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ABSTRACT
We investigatethe potentialof the SquareKilometre Array (SKA) for measuringthe mag-
netic �elds in clustersof galaxiesvia Faradayrotationof backgroundpolarisedsources.The
populationsof clustersandradiosourcesarederivedfrom ananalyticalcosmologicalmodel,
combinedwith an extrapolationof currentobservationalconstraints.We adoptan empirical
modelfor theFaradayscreenin individualclusters,gaugedto observationsof nearbyclusters
andextrapolatethe polarisationpropertiesfor the radio sourcepopulationfrom the NRAO
VLA Sky Survey. We �nd that about10 per centof the sky is coveredby a signi�cant ex-
tragalacticFaradayscreen.Most of it hasrotationmeasuresbetween10 and100 rad m� 2.
We arguethat the clustercentresshouldhave up to about5000rad m� 2. We show that the
proposedmid frequency aperturearrayof theSKA aswell as the lowestband of the SKA
dish array arewell suitedto make measurementsfor mostof theserotationmeasurevalues,
typically requiringasignal-to-noiseof ten.Wecalculatethespacingof sourcesformingagrid
for thepurposeof measuringforegroundrotationmeasures:it reachesa spacingof 36 arcsec
for a 100hourSKA observationper�eld. We alsocalculatethestatisticsfor backgroundRM
measurementsin clustersof galaxies.We �nd thata �rst phaseof theSKA would allow us
to takestackingexperimentsout to high redshifts(> 1), andprovideimprovedmagnetic�eld
structuremeasurementsfor individualnearbyclusters.Thefull SKA aperturearraywould be
ableto make very detailedmagnetic�eld structuremeasurementsof clusterswith morethan
100 backgroundsourcesper clusterup to a redshiftof 0.5 andmorethan1000background
sourcesper clusterfor nearbyclusters,andcould for reasonableassumptionsaboutfuture
measurementsof electrondensitiesin high redshiftclustersconstrainthepower law index for
themagnetic�eld evolution to betterthanDm = 0:4, if themagnetic�eld in clustersshould
follow B µ (1+ z)m.

Key words: surveys — cosmology:observations— galaxies:clusters:general— magnetic
�elds — radiocontinuum:general— instrumentation:polarimeters

1 INTR ODUCTION

Theplasmabetweenthegalaxiesin clustersis magnetised.Obser-
vationsatradiofrequenciesareourmainquantitativeprobeof clus-
ter magnetic�elds. This is doneby threemainmethods:equiparti-
tion argumentsappliedto clusterhalo radiosources(e.g.Giovan-
nini et al. 1993),comparisonof X-ray InverseCompton(IC) with
theradiosynchrotrondatain radiosources(e.g.Bagchietal.1998),
andFaradayrotationof polarisedradiosourceswithin or behindthe

? E-mail: M.Krause@mrao.cam.ac.uk, krause@mpe.mpg.de,
mkrause@usm.lmu.de

cluster, combinedwith X-ray datato determinetheelectrondensi-
ties (Kim et al. 1991; Clarke et al. 2001).The resultshave been
reviewedregularly (Carilli & Taylor2002;Govoni & Feretti2004;
Feretti& Giovannini 2008).Galaxyclustersarefound to possess
magnetic�elds of typically a few, up to of order10 mG.

Thestructurewithin clustermagnetic�elds hasbeendeduced
from Faradayrotation of extendedclusterradio sources(Murgia
etal. 2004;Vogt& Enßlin2005;Govoni et al. 2006;Guidettiet al.
2008).For thefew casesobservedsofar, thedatais consistentwith
a Kolmogorov-type power spectrum.Becausethe �eld is frozen
into theplasmain thehigh conductivity limit, thestructureof the
�eld directly tracestheunderlyingkinematicsof thegas.
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2 M. Krauseetal.

Table 1. Comparisonof radiotelescopes— derivedproperties.

Name VLA a SKA AA SKA Dishes SKA DishesPhase1

Aeff=Tsys
b 70–180 10,000 10,000 1,200

frequenciesof interest/ GHz
0.3–0.34,1.24–1.7,

4.5–5,8.1–8.8
0.3–1 0.8–10 0.8–10

instantaneousbandwidth/ MHz 86 700 250 250
1-h sensitivity / mJy 17 0.18 0.29 2.5
�eld of view / squaredegreec (0:7=f )2 250 2 20d

a See:http://www.vla.nrao.ed u/a stro /gu ides /vl as/c urr ent/ .
b Effective collectingareaoversystemtemperature.
c For thedishtelescopes,givenat thebottomof thefrequency range;f denotestheobservingfrequency in GHz.
d Assumingphasedarrayfeeds.

Currentstudiesof magnetic�elds in clustersarelimited to a
few nearbyobjects(z< 0:1). Hence,we have no meansto answer
questionsregardingtheorigin andcosmologicalevolution of these
�elds. Correspondingly, few cosmologicalstructureformationsim-
ulationshave includedmagnetic�elds. To date,nonehave theres-
olution to addressdirectly the �eld evolution in galaxy clusters.
However, from theeddyturnover times,andthehigh ef�ciency of
the turbulent dynamo,onemight expect that the magneticenergy
shouldalwaysbein equipartitionwith theturbulentkinetic energy
(Ryu, privatecommunication).Hence,studyingthe cosmological
evolution of �elds in clustersmight not only leadto the origin of
magnetism,but alsotraceclusterkinematics.

Magnetic�elds in clustersof galaxiesmight beconnectedto
the cooling �o w problem.If cooling �o ws in nearbyobjectsare
quenchedby weakjets,ashasbeenoftensuggested(e.g.Kaiser&
Binney 2003),themagnetic�elds will beampli�ed up to equipar-
tition with theenhancedkinetic energy level providedby thevery
samejets.

The Faraday rotation method is expectedto bene�t sub-
stantially fr om new developmentsof radio telescopesover the
coming decade.The Australian ASKAP project, aswell as the
South African MEERKA T project are expectedto start oper-
ation within a few years both instruments will have sensitivi-
ties competitive with the eVLA, (enhancedVery Lar ge Array)
but with substantially higher survey speedat fr equenciesbe-
low 1.4GHz. The Square Kilometr e Array (SKA) is the next
generationradio interfer ometerand will bea transformational
instrument with an impr ovementin sensitivity comparedto the
eVLA of a factor of �fty with a 105 increasein survey speed.
At fr equenciesbelow 500MHz, aperture arrays will form the
collector with dishesat fr equenciesabove 1.4 GHz. In the mid
fr equency range (0.3 1.4 GHz) large survey speedswill be
achieved by using aperture arrays or disheswith focal-plane
arrays (Schilizzi et al. 2007).Phase1 of the telescope(with be-
tween10and 15percent of the collectingarea)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 largest increasein 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 summarised in Table 1, together with
a comparisonto the VLA.

In thispaper, weinvestigatethepotentialof theseinstruments,

in particulartheSKA, to measurecosmologicalevolution in cluster
magnetic�elds. We concentrateon Faradayrotation studies:the
magnetic�eld alongtheline of sight rotatesthepolarisationangle
by

Dc =
RM

(1+ z)2 l 2; (1)

wherel is theobservingwavelengthandwe includedthecosmo-
logical factor(z is theredshiftof therotatingFaradayscreen)to ac-
countfor theredshiftof theradioemissiontravelingfrom theFara-
day screento us.This factorensuresthat for backgroundsources
with redshiftsmuchhigherthanthe targetedcluster, the contribu-
tion to the rotation of the polarisationanglefrom the vicinity of
theradiosourcewill benegligible (unlessthatRM contribution is
extremelyhigh),sinceit occursat muchhigherfrequencies.RM is
relatedto thethermalelectrondensity, ne (cm� 3), andtheline-of-
sightmagnetic�eld, B (mG), as:

RM = 812
Z L

0
neB� dl radm� 2; (2)

wherethepath-lengthdl is measuredin kpc.
The rotation measurehas contributions 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
theclustersalongthe line of sight,andfrom our own galaxy. The
galacticcontribution typically dominatesat galacticlatitudesbe-
low about jbj < 20� . Above jbj > 40� , the galacticcontribution
becomessmallerthan jRMj < 30radm� 2 (Simard-Normandin&
Kronberg 1980),andcanbe assmall as5radm� 2 (Guidetti et al.
2008).Hence,high rotationmeasurefrom extragalacticsourcesat
high galacticlatitudescanmostlikely beattributedto Faradayro-
tationwithin thegasin galaxyclusters.

1.1 Observations to date

Sofar, theonly individual clusterwith a signi�cant numberof ob-
served polarisedmembersand backgroundsourcesis the Coma
cluster. Sevensourceswithin 35arcmindisplaya clearlyenhanced
jRMj between35 and65 rad m� 2 (Kim et al. 1990;Ferettiet al.
1995).Thesesources,aswell ascontrol sourcesin thevicinity of
thecluster, but avoidingsightlinesthroughComa's ICM, havebeen
observedin many individual pointingswith theVLA. For theclus-
ter A514, six embeddedradio sourceshave beenobserved in in-
dividual VLA pointings.Theseshow a declineof jRMmaxj from
154radm� 2 in thecentreof theclusterto 15 radm� 2 on theout-
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 themodel.

have beenobservedwith similar results(Ferettiet al. 1999;Taylor
et al. 2001;Govoni et al. 2006;Guidetti et al. 2008).Many clus-
ters have only one or two suf�ciently bright radio sourcesin or
behindthem1. Thereforestackinghasbeenusedto infer a general
RM value for nearbyclusters(Clarke et al. 2001).A systematic
increasein jRMj is foundtowardstheclustercores.

Firstattemptshavebeenmadeto infer themagnetic�eld struc-
turevia thepower-spectrumwith Faradayrotationstudies.For the
clusterA2255,Govoni et al. (2006)measurethe Faradayrotation
of four embeddedradio sources.For differentassumptionsabout
the magnetic�eld power spectrumthey can extrapolatethis data
to predictthesynchrotronemissionof theradiohalo.Comparison
to observationsof theradiohalothenconstrainsthepower law in-
dex of the magnetic�eld' s 3D-power spectrumto the rangethree
to four, consistentwith Kolmogorov turbulence,with a possible
spatialvariation.Themodelalsopredictspolarisationof thehalo,
which is indeeddetected.

Thispaperis structuredasfollows:First,wediscussthesimu-
lationmethodin Section2.TheFaradayrotationdetectionstatistics
andtheimplicationsfor themeasurementof thecosmologicalevo-
lution of the magnetic�eld in clustersarepresentedin Section3.
We discussour �ndings in Section4, andsummarizethemin Sec-
tion 5. Throughout,weusethefollowing cosmologicalparameters:
h = 0:7, Wm = 0:3, WL = 0:7.

1 See:http://www.mpa-garching .mpg.de /~k dola g/BClus ter / .

Figure 2. Distribution of the fractional polarisationfor the radio source
model.The dark blue triple dot-dashedline representsthe �t from Tucci
et al. (2003)(not yet correctedfor Faradaydepolarisation).Thesolid black
line representsour adaptationof this �t. This modelis correctedfor Fara-
daydepolarisationby thepolarisationdependentcorrectionfactorshown as
reddot-dashedcurve (dividedby 1000).Themodel�nally adoptedin this
paperis shown asa greendashedline. The polarisationdistribution func-
tionsagreeall athigh fractionalpolarisations,werethey aregaugedagainst
NVSSdata.

2 THE SIMULA TIONS

In orderto assessthe effect of clusterFaradayscreenson the po-
larisationof backgroundradio sources,a relatively sophisticated
modelof clustersandsourcepopulationsis required.

2.1 Cluster model

In order to model the cluster numberwithin an observed patch
of sky (here10 deg2), we requirea modelfor the cosmologically
evolving clustermassfunction.For this,we employ a clustermass
function whosemultiplicity function (seee.g. Sheth& Tormen
1999)is basedon a moving barriershapeansatzanddependson a
minimalnumberof parametersto provideasuitable�t to numerical
simulations.In particular, theshapeof theusedmassfunctionhas
beenderived from N-body simulationsof largecosmologicalvol-
umesandhighresolutionsfollowing themethoddescribedin Jenk-
insetal. (2001).Theabovemodelgivestheclustermassfunctionas
afunctionof redshift.Weadopta lowermasscutoff of 3� 1013M�
andfor agivenrealisationof thesky modelderiveclustercountsas
a functionof redshift,makingallowancefor cosmicvariance.Our
resultinggalaxyclustercataloguecontains775 objects,with red-
shifts up to � 2:3. The propertiesof our generatedgalaxycluster
sampleareillustratedin Fig. 1.

In our model, clustersare distributed randomly and radio
sourcesareeitherbackgroundor foregroundobjectswith respect
to a given cluster. Every object is placedon a 3D grid, coveringp

10�
p

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

2.2 Rotation measure model

Theobservationaldataon thestructureof magnetic�elds in clus-
tersis currentlysparse.BasedonClarke et al. (2001),we therefore
employ asimplemodelfor therotationmeasure,with a peakvalue

c
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4 M. Krauseetal.

Figure3. Top:Deriveddistribution of cosmologicalrotationmeasuresonthesky dueto galaxyclusters.Bottom:RecoveredRM-sky dueto backgroundradio
sourcesfor a 100h SKA-AA observation.To enhancecontrast, the resolutionhasbeenreducedby a factor of ten compared to the �gur e on the top.
Thereal�eld of view asplannedto datewould be25 timeslarger.
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Clustermagnetic�elds with theSKA 5

(justi�ed in Section2.9below) drawn from a uniform randomdis-
tributionbetweenRM0 = � 5000radm� 2, anda declineaccording
to a b-model:

RM(r) = RM0(1+ r2=r2
0)� 3bRM =2: (3)

We use bRM = 1 (seebelow) and r0 = 0:0636r200 (Biviano &
Salucci2006),wherer200 is the radiuswithin which thereis an
over-densityof a factor200 comparedto the meandensityof the
universeat the redshiftof the cluster. r200 is roughly equalto the
virial radiusof thecluster. Thisresultsin coreradii between20and
110kpc,whichcorrespondsto angularsizesbetweena few arcsec-
ondsto half anarcminute.

Biviano & Salucci (2006)give a value of b = 2=3 for the
gas density distrib ution in clusters of galaxies.The tempera-
tur edistrib ution in clustersof galaxiesis typically not far fr om
isothermal (exceptin the centresof cool core clusters).There-
fore, the pressurefollows a very similar radial pro�le asthat of
the density. Equipartition betweenthe magnetic and the ther-
mal pressure is probably a reasonableassumptionfor the mag-
netic �eld distrib ution in clusters, and consistent with some
RM-data (e.g. Govoni et al. 2006; Guidetti et al. 2008).Con-
sequently, weadopt a valueof bm = 1=3 for the radial distrib u-
tion of the magnetic �eld strength along the line-of-sight. The
line-of-sight integral then results in the b-model for the rota-
tion measure described in equation (3) above, with bRM = 1.
We calculatetherotationmeasurecontribution out to thevirial ra-
dius.

We show in Fig. 3 (top) the resultingdistribution of rotation
measuresdueto thesimulatedgalaxyclusters.Much of thesky is
coveredwith galaxyclusters,however, many of the systemshave
small rotationmeasures.About 12 per centof the sky is covered
with regionsof at least10radm� 2. Thefractionreducesby afactor
of abouttwo if oneconsidersrotationmeasuresabove 20radm� 2.
In our chosencosmology, only 34 per cent of all clustersarelo-
catedbeyonda redshiftof one.Theseareobviously smalleron av-
eragethanthe lower redshiftpopulation.Hence,essentiallyall of
theareacoveragehappensup to a redshiftof unity (Fig. 4). There-
fore, up to this redshift, structuredeterminationshouldbe much
easierthanbeyond.

2.3 Radio sourcemodel

To obtainrealisticmodelsof the radiosourcepopulations,we use
the publically available SKADS (SquareKilometre Array Euro-
peanDesignStudy)syntheticradiosourcecatalogue(SKADSsim-
ulated skies,S3; Wilman et al. 20082). The catalogueis derived
from semi-empiricalsimulationsof differentpopulationsof radio
continuumsourcesandextendsdown to faint �ux limits in order
to allow observationsimulationsof high-sensitive futureradiotele-
scopes,suchasthe SKA. The sourcepopulationsincludedin the
catalogueareradio-loud(FR I andFR I I) andradio-quietAGNsas
well asradio emitting starburst andnormaldisk galaxies.The lu-
minosityfunctioncorrespondingto eachclassof sourcesis derived
empiricallyfrom availableobservations.The�ts areextrapolatedto
low luminositiesandassumeredshiftevolutionsto assurethesim-
ulationsarecompletedown to the instrumentallyexpected(faint)
�ux limits. Our versionof thecataloguecoverstensquaredegrees
of sky out to a redshiftof eightwith a 1.4GHz �ux limit of 1 mJy

2 See:http://s-cubed.physics. ox. ac.u k/ .

in StokesI . SeeWilman et al. (2008)for a detaileddescriptionof
theradiosourcesimulations.

2.4 Polarisation model

The degree of polarisationhas to be determinedfor individual
sources.We baseour predictionof the polarisationof theseradio
sourceson the statisticsof the NRAO VLA Sky Survey (NVSS)
catalogue(Condonet al. 1998).Tucci et al. (2003)have analysed
polarisationstatisticsfrom the NVSS andothersourcesin detail.
Dependingon spectralshapeandsource�ux, they derive median
fractionalpolarisationsbetween1.12and1.77percentfor NVSS
sources.For the NVSS (1.4 GHz), the probability distribution of
the fractional polarisationdeclinesmonotonically, but for higher
observingfrequencies,a turnover maybeseentowardslower frac-
tionalpolarisation.This is dueto a systematicincreaseof thefrac-
tional polarisationwith observingfrequency. Tucci et al. (2003)
explainthese�ndings by Faradaydepolarisation.Therefore,weex-
pectthat the low frequency distribution functionalsoturnsover at
a not yet measuredfractionalpolarisation.We therefore�t a log-
normalfunctionto themeasuredpartof thefractionalpolarisation
distribution functionat 1.4 GHz.This resultsin a medianvalueof
1.64percentanda standarddeviation of 0.7 percent.Tucci et al.
(2003)believe that someof theNVSS sourcesaredepolarisedby
differentialFaradayrotationin interveninggalaxyclusters.We ar-
gue that this would be much lessso for SKA observations:The
main reasonis thatwith lower �ux limit the radio sourcepopula-
tion changes.Extendedjet sourcesdominateat high �ux densities,
andstarforminggalaxiesat increasingdistanceanddecreasingan-
gularsizeat lower �ux densities.For high redshiftgalaxyclusters,
thedepolarisationfrequency is reducedby a factor(1+ z) � 1. Ex-
tendedsourcesbehindnearbyclusterswill bemuchbetterresolved
thanby theNVSS(45arcsec).For a turbulentpower spectrum,the
RM variationsshouldhave lesspower on smallerscales,hencethe
depolarisationfrequency will belower (Krauseet al. 2007).

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

P = PFD f (PFD;nGHz)=f (PFD;1:4) (4)

f ( p;n) = 72log(0:5n0:4 + 0:75) exp(� 3:2p0:35+ 0:8) :

Here, nGHz is a referencefr equencyin GHz. We use10 GHz
as the referencefrequency, assumingthat Faradaydepolarisation
for NVSS sourcesmainly occursbelow 10 GHz. The correction
increasesthe fractionalpolarisationby a factorof abouttwo, for
thosesourceswith low polarisationat1.4GHz,asshown in Fig. 2.
Thiseffecthasbeenmeasuredalready:Tayloretal. (2007)measure
an increaseof the fractionalpolarisationdownwardsof 100 mJy
of a factorof threecomparedto the high �ux densitysources,in
agreementwith themodelwepropose.

2.5 Redshift distrib ution

For decreasing�ux limit, theradiosourcecountsaredominatedby
sourcesof increasingredshift.Weshow theredshiftdistributionfor
different(polarised)�ux limited samplesin Fig. 5. For a polarised
�ux-density of 100mJy, roughlythelevel of currentstudies(Taylor
etal. 2007),themedianredshiftis 0.6.It risesto 1.3for apolarised
�ux limit of 0.1mJy, appropriatefor a100hSKA observation.Even
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6 M. Krauseetal.

for thehighestredshifts,we still predictthousandsof background
sourcespersquaredegreefor this �ux limit.

2.6 Requiredsignal-to-noisefor RM measurements

A distinctive featureof the next generationof radio telescopesis
that a large bandwidthandhigh spectralresolutionwill be avail-
ablesimultaneously. Rotationmeasuresynthesisis an established
techniqueto analyseRM data.However, for theanalysisof theRM-
grid, we wish to extract information from the faintestdetectable
sources.For thefaintestsourceswewill extractasinglevalueof the
rotationmeasure.Here,we considerthe minimumsignal-to-noise
on a point sourcerequiredfor this. Faradayrotationleadsto sinu-
soidalvariationwith respectto l 2 acrossthe bandfor the Stokes
parametersQ andU, modulatedby a functiongiving thefractional
polarisationasa functionof wavelengthandtheintrinsic spectrum
of thesource.We considernormalisedStokesparameters:
�

Q0

U0

�
= (Q2 + U2)� 1=2

�
Q
U

�
(5)

=
�

cos(PA + RM=l 2)
sin(PA + RM=l 2)

�
;

whereQ andU aretheordinaryStokesparameters.To assessthere-
quiredsignal-to-noiseratio(SNR),requiredof abackgroundsource
to measurea 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 2-�t to thenormalisedStokesparameters,andusethe �ux
at 1.4GHz asa referencepoint for theSNR.For in�nite SNR,the
minimisationof c 2 wouldbestraightforward.FordecreasingSNR,
additionalminimaappearin c 2 asa functionof RM. For aSNRof
10 (100) thedistancebetweentheseminimais of order1 radm� 2

(100radm� 2). A densegrid of startingguessesis thereforeessen-
tial, for a gradientsearchmethodto �nd theglobalminimum.The
actualvaluesof c 2 differ only by a few percent,with the excep-
tion of thec 2 for thetrueRM, andits negative.We�nd thatc 2 for
the trueRM andits negative, aresigni�cantly lower thanall other
RMs(� vetimesthestandarddeviation for 400startingguesses)for
a signalto 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 fr equencypolarisation angle (compare equation (5)), are
the correct parametersto describeboth functions, Q0(PA;RM)
and U0(PA;RM), then (p + PA; � RM) will be another solution
regardingQ0and (� PA; � RM) respectively for U0:

Q0(PA;RM) = Q0(p + PA; � RM)

U0(PA;RM) = U0(� PA; � RM)

To �x the sign at low SNR,for eachsetof �tted parametersfor
Q0 we also performed two �ts for U0 with starting guessesof
(p � PA;RM) and (PA;RM), respectively, allowing only RM to
vary, i.e. keeping the high fr equencypolarisation angle �xed.
If the �t with (PA;RM) leads to the lowest minimum of c 2,
then we have found the correct RM. However, if the �t with
(p � PA;RM) producesthe lowest minimum of c 2, then � RM
will be the correct rotation measure.The procedure is then re-
peatedwith U0and Q0exchanged.Wemay thus producea com-
bined c 2 for RM and � RM. Selectingon the combinedc 2, we
areableto recover thecorrectsign.

For RMs between3 and3000rad m� 2, we �nd a minimum

SNR betweenfour and ten. This is true for the observingbands
from 800MHz to 1050MHz aswell as300MHz to 1000MHz. In
thefollowing, weassumethataRM measurementmaybedonefor
any sourcedetectedatanSNRof tenin polarised�ux.

2.7 Rotation measure grid

For observationsof nearbyclusters,aswell asthegalaxy, it is use-
ful to computethe root-area-averagedistancebetweenpolarised
backgroundsources.Fig. 6 shows the averagegrid spacingover
observingtimefor theadoptedSKA andSKA phase1 sensitivities.
We usethe point sourcesensitivity limit accordingto Wrobel &
Walker (1999):

ds=
kBTsysp
2dn t Ae

; (6)

where,kB is Boltzmann's constant,Tsys is the telescope's system
temperature,A the total effective area,dn the bandwidth,t the
observingtime and e the overall ef�ciency. Adopting a SNR of
ten,wecountthesourcesabove thesensitivity limit for aparticular
telescopeandobservingtime. Thetotal sourcecountsareroughly
inverselyproportionalto the polarised�ux, which is an effect of
theaddingup of thecontributionsfrom differentsourcetypes.So,
while the galaxiesconstitutethe majority of the sourcesat low
�ux es,othersourcetypesstill contributeenoughto �atten theover-
all distributionconsiderably.

2.8 ExpectedRM values

For eachbackgroundsource,we calculatethe observed rotation
measureby integratingthroughthesimulationvolumefrom theob-
servedsourceto theobserver. Weshow thecumulativehistogramof
all therotationmeasuresproducedin thiswayin Fig.7.We�nd that
themajorityof rotationmeasuresarein therange10–100radm� 2,
dueto thefactthatmostof theareacomesfrom theoutskirtsof the
clusters.The highestrotation measurescomeof coursefrom the
clustercentres.For a given frequency bandandrotationmeasure
range,aparticularSNRis required.As shown abovein Section2.6,
bothof thefrequency ranges,300MHz to 1000MHz (aperturear-
ray)and800MHz to 1050MHz (disharray),shouldbesuitablefor
thegreatmajorityof expectedrotationmeasures.

2.9 Core rotation measures

For eachradiosourcewithin threevirial radii of agivenclustercen-
tre,we alsocalculatetherespective impactparameter, i.e. thepro-
jecteddistanceto the clustercentre.We show theserotationmea-
suresagainsttheimpactparameter, for low redshift(z< 0:5), high
mass(M > 1014M� ) clustersanda polarised�ux limit of 1 mJy
in Fig. 8. Thesecutswereemployed in Clarke et al. (2001),and
their datais alsoshown in Fig. 8. But our model and the obser-
vational data show only RM valuesup to jRMj < 300rad m� 2,
whereasour modelhaspeakvaluesof 5000rad m� 2 in 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 core radius. If we employa lower central RM,
with the samecuts, the simulated RM spread on the scaleof
the virial radius would be too small compared to the observed
data. As can be seen,the central rotation measures of about
5000 rad m� 2 that are used in the simulated data here are
necessaryto reproduce the observed spread of rotation mea-
sures.For distancesgreaterthan1000kpc andrandomsightlines,
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Figure4. Fractionof sky coveredwith RM> 10radm� 2 (uppercurve)and
RM> 20radm� 2 (lower curve).

Figure 5. Distribution of radio sourcesagainstredshift for different po-
larised�ux limits. Fromtop to bottom,thecurvesrepresent:0.1,1, 10,and
100mJy. Themedianredshiftis 0.6,0.6,0.8,and1.3.

we encounterhigh RMs from neighbouringclusters.Thesearenot
presentin Clarke et al. (2001),asthey selecttheir control sample
avoidingknown X-ray clusters.

3 RESULTS

3.1 Detectionstatistics

Weshow thedetectionstatisticsfor theSKA aperturearrayandthe
phase1 SKA in Fig. 10 andTable2. Thehistogramsdemonstrate
theprogressthatcanbeexpectedfrom theSKA, especiallythefull
aperturearray.

For a onehour phase1 dish blind survey, we predict to �nd
30,214,and148clustersin theredshiftranges0–0.2,0.2–0.5,0.5–
1, respectively, with more than one background RM measure-
ment, each.Wealsopredictafew detectionsathigherredshift.This
wouldallow stackingexperimentsfor differentredshiftbinsoutto a
redshiftof at leastone.Also,onecoulddeterminethedeclineof the
averageRM with clusterradiusbetterthanpresentlypossible.This
couldanswerthequestionweatherthemagnetic�eld energy den-
sity follows the thermalenergy density. We alsowould have some
chanceto �nd aboutacoupleof nearbyclusterswith 30–100RMs,

Figure 6. RM-grid spacingfor differenttelescopesandaSNRof ten.

Figure 7. Cumulative histogramof all the rotationmeasureswe expectto
�nd within onesquaredegreefor a polarised�ux limit of 1 mJy (lower red
curve) and 0.1 mJy (upperblack curve). In any case,we expect most of
the measurementsto yield rotation measuresof order10 to onehundred
radm� 2.

allowing animproveddeterminationof the�eld structure.30back-
groundsourcesshouldbeenoughto constrainthepower spectrum
(Govoni etal. 2006;Guidettietal. 2008).Sincethepositionsof the
big nearbyclustersareknown, a targetedsurvey would certainly
yield aboutthisnumberof RMs.

A 100 hour phase1 observation would result in 26 clusters
at z < 0:5 with more than 30 backgroundsources,and a couple
of thesehaving more than 300 backgroundsources.This would
allow to study the �eld structurein somedetail. Up to a redshift
of unity, nearly every clusterin the �eld of view shouldhave at
leastonebackgroundsource.Evenbeyondz= 1, wepredictto �nd
490clusterswith oneto several backgroundsources.This would
allow theextensionof thestackingmethodto this redshift.

Thefull SKA aperturearraywill �nally allow to measurethe
structureof the magnetic�eld in greatdetail: Even for a 1 hour
observation, eachlow redshift clusterwill at leasthave 10 back-
groundsources25of whichover thr eehundred.Wepredictto �nd
325 clustersin total with more than30 backgroundsources,dis-
tributedover a redshift rangeup to 0.5, promisinggoodstatistics
of thevarianceof thepowerspectrumfrom clusterto cluster. More
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Figure 8. Rotationmeasureagainstimpactparameter. Theimpactparame-
ter is theprojecteddistanceof aradiosourceto agivenclustercentre.Low
redshift(z< 0:5), high mass(M > 1014M� ) clustershave beenselectedin
orderto compareto theobserveddataof Clarke etal. (2001).Thepolarised
�ux limit is 1 mJy, asin Clarkeetal. (2001).Observationaldatafrom Clarke
et al. (2001)(clustersampleonly) is providedasredcrosses.For distances
greaterthan1000kpc, thesightlinesto theradiosourcespierceneighbour-
ing clusters.To gettheobservedRM spreadat theobservedimpactparam-
eters,centralRMs of about5000radm� 2 arenecessary.

than10,000clusterswould bedetectedwith at leastoneRM mea-
surementbeyonda redshiftof 0.5.

For a100hourpointing,wewill beableto constrainthepower
spectrumfor many clustersin the �eld of view up to a redshift
of one(> 5;000clusterswith morethan30 backgroundsources).
Up to a redshiftof one,we expect> 1;000 clusterswith at least
100 RMs. Only for suchclusters,we may expect to resolvethe
core in somecases,i.e. to have at leastone backgroundsource
within thecluster's coreradius.A 100hourpointingwould corre-
spondroughlyto thesensitivity limit usedin Fig.9,whereweshow
thedecreaseof themaximumrotationmeasurein any givencluster
with redshiftdueto the decreasedlikelihoodto get a background
sourcewithin the core radius.25 clustersshouldhave more than
1000backgroundsources,andhenceallow a very detaileddeter-
minationof themagnetic�eld structure,evenin theclustercores.

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

3.2 Cosmologicalevolution

Clustersat higherredshiftcover lessareaof sky (up to a redshift
of 1.6). Also, therearefewer sourcesbehinda unit areaat higher
redshift.Therefore,theprobabilitythata clustercentrehasa back-
groundobjectdecreasesastheredshiftincreases.Weplot themax-
imum rotation measurethat we detectfor a polarised�ux limit
of 0.1 mJy againstany given clusterversusthe clusterredshift in
Fig. 9. Out to aredshiftof unity, thereis still agoodchanceof �nd-
ing sightlinesthroughtheclustercore.However, themedianmaxi-
mumrotationmeasuredecreasesby almostafactorof four for clus-
terswith redshift0.5–1comparedto onesat0–0.5.Thedecreasein
themedianof themeasuredmaximumrotationmeasureis almost
exponentialwith redshift,with an 1=e-decaylength in z closeto
0.4.We cancheckthedetectabilityof possibletrendswith redshift
by multiplying therotationmeasureswith (1+ z)n wherewe have

Figure 9. Maximumrotationmeasureseenagainstany givenclusterin our
sampleagainstclusterredshiftfor apolarised�ux limit of 0.1mJy. Thered
lines denotethe medianfor sub-sampleswith correspondingredshifts(0–
0.5,0.5–1,1–1.5,1.5–2,> 2).Thepurplelinesdenotethemeasuredrotation
measuresif thetrue rotationmeasureswould declinewith redshiftas(1+
z) � 1, the orangeline displaysthe mediansfor an increaseproportionalto
(1+ z).

chosenn to be � 1 asexample.Thechangein themedianrotation
measureis also indicatedin Fig. 9. The decaylengthchangesto
0.3and0.5,respectively. If wecomparetheredshiftintervals0–0.5
and0.5–1,we predicta decreaseof the medianrotationmeasure
by factorsof about3,4 and5, respectively (comparewith Table3,
which is normalisedto thelow redshiftvalue).

Thestatisticalerroronthemedianmaximumrotationmeasure
is givenby:

sM = 1:253s =
p

N;

wheres is thestandarddeviationandN is thenumberof sourcesin
the respective bin. We have calculatedthe medianmaximumRM
for any givenclusterandthestatisticalerrorsfor a 100h SKA AA
observationfor differentvaluesof n. This is shown in Table3. Dif-
ferencesin theexponentn of 0:3 couldbedistinguished.

4 DISCUSSION

Weassessthecapabilityof theSKA anditsprecursor, phase1 SKA,
to detectrotationmeasuresanddeterminetheevolutionof magnetic
�elds in galaxyclusters.Our clusterandradio sourcesimulations
arebasedon standardcosmologicalmethodsandextrapolationof
availableobservationaldata.Weuseafractionalpolarisationmodel
basedonNVSSdata,moderatelycorrectedfor Faradaydepolarisa-
tion, at low fractionalpolarisations,only.

We �nd that about10 per cent of the whole sky shouldbe
coveredwith rotation measuresgreaterthan 10 rad m� 2. If the
cosmologyis known, this mayserve asanadditionalconstraintto
checkfor theproperremoval of theMilk y Way's RM foreground.
Largeclusterscanhave a RM contribution from backgroundclus-
ters.However, thecontaminationoccursmainly on theoutskirtsof
theseclusters.

Our simulationsshow that coreRMs of about5000rad m� 2

arenecessaryto explain thecurrentlyknown stackingdata,which
shows about200 rad m� 2 on the scaleof the virial radius.RMs
againstcentralclusterradiosourcesoftenreachvaluescomparable
to our core RMs (Carilli & Taylor 2002).This suggeststhat our
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Figure 10. Detectionstatisticsfor the SKA aperturearray(bottomrow), the full SKA dish array(middle row) andthe phase1 SKA dish array(top row),
telescopespecsfrom Table1, for anobservingtime of 1 hour(left) and100hours(right), respectively. Weplot thenumberof backgroundsourcespercluster
on thehorizontalaxis,andtheclustercountsfor theparticularbinson theverticalaxis.Thehugenumbercountsfoundwith thefull SKA aperturearrayis a
merit of its huge�eld of view (250squaredegrees)combinedwith its high sensitivity. Thesameinformationis providedin tabular form in Table2.
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Table 2. Clustercountswith agivennumberof backgroundsources.

Redshift Numberof polarisedbackgroundsourcespercluster
interval 0 1 2–3 4–9 10–29 30–100 100–299 300–999 1000+

Phase1 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

Phase1 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 1.6 1.2 0 0.2 0
0.2–0.5 0 0.2 8.6 14.6 3.8 0 0 0 0
0.5–1 1 32 35.8 2.8 0 0 0 0 0
> 1 15.2 35.4 2.6 0 0 0 0 0 0

Full SKA dishes,100hourpointing

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 20.2 49.2 2.2 0 0 0
> 1 0 0.2 10.2 39.4 3.4 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

assumptionfor thecoreRMsis realistic,but alsothatthefunctional
form of theradialdeclinewe assumeis not too far from reality.

How would the derived statistics change if one were to
change the radial RM-pr o�le? The adopted pro�le has high
core valueswith a steepdecline.With this distrib ution we have
shown to match the observations of nearby clusters.However,
one might argue that thesenearby clustersmay 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 100 rad m� 2. Such a scenariowould there-
fore lead to an increaseof the fraction of sky in our bestrange.
Therefore, the RM-distrib ution we have chosenis, if anything,
rather pessimistic.

Weshow thatwith aphase1 SKA, asde�ned in Table1, good
stackingexperimentsshouldbe possible,determiningthe average
magnetic�eld pro�le locally andalsooutto aredshiftof aboutone.
The�eld structureshouldbemeasurablefor somenearbyclusters.
If therewould be a choicenecessarybetweena deepsurvey and
100 onehour pointings,oneshouldprobablydo the deepsurvey,

sinceit alreadyallowssome�eld structuredeterminationin nearby
clusters,andpromisesto measureRMs for clusterswith z> 1.

With thefull SKA AA aperturearray, botha shallow 100one
hour pointing survey, anda deepsurvey promisevery interesting
results.A shallow 100 timesonehour survey shoulddetectRMs
from about106 clusters,with completeredshiftcoverage.A deep
100 h one �eld survey will allow structuredeterminationin un-
precedenteddetailout to a redshiftof one:over 1000clusterswill
have more than 100 RM measurements,25 of which over 1000
RMs. The result of a 100h deepsurvey is alsoshown graphi-
cally in Fig. 3 (bottom). To someextent,the two approachesare
complementary: the 100h deepsurvey would offer a complete
RM surveyfor all structur esabove3� 1013M� , and therebyex-
clude possibleselectionbiaseswhich could arise if only a frac-
tion of the clusters is detectedas in the shallow survey. The
shallow surveywould beableto detectlargescalebias,and also
would provide better overall statisticson the cosmological�eld
evolution, if details within the clustersare neglected.

Without phasedarrayfeedson the majority of the dishes,as
assumedhere,the detectionratesremainrathersmall for the full
SKA disharray. However, having similar sensitivity thantheaper-
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Table3. Medianmaximumrotationmeasurein any givenclusteragainstredshiftfor different
assumptionsaboutthe intrinsic evolution, wheren is the exponentfor a systematicchange
with redshift.Thestatisticalerrorsareapplicablefor a 100hourSKA AA observation. The
valuesin eachrow have beennormalised to the lowestredshift bin.

n z= 0� 0:5 z= 0:5� 1 z= 1� 1:5 z= 1:5� 2 z> 2

1 1� 0:015 0:346� 0:010 0:168� 0:012 0:066� 0:009 0:024� 0:058
0.5 1� 0:015 0:298� 0:009 0:128� 0:009 0:047� 0:007 0:016� 0:038
0.2 1� 0:015 0:276� 0:008 0:109� 0:007 0:039� 0:005 0:012� 0:029

0 1� 0:015 0:259� 0:008 0:099� 0:007 0:034� 0:005 0:010� 0:024

turearray, butcoverageathigherfrequencies,it wouldbeavaluable
complementfor high RM regions(clustercentres),wherethe fre-
quenciesaccessibleto theaperturearraywould bedepolarised.The
RM grid densitywould besimilar to theaperturearray.

With thedeepsurvey, we couldmeasurethecosmicevolution
of theRMs in clusters.If RM is proportionalto (1+ z)n, we could
measuren to an accuracy of Dn = 0:3. In order to determinethe
evolution of themagnetic�eld from this, oneneedsadditionalin-
formationon theelectrondensities.If wewould adoptanaccuracy
for n of Dn = 0:3, andassumeasimilarbehaviour andaccuracy for
theelectrondensities,to bemeasuredvia theSunyaev–Zel'dovich
effect (Sehgaletal. 2005),wewouldendupwith anaccuracy for a
power law index for themagnetic�eld (B µ (1+ z)m) of 0:4. This
shouldbe regardedasa conservative estimate,sinceit only takes
into accountinformation from the deepsurvey. Additional infor-
mationfrom a shallow survey shouldimprove theaccuracy for the
low redshiftbins.Also, we have only usedthe informationon the
maximumRM per cluster. Taking into accountthe full data,will
alsoimprove thestatistics.

For a polarised�ux limit of 0.1 mJy, asappropriatefor a 100
hour SKA pointing and a SNR of ten, we predict a few 10,000
radio sourcesper squaredegree.Thesesourceshave a broadred-
shift distribution, with a medianredshiftof aboutone,rising with
decreasing�ux limit. We canhenceexpectnot only to �nd there-
portednumbersof backgroundsources,but alsoa sizablenumber
of foregroundsources,of ordera few percentof the background
sources,rising of coursewith clusterredshift.An accuratedeter-
minationof the foregroundRM opensup the possibility to detect
a possiblesmall meanclusterRM which would point to a super-
clusterscale�eld connectingthe cosmicweb. This would be the
�rst detectionof sucha �eld.

5 CONCLUSIONS

We have modelledthe distribution of rotation measuresfor the
SKA. We calculatethe averagedistancebetweenrotation mea-
suresto be between6 arcminutesfor a onehour observation with
the early SKA and 36 arcsecondsfor a hundredhour pointing
with the full SKA. We expect to �nd rotation measuresmostly
up to 100radm� 2, with theclustercentresreachingup to several
thousand.The plannedSKA mid frequency aperturearray (300–
1000MHz) aswell asthe lowestband of the dish array wouldbe
well suitedfor thegreatmajorityof sources.High RM clustercen-
treswould requiretargetedhigh frequency follow up observations.
We�nd thatcurrentFaradayrotationstudiesonly representtheout-
skirtsof galaxyclusters.TheaverageRM shouldincreasesteadily
towardsthecoreto reachtypically several thousandradm� 2.

A phase1 SKA would alreadyimprove thestatisticsfor cur-
rentstackingexperimentsconsiderably, andmake this experiment

viable out to redshiftsz > 1. The full SKA aperturearraywould
detectover a million clusterswith at leastonebackgroundsource
eachin ashallow 100hoursurvey, andallow detailed�eld structure
determination(> 1000 clusterswith more than 100 background
sourceseach)with a deepsurvey. If thecosmologicalevolution of
therotationmeasuresis proportionalto (1+ z)n, theSKA wouldbe
ableto measuren to anaccuracy of 0.3.Comparedto thefew RMs
known for a few nearbyclusterstoday, this will revolutioniseour
knowledgeof rotation measuresin galaxy clusters.Provided the
electrondensitiescanbemeasuredvia theSunyaev–Zel'dovich ef-
fectathighredshift,wecanexpectto follow thebuild-upof cosmic
magnetismwith theSKA.

Thispaperhasbeentypesetfrom aTEX/ LATEX �le preparedby the
author.
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