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1 INTRODUCTION

ABSTRACT

We investigatethe potentialof the SquareKilometre Array (SKA) for measuringhe mag-
netic elds in clustersof galaxiesvia Faradayrotationof backgroundoolarisedsourcesThe
populationsof clustersandradio sourcesarederivedfrom ananalyticalcosmologicamodel,
combinedwith an extrapolationof currentobsenationalconstraintsWe adoptan empirical
modelfor the Faradayscreerin individual clustersgaugedo obsenationsof nearbyclusters
and extrapolatethe polarisationpropertiesfor the radio sourcepopulationfrom the NRAO
VLA Sky Suney. We nd thatabout10 per centof the sky is coveredby a signi cant ex-
tragalacticFaradayscreenMost of it hasrotation measuredetween10 and100radm 2.
We arguethat the clustercentresshouldhave up to about5000radm 2. We shaw thatthe
proposednid frequeng aperturearray of the SKA aswell asthe lowestband of the SKA
dish array arewell suitedto make measurement®r mostof theserotationmeasurevalues,
typically requiringa signal-to-noisef ten.We calculatehe spacingof sourcegorming agrid
for the purposeof measuringoregroundrotationmeasuresit reaches spacingof 36 arcsec
for a100hourSKA obsenationper eld. We alsocalculatethe statisticsfor backgroundRM
measurements clustersof galaxiesWe nd thata rst phaseof the SKA would allow us
to take stackingexperimentsutto highredshifts(> 1), andprovide improvedmagneticeld
structuremeasurement®r individual nearbyclusters Thefull SKA aperturearraywould be
ableto make very detailedmagneticeld structuremeasurementsf clusterswith morethan
100 backgroundsourcesper clusterup to a redshiftof 0.5 andmorethan1000background
sourcesper clusterfor nearbyclusters,and could for reasonableassumptiongboutfuture
measuremenisf electrondensitiesn high redshiftclustersconstrainthe powerlaw index for
themagneticeld evolutionto betterthanDm = 0:4, if the magneticeld in clustersshould
followBp (1+ 2™.

Keywords: surweys— cosmology:obsenations— galaxies:cclusters.general— magnetic
elds — radiocontinuum:general— instrumentationpolarimeters

cluster combinedwith X-ray datato determinethe electrondensi-

Theplasmabetweenrthe galaxiesin clustersis magnetisedObser
vationsatradiofrequenciegsreour mainquantitatve probeof clus-
termagneticelds. Thisis doneby threemainmethodsequiparti-
tion argumentsappliedto clusterhalo radio sourceqe.g. Giovan-
nini etal. 1993),comparisorof X-ray InverseCompton(IC) with
theradiosynchrotrordatain radiosourcege.g.Bagchietal. 1998),
andFaradayrotationof polarisedadiosourcevithin or behindthe
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ties (Kim et al. 1991; Clarke et al. 2001). The resultshave been
reviewedregularly (Carilli & Taylor 2002;Govoni & Feretti2004;
Feretti& Giovannini 2008).Galaxy clustersarefound to possess
magneticelds of typically afew, upto of order10 nG.

Thestructurewithin clustermagneticelds hasbeendeduced
from Faradayrotation of extendedclusterradio sources(Murgia
etal. 2004;Vogt & Enflin2005;Govoni etal. 2006;Guidettiet al.
2008).For thefew casesbseredsofar, thedatais consistentvith
a Kolmogora-type power spectrum.Becausethe eld is frozen
into the plasmain the high conductvity limit, the structureof the
eld directly tracesthe underlyingkinematicsof thegas.
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Table 1. Comparisorof radiotelescopes— derived properties.

Name VLA2 SKAAA SKADishes SKA DishesPhasel

Aeti=Tsys" 70-180 10,000 10,000 1,200
. . 0.3-0.341.24-1.7,

frequencie®f interest/ GHz 45581-8.8 0.3-1 0.8-10 0.8-10

instantaneoubandwidth/ MHz 86 700 250 250

1-h sensitvity / mly 17 0.18 0.29 25

eld of view / squaredegreé (0:7=f)? 250 2 20

a Seehttp://www.vla.nrao.ed
b Effective collectingareaover systemtemperature.

u/astro /guides /vl as/c urr ent/ .

¢ For thedishtelescopesgivenatthe bottomof thefrequeng range;f denoteghe observingrequeng in GHz.

d Assumingphasedarrayfeeds.

Currentstudiesof magnetic elds in clustersarelimited to a
few nearbyobjects(z< 0:1). Hence we have no meango answer
questiongegardingthe origin andcosmologicakvolution of these

elds. Correspondinglyfew cosmologicaktructureformationsim-

ulationshave includedmagnetic elds. To date,nonehave theres-
olution to addresddirectly the eld evolution in galaxy clusters.
However, from the eddyturnover times,andthe high ef ciency of

the turbulent dynamo,one might expectthat the magneticenegy

shouldalwaysbein equipartitionwith the turbulentkinetic enegy

(Ryu, private communication) Hence,studyingthe cosmological
evolution of elds in clustersmight not only leadto the origin of

magnetismbut alsotraceclusterkinematics.

Magnetic elds in clustersof galaxiesmight be connectedo
the cooling ow problem.If cooling o ws in nearbyobjectsare
guenchedy weakjets, ashasbeenoftensuggestede.g.Kaiser&
Binney 2003),the magnetic elds will beampli ed up to equipar
tition with the enhancedinetic enegy level provided by the very
samegjets.

The Faraday rotation method is expectedto benet sub-
stantially from new developmentsof radio telescopesver the
coming decade.The Australian ASKAP project, aswell asthe
South African MEERKAT project are expectedto start oper-
ation within a few years both instruments will have sensitii-
ties competitive with the eVLA, (enhancedVery Lar ge Array)
but with substantially higher survey speedat frequenciesbe-
low 1.4GHz. The Square Kilometre Array (SKA) is the next
generationradio interfer ometerand will be a transformational
instrument with animpr ovementin sensitvity comparedto the
eVLA of a factor of fty with a 10° increasein survey speed.
At frequenciesbelow 500MHz, aperture arrays will form the
collector with dishesat frequenciesabove 1.4 GHz. In the mid
frequencyrange (0.3 1.4 GHz) large survey speedswill be
achieved by using aperture arrays or disheswith focal-plane
arrays (Schilizzi et al. 2007).Phasel of the telescopgwith be-
tween10and 15 percent of the collecting area)is scheduledfor
operation in about 2015with phaseddeploymentof the restof
the telescopeover the next few years and with completion in
2021/22 Apertur e arrays provide the most exciting technology
for the mid-fr equencyrange with the largestincreasein sur-
vey speedprovided they can meetan appropriate performance
to cost (Alexander & Faulkner 2009). The derived properties
for the SKA, basedon Schilizzi et al. (2007) and Alexander
& Faulkner (2009) are summarisedin Table 1, together with
a comparisonto the VLA.

In this paperwe investigatehe potentialof thesenstruments,

in particularthe SKA, to measureosmologicakvolutionin cluster
magnetic elds. We concentrateon Faradayrotation studies:the
magneticeld alongtheline of sightrotatesthe polarisationangle
by

RM
(1+ 22

wherel is the observingwavelengthandwe includedthe cosmo-
logicalfactor(zis theredshiftof therotatingFaradayscreen}o ac-

countfor theredshiftof theradioemissiortraveling from the Fara-
day screento us. This factorensureghat for backgroundsources
with redshiftsmuchhigherthanthe targetedcluster the contritu-

tion to the rotation of the polarisationanglefrom the vicinity of

theradio sourcewill be ngyligible (unlessthatRM contrikution is

extremelyhigh), sinceit occursat muchhigherfrequenciesRM is

relatedto the thermalelectrondensity ne (cm 3), andthe line-of-

sightmagneticeld, B (nG), as:

z

Dc = 1)

L
RM= 812 neB dl radm 2; 2
0

wherethe path-lengthdl is measuredhn kpc.

The rotation measurehas contritutions from all along the
line of sight, from the inter-galacticmedium(IGM) in the vicin-
ity of the sourceitself, from the intra-clustermedium (ICM) in
the clustersalongthe line of sight,andfrom our own galaxy The
galacticcontritution typically dominatesat galacticlatitudesbe-
low aboutjbj < 20 . Above jbj > 40 , the galactic contrikution
becomesmallerthanjRMj < 30radm 2 (Simard-Normandir&
Kronbeg 1980),and canbe assmallas5radm 2 (Guidettiet al.
2008).Hence high rotationmeasurdrom extragalacticsourcesat
high galacticlatitudescanmostlik ely be attributedto Faradayro-
tationwithin thegasin galaxyclusters.

1.1 Obsewationsto date

Sofar, the only individual clusterwith a signi cant numberof ob-
sened polarisedmembersand backgroundsourcesis the Coma
cluster Sevensourcewithin 35arcmindisplaya clearlyenhanced
jRMj between35 and65 radm 2 (Kim et al. 1990; Ferettiet al.
1995). Thesesourcesaswell ascontrol sourcedn the vicinity of
thecluster but avoiding sightlinesthroughComas ICM, have been
obseredin mary individual pointingswith the VLA. For theclus-
ter A514, six embeddedadio sourceshave beenobsered in in-
dividual VLA pointings.Theseshav a declineof jRMmay from
154radm 2 in thecentreof theclusterto 15radm 2 ontheout-
skirts. Several other clusters,eachwith a few polarisedsources,
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Figure 1. Mass (top) and redshift (bottom) distribution of the adopted
galaxyclustermodel.Seetext for detailsof the model.

have beenobsenedwith similar results(Ferettietal. 1999; Taylor

etal. 2001; Govoni et al. 2006; Guidetti et al. 2008).Many clus-

ters have only one or two sufciently bright radio sourcesin or

behindthent. Thereforestackinghasbeenusedto infer a general
RM value for nearbyclusters(Clarke et al. 2001). A systematic
increasen jRMj is foundtowardsthe clustercores.

Firstattemptdave beenmadeto infer themagneticeld struc-
ture via the powver-spectrumwith Faradayrotationstudies For the
clusterA2255, Govoni et al. (2006) measureghe Faradayrotation
of four embeddedadio sourcesFor differentassumptionsbout
the magnetic eld power spectrumthey can extrapolatethis data
to predictthe synchrotronremissionof the radio halo. Comparison
to obsenrationsof theradio halothenconstrainghe powver law in-
dex of the magnetic eld' s 3D-paver spectrumto the rangethree
to four, consistentwith Kolmogorw turbulence,with a possible
spatialvariation. The modelalsopredictspolarisationof the halo,
whichis indeeddetected.

This paperis structuredasfollows: First, we discusghe simu-
lationmethodn Section2. TheFaradayrotationdetectiorstatistics
andtheimplicationsfor the measuremerdf the cosmologicakvo-
lution of the magneticeld in clustersarepresentedn Section3.
We discussour ndings in Section4, andsummarizehemin Sec-

tion 5. Throughoutwe usethefollowing cosmologicaparameters:

h= 07, Wn= 0:3, W = 0:7.

1 Seehttp://www.mpa-garching .mpg.de /~k dola g/BCluster /.
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Figure 2. Distribution of the fractional polarisationfor the radio source
model. The dark blue triple dot-dashedine representshe t from Tucci
etal. (2003)(notyet correctedor Faradaydepolarisation)The solid black
line representsur adaptatiorof this t. This modelis correctedor Fara-
daydepolarisatiory thepolarisatiordependentorrectionfactorshavn as
red dot-dashedune (divided by 1000). The model nally adoptedn this
paperis shavn asa greendashedine. The polarisationdistribution func-
tionsagreeall athigh fractionalpolarisationsyerethey aregaugecdhgainst
NVSSdata.

2 THE SIMULATIONS

In orderto assesshe effect of clusterFaradayscreenson the po-
larisationof backgroundradio sourcesa relatively sophisticated
modelof clustersandsourcepopulationds required.

2.1 Cluster model

In order to model the cluster numberwithin an obsered patch
of sky (here10 deg?), we requirea modelfor the cosmologically
evolving clustermassfunction. For this, we employ a clustermass
function whose multiplicity function (seee.g. Sheth& Tormen
1999)is basedon a moving barriershapeansatzanddependon a
minimalnumberof parameterto provideasuitablet to numerical
simulations.In particular the shapeof the usedmassfunction has
beenderived from N-body simulationsof large cosmologicalol-
umesandhighresolutiondollowing themethoddescribedn Jenk-
insetal. (2001).Theabore modelgivestheclustermasdunctionas
afunctionof redshift.We adoptalower masscutoff of 3 1013M
andfor agivenrealisatiorof thesky modelderive clustercountsas
a function of redshift,makingallowancefor cosmicvariance Our
resultinggalaxy clustercataloguecontains775 objects,with red-
shiftsupto  2:3. The propertiesof our generatedjalaxy cluster
sampleareillustratedin Fig. 1.

In our model, clustersare distributed randomly and radio
sourcesare either backgroundor foregroundobjectswith respect
nggiY)en_cluster Every objectis placedon a 3D grid, covering

10 = 10squaredegreeandtheredshiftspacerom zeroto eight.
The spatialresolutionis 6000 6000 cells, and redshift spaceis
coveredby 240cells. This givesan effective resolutionof 1.9 arc-
secanddz = 0:033in thethird dimension.

2.2 Rotation measure model

The obserationaldataon the structureof magnetic elds in clus-
tersis currentlysparseBasedon Clarke etal. (2001),we therefore
employ asimplemodelfor the rotationmeasurewith a peakvalue
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Figure 3. Top: Deriveddistribution of cosmologicalotationmeasuresnthe sky dueto galaxyclustersBottom: RecaveredRM-sky dueto backgroundadio
sourcedor a 100h SKA-AA obseration. To enhancecontrast, the resolution hasbeenreducedby a factor of ten compared to the gur e on the top.
Thereal eld of view asplannedo datewould be 25 timeslarget

¢ 2009RAS,MNRAS 000, 1-12



(justi ed in Section2.9below) drawvn from a uniform randomdis-

tributionbetweerRMy = 5000radm 2, anda declineaccording
to ab-model:
RM(r) = RMo(1+ r2=rg) 3hru=2: @)

We use brm = 1 (seebelov) andrg = 0:0636r200 (Biviano &
Salucci2006), wherer,qq is the radiuswithin which thereis an
over-densityof a factor200 comparedo the meandensityof the
universeat the redshiftof the cluster roqg is roughly equalto the
virial radiusof thecluster Thisresultsin coreradii betweer20and
110kpc, which corresponds$o angularsizesbetweerafew arcsec-
ondsto half anarcminute.

Biviano & Salucci (2006) give a value of b = 2=3 for the
gasdensity distrib ution in clusters of galaxies.The tempera-
tur e distrib ution in clustersof galaxiesis typically not far from
isothermal (exceptin the centresof cool core clusters). There-
fore,the pressuefollows a very similar radial pro le asthat of
the density. Equipartition betweenthe magnetic and the ther-
mal pressueis probably areasonableassumptionfor the mag-
netic eld distribution in clusters, and consistentwith some
RM-data (e.g Govoni et al. 2006; Guidetti et al. 2008). Con-
sequently we adopt a value of by, = 1=3 for the radial distrib u-
tion of the magnetic eld strength along the line-of-sight. The
line-of-sight integral then resultsin the b-model for the rota-
tion measure describedin equation (3) above, with bgy = 1.
We calculatethe rotationmeasurecontrikution out to the virial ra-
dius.

We shaw in Fig. 3 (top) the resultingdistribution of rotation
measuresiueto the simulatedgalaxy clusters Much of the sky is
coveredwith galaxy clusters,however, mary of the systemshave
small rotation measuresAbout 12 per centof the sky is covered
with regionsof atleastlOradm 2. Thefractionreducesby afactor
of abouttwo if oneconsidersotationmeasuresbae 20radm 2.
In our chosencosmology only 34 per cent of all clustersarelo-
catedbeyonda redshiftof one.Theseareobviously smalleron av-
eragethanthe lower redshiftpopulation.Hence,essentiallyall of
theareacoveragehappensip to aredshiftof unity (Fig. 4). There-
fore, up to this redshift, structuredeterminationshould be much
easierthanbeyond.

2.3 Radio sourcemodel

To obtainrealisticmodelsof the radio sourcepopulationswe use
the publically available SKADS (SquareKilometre Array Euro-
peanDesignStudy)syntheticradio sourcecatalogug SKAD Ssim-
ulated skies,S*; Wilman et al. 2008). The catalogueis derived
from semi-empiricalimulationsof differentpopulationsof radio
continuumsourcesand extendsdown to faint ux limits in order
to allow obsenationsimulationsof high-sensitie futureradiotele-
scopessuchasthe SKA. The sourcepopulationsincludedin the
cataloguareradio-loud(FR 1 andFR 11) andradio-quietAGNsas
well asradio emitting starlurstandnormaldisk galaxies.The lu-

minosityfunctioncorrespondingo eachclassof sourcess derived
empiricallyfrom availableobsenrations.The ts areextrapolatedo

low luminositiesandassumeedshiftevolutionsto assurehe sim-
ulationsare completedown to the instrumentallyexpected(faint)

ux limits. Our versionof the cataloguecoversten squaredegrees
of sky outto aredshiftof eightwith a1.4 GHz ux limit of 1 mly

2 See:http://s-cubed.physics. ox. ac.u k/ .
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in Stoles|. SeeWilman et al. (2008)for a detaileddescriptionof
theradiosourcesimulations.

2.4 Polarisation model

The degree of polarisationhasto be determinedfor individual
sourcesWe baseour predictionof the polarisationof theseradio
sourceson the statisticsof the NRAO VLA Sky Suney (NVSS)
catalogugCondonet al. 1998).Tucci et al. (2003) have analysed
polarisationstatisticsfrom the NVSS and other sourcesn detail.
Dependingon spectralshapeandsource ux, they derive median
fractionalpolarisationsetweenl.12and1.77 per centfor NVSS
sourcesFor the NVSS (1.4 GHz), the probability distribution of
the fractional polarisationdeclinesmonotonically but for higher
observingfrequenciesaturnover may be seentowardslower frac-
tional polarisation.This is dueto a systematiéncreaseof the frac-
tional polarisationwith observingfrequeng. Tucci et al. (2003)
explainthesendings by FaradaydepolarisationThereforewe ex-
pectthatthe low frequeng distribution functionalsoturnsover at
a not yet measuredractional polarisation.We thereforet alog-
normalfunctionto the measuregartof the fractionalpolarisation
distribution functionat 1.4 GHz. This resultsin a medianvalue of
1.64percentanda standarddeviation of 0.7 percent.Tuccietal.
(2003) believe that someof the NVSS sourcesaredepolarisedy
differentialFaradayrotationin interveninggalaxyclusters We ar
gue that this would be much lessso for SKA obsenrations: The
main reasonis thatwith lower ux limit the radio sourcepopula-
tion changesExtendedet sourceslominateathigh ux densities,
andstarforming galaxiesatincreasingdistanceanddecreasingn-
gularsizeatlower ux densitiesFor high redshiftgalaxyclusters,
the depolarisatiorfrequeng is reducedby afactor(1+ z) 1. Ex-
tendedsourcesehindnearbyclusterswill be muchbetterresolhed
thanby the NVSS (45 arcsec) For aturbulentpower spectrumthe
RM variationsshouldhave lesspower on smallerscaleshencethe
depolarisatiorfrequeny will belower (Krauseetal. 2007).

For these reasons,we adoptthe de-depolarisatiormodel
from Tucci et al. (2003) to derive the intrinsic polarisation P
from the potentially Faraday depolarised polarisation Pgp,
that is drawn from a random distrib ution asdescribedabove:

Pep f(Prp; neHz) =f (P rp; 1:4) (4)
72l0g(0:5n%* + 0:75) exp(  3:2p®3°+ 0:8):

P =
f(pn) =

Here, ngHz is a referencefrequencyin GHz. We use10 GHz
asthe referencefrequeny, assumingthat Faradaydepolarisation
for NVSS sourcesmainly occursbelov 10 GHz. The correction
increaseghe fractional polarisationby a factor of abouttwo, for
thosesourceswith low polarisationat 1.4 GHz, asshavn in Fig. 2.
Thiseffecthasbeermeasuredilready:Tayloretal. (2007)measure
an increaseof the fractional polarisationdovnwards of 100 mJy
of a factorof threecomparedo the high ux densitysourcesijn
agreementvith themodelwe propose.

2.5 Redshift distrib ution

For decreasingux limit, theradiosourcecountsaredominatecby
source®f increasingedshift. We shaw theredshiftdistribution for
different(polarised) ux limited sampledn Fig. 5. For a polarised
ux-density of 100 mly, roughlythelevel of currentstudieq Taylor
etal. 2007),themedianredshiftis 0.6. 1t risesto 1.3for apolarised
ux limit of 0.1 ndy, appropriatdor a100h SKA obsenation.Even
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for the highestredshifts,we still predictthousand®f background
sourcepersquaredegreefor this ux limit.

2.6 Requiredsignal-to-noisefor RM measuements

A distinctive featureof the next generationof radio telescopess
that a large bandwidthand high spectralresolutionwill be avail-
able simultaneouslyRotationmeasuresynthesiss an established
technigueo analyseRM data.However, for theanalysisof theRM-
grid, we wish to extract information from the faintestdetectable
sourceskor thefaintestsourcesve will extractasinglevalueof the
rotationmeasureHere,we considerthe minimum signal-to-noise
on a point sourcerequiredfor this. Faradayrotationleadsto sinu-
soidalvariationwith respecto / 2 acrossthe bandfor the Stokes
parameter€ andU, modulatedoy afunctiongiving thefractional
polarisationasa functionof wavelengthandtheintrinsic spectrum
of the source We considemormalisedStolkesparameters:

0
0o (@+u2 2 P )
co{PA+ RM=/ )
sin(PA+ RM=/ %) °

whereQ andU aretheordinaryStokesparametersto assesthere-
quiredsignal-to-noiseatio (SNR),requiredof abackgroundource
to measure givenforegroundRM, we performMonte-Carlosim-
ulations. Our simulateddatawere for a backgroundsourcewith
a spectralindex of 0.7 — we simulatethe observingband,taking
a constantchannelwidth of Dn = 1 MHz. We perform a com-
binedc?-t to the normalisedStokesparametersandusethe ux
at1.4 GHz asareferencepoint for the SNR. For in nite SNR,the
minimisationof c2 wouldbestraightforward.For decreasingNR,
additionalminimaappeain c? asafunctionof RM. For a SNRof
10 (100) the distancebetweertheseminimais of orderl radm 2
(100radm 2). A densegrid of startingguessess thereforeessen-
tial, for agradientsearchmethodto nd the globalminimum.The
actualvaluesof c¢2 differ only by a few percentwith the excep-
tion of the c2 for thetrue RM, andits negative. We nd thatc? for
thetrue RM andits negative, aresigni cantly lower thanall other
RMs( vetimesthestandardieviationfor 400startingguessesfor
asignalto noiseof four andhigher

The sign ambiguity is due to the symmetry properties of
the trigonometric functions. If a set(PA;RM), where PA is the
high frequencypolarisation angle (compare equation (5)), are
the correct parametersto describeboth functions, QY PA; RM)
and UYPA;RM), then (p+ PA; RM) will be another solution
regardingQ®and (  PA; RM) respectiely for US

QYPA;RM) QYp+ PA; RM)
uYPA;RM) uY PA; RM)

To x the signat low SNR, for eachsetof tted parametersfor
QP we also performed two ts for U%with starting guessesf
(p PA;RM) and (PA;RM), respectiely, allowing only RM to
vary, i.e. keepingthe high frequencypolarisation angle xed.
If the t with (PA;RM) leadsto the lowest minimum of c2,
then we have found the correct RM. However, if the t with
(p PA;RM) producesthe lowestminimum of ¢2, then RM
will bethe correctrotation measure. The procedureis then re-
peatedwith U%and Q%exchangedWe may thus producea com-
bined ¢2 for RM and RM. Selectingon the combinedc?, we
areableto recoverthecorrectsign.

For RMs between3 and3000radm 2, we nd a minimum

SNR betweenfour andten. This is true for the observingbands
from 800MHz to 1050MHz aswell as300MHz to 1000MHz. In
thefollowing, we assumehata RM measuremenhaybe donefor
ary sourcedetectechtan SNR of tenin polarised ux.

2.7 Rotation measure grid

For obsenationsof nearbyclustersaswell asthegalaxy it is use-
ful to computethe root-area-aeragedistancebetweenpolarised
backgroundsourcesFig. 6 shavs the averagegrid spacingover
observingimefor theadoptedSKA andSKA phasel sensitvities.
We usethe point sourcesensitvity limit accordingto Wrobel &

Walker (1999):

T
ds= pBleys : (6)
2dnt Ae

where,kg is Boltzmanns constant,Tsys is the telescopes system
temperatureA the total effective area,dn the bandwidth,t the
observingtime and e the overall ef ciency. Adopting a SNR of

ten,we countthesourcesibore the sensitvity limit for aparticular
telescopeandobservingtime. The total sourcecountsareroughly
inversely proportionalto the polarised ux, which is an effect of

the addingup of the contritutionsfrom differentsourcetypes.So,
while the galaxiesconstitutethe majority of the sourcesat low

ux es,othersourceypesstill contributeenoughto atten theover

all distribution considerably

2.8 ExpectedRM values

For eachbackgroundsource,we calculatethe obsered rotation
measurdy integratingthroughthe simulationvolumefrom the ob-
senedsourceo theobserer. We shav thecumulatize histogranof
all therotationmeasureproducedn thiswayin Fig. 7. We nd that
themajority of rotationmeasuresrein therangel0-100radm 2,
dueto thefactthatmostof theareacomesfrom the outskirtsof the
clusters.The highestrotation measuresome of coursefrom the
clustercentres.For a given frequeng bandand rotation measure
range aparticularSNRis required As shavn above in Section2.6,
bothof thefrequeng ranges300 MHz to 1000MHz (aperturear-
ray)and800MHz to 1050MHz (disharray),shouldbe suitablefor
the greatmajority of expectedrotationmeasures.

2.9 Corerotation measues

For eachradiosourcewithin threevirial radii of agivenclustercen-
tre, we alsocalculatethe respectre impactparameteri.e. the pro-
jecteddistanceto the clustercentre.We shav theserotationmea-
suresagainstheimpactparameterfor low redshift(z< 0:5), high
mass(M > 1014M ) clustersanda polarised ux limit of 1 mly
in Fig. 8. Thesecutswere emplgyed in Clarke et al. (2001),and
their datais alsoshavn in Fig. 8. But our model and the obser

vational data show only RM valuesup to jRMj < 300rad m 2,
whereasour model haspeakvaluesof 5000rad m 2in the clus-
ter centres.The reasonis that at the high ux cut adoptedhere,
the RM-grid is still very sparse,and hardly any source is lo-

catedwithin the coreradius. If we employ a lower central RM,

with the samecuts, the simulated RM spread on the scale of
the virial radius would be too small compared to the obsewed
data. As can be seen,the central rotation measuies of about
5000rad m 2 that are usedin the simulated data here are
necessaryto reproduce the obsewed spread of rotation mea-
sures.For distancegreaterthan 1000kpc andrandomsightlines,

¢ 2009RAS,MNRAS 000, 1-12



Cumulative RM coverag

14: T T T ]
12 RM > 10 rad m™? |
10 ]
2 gl ]
5 r 1
o 6F =
< r RM > 20 rad m™? |
4 ]
2f =
0 ]
0.0 0.5 1.0 1.5 2.0

Redshift z

Figure 4. Fractionof sky coveredwith RM> 10radm 2 (uppercune)and
RM> 20radm 2 (lower cune).

Redshift distribution of radio sources

10°E ‘ ‘ 3

[ Pol. flux limit: 107 Jy JEN ]

10°E Pol. Flux limit: 10° Jy Pt AN

E - N |

[ Pol. Flux limit: 10° Jy 22T e . AN

5| oo e > v
10 Pol. Flux limit: 10" Jy e N, '

§ P .

’
|

N

Counts / redshift decade / square degree

—_
o
TR

0.01 0.10 1.00 10.00
Redshift z

Figure 5. Distribution of radio sourcesagainstredshift for different po-
larised ux limits. Fromtop to bottom,thecurvesrepresento.1,1, 10,and
100 mly. Themedianredshiftis 0.6,0.6,0.8,and1.3.

we encountehigh RMs from neighbouringclusters.Thesearenot
presentn Clarke et al. (2001),asthey selecttheir control sample
avoiding known X-ray clusters.

3 RESULTS
3.1 Detectionstatistics

We show thedetectiorstatisticsfor the SKA aperturearrayandthe
phasel SKA in Fig. 10 andTable2. The histogramslemonstrate
the progresgshatcanbe expectedirom the SKA, especiallythefull
aperturearray

For a one hour phasel dishblind surey, we predictto nd
30,214,and148clustersn theredshiftrange9-0.2,0.2-0.50.5—
1, respectiely, with more than one background RM measurte-
ment, eachWealsopredictafew detectionsathigherredshift.This
wouldallow stackingexperimentdor differentredshiftbinsoutto a
redshiftof atleastone.Also, onecoulddeterminghedeclineof the
averageRM with clusterradiusbetterthanpresentlypossible This
could answerthe questionweatherthe magneticeld enegy den-
sity follows the thermalenegy density We alsowould have some
chanceto nd aboutacoupleof nearbyclusterswith 30—100RMs,

c 2009RAS,MNRAS 000, 1-12
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Figure 6. RM-grid spacingfor differenttelescopeanda SNRof ten.
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Figure 7. Cumulatve histogramof all the rotationmeasuresve expectto
nd within onesquaredegreefor a polarised ux limit of 1 mly (lower red
curwe) and 0.1 mly (upperblack curwe). In ary case,we expect mostof
the measurement® yield rotation measure®f order 10 to one hundred
radm 2,

allowing animproveddeterminatiorof the eld structure30 back-
groundsourcesshouldbe enoughto constrainthe power spectrum
(Govoni etal. 2006;Guidettietal. 2008).Sincethe positionsof the
big nearbyclustersare knownn, a targetedsuney would certainly
yield aboutthis numberof RMs.

A 100 hour phasel obsenation would resultin 26 clusters
at z< 0:5 with more than 30 backgroundsourcesand a couple
of thesehaving more than 300 backgroundsources.This would
allow to studythe eld structurein somedetail. Up to a redshift
of unity, nearly every clusterin the eld of view shouldhave at
leastonebackgroundsource Evenbeyondz= 1, we predictto nd
490 clusterswith oneto several backgroundsourcesThis would
allow the extensionof the stackingmethodto this redshift.

Thefull SKA aperturearraywill nally allow to measurahe
structureof the magnetic eld in greatdetail: Even for a 1 hour
obseration, eachlow redshift clusterwill at leasthave 10 back-
groundsource5 of which over thr eehundred We predictto nd
325 clustersin total with more than 30 backgroundsourcesdis-
tributed over a redshiftrangeup to 0.5, promisinggood statistics
of thevarianceof the power spectrunfrom clusterto cluster More
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Figure 8. RotationmeasureagainsimpactparameterTheimpactparame-
teris theprojecteddistanceof aradiosourceto a givenclustercentre Low
redshift(z< 0:5), highmass(M > 10*M ) clustershave beenselectedn
orderto compareo the obsered dataof Clarke etal. (2001).Thepolarised
ux limit is 1 my, asin Clarke etal. (2001).Obserationaldatafrom Clarke
etal. (2001)(clustersampleonly) is provided asred crossesFor distances
greaterthan1000kpc, thesightlinesto theradio sourcegierceneighbour
ing clustersTo getthe obsened RM spreadht the obseredimpactparam-
eters centralRMs of about5000radm 2 arenecessary

than10,000clusterswould be detectedvith atleastoneRM mea-
suremenbeyondaredshiftof 0.5.

Fora100hourpointing,wewill beableto constrairthepower
spectrumfor mary clustersin the eld of view up to a redshift
of one(> 5;000 clusterswith morethan30 backgroundsources).
Up to a redshiftof one,we expect> 1;000 clusterswith at least
100 RMs. Only for suchclusters,we may expectto resolvethe
corein somecases,.e. to have at leastone backgroundsource
within the clusters coreradius.A 100 hour pointing would corre-
spondroughlyto thesensitvity limit usedn Fig. 9, wherewe shav
thedecreasef the maximumrotationmeasuren ary givencluster
with redshiftdueto the decreasedik elihoodto geta background
sourcewithin the coreradius.25 clustersshouldhave more than
1000 backgroundsourcesand henceallow a very detaileddeter
minationof themagneticeld structuregvenin theclustercores.

Dueto thelimited eld of view, thefull SKA disharraywould
not nearly reachthe detectionratesof the aperturearray Even a
100hourblind surney would only yield 24 clusterswith morethan
30backgroundsources.

3.2 Cosmologicalevolution

Clustersat higherredshiftcover lessareaof sky (up to a redshift
of 1.6). Also, thereare fewer sourcesbehinda unit areaat higher
redshift. Thereforethe probabilitythata clustercentrehasa back-
groundobjectdecreaseastheredshiftincreaseswe plot the max-
imum rotation measurethat we detectfor a polarised ux limit

of 0.1 mly againstary given clusterversusthe clusterredshiftin

Fig. 9. Outto aredshiftof unity, thereis still agoodchanceof nd-

ing sightlinesthroughthe clustercore.However, the medianmaxi-
mumrotationmeasurelecreaseBy almostafactorof four for clus-
terswith redshift0.5—-1comparedo onesat0—-0.5.Thedecreasé

the medianof the measurednaximumrotationmeasurds almost
exponentialwith redshift, with an 1=e-decaylengthin z closeto
0.4.We cancheckthe detectabilityof possibletrendswith redshift
by multiplying the rotationmeasuresvith (1+ 2)" wherewe have

Maximum cluster RM versus redshift
10000.0 ‘ ‘ ‘ ‘

1000.0 ¢

e
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©
S 1000¢
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Figure 9. Maximumrotationmeasureseenagainstary given clusterin our
sampleagainstlusterredshiftfor a polarisedux limit of 0.1 nJy. Thered
lines denotethe medianfor sub-samplesvith correspondingedshifts(0—
0.5,0.5-1,1-1.5,1.5-2,> 2). Thepurplelinesdenotehemeasuredotation
measured thetrue rotationmeasuresvould declinewith redshiftas(1+
2) 1, the orangeline displaysthe mediansfor an increaseproportionalto
(1+ 2).

chosemto be 1 asexample.Thechangein the medianrotation
measurds alsoindicatedin Fig. 9. The decaylength changego
0.3and0.5,respectiely. If we compareheredshiftintervals0-0.5
and0.5-1,we predicta decreasef the medianrotation measure
by factorsof about3,4 and5, respectrely (comparewith Table 3,
whichis normalisedo thelow redshiftvalue).
Thestatisticalerroronthemedianmaximumrotationmeasure
is givenby:
sm = 1:253s P N;
wheres is thestandardleviationandN is thenumberof sourcesn
the respectie bin. We have calculatedcthe medianmaximumRM
for ary givenclusterandthe statisticalerrorsfor a100h SKA AA
obserationfor differentvaluesof n. Thisis shavn in Table3. Dif-
ferencesn the exponentn of 0:3 couldbedistinguished.

4 DISCUSSION

We assesthecapabilityof the SKA andits precursarphasel SKA,
to detectrotationmeasureanddetermineheevolutionof magnetic
elds in galaxy clusters.Our clusterandradio sourcesimulations
arebasedon standarccosmologicaimethodsand extrapolationof
availableobserationaldata.We useafractionalpolarisatiormodel
basedn NVSSdata,moderatelycorrectedor Faradaydepolarisa-
tion, atlow fractionalpolarisationsonly.

We nd thatabout10 per centof the whole sky shouldbe
covered with rotation measuregyreaterthan 10 rad m 2. If the
cosmologyis known, this may serne asan additionalconstraintto
checkfor the properremoval of the Milky Way's RM foreground.
Large clusterscanhave a RM contrikution from backgrounctlus-
ters.However, the contaminatioroccursmainly on the outskirtsof
theseclusters.

Our simulationsshaw that core RMs of about5000radm 2
arenecessaryo explain the currentlyknown stackingdata,which
shavs about200 rad m 2 on the scaleof the virial radius.RMs
againstentralclusterradiosourceftenreachvaluescomparable
to our core RMs (Carilli & Taylor 2002). This suggestghat our

¢ 2009RAS,MNRAS 000, 1-12
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Figure 10. Detectionstatisticsfor the SKA aperturearray (bottomrow), the full SKA dish array (middle row) andthe phasel SKA dish array (top row),
telescopespecdrom Tablel, for anobservingtime of 1 hour (left) and100hours(right), respectiely. We plot the numberof backgroundsourceger cluster
onthe horizontalaxis, andthe clustercountsfor the particularbins on the vertical axis. The hugenumbercountsfoundwith thefull SKA aperturearrayis a
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meritof its huge eld of view (250squaredegrees)combinedwith its high sensitvity. The samenformationis providedin tatular formin Table2.

¢ 2009RAS,MNRAS 000, 1-12



10

M. Krauseetal.

Table 2. Clustercountswith a given numberof backgroundsources.

Redshift Numberof polarisedbackgroundsourceger cluster
intenal 0 1 2-3 49 10-29 30-100 100-299 300-999 1000+
Phasel Dishes,1 hourpointing
0-0.2 0 0 8 20 0 2 0 0 0
0.2-0.5 54 160 54 0 0 0 0 0 0
0.5-1 568 148 0 0 0 0 0 0 0
> 1 522 10 0 0 0 0 0 0 0
Phasel Dishes,100hourpointing
0-0.2 0 0 0 0 8 20 0 2 0
0.2-0.5 0 0 4 162 102 4 0 0 0
0.5-1 2 86 444 182 2 0 0 0 0
>1 42 370 118 2 0 0 0 0 0
Full SKA dishes,1 hourpointing
0-0.2 0 0 0 0 16 12 0 0.2 0
0.2-0.5 0 0.2 8.6 146 3.8 0 0 0 0
0.5-1 1 32 358 2.8 0 0 0 0 0
>1 152 354 2.6 0 0 0 0 0 0
Full SKA dishes100hourpointing
0-0.2 0 0 0 0 0 0 2.4 0.4 0.2
0.2-0.5 0 0 0 0 8.6 16.8 1.8 0 0
0.5-1 0 0 0 202 49.2 2.2 0 0 0
> 1 0 02 102 394 34 0 0 0 0
Full SKA AA, 1 hourpointing
0-0.2 0 0 0 0 100 250 0 25 0
0.2-0.5 0 0 50 2150 1150 50 0 0 0
0.5-1 25 1175 5550 2175 25 0 0 0 0
> 1 575 4750 1300 25 0 0 0 0 0
Full SKA AA, 100hourpointing
0-0.2 0 0 0 0 0 0 150 200 25
0.2-0.5 0 0 0 0 125 2475 800 0 0
0.5-1 0 0 0 350 6925 1675 0 0 0
> 1 0 0 150 4575 1925 0 0 0 0

assumptiorfor thecoreRMsis realistic,but alsothatthefunctional
form of theradialdeclinewe assumas nottoo far from reality.

How would the derived statistics changeif one were to
changethe radial RM-prole? The adopted prole has high
core valueswith a steepdecline.With this distrib ution we have
shown to match the obsewations of nearby clusters. However,
one might argue that thesenearby clusters may not be repre-
sentative of whole cluster population. One might imagine that
a lesscentrally peaked atter distrib ution, lik e for examplein
the Coma cluster, might be more typical. We have shown in
section 2.6 above, that the optimum RM-range is betweena
few and a several 100rad m 2. Sucha scenariowould there-
foreleadto an increaseof the fraction of sky in our bestrange.
Therefore, the RM-distrib ution we have chosenis, if anything,
rather pessimistic.

We shav thatwith aphasel SKA, asde nedin Tablel, good
stackingexperimentsshouldbe possible determiningthe average
magneticeld pro le locally andalsooutto aredshiftof aboutone.
The eld structureshouldbe measurabléor somenearbyclusters.
If therewould be a choicenecessarypetweena deepsurney and
100 one hour pointings,one shouldprobablydo the deepsuney,

sinceit alreadyallows someeld structuredeterminationn nearby
clustersandpromisego measurdRMs for clusterswith z> 1.

With thefull SKA AA aperturearray bothashallov 1000ne
hour pointing surey, anda deepsurney promisevery interesting
results.A shallov 100 timesonehour suney shoulddetectRMs
from about10® clusterswith completeredshiftcoverage A deep
100 h one eld suney will allow structuredeterminationin un-
precedentedetail out to a redshiftof one:over 1000clusterswill
have more than 100 RM measurement5 of which over 1000
RMs. The resultof a 100 h deepsurvey is also showvn graphi-
cally in Fig. 3 (bottom). To someextent, the two approachesare
complementary: the 100 h deepsurvey would offer a complete
RM surveyfor all structuresabove3 10'3M |, andtherebyex-
clude possibleselectionbiaseswhich could arise if only a frac-
tion of the clustersis detectedas in the shallow survey. The
shallow surveywould be ableto detectlargescalebias,and also
would provide better overall statisticson the cosmological eld
evolution, if detailswithin the clustersare neglected.

Without phasedarray feedson the majority of the dishes,as
assumedhere,the detectionratesremainrathersmall for the full
SKA disharray However, having similar sensitvity thanthe aper
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Table 3. Medianmaximumrotationmeasurén ary given clusteragainstedshiftfor different
assumptionsiboutthe intrinsic evolution, wheren is the exponentfor a systematicchange
with redshift. The statisticalerrorsare applicablefor a 100 hour SKA AA obseration. The
valuesin eachrow have beennormalisedto the lowestredshift bin.

n z=0 05 z=05 1 z=1 15 z=15 2 z>2
1 1 0015 0346 0010 0168 0012 0:066 0:.009 0:024 0:058
0.5 1 0015 0:298 0:009 0:128 0:009 0:047 0:007 0:016 0:038
0.2 1 0015 0276 0008 0:109 0:.007 0:039 0:.005 0:012 0:029
0 1 0015 0:259 0:008 0:099 0:007 0:034 0:005 0:010 0:024

turearray but coverageathigherfrequenciesit wouldbeavaluable
complemenfor high RM regions(clustercentres)wherethe fre-
guenciesaccessibléo theaperturearraywould bedepolarised.The
RM grid densitywould be similar to the aperturearray

With thedeepsuney, we could measurehe cosmicevolution
of theRMsin clusterslf RM is proportionalto (1+ 2)", we could
measuren to an accurag of Dn= 0:3. In orderto determinethe
evolution of the magneticeld from this, oneneedsadditionalin-
formationon the electrondensities!f we would adoptanaccurag
for n of Dn= 0:3, andassumea similarbehaiour andaccurag for
the electrondensitiesto be measuredia the Suryae/—Zel'dovich
effect(Sehgaktal. 2005),we would endup with anaccurag for a
power law index for the magneticeld (B (1+ 2™) of 0:4. This
shouldbe regardedasa conserative estimate sinceit only takes
into accountinformation from the deepsuney. Additional infor-
mationfrom a shallav suney shouldimprove the accurag for the
low redshiftbins. Also, we have only usedthe informationon the
maximumRM per cluster Taking into accountthe full data,will
alsoimprove the statistics.

For apolarised ux limit of 0.1 mly, asappropriatdor a 100
hour SKA pointing and a SNR of ten, we predicta few 10,000
radio sourcegper squaredegree. Thesesourceshave a broadred-
shift distribution, with a medianredshiftof aboutone, rising with
decreasingux limit. We canhenceexpectnotonlyto nd there-
portednumbersof backgroundsourcesput alsoa sizablenumber
of foregroundsourcesof ordera few percentof the background
sourcesyising of coursewith clusterredshift. An accuratedeter
mination of the foregroundRM opensup the possibility to detect
a possiblesmall meanclusterRM which would point to a super
clusterscale eld connectingthe cosmicweh This would be the
rst detectiorof sucha eld.

5 CONCLUSIONS

We have modelledthe distribution of rotation measuredor the
SKA. We calculatethe averagedistancebetweenrotation mea-
suresto be between6 arcminutedor a one hour obseration with
the early SKA and 36 arcseconddor a hundredhour pointing
with the full SKA. We expectto nd rotation measuresnostly
upto 100radm 2, with the clustercentresreachingup to several
thousand.The plannedSKA mid frequeng aperturearray (300—
1000MHz) aswell asthe lowestband of the dish array wouldbe
well suitedfor thegreatmajority of sourcesHigh RM clustercen-
treswould requiretargetedhigh frequeng follow up obserations.
We nd thatcurrentFaradayrotationstudiesonly representheout-
skirts of galaxyclusters.The averageRM shouldincreasesteadily
towardsthe coreto reachtypically severalthousandadm 2.

A phasel SKA would alreadyimprove the statisticsfor cur-
rentstackingexperimentsconsiderablyand make this experiment

¢ 2009RAS,MNRAS 000, 1-12

viable out to redshiftsz> 1. The full SKA aperturearraywould

detectover a million clusterswith at leastone backgroundsource
eachin ashallov 100hoursuney, andallow detailed eld structure
determination(> 1000 clusterswith more than 100 background
sourcesach)with adeepsuney. If the cosmologicakvolution of

therotationmeasuress proportionalo (1+ 2)", the SKA would be

ableto measuren to anaccurag of 0.3. Comparedo thefew RMs

known for a few nearbyclusterstoday this will revolutioniseour

knowledge of rotation measuresn galaxy clusters.Provided the

electrondensitiescanbe measuredia the Suryaa/—Zel'dovich ef-

fectathigh redshift,we canexpectto follow the build-up of cosmic
magnetisnwith the SKA.

This paperhasbeentypesetfrom aTeX/ IATEX le preparedy the
author
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