.

12.4 Conclusions

We have presented LOFAR LBA observations between 67 and 18dfthe cluster Abell 2256.
We focussed mainly on the 63 MHz map as at lower frequenciessigheric phase distortions
were severe. At 63 MHz we detect both the radio halo and maiio n@lic. The integrated
spectral index we find for the relic is consistent with beimqpaver-law witha = —0.81+ 0.03.
The integrated radio spectrum of the relic is quite flat, Whiould mean that the relic has only
recently been formed, within the last0.1 Gyr. For the radio halo there are indications of a low-
frequency spectral steepening, this was previously ajsorted byKale & Dwarakanat(2010.
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Additional flux measurements are needed to better detertminlew-frequency spectrum of the
halo and the origin of the convex spectrum.

We detected a recently found steep spectrum source to thefes cluster center, located
roughly at the end of the head-tail source C. For this soucéivd an extremely steep spectral
index of —2.3 + 0.4 between 63 and 153 MHz. This steep spectrum source could bé&lar
part of the tail of source C. For source F2 we find the speatidgx flattens t6-0.95 between
63 and 153 MHz. The origin of the source remains unclear.

In the future we plan to extend our investigation to lowergfrencies. For this, ionospheric
calibration schemes will be important to retain enoughiapegsolution to separate the contri-
bution from the various complex sources in the cluster.
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In dit proefschrift worden radiowaarnemingen en compuiteaaties van samensmeltende clus-
ters van sterrenstelsels besproken. Om dit beter te begnjordt eerst uitgelegd wat clusters
van sterrenstelsels zijn en hoe we denken dat deze ontdissrna wordt toegelicht hoe we
de radiostraling, afkomstig van samensmeltende cludtarsyen waarnemen met radiotelesco-
pen. Ten slotte wordt het onderzoek dat in dit proefschafdhreven is kort samengevat per
hoofdstuk.

Clusters van sterrenstelsels

Alle sterren die we met het blote oog ’s nachts kunnen ziewtsghtot ons eigen sterrenstelsel
de Melkweg. De meeste van deze sterren bevinden zich felattebij de Aarde. De Melkweg
bevat echter veel meer sterren dan zichtbaar met het blgtevweal een paar honderd miljard.
Daarnaast bevat de Melkweg ook stof en gas. De Melkweg iseistnige sterrenstelsel in het
heelal. Er zijn tenminste 100 miljard sterrenstelsels eara&hijnlijk nog veel meer sterrenstel-
sels die elk weer uit miljarden sterren bestaan. Sterrksestebevinden zich vaak in groepen.
Onze Melkweg behoort tot de Lokale Groep die enkele tiegnakden bevat. Er zijn echter
veel grotere groepen van sterrenstelsels, die noemen wiidwan sterrenstelsels. De ster-
renstelsels in groepen en clusters worden bij elkaar gedroddor de zwaartekracht. Clusters
van sterrenstelsels nemen een bijzondere plaats in altstgator de zwaartekracht gebonden
structuren in het heelal.

De dichtstbijzijnde cluster is de Virgo Cluster op een afdgtaan 54 miljoen lichtjaar. Dit
betekent dat het licht, reizend met een snelheid van 300k00€) er 54 miljoen jaar over doet
om de Aarde te bereiken. We kijken dus 54 miljoen jaar terudginijd voor deze cluster. De
meeste clusters staan veel verder weg, op afstanden vale emkarden lichtjaren.

Zichtbaar licht is een vorm van elektromagnetische stgatiat zoals radio, infrarode, ul-
traviolette, Rontgen en gammastraling. Het enige verdubsen deze verschillende vormen
van straling is de golflengte. Ultraviolet, Rontgen en gaastraling hebben kortere golflengtes
dan zichtbaar licht. De meeste straling met kortere golflengn ook infrarode straling wordt
tegengehouden door de atmosfeer. Radiostraling daassntigt grotendeels ongehinderd
door de atmosfeer heen, net zoals zichtbaar licht.

De sterrenstelsels in clusters worden bestudeerd in Zahiizht, maar astronomen kijken
ook naar clusters op andere golflengtes. Op deze manier khmeer kennis worden verkregen
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over de processen die zich hier afspelen. Behalve in deestgglsels is er ook gas aanwezig
tussen de sterrenstelsels in clusters. De massa van dis ga¥fs veel groter dan de massa
van de sterrenstelsels. Het gas in clusters is zeer ijl efy et een temperatuur van rond de
10 miljoen graden of hoger. Dit hete gas straalt voornakBlgntgenstraling uit en we kunnen
dit waarnemen met Rontgen-satellieten. Clusters bavatik kleinere hoeveelheden koeler gas
dat voornamelijk op infrarode golflengtes wordt bestudeerd

Hoe ontstaan clusters van sterrenstelsels?

Eén van de belangrijkste vragen die sterrenkundigen peokie beantwoorden is hoe sterren,
sterrenstelsels, en clusters van sterrenstelsels zitlehajevormd na de Big Bang, 13.7 miljard
jaar geleden. Vlak na de Big Bang bestond het heelal nanalgkn uit heet gas. Het idee is
dat het gas begon samen te klonteren toen de temperatuwegygadaald was, onder invioed
van de zwaartekracht. Hierbij ontstonden de eerste stemesterrenstelsels. Uiteindelijk toen
het heelal ongeveer de helft van zijn huidige leeftijd beread begonnen sterrenstelsels zich te
groeperenin clusters. Clusters van sterrenstelselsugmalatief jong ten opzichte van de eerste
sterren en sterrenstelsels. Clusters vormen zich doorrsandtingen van kleinere clusters en
groepen, dit groeiproces vindt nog steeds plaats in hetdaifteelal.

Tijdens de samensmeltingen en botsingen tussen clusteesigesr vrij weinig met de in-
dividuele sterren en sterrenstelsels. Ze bewegen meestaloy langs elkaar heen. Het hete
gas in de groepen en clusters botst echter op elkaar enjhientnlen schokgolven in het gas
gevormd. Hierdoor wordt het hete gas nog verder verhit. Bebekgolven kunnen we zien
met Rontgen-satellieten. Al met al duurt een samensngeliel een miljard jaar lang, zodat we
slechts moment opnames van deze gebeurtenissen te zigenkrifoch kan dit proces bestu-
deerd worden, door naar verschillende samensmeltingeijkeldie zich elk in verschillende
stadia bevinden.

Radiostraling van clusters

In 1970 werd een belangrijke ontdekking gedaan in de Comst€luBehalve Rontgenstraling
bleek het gas in de cluster ookfilise radiostraling uit te zenden. Daarna werden ook in som-
mige andere clusters van dezdéfase radiobronnen gevonden. Alle clusters di€udie radio-
bronnen hebben zijn aan het samensmelten tot grotererdustet gas in deze clusters is dan
ook heter dan in clusters die zich in rust bevinden. DRude radiostraling is onder te verdelen
in twee groepen. Er zijn radioalo’s die zich centraal in de cluster bevinden en ragias die
verder van het centrum staan. De halo’s laten over het algemeinig structuur zien, terwijl de
relics vaak langgerekt zijn en onregelmatige verschitiemalderheid vertonen. De radiostraling
die wordt waargenomen is van het typgnchrotron-straling Een specifieke eigenschap van de
synchrotron-straling van halo’s en relics is dat deze sietkelderheid toeneemt met langere
golflengtes. Synchrotron-straling komt vrij wanneer geladeeltjes rondom magnetische veld-
liinen cirkelen met snelheden dichtbij de lichtsnelheidn @eze straling te produceren zijn dus
hoog-energetische deeltjes nodig en een magnetisch velcbromen willen graag weten waar
deze deeltjes en magnetische velden vandaan komen. Dgdéeibnen alleen deze extreme
energieén bereiken als ze versneld worden, net zoals idesdtjesversneller op aarde.
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Clusters zijn niet de enige objecten in het heelal die raditisg uitzenden. Sommige ster-
renstelsels, met een zwart gat in het centrum, zenden zZieerbésynchrotron-straling uit. Daar-
naast zijn er nog veel meer radiobronnen, zoals de Zon, {@ansterren, restanten van sterren
en gas in sterrenstelsels die allen radiostraling uitzen®eze straling is soms van een ander
type dan synchrotron-straling.

Radiotelescopen

Radiotelescopen kunnen tegenwoordig gedetailleerdekfingen maken van de radiobronnen
in clusters. Een radiotelescoop bestaat gewoonlijk uitgrete schotel om de straling te bun-
delen. De resolutie, de mate waarin kleine details kunned@woonderscheden, wordt bepaald
door de diameter van de schotel. De gevoeligheid voor desadiing wordt bepaald door de

oppervlakte van de schotel. De grootste beweegbare sdiexél een diameter van iets meer
dan 100 meter. Er is zelfs een schotel van 300 meter maar dez@dt bewegen. Omdat radio-

telescopen waarnemen op veel langere golflengtes danaahibtht is de resolutie erg beperkt,

zelfs voor schotels van 100 meter. Dit komt doordat de résobmgekeerd evenredig schaalt
met de golflengte van de straling. Omdat clusters erg ver w&mss een resolutie die over-

eenkomt met een schotel van tenminste enkele kilometeiig nadclusters in detail te kunnen

bestuderen. Het is onmogelijk en te duur om zulke grote sthite bouwen. Door gebruik te

maken van radio-interferometrie kunnen we dit probleentezatmzeilen.

Radio-interferometrie

Radio-interferometrie is een techniek waarbij de opgegargignalen van meerdere radioscho-
tels worden gecombineerd, hiermee kun je een veel grotiesctmp nabootsen. In plaats van
de diameter van de individuele schotels bepaalt nu de geoafistand tussen de schotels de reso-
lutie en de totale oppervlakte van alle schotels bepaaletgieaigheid. Dus hoe meer signalen
van schotels gecombineerd worden des te beter.

De drie belangrijkste radio-interferometrie telescopigm de Westerbork Synthesis Radio
Telescope (WSRT) in Drenthe, bestaande uit 14 schotelslk&baneter. De grootste afstand
tussen de schotels bedraagt 2.7 km. De Amerikaanse Vere liamgy (VLA) bestaat uit 27
schotels van 25 meter over een maximale afstand van 30 krmdiesk Giant Metrewave Radio
Telescope (GMRT) heeft 30 schotels van 45 meter, ook vaspwer een gebied van 30 km.
De telescopen verschillen onderling in de golflengtes dikurenen ontvangen. De GMRT is
vooral gevoelig voor straling met lange golflengtes, ditaa goordeel omdat de relics en halo’s
vooral helder zijn bij deze lange golflengtes.

Een nadeel van de lange golflengtes is het feit dat de resetari een telescoop afneemt met
de golflengte. Ook is er op langere golflengtes vaak meemnstaidor radiostraling afkomstig
van bijvoorbeeld mobiele telefoons en radio stations. Emplastiger probleem is dat een laag
van de atmosfeer van de Aarde (de ionosfeer) de radiogjiiali® kan afbuigen. Deze afbuiging
neemt toe met de golflengte en dat kan resulteren in onschegiden. De Low Frequency
Array (LOFAR) is een nieuwe radiotelescoop die voor het tgtwogedeelte zich in Nederland
bevindt en is gebouwd door ASTRON. Deze is specifiek ontworm®r het doen van waar-
nemingen op de langste golflengtes. In plaats van schotstadid OFAR uit vele honderden
kleine antennes die elektronisch worden gekoppeld tdbsatLOFAR heeft stations over een
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gebied van 100 km in Nederland. Daarnaast zijn er ook s&timBuitsland, Engeland, Frank-
rijk en Zweden. De grootste afstanden tussen deze statipnsiger dan 1000 km. Het grote
aantal stations, meer dan 40, en de enorme afstanden betekeanorme doorbraak in gevoe-
ligheid en resolutie. Dit alles maakt LOFAR tot de meestehtige radiotelescoop ter wereld.
Naast clusters zullen vele andere bronnen in detail bestdd@nnen worden.

Dit proefschrift

In dit proefschrift wordt de radiostraling van samensnralclusters van sterrenstelsel bestu-
deerd. De belangrijkste vragen zijn: Waar komen de hooggetische deeltjes vandaan die
de radiostraling uitzenden? Hoe worden deze deeltjes efef3rHoe is het magnetisch veld in
clusters ontstaan en wat zijn de eigenschappen van dit msgimgeld? Het beantwoorden van
de bovenstaande vragen is van belang om het vormingspraceswsters beter te begrijpen.
Naast radiowaarnemingen wordt er in dit proefschrift ookrgék gemaakt van waarnemingen
van Rontgen-satellieten en optische telescopen. Tevgnsumerieke simulaties op krachtige
computers gedaan om deze samensmeltingen van clustersiegtgrijpen. Een van de proble-
men voor het bestuderen van samensmeltende clusters isrdateweinig (enkele tientallen)
clusters bekend zijn met radio halo’s en relics. Een andelidadus om meer halo’s and re-
lics te vinden om zo de gezamenlijke eigenschappen van deechite kunnen bestuderen en te
vergelijken.

In Hoofdstuk 2 en 3 worden GMRT, WSRT en VLA waarnemingen beschreven van 26
potentiéle nieuwe halo’s en relics. Deze bronnen warewmgen in oudere radiokaarten en
vielen op doordat hun helderheid sterk toenam op langefteggtes. Het blijkt dat inderdaad
enkele van deze bronnen nieuwe relics en halo’s zijn. Der@ozijn verder bestudeerd met
vervolgwaarnemingen op verschillende golflengtes. Doaedgegevens te combineren met
al bekende radio relics zijn correlaties gevonden tusseschidlende eigenschappen van de
bronnen, zoals hun grootte en de mate waarin de intensieiteemt met de golflengte. In
Hoofdstuk 4 wordt ook een zoektocht naar nieuwe halo’s en relics onaeemo Dit resulteert in
de ontdekking van zes nieuwe relics en twee halo’s. Hettlugik deze halo’s en relics allemaal
te vinden zijn in samensmeltende clusters, zoals verwattbtvinden ook dat de kans om een
relic te vinden toeneemt naarmate de cluster meer masda Beafvan deze nieuw halo’s wordt
in meer detail bestudeerd koofdstuk 5. Deze halo is de meeste verre en helderste die tot nu
toe gevonden is. De halo bevindt zich in de massieve clusfe€$J0717.53745, welke een
complexe samensmelting ondergaat van ten minste drieectust

In Hoofdstuk 6 and 7 wordt de ontdekking van relics in de clusters ZwCl 23410000
en ZwCl 0008.85215 beschreven. Het bijzondere is dat beide clusters telims hebben die
symmetrisch liggen aan weerszijden van het centrum vanusterk. Deze soort relics worden
“dubbel relics” genoemd en zijn zeer zeldzaam. Er zijn ermea&elen van bekend. De radio,
Rontgen en optische waarnemingen van deze clusters |eerdat deze bezig zijn samen te
smelten. De dubbel relics bevinden zich op de positie vaneti@achte schokgolven. Er zijn
aanwijzingen gevonden dat de deeltjes die de radiostralitzgnden versneld worden in de
schokgolven van de botsingen.

In Hoofdstuk 8 worden GMRT, WSRT en VLA waarnemingen besproken van de elust
genaamd CIZA J2242+85301. Deze waarnemingen laten een enorm grote relic zieme&f
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ingenieuze techniek wordt voor het eerst een precieze giedin het magnetisch veld gedaan in
de cluster. Tevens is heffect van de beweging van de schokgolf waargenomen via desteato
ling. De waarnemingen van deze cluster geven het bestedwiju toe dat deeltjes inderdaad
in schokgolven van clusters versneld worden tot extremegésen.

In Hoofdstuk 9 wordt een gedetailleerde analyse gedaan van een nieuvterchist een
complexe radio relic en halo. Verschillende technieken emadliostraling in detail te bestu-
deren worden hier ontwikkeld. Hiermee kan nieuwe informatier het magnetisch veld en de
specifieke deeltjes versnellingsmechanismen worden egekr.

In Hoofdstuk 10 worden simulaties van de samensmeltende clusters gepresgnDoor
de simulaties te vergelijken met de radiokaarten is het iijkge reconstrueren hoe de samen-
smeltingen zijn verlopen. Deze techniek is toegepast opuster beschreven iHoofdstuk 8.

In dit specifieke geval vinden we dat de waarnemingen veritleannen worden door een bot-
sing tussen twee clusters met een massaverhouding vant2attda Ook zijn de simulaties
gebruikt om de eigenschappen van het gas te onderzoekentpafstanden van het centrum
van de cluster. Op grote afstand van het centrum van clustbeet gas zo ijl dat het nauwelijks
waarneembaar is met Rontgenstraling.

GMRT en WSRT waarnemingen van de cluster Abell 2256 wordechreven irHoofd-
stuk 11. Een aantal nieuwe zwakkefflise radio bronnen worden gedetecteerd. De helderheid
van de bronnen neemt sterk toe met de golflengte, waardoertemnen op langere golfleng-
tes veel duidelijker zichtbaar zouden moeten zijn. Tenehwbordt inHoofdstuk 12 de eerste
LOFAR waarneming van de cluster Abell 2256 gepresenteeedevaarneming laat voor het
eerst de relic and halo zien op lange golflengtes. Zoals \@inia ook een van de fiuse
radiobronnen, beschreventitoofdstuk 11, zichtbaar op de LOFAR kaarten.
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