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ABSTRACT

TheSunyaev–Zel’dovich (S–Z)shadowsof twentygalaxyclustershave beenimagedby creatingand

by applyinga new, systematicmethodto fit andto remove radiosourcesfrom Ryle Telescope(RT)

data.Theradiosourceenvironmentis foundto becomplex, with 4 to 6 timesasmany point sources

in theserich clusterregionsthanarefoundin non-clusterspace.In addition,mostof thehot,dynamic

clustersstudiedherearefoundto have extendedradiosourcesneartheclustercentre,which maybe

gravitationally-lensedradio rings, merger-inducedradio halos,“mini-halos” associatedwith cluster

gascooling flows, or combinationsof thesephenomena.A methodto separatethis extendedflux

from the S–Z shadow is appliedto eight clusters,with z rangingfrom 0.14 to 0.55. The resulting

imagesarecombinedwith X-ray measurementsof the clustergasto obtaina valueof the Hubble

constant:H0 = 56–72kms
� 1Mpc

� 1, with the rangereflectingsystematicuncertaintiesin modelling

thegastemperaturesof thesedynamicclusters,plusa furtherstatisticalerrorof 11%. Finally, recent

searchesby the RT of S–Z effects from high-redshiftclustersaresummarized.Theseinclude the

discovery of two new clusters,TEXOXL20 and TEXOXL21, associatedwith aggregatesof radio

sources,aswell aspossibleevidencefor extendedsuper-structurein theS–Z imagesof CL0016+16

andMS1137+6625,which appearonly asfaint, roundsourcesin X-ray maps.



1. INTRODUCTION

1.1 TheSunyaev-Zel’dovich Effect: TheShadowsof GalaxyClusters

Galacticclustersarethelargestgravitationally-bound structuresin theuniverse,with therichestcon-

taining thousandsof galaxiesspreadover several millions of light years. Surprisingly, the galaxies

themselvescompriseonly around5% of eachcluster’s mass,which totals1015 solarmassesin the

biggestclusters.Another10%of themasstakestheform of a plasmaspreadthroughoutthecluster,

with maximumdensitiesof several thousandparticlesper cubic metre. See,e.g., the lecturesin

[Minnesota1988] andthecataloguesof Abell andZwicky [Abell 1989] [Zwicky 1961]. Thishot gas

gainsits temperature— up to 108K — by falling into thecluster’s gravitational potentialwell, and

is visible by the X-rays it producesasthermalbremsstrahlung;see,e.g., [Sarazin1986]. The vast

majority of a cluster’smassis in theform of inert,mysteriousdarkmatter, which makesits presence

known by providing a gravitationalpotentialthatbindstheclusterandlensesthelight of background

galaxies.See,e.g.,[Turner& Tyson1999] and[White 1993].

The physicsof the megaparseclengthscalesandthe billion-year time scalesthat characterizea

cluster’slife canbedynamic.Ononehand,many hotclustersaretheresultof recentor on-goingmer-

gers,processesin which largeclustersengulfotherones,oftenproducingshocksandstrongmagnetic

fields that canaccelerateparticlesin theintra-clusterplasma;see,e.g.,[Tribble 1993]. On theother

hand,“relaxed” (non-merging) clustersalsocontaininterestingdynamics,including cooling flows,

wherethe densecentreof the intra-clustergasis compressedinwardsas it getsquickly cooledby

X-ray emission[Fabian1994].

ThethermalSunyaev-Zel’dovich(S–Z)effect,proposedin theearly1970s[Sunyaev & Zel’dovich 1972],

is an uniquemethodfor looking at galacticclusters.Ratherthanrelying on the cluster’s own radi-

ation,onelooks for the cluster’s effect on a primal light source,the2.7 K cosmicmicrowave back-

ground(CMB) left overfrom theearlyuniverse.Electronsin ahotcluster’splasmainverse-Compton-

scatterCMB photonsup to higherenergy, causinga depletionin theCMB intensityat radiofrequen-

cieslower than200GHz,asshown in Figure1.1. In thelow-frequency (Rayleigh–Jeans)region, the

temperaturedecrementof this “shadow”, or “hole”, is proportionalto theeffectivenumberof electron

scatterersalongtheline-of-sight,givenby theelectrondensityne timestheThompsoncrosssection

(σT
� 0 � 665 � 10� 28m2) for electron-photonscattering,integratedalongtheline-of-sight,aswell as

to the fractionalkinetic energy availableperscatterer, proportionalto the temperaturekBTe over the
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Fig. 1.1: The S–Z effect as a function of radio frequency. The y-axis shows the S–Z surfacebrightnessin
arbitraryunits,andis dependentonthepropertiesof thegalaxycluster;figureis from [Grainge1996].
At theRyleTelescope’sobservingfrequency, 15GHz,thesurfacebrightnessis expectedtobenegative,
approximately� 1mJyarcminute� 2 for a rich cluster.

restenergy mec2:

∆TSZ
	
TCMB

��
 2kBσT

mec2
�� neTedl � (1.1)

For a rich clusterwith Te
� 108K, ne

� 104m
� 3, anda diameterof a few hundredkiloparsecs,the

S–Z effect is small, ∆TSZ � 1mK, correspondingto a fractionalchange∆TSZ
	
TCMB in theCMB in-

tensity of a little over 10� 4, but it is an orderof magnitudelarger than any other possibleeffects

producingarcminute-scalenegative featuresin the CMB, suchasintrinsic primordial anisotropies.

See[Birkinshaw 1998] for a full review of other effects producingholes. Despiteits small mag-

nitude, successfulmeasurementsof S–Z distortionshave beenmadewith a wide variety of tele-

scopessincethefirst 1–dimensionalradiometerscansthroughtheclusterAbell 2218in themid-1980s

[Uson1984] [Birkinshaw 1984]. Thefirst 2–dimensionalimageof acluster’sS–Zeffectwasobtained

for Abell 2218in 1993by theRyle Telescope(RT) at theCavendish[Jones1993]. Imagingof such

S–Zeffectswith theRyleTelescopeandtheOVRO/BIMA arraysis now routine;seerecentmeasure-

mentsreportedin [Grainge1999], [Saunders1999], and[Carlstrom1999].

Perhapsthe mostremarkablething aboutthe S–Z effect is implicit in equation(1.1) — the ob-

served temperaturedecrementis independentof the cluster’s redshift. An Earth-boundtelescope

seesa far-away light-emitting objectashaving an effective temperature(proportionalto thesurface

brightness,aswell astheenergy density, of thedetectedphotons)thatis smallerthantheemittedtem-

peratureby a factor � 1 � z� � 4, wherez is theredshift,dueto theeffectsof theuniverse’sexpansionon

thephotonenergy andarrival frequency, andon theobject’sapparentangularscale.TheS–Zeffect,

however, getsaroundthis inherentlimitation: the energy densityof the illuminating CMB photon

sourceis larger in the past,by a perfectlycompensatingfactor � 1 � z� 4. Measurementsof the S–Z

effect promisesto be a powerful probeof the large-scalestructureof the high-redshiftuniverse;in
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particular, they will stronglyconstrainthe rateof galaxy(proto)clusterformation,which is highly

sensitiveto cosmologicalparameterslike theuniverse’smassdensityΩm [Bahcall1997].

Quantitatively, aRayleigh-Jonestemperaturedeficitof 
 1mK correspondsto asurfacebrightness

of about 
 1mJyarcminute� 2, usingtheformula

Surfacebrightness� 2kBTR � J

λ2
� (1.2)

Clustersbeyond z � 0 � 2 have apparentsizesof a few arcminutes,andthusproduceholeswith total

negative flux on the orderof 
 10mJy.1 Thus,unlike searchesfor optical/X-ray/radioemissionof

distantclusters,looking for S–Z shadowsof clustersis just aseasyat z � 5 — if rich clustersexist

thatfar in thepast— asit is atz � 0 � 5. Onepurposeof this thesisis to summarizerecentdiscoveries

by theRyleTelescopeof high-redshift(proto)clusters.

The main objective of this thesisis to illustratea fast, systematicway in which contaminating

radio sourcescan be removed from S–Z maps. The resultingimages,when combinedwith X-ray

information,canthenyield a measurementof theHubbleconstantH0, thecurrentrateof expansion

of theuniverse[Cavaliere1979]. Theideais simple:a cluster’sX-ray luminosityLX is proportional

to � n2
eT

1 � 2
e dl , while the depthof its S–Z hole ∆TSZ is proportionalto � neTedl . Constrainingthe

electrongastemperaturefrom X-ray spectra,andguessinga 3-D modelof the gasshape,onecan

thenestimatethe lengththroughthe cluster, proportionalto ∆T2
SZ

	
LX . Comparingthis lengthto the

cluster’sangularsizeyieldstheangular-sizedistanceto thecluster. This thencalibratestheuniverse’s

angular-sizedistancevs. redshiftcurve,giving thevalueof H0. Themainadvantageof this technique

is its independenceof theassumptionsusedto calibratethecosmologicaldistance-ladder, whichhave

promptedquite a bit of controversy over discrepanciesbetweenvariousrecentH0 measurements.

Thesemeasurementsrangedfrom 50kms� 1Mpc� 1 up to 80kms� 1Mpc� 1 asrecentlyastwo years

ago, but now appearto be converging towardsa tighter rangeof values,65 
 75kms� 1Mpc � 1, as

systematicerrorsin thedifferentexperimentsarebetterunderstood;see,e.g.,[Freedman1999].

The S–Z/X-raymethodto determineH0 is subjectin practiceto randomandsystematicerrors,

with the largestonesbeingthe mismatchbetweentheclustergastemperatureappropriateto the S–

Z effect andthat actuallymeasuredin X-ray observations,assumptionsaboutthe shapeof the gas,

andeffectsof thecontaminatingradiosourcesnearthecluster;see,e.g.,[Grainge1999]. Thework

presentedin this thesisdetailsa completemethodto dealnot only with point-like radio sourcesbut

alsowith extendedclustercentre“halos” thatobscuretheSunyaev-Zel’dovich shadow. This method

is appliedto theRyleTelescope’sobservationsto produceimagesof theS–Zholesof twentyclusters.

Eight of theS–Zdetectionsarethencombinedwith X-ray informationto yield anestimateof H0.

1 Naively, onemight expect that moredistantclusterswould appearsmallerin the sky, in inverseproportionto their

distance/redshift,so thattheir total flux would bereduceddramaticallywith distance,as1� distance2. However, dueto the
universe’sexpansion,theangulardiameterof anobjectis givenby Dθ � z� 1 � z��� 2H � 1

0 � 1Mpcarcminute� 1z � 1 � z ��� 2, up

to correctionsof orderq0z2 [Weinberg 1972]. Becauseof the � 1 � z� � 2 factor, theangular-distanceflattensto a maximum
of approximately300kpcarcminute� 1 atz � 1 � 25for q0 � 1

2 andΛ � 0, insteadof increasingindefinitelywith redshift.
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Fig. 1.2: Absolute value of simulatedS–Z flux as a function of interferometerbaselinefor rich cluster

Abell 2218; figure is from [Grainge1996]. Note that the RT’s shortestbaselineis 900λ, just short
enoughto catch10%of theflux.

1.2 RadioInterferometry, andtheRyle Telescope

Thetechniqueof aperture-synthesisradio interferometry, developedat theCavendishLaboratoryby

Ryle [Ryle 1972], allows the imagingof a wide varietyof angularscalesof the radiosky. An inter-

ferometerconsistsof a numberof radio aerialdishestrackinga particularregion of the sky. Each

pair of dishesconstitutesa singleinterferometer“baseline”;theoutputsof eachreceiver in a pair are

correlated,directly measuringa particularspatialFourier componentof the radio intensityS� x � � of

thesky, acomplex visibility:

Vis � u � � � ei2πu ! xS� x � B � x � d2x � (1.3)

whereu � � u � v� is thebaseline,theseparationvectorbetweentwoaerialsmeasuredin radiowavelengths

(λ) projectedonto the sky; x are the coordinatesof the sky, measuredin radians;andB � x � is the

primarybeampattern,anenvelopefunctiondeterminingthetelescope’sfield-of-view, whoselocation

on the sky is setby the aerials’pointing direction. Becausethe interferometermeasuresthe correl-

atedpowerof particularFouriercomponentsof patchesof thesky (andnot thetotal power), it avoids

severalsystematicerrorsof single-dishradioexperiments.In particular, theinterferometer“resolves”

out the constant2.7 K cosmicbackground,aswell asany atmosphericemission(which is at large

angularscales),andthusmeasuresonly anisotropiesin theCMB selectedoutby theFouriercompon-

entscorrespondingto theinterferometerbaselines.In addition,thecelestialradioemissionof interest

movesacrossthe sky, producinga tell-tale time variation,the “fringe rate”, in the correlatedinput.

Filtering for this fringe rateallows for additionalsuppressionof any backgroundradionoise— such

asinterference— not intrinsic to theaerialreceiversthemselves;see,e.g.,[Thomson1986].

The S–Z shadows of galacticclustersaregenerallyof angularsizesof several arcminutes.The

interferometerbaselinesrequiredto seesuchfeatureswould ideally needto belessthan1 kλ, ascan
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Configuration Ae 1 Ae 2 Ae 3 Ae 4 BaselinesAvailable

Ca 12 9 7 4 2,3,3,4,5,5,7,8,9,12

Cb 12 10 8 4 2,2,4,4,4,6,8,8,10,12

Cc 16 12 8 4 4,4,4,4,8,8,8,12,12,16

Cd 32 24 16 10 6,8,8,10,14,16,16,22,24,32

Tab. 1.1: Compactconfigurationsof theRyle Telescope.RT antennas1–4aremountedonaneast-westrailway
track;theirpositionsarelistedrelative to (fixed)aerial5, in unitsof 8.93m, correspondingto 450λ at

15 GHz.

beseenfrom thesimulatedflux vs. baselineof clusterAbell 2218,shown in Figure1.2. Most of the

world’s sensitive radio telescopeshave beendesignedwith large baselines— from many metresto

intercontinentaldistances— to look at sub-arcsecondstructures,like active galacticnuclei, anddo

not have shortenoughbaselinesto seeS–Zstructures.For example,theshortestbaselineavailableto

theVeryLargeArray (VLA) in New Mexico in its mostcompactconfigurationis 33m, corresponding

to about2 kλ at the15GHz;see,e.g.,[Partridge1987].

Currently, theRyle Telescope,observingat 15 GHz, andtheOVRO/BIMA arrays,observingat

30GHz,aretheonly interferometerswith shortenoughaerialspacings(1kλ and1–2kλ, respectively)

to catchany of the S–Z effect. Thesebaselinesarestill not ideally shortenough,anddetectonly

about10–20%of thetotalS–Zflux of typical clustertargets.Designsfor interferometerswith shorter

baselinesdevotedwholly todetectionof theS–Zholeshavebeenproposed,andhopefullywill bebuilt

within thenext few years.Until then,we rely on theRyleTelescopefor imagesof theS–Zeffect.

To searchfor theS–Zeffect, theCavendishlaboratoryusesthefive closest-spacedaerialsof the

Ryle Telescope,consistingthe original seven 12.8-mCassegrain-focusparaboloiddishesin Ryle’s

original 5-km Telescope[Ryle 1972] with an upgradedcorrelator; four of theseaerialsaremove-

ablealongan east-westrailtrack. The RT operatingfrequency for S–Z searchesis 15GHz; it is a

compromisebetweenattemptingto reducecontaminationof theS–Zeffect by radiosources,whose

intensitiesgenerallyfall with frequency [Windhorst1993], andavoiding strongatmosphericinterfer-

ence,which becomesstrongin therainy Cambridgetelescopesiteat frequencieshigherthan20GHz.

The telescope’s total bandwidthof 350MHz is dividedup into 5 sub-bandsof frequency " 35MHz;

eachsub-bandis thendivided into a further 7 sub-channelsbeforecorrelationby an 8-lag Fourier

TransformSpectrometer, to preventchromaticaberration.Thecooledreceiversoperatewith asystem

temperatureof 60 K, improved from 75 K aftera 1994upgrade,with somenoisevariationdepend-

ing on the atmosphere’s radio emission;after 12 hoursof observation on a target, combineddata

from the 10 possibleaerial pairingsyield a map with an r � m � s� noiseof 200µJy, probing angular

scalesfrom a few arcsecondsto anarcminute,correspondingto availablebaselinesof 10kλ down to

1λ [Grainge1996]. Theprimarybeamhasa full-width-to-half-maximum(FWHM) of 6 arcminutes.

Furtherdetailsof telescopeoperationsandsub-sytemsareavailablein [Jones1990].

The baselinesavaliableto the RT in variousaerialconfigurationsarelisted in Table1.1; an ex-

ampleof theu-v coverageof thebaselinevectors,whichsweepoutsemi-ellipsesin theFourierplane,
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Fig. 1.3: Theu-v coverageof theapertureplane,or Fourierplane,for observationof theclusterAbell 1413,at
declination23# , by theRyle Telescopein Cb configuration.Themissingportionsof thesemi-ellipses
correspondto aerialpairingswhereoneaerialdishshadowstheotherdish.Notethatthevisibiliti esin

theright half of theFourierplaneareconstrainedby Vis $ u %'& Vis()$�� u % , sincethecorrespondingsky
mapis purelyreal.

or apertureplane,relative to thesky astheearthturns,is shown in Figure1.3. For mostclusterob-

servations,themostcompactCbaerialconfigurationprovidesthebestshort-baselinedatarelevantfor

theS–Zeffect; however, theotherconfigurationsareoftenusedfor low decrementtargets,for which

thecloselyspacedCbaerialscanactuallyshadow eachotherfor longperiodsof time.

1.3 TheRyleTelescopeS–ZProgramme

Becauseof the faintnessof theS–Zeffect, it is not yet feasibleto survey a large patchof thesky to

searchfor distantgalacticclusters;oneneedscluesasto wheretopointtheRyleTelescope.Thetargets

of the Ryle TelescopeS–Z programmearedivided into two categories: medium-redshiftclustersat

z � 0 � 2 whichallow thedeterminationof theHubbleconstant,anddistant,high-redshiftcandidatesat

z * 0 � 3. Thetargetsarelistedin Table1.3.

Thesetof “Hubbleconstant”clusterswereinitially selectedin 1993basedonapproximatedepths

of the S–Z effectsof the rich clustersknown then,mostof which werecompiledin the Abell and

Zwicky catalogues.TheexpectedS–Zfluxeswereestimatedfrom theX-ray luminosityandredshift

informationavailableat thattime; clusterswith redshiftslessthanabout0.1wereautomaticallyruled

out becausetheir largeangularscaleswould beresolvedout by theRT [Grainge1996]. Mapsof the

hundredbestclustercandidateswerecheckedin theGreenBank5GHzAll-Sky survey; regionswith

bright sources(greaterthan20mJy at 5GHz) werethrown out. Furthermore,one-daymapsof the

remainingclusterswere madewith the RT, andclustersin regions containingsourcesgreaterthan
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5mJy at 15GHz werealsoremoved from the target sample.Most candidatesin thesampleof forty

candidateshavebeenobservedby theRT in thelastsix yearsfor periodsof time rangingfrom 6 � 12

hoursfor Abell 1246up to 80 � 12 hoursfor both Abell 2218andCL0016+16. The existenceof

public-domainX-ray maps,publishedX-ray temperatures,andsensitive VLA observationsat lower

frequencies(1.4GHz,5GHz)hasallowedfor full source-subtractionandfor Hubble-constantdeterm-

ination for eightof theseclusters,includingAbell 665,Abell 1413,andAbell 773. Detailson these

clusters’S–Zeffectsarepresentedin section3.2.

Thepossibleindicatorscurrentlyusedto look for rich,high-redshiftclustersincludegalacticover-

densitiesin theHubbleSpaceTelescopeMediumDeepSurvey; faint but extendedX-ray sources;and

clustersof bright radiosources.Furtherdetailson recentsearchesfor distantclustersarepresentedin

section3.3.
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Cluster z RA Dec

Name (B1950) (B1950)

A611 0.288 07h57m43� 4s 36+ 11m20s

A665 0.182 08h26m25� 6s 66+ 01m09s

A697 0.282 08h39m46� 4s 36+ 32m34s

A773 0.217 09h14m22� 4s 51+ 56m09s

A990 0.144 10h20m34� 5s 49+ 23m31s

A1246 0.216 11h21m19� 8s 21+ 45m37s

A1413 0.143 11h52m44� 0s 23+ 41m10s

A1423 0.213 11h54m47� 2s 33+ 53m38s

A1704 0.220 13h12m36� 0s 64+ 50m28s

A1722 0.328 13h18m33� 6s 70+ 17m38s

A1914 0.171 14h23m59� 1s 38+ 02m57s

A1995 0.318 14h51m36� 0s 58+ 15m05s

A2111 0.229 15h37m46� 2s 34+ 34m39s

A2218 0.171 16h35m42� 0s 66+ 18m47s

A2259 0.164 17h18m08� 3s 27+ 43m10s

Zw1883 0.194 08h39m53� 9s 29+ 28m48s

CL0016+16 0.546 00h15m58� 4s 16+ 09m42s

MS1137+662 0.78 11h37m34� 7s 66+ 24m52s

TEXOXL20 02h30m22� 8s 30+ 08m49s

TEXOXL21 02h30m32� 1s 35+ 46m17s

Tab. 1.2: RT Targetsfor S–Zdetections.



2. SEEINGTHE S–ZEFFECT: METHODOLOGY

Themajorobjective of this researchhasbeento producea quick, systematicmethodto remove con-

taminatingradiosourcesfrom several years’worth of Ryle Telescopeclusterobservationsallowing

theimagingof theremainingS–Zshadows. Thefollowing sectiondetailsa proposedreplacementof

thepreviously usedmethodology, which,beingnascent,waslabour-intensiveandsometimeslacking

in desiredrigour [Grainge1996].

2.1 Initial Steps

Becausethe S–Z decrementsarefaint, the RT hasto be pointedat a particularclusterfor a couple

weeks(sometimes,for a couplemonths),producinga large amountof data. Eachday’s observa-

tionsarefiltered to throw away visibilities affectedby dishshadowing or by weather, andarecalib-

rated.Theresultingdataareoutputtedin thecompactFlexible ImageTransportSystem(FITS) format

[Pooley 1999].

To makethedatamoreamenableto FORTRAN manipulations,eachFITS file is thenconverted

to the simplevis format, a text file listing, for each320–secondpacketof time andfor eachaerial

pairing, the � u � v� baseline,the real and imaginarypart of the visibility, andthe estimatednoiseon

the observation, usually about7 mJy. Previously, the noiseestimatewas takenby re-weightinga

nominalerrorbasedon a noise-injectionestimator(“rain gauge”)indicatingtheeffect of weatheron

the telescope;this oftenunderestimatederrorsby a factorof 1.5 to 2. Now, a betterestimatefor the

r � m � s� erroron eachvisibility is determinedby lookingat theintrinsicscatterof the35 sub-frequency

measurementsthatwerecombinedinto onevisibility. Theswitchto thelattermethoddoesnot affect

thebasicnumbersandimagesin thedata;it only improvestheestimatesof theerrorbars.

Theone-dayvisibility files for a givenclusterarethenconcatenatedinto onebig vis file, whose

contentsarebinnedby cuttingout200kλ squarebinsin theu-v plane,andby thenaveragingthedata

(weightedby 1
	
r � m � s� 2) in eachof thesquarebins.Thenew binnedvisfile, calledavbnfile, contains,

for eachnon-emptybin of theu-v plane,the � u � v� of theweightedbin centre,andtheappropriately

combinedvisibility andr � m � s� . The big advantageof binning is the muchimproved speedat which

sourcesin thedatacanbeproperlyfitted. Of course,theaveragingin theu-v planethrowsawayphase

informationrelevant to sourcesgreaterthan10 arcminfrom theRT pointingcentre;however, theRT

primary beam(whosefirst null occursat 5 arcminutesfrom the centre)preventsanything that far
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away from showing up in theobservation.1 Finally subtractionof contaminatingradiopoint sources

is carriedout, andthe resultingshort-baselinedecrementsareanalyzed;this generalmethodologyis

detailedbelow.

Althoughall thequantitative analysisis carriedaboutby a fitting program,mapsof thedataare

madeas visual aids. A Fast Fourier Transformis appliedto the interferometervisibilities to get

an approximationto the actualradio sky; sincethe datado not have informationaboutthe full u-

v (Fourier) plane,the resultingimageis of the sky convolvedwith a synthesizedbeampattern,i.e.

sourcesareaccompaniedby “grating rings” thatdirty up the map(see,e.g.,Figure2.1a). Previous

analyseshave usually extractedresultson the sourcesas well as the S–Z decrementby using the

nonlinearCLEAN algorithmto deconvolve the image, implementedas the APCLEAN task in the

NRAO AstronomicalImageProcessingSystem(AIPS) package[AIPS 1999]. CLEANing, however,

cansometimesproducespuriousresultsif appliedto mapsbasedon visibility datawith eithersparse

u-v coverage(especiallyon shortestbaselines)or low signal-to-noise— the RT short-baselineS–Z

datahave both problems. In this thesis,CLEANed imagesof S–Z effectsareshown for aesthetic

pleasure,but all shapes,positions,andnumbersrelevant to theanalysisaretakenfrom fitting thevis

files,with thedirty mapsasvisualguides.

2.2 Subtractonof PointSources

For eachpointing, thereareusually two to six “bright” radio sourceswithin the RT field-of-view,

whosefluxes,rangingfrom 150to 1500µJy,contaminatethemaps.Physically, thesemaybequasars

or otheractive galacticnuclei,or star-forming galaxies,whosestructuresaregenerallysmallerthan

a few arcseconds,andthereforeappearpoint-like in currentRT observations.Many arevariableon

timescalesof daysor months,but this doesnot affect RT datawhich hasbeenaveragedover the

observingtime.

MostotherS–Zexperimentsattemptto subtractsourcesbasedonextrapolationof lower-frequency

fluxes, takenfrom, e.g., VLA data. The greatadvantageof the Ryle Telescopeis that its longer

baselines,on which the S–Z effect is absent,canexposethe locationsandfluxesof contaminating

radio sources,allowing for their removal from the shorterbaselines.Becausethe shorterbaseline

dataandlongerbaselinedataaretakensimultaneously, theRT sourcesubtractionis notsubjectto the

spectralandtemporaluncertaintiesthatplagueotherexperiments.Indeed,thesourcesubtractiondoes

not significantlyincreasetheshort-baseliner � m � s� noiseestimatesin thevis files, sincetheerrorson

thesourcefluxesaregenerallylessthanhalf of theerroron theS–Zdecrements— theRyleTelescope

hasroughlyfour timesasmany longerbaselines(* 2kλ) asshorterbaselines( � 1kλ).

Thesourceremoval takestwo steps:subtractionof themajorityof thepoint sourceflux, followed

by removal of any residualextendedemission.As anexampleof atargetrequiringsourcesubtraction,

1 The Ryle Telescopehasencounteredoneexceptionto this: theclusterMS1137+6625(seefollowing chapter)which

is contaminatedby a very bright 3C source20 arcminaway from the centre;to analyzethat cluster, the u-v bin sizesare

reducedto 20λ.
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Fig. 2.1: Demonstrationof sourcesubtractionfor theTEXOXL20 region. (a) Map (not CLEANed)of all RT
baselinesshowing several point sourcesin the field-of-view. (b) Long baseline( , 2kλ) mapafter
inital removal of NVSS-selectedpoint sources,showing “residual” pointsources.

Figure2.1ashowstheraw RT map,usingall baselineinformation,of candidatehigh-zclusterregion

TEXOXL20. To find out if therereally is a clustertherewith accompanying S–Zshadow, oneneeds

to remove theeffectsof thesources.

2.2.1 FirstRoundof Subtraction:Points

I have written a program,calledFLUXFITTER, to createa setof modelvisibiliti esof the radio sky,

andcompareit to the actualdataby computingtheχ2 statisticfor how well the modelfits the data

visibilities, giventheerrorsexpectedfor thevisibilities σVis:

χ2 � ∑
visibilities -Visdata


 Vismodel - 2σ2
Vis

� (2.1)

For datawith Gaussiannoise(asis thecasefor theinterferometervisibilities), theχ2 is equivalentto
 2log � likelihood� , up to anadditive constant;thus,finding a modelwith minimumχ2 is equivalent

to maximizing the likelihood of the fit. If the model visibiliti esareparametrizedby, for example,

a setof fluxesand/orpositions,the standarderror, or 1–σ error, ellipsoid is then definedby those

parametervaluesχ2
1 � σ which satisfyχ2

1 � σ
� χ2

min � 1. In practice,the 1–σ errorsareestimatedby

finding how theχ2 increasesaseachof theparametersis separatelyvariedaroundtheminimum,and

thenextrapolatingto whereχ2 is expectedto go up by 1.

First, a list of sourcecandidates(usually5 to 10 sourceswithin 8 arcminutesof theRT pointing

centre)is compiledfrom lower-frequency catalogues,like the VLA FIRST [White 1997] andVLA
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NVSS surveys [Condon1998] at 1.4GHz, the WENSSsurvey at 330MHz [Rengelink1997], and

in specialcases,deepVLA imagesof the clusterregion that have beenobtainedby the Cavendish

groupor others,e.g.,[Moffet & Birkinshaw 1989]. Thesepossiblesourcelocationsarethenfed into

FLUXFITTER, which usesa simplex-minimization“amoeba”routineto find a bestfit of point source

fluxes at thoselocationsin the RT data. The minimization routine is a straight-forwardone, first

settingup a polyhedron,or simplex, in the fit-parameterspaceandthenallowing it to move around

parameterspace(via contractions,expansions,andinversionsthroughonevertex) andto contractonto

aglobalminimumof theχ2; see[Num. Recipes1992] for details.Theminimizationroutinegenerally

takeslessthantensecondsto fit thefluxes;initial guessesfor thefluxesaresetto zero,to avoid sign

bias.Theχ2 is computedusingbaselines2–10kλ; thisavoidsbiasfrom thecluster’sS–Zhole,which

produceslessthan10µJy on thosebaselines(asis clearfrom Figure1.2),which is far lessthanthan

the r � m � s� noiseof 50–150µJy typical of thosebaselinesin theRT observations.Note that,because

the fit is beingdonewith all pointssimultaneouslywith u-v planedata,thereis no needto further

compensatefor gratingringsor sidelobesofthesynthesizedbeam.

Initially, to prevent the routinefrom gettingtrappedin local minima of χ2, the routinewasrun

twice,usingthebest-fitof thefirst run (initializedwith flux guessesof zero)asaninitial guessof the

secondrun. In all cases,thesecondrunhasbeenfoundto beunnecessary:theχ2 statistic,takenasa

functionof thepointsourcefluxes,hasawell-definedminimum.The1-σ errorspredictedfrom theχ2

analysisfor eachpoint sourceflux arecheckedto agreewith eachotherandwith ther � m � s� noiseon

(pre-CLEANed)mapsmadewith the source-subtractedlong baselines,which typically rangesfrom

40 µJy for a clusterobservationwith a largeamountof data,like Abell 2218with 80 � 12 hours,up

to 120µJy for shorterintegratedobservationtimesof 6 � 12 hours.

Most of the sourcecandidates,takenfrom lower-frequency catalogues,have fitted fluxeswhich

areof lessthan2σ significance(usuallycorrespondingto 200µJy) in theRT data.This is expected,

sincecandidatesourceslocatedmorethanafew arcminutesfrom theRT pointingcentrewill beatten-

uatedby theRT primarybeam,which hasa half-power radiusof 3 arcminutes.These“insignificant”

sourcecandidatesarediscarded.No attemptis madeto subtractfluxesfrom their locations,though,

even if someflux wasremoved, it would only slightly increasethe noiseto thedata. In the dozens

of clustersto which this methodhasbeenapplied,never hasa negative fitted flux hadgreaterthan

2σ significance— agoodsystematiccheck.

Thelocationsof the remainingsignificantsourcesaretheninputtedagaininto FLUXFITTER; the

resultingfluxes/errorsarenoted,andthesourcesaresubtractedfrom the datavisibiliti es. Typically,

this re-fitting without the “insignificant” sourceschangesthefluxesby muchlessthantheestimated

1-σ errors. In theparticularcaseof TEXOXL20, the locationsof seven point sourcecandidatesare

takenfrom theVLA NVSScatalog,whichhasaflux limit of 2 � 5 mJyat1.4GHz;all of thecandidates

turnout to producesignificantfluxes,rangingfrom 300µJyupto 1800µJy, in theRT field-of-view at

15GHz. Themapwith thesesourcesremovedisshown in Figure2.1b;sourceinformationiscompiled

in Table3.4.
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2.2.2 SecondRoundof Subtraction:Treatmentof Residuals,IncludingDoubleSourcesand

Slightly ExtendedSources

Occasionally, after the removal of point sources,especiallyof very bright ones,residualflux is left

behind,eitherbecauseanoriginally subtractedpointsourceis slightly extended,or becausethesource

candidatewhichappearsin alower-resolutionlower-frequency catalogasonelargesourceis resolved

by theRyleTelescopeinto two pointsources.

To remove theseresiduals,boththelocationsandfluxesarefittedby FLUXFITTER, andsubtracted,

leadingtoanartefact-freelongbaselinemap.In theTEXOXL20 data,thissecondroundof subtraction

removesfour residualpoint sourceswith fluxesof 200–440µJy,which arequitesignificant;thelong

baseliner � m � s� is 65 µJy. The removal of the residualsproducesa long baselinemap,Figure2.2a,

with peaksof " 2 � 5σ, consistentwith noise. All four residualpointsareclose(within 100 arcsec,

and in two cases,within 20 asec)to point sourcesremoved in the first round of subtraction;the

NVSS map,which hasa poor resolution(synthesizedbeamof FWHM 45 arcsec),shows themas

“extensions”of thestrongersources.NotethatwhendeeperVLA imagesareavailable,asis thecase

for theH0 clusterspresentedin thisthesis,all subtractedsourcesandresidualshaveclearlyidentifiable

counterpartsin thelowerfrequency maps.

In afew rarecases,includingAbell 665andCL0016+16,abrightsourceappearsextendedbecause

it lies nearthe null of the primary beam,becominghighly susceptibleto slight fluctuationsin the

telescopepointing. Theseapparentlyextendedsourceshave causedproblemsin previous CLEAN-

basedanalyses.But, by fitting for boththelocationandflux in FLUXFITTER, they areeasilyremoved.

In all theclustersstudied,theabove methodologyhasyieldeda long baseline( * 2kλ) mapcon-

sistentwith noise. In addition,several of the RT full clusterdatasets,including the large setsfor

Abell 665,Abell 2218,andCL0016+16,havebeenpreviouslyanalyzedby GraingeandJonesusinga

morelabour-intensiveCLEAN-basedanalysis[Grainge1996] [Jones1993]. Thepoint sourcefluxes

predictedby thecurrentFLUXFITTER codeagreewell within 1-σ errorbarswith theresultsobtained

in thepreviousanalyses.

TheS–Zdecrement,if present,cannow be seenon a short-baselinemap. Mappingtheshortest

baselines0–1kλ usuallyprovidesthe deepesthole, while mappingbaselines0–2kλ cangive better

shapeandpositionalinformation,if thereis enoughsignal-to-noise.In thecaseof TEXOXL20, for

example,after the initial removal of the seven NVSS-selectedpoint sourcesbasedon long-baseline

information,thereis asignificantdecrementof 
 400µJybeam� 1 on the0–1kλ map,which is expec-

ted to have an r � m � s� noiseof 80µJybeam� 1; seeFigure2.2b. After subtractionof the four residual

sources,the0–1kλ decrementchangesby 1σ, to 
 320µJybeam
� 1 . Indeedthis weakeffect of the

residualsis a generaltrend: for all of the clustercandidates,thesubtractionof theweaker, residual

point sourcesproducesvery little changein thefluxesof theshort-baselinedecrements.
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Fig. 2.2: Demonstrationof sourcesubtractionfor theTEXOXL20 region,continued.(a)Longbaseline( , 2kλ,

notCLEANed)mapconsistentwith noise,afterremoval of “residual”pointsources.(b) Shortbaseline
( . 1kλ) mapshowing theS–Zholeat mapcentre,accompaniedby thesynthesizedbeampattern.

2.3 ExtendedSourcesat theClusterCentre

So far, short-baselinemapsof abouttwenty clusterregions show clear, significantS–Z decrements

afterpoint sourcesubtraction.However, their centresareoftendifferentfrom thepositionspredicted

from the centroidof the gasX-ray emissionby up to an arcminute— a significantdisplacement,

givenpointingerrorsandstatisticalnoise.2 In addition,somehave oddshapes,resemblingtear-drops

[seeAbell 665,Figure3.10]or triangles[seeAbell 1914,Figure3.21],which do not matchthemore

circular/ellipticalgasshapesseenon the correspondingX-ray maps,andstatisticallycannotbe the

resultof interferometernoise;seesection3.2.1for anin-depthdiscussionof theshapeandpositionof

theAbell 2218decrement.

Furtherinvestigationsof the radio environmentaroundtheseclusters,using,for example,VLA

maps,show thestrongpossibility thatextended,contaminatingradiosourcesexist in theRyle Tele-

scope’sfield-of-view andwouldnotbevisible in thelong-baselines.Quiteoften,theextendedsources

lie nearthe centresof theseclustersand happento have angularscalessimilar to thoseof the S–

Z shadow, producingdistortionsof theS–Zshapes.Evidencefor theseextendedsourcesis detailed

2 Inaccuratepointingscouldbea possiblecausethepositionaloffsets.However, randomerrorson theRyle Telescope’s
positionalcalibration,usually inducedby momentary, slight displacements( / 30 arcsec)of radio aerialsby the wind,

arereducedafter severaldaysof data-takingto undera few arcseconds,asis evidencedby theagreementof radiosource
locationsto thosein existingcatalogues.Also,while theX-ray satellitescanhavelargerpointingerrors(5arcsecfor ROSAT

HRI; 15arcsecfor ROSAT PSPC),thepositionsarere-calibratedby matchingX-ray pointsourcesto known starsor AGNs.
Positionalerrorsin boththeradioandX-ray mapsarefurtherdiscussedin section3.2.1.
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for eachclusterin Chapter3. In somecases,the extendedflux appearsto be directly associated

with brightpointsources;but often,theflux is extendedover thecentraloneor two arcminutesof the

cluster, withoutproximity to any pointsources.Whatis producingtheseclustercentre“halos”? Three

possiblecluster-associatedphysicalphenomenathatcanproducethiskind of extendedradioemission

arenow summarized:

2.3.1 Aggregatesof low-flux radiosources

Sourcesurveyshaveshown thatgalaxyclustersareassociatedwith ahigherdensityof sourcesthanis

characteristicof inter-clusterspace.For example,cross-correlationof the1.4GHzVLA FIRSTradio

survey andthe Abell catalogshows that the densityof radio sourceswithin a few arcminutesof an

Abell clusteris at leasttwice thedensityin non-clusterregions[Cress1996]. Moreover, a survey of

50 clusterregionstargetedfor theS–Zeffectat 28.5GHzshowsthedensityof radiosourceswithin 4

arcminutesof theseveryrich clusterstobe4–7timesthedensityin non-clusterregions[Cooray1998];

thesourcecountsin thecurrentRT sampleshow asimilar trend,discussedin detailin section3.1.The

overdensityof radiosourcesnearclustersis, of course,expected;sincethedensityof galaxiesishigher

in a cluster, thereis a largerab initio chanceof having anAGN or star-forming galaxyin the field-

of-view. Moreover, clustermergersmaypossiblytrigger AGN formationaswell asstarformation;

also,radio emissionof AGNscanbe moreluminousasAGN jetscrashinto the intraclusterplasma

[Clusters1994]. Finally, theclustercangravitationally lensebackgroundradiosources,increasingthe

fluxesof sourcesin a ring aroundtheclustercentre,with a radiuscorrespondingto theEinsteinangle

(α � 300 0 ) [Loeb1997].

A groupof many low-level sourcesmayconspireto producea seemingly“dif fuse”sourcethatis

notproperlyisolatedin theVLA catalogues.For example,theNVSSVLA 1.4GHzmapof Abell 773,

shows threeor four compactfeaturesembeddedin a diffusering in theclustercentre.DeeperVLA

data,with betterresolution,confirmsthis structure;seeFigure3.15. Analysisof the S–Z effect in

theRT data,however, is not seriouslyimpairedby this kind of multi-componentsource;theRT long

baselinesresolve the“ring” into tencompactsourceswith separatefluxesof 150–200µJy (3–4 σ in

this case)in thelongerbaselinemap;seefurtherdiscussionin section3.2.4.

2.3.2 Radiohalosinducedby clustermergers

Clustermergerscaneasilyamplify magneticfieldsandaccelerateparticlesto thepoint thatsynchro-

tron emission,spreadthroughoutthe impactregion, canbe observed at radio frequencies; see,e.g,

[Giovannini1999]. Among the catalogueof known galaxy clusters,suchbright radio “halos” are

rare,in accordancewith thephysicalpicturethat they areessentiallytransientphenomena.Thetime

betweenmergersis estimatedto be a few 109 years;the particlesacceleratedin a merger losetheir

energy throughinverse-Comptonlossesandsynchrotronemissionon shortertimescalesof 108 years

[Tribble 1993]. The beststudiedhalos— e.g., the onesin Coma,Abell 2255,andAbell 2256—

appearin clusterswith stronglydistortedX-ray gasdistributions,aswould be expectedof recently
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merged clusters. The observed halosgenerallyhave the steepspectralindicesα * 1, definedby

S∝ ν � α, whereS is thesourceflux, anν is thefrequency. Suchindicesareexpectedof synchrotron

emissionof particleswhich have stoppedbeingacceleratedandhave beenlosingenergy for at least

107 years.Howeverthereis evidencethatthecentralregionsof thehalosmayhavea“younger”com-

ponentwith α � 0 � 8, which hasmorerecentlybeenacceleratedby AGNsin thecluster;see,e.g,the

studyof theComaclusterhaloin [Deiss1997]. Despitedthereputedrarity of mergerhalos,a search

for strongS–Zeffectsstronglybiasesthetargetedclustersto behot andbig — exactly thekind that

mayhaverecentlyundergonemergersandmaycontainthesekindsof halos.

2.3.3 Cooling-flow “mini-halos”

Finally, non-merging clustersmay houseextendedradio sourcesat their centresin the forms of

cooling-flow “mini-halos”. For example, the Perseusclusterhasa radio-emittinggalaxy 3C84 at

its centrewhich is associatedwith amorphousradio emissionextendedup to 100 kpc away from

the centre,over the whole cooling-flow region. A likely explanationfor the extendedemissionis

that the inwardcoolingflow of thehot gas,easilyvisible in theX-raysmapof Perseus,compresses

the magneticfield andre-enhancesfast particleenergies(which hadfallen after initial acceleration

in a merger) in the centralregion, re-inducingdetectablesynchrotronradiation[Burns1992]. Such

amorphousemissionhasbeensensitivelyobservedin severalnearby(z � 0 � 05)cooling-flow clusters,

with aradioluminosityat5GHzof upto 1023h � 2 WHz � 1, andspectralindicesof α � 1 
 1 � 4,between

1.4GHzand5GHz; see,e.g,[Burns1990]. Thusa cooling-flow clustertargetedfor S–Zdetection,at

redshiftz � 2, mayhave anamorphousmini-halowith a flux of up to 1mJyat 15GHz. TheRT deep

mapof Abell 1413appearsto show suchemission,spreadover thecoolingflow region.

A noteon semantics:the term “radio-halo” hasbeenusedin the literatureto describeseveral

kinds of objects,rangingfrom unresolved complexesof radio sources[Moffet & Birkinshaw 1989]

to any extendedradiostructuresnot clearlyassociatedwith a particulargalaxy[Deiss1997]. In this

thesis,the word “halo” will be usedto genericallydescribeany radio sourceextendedover at least

30 arcsecondslying neartheclustercentre;it is notmeantto imply thataparticularmechanism(e.g.,

merger-inducedsynchrotronradiation)is responsiblefor theemission.

Becausethe halo and the S–Z effect in a given clusterhave similar angularscalesas well as

similar positionsat theclustercentre,removal of the halosrequiresmodellingof both the expected

negative S–Zholeandthepositive radiohalo. For theeightH0 clusters,X-ray mapsaswell asdeep

lower-frequency radiodataareavailableto assistin suchmodelling;a methodto effect thehole/halo

separationis describedbelow. For theotherclusters,suchadditionalX-ray andradio informationis

notavailableyet. Insteadtheerrorinducedon theS–Zdetectionby un-subtractedextendedflux must

beassessedona case-by-casebasis;seeChapter3 for detailson thiserrorassessment.
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2.4 EstimatingtheHubbleConstant

To estimatetheHubbleconstantfrom agivenclusterit is first necessaryto constrainits gastemperat-

ureandits 3-dimensionaldensitydistribution. I takethegastemperatureto beconstant,independent

of radius,which is consistentwith a gasdistribution describedby the isothermalβ-model,or King

profile:

ne � r � � n0 1 1 ��2 r
rc 3 2 4 � 3β � 2 � (2.2)

wheren0 is the centralgasdensity, rc is the coreradius(around200 kpc, correspondingto an ar-

cminute,for mostof the clustersconsideredhere),andβ hasbeenmeasuredto be 0.65 for a large

selectionof clusters[Jones& Forman1984]. For relaxed clusters,the above isothermaldescription

hasbeenshown to be a goodapproximationto the actualtemperatureanddensitydistributionsfor

r � 3rc; see,e.g,[Markevitch 1998]. Sincemany of theclustersappearto have elliptical shapes,with

axis ratiosof up to 1.5, a scaled/rotatedmodificationof the sphericalprofile (2.2) is actuallyused,

allowing for differentcoreradii alongthemajor/minoraxesof theellipsoid; two of the axesareas-

sumedto be perpendicularto the line-of-sight,while the coreradiusalongthe third axis (alongthe

line-of-sight)is assumedto be thegeometricmeanof theothertwo. Systematicerrorsproducedby

theseassumptionsaboutgeometryandisothermalityarediscussedin detailin Section4.1.

Theparametersfrom theX-ray fits aresummarizedin Table2.1.They havebeendeterminedwith

thePROFILE package,writtenby GraingeandJones,whichusesasimplex minimizationroutineto fit

anellipsoidalKing profiles(plusconstantbackgrounds)to ROSAT images.3 Uncertaintiesin theseX-

rayfits induceverylittle errorin theexpectedS–Zdistribution;see,e.g.,[Birkinshaw & Hughes1994].

Systematiccheckson X-ray fit uncertainitieshave beencarriedout, comparingresultsof fitting HRI

andPSPCmapsof thesameclusteraswell ascomparingmodelsobtainedby includingandexcluding

cooling-flow regions. Thealternative fits, alsocompiledin Table2.1, yield an estimatedsystematic

uncertaintyon the predictedcentralS–Z decrementsto be muchsmallerthanuncertaintiesinduced

by, for example,theerrorson theX-ray temperatures.

Having a modelof thegasfrom theX-raysthenallowsfor a predictionof theshapeanddepthof

theS–Zshadow, if thedistancescale,or, equivalently, H0, is known; otherwise,only thecombination

n2
0

	
H0 is properlyconstrained.To separateout n0 andH0 usingtheS–Zmeasurement(proportional

to n0
	
H0), PROFILE simulatesa setof visibiliti esthattheRT wouldseeif H0 were50 kms

� 1Mpc
� 1.

Then,by fitting for r50, thescalefactorby which thesimulationholeneedsto bemultiplied to fit the

RT data,PROFILE findsthetrueHubbleconstantas 50
r2
50

kms
� 1Mpc

� 1 .

The presenceof extendedcluster-centresourcescomplicatesthings,however. I have written a

modificationof the PROFILE codeto fit the point-source-subtractedRT visibilities to a modelwith

both a scaledversionof the X-ray-predictedhole anda circular gaussianextended“halo” source.

3 I have madeuseof mapstakenfrom theROSAT DataArchive of theMax-Planck-Institutfur extraterrestrischePhysik

(MPE)atGarching,Germany.
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To encodepossibleprior knowledgefrom, for example,lower frequency VLA maps,abouttheflux,

width,andlocationof thehalo,quadratictermsareincludedin theχ2 toprovide(generallyveryloose)

constraintsonthehaloparameters.Theattemptto fit thehaloclearlyincreasestheH0 measurement’s

systematicerror, which mustbeestimatedby marginalizing over thehalofit variables.4 In practice,

both the halo andthe Hubbleconstantareconstrainedmoderatelywell in caseswherethe halo has

smallerangularscalesthantheS–Zeffect and/ora substantiallyoff-centrelocation.In mostclusters,

uncertaintiesin thehaloflux subtractionincreasestheuncertaintyin theH0 determinationby a factor

of two over whatwouldbeexpectedfor just thestatisticalnoiseonshortestbaselines.

4 This erroranalysisis actuallydoneby fixing thehole scalefactor r50 5 1�)6 h50 to values0.1 higher, and0.1 lower,
thanthebestfit value,by re-fitting thehalo,andby thenseeinghow theχ2 increases.Extrapolatingto wheretheχ2 goes

up by 1 givesthemarginalizederroronthescalefactor.
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3. THE CLUSTERS

This chaptersummarizestheRyle Telescope’s searchesfor the S–Zshadows of galaxyclusters;the

pointingcentresfor thetwentytargetswith significantS–Zdecrementsarelistedin in Table3.4. Be-

foredescribingtheresultsobtainedfrom theS–Zsearches,theradiosourceenvironmentin theserich

clustersis characterized;theseresultswill beparticularlyusefulin understandingsourceconfusionin

futureradioexperimentsfocusingon galaxyclusters.

3.1 RadioSourceCountsin theClusterEnvironment

For sourceswithin a few arcminutesof the Ryle Telescope’s pointing centre,the fluxescanbe ac-

curatelycorrectedfor attenuationdueto theRT primarybeamresponse,which hasbeenempirically

parameterizedby beamholographyasapower law:

B � r � � 1 � 0 
 2 � 08 � 10
� 4r 
 2 � 61 � 10

� 5r2 � 5 � 32 � 10
� 8r3 � (3.1)

wherer is the distancefrom the pointing centrein arcseconds.In practice,the above formula de-

scribesthe primary beamwell for r � 4arcminutes,at which the attenuationis 20%. Beyond this

radius,theprimarybeamresponseis not very smooth— thefirst null of thebeamoccursat r � 5 ar-

cminutes— andvariesdependingon which pairsof aerialsareusedin themap[Grainge1996]. The

parametrizationin eq.(3.1)hasbeenchecked,for example,by measuringthefluxesof thethreebright

( * 1 � 5mJy)sourcespresentin theAbell 2218field-of-view asthey appearin six RT pointingsoffset

from theclustercentreby onearcminute;thefluxesarecompiledin Table3.3.

With 80 separateradio sourcesfound in 20 separateclusterfields,a preliminaryanalysisof the

spectraandflux distributionsof thesamplecanbecarriedout. Abouthalf of theobservedsourcesare

closeenoughto theappropriateRylepointingcentresto allow for propercorrectionfor primarybeam

attenuationandhaveclearmatchesin available1.4GHzmaps.For thesesources,rangesof thespectral

index α, definedby S∝ ν � α, allowed by the 1-σ rangesof fluxesS measuredat ν � 1 � 4GHz and

ν � 15GHzhave beencomputed.All thesourceshave α * 0, i.e.,flux falling with frequency, except

for onesourcein Abell 2218,correspondingto source12 in [Moffet & Birkinshaw 1989], which has

a rising spectrum,α15
1 L 4 � 
 0 � 4. This unusualsourcehasalsobeennotedin, e.g.,[Cooray1998], and

is not includedin computingstatisticsof thespectra.

The meanspectralindex of these42 sourcesis found to be α � 0 � 82 " 0 � 06, with an r � m � s� of

0 � 4; the medianis 0 � 77. To get a cleansamplewith well-definedfluxes,a requirementthat source

fluxesbe at least400µJy at 15 GHz, is imposed,effectively cutting out any sourceswith lessthan
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1

1

10

S /mJy

Fig. 3.1: RT countsof radiosourcesin sixteenregionsof radius4 arcminutesaroundrich clustersat z . 0 M 3.
Theline is thepower-law fit N $N, S%O& 24 $ SP 400µJy% � 0Q 8

.

5σ significance;the resultingsampleof 22 sourceshasa barelychangedmeanof 0 � 77 " 0 � 07, with

a smallerr � m � s� of 0 � 35, andmedianof 0 � 82. At this level of statistics,the observedspectralindex

distribution in rich clusterregionsis indistinguishablefrom the spectraof the corresponding5GHz

millijansky populationin interclusterspace,whichhasamedianof 0.75[Donnelly1987]. In addition,

thespectravaluesarein goodagreementwith thestatisticsof α28L 5
1 L 4 obtainedin a similar analysisof

the sourceenvironmentsof rich clustersdoneat 28.5GHz by Coorayet al.. They find a meanand

medianof 0 � 71 " 0 � 08and0 � 71 in a sampleof 52 radiosourcesfoundwithin 2500 0 of 56 rich galaxy

cluster.

Theflux distributionsof thesourcesalsoprovidesusefulinformationon thecluster’s radioenvir-

onment.Figure3.1showsthe15GHzsourcecountsfor radiosourcesobservedby theRyleTelescope.

Thesesourcesaretakenfrom sixteenobservedclusterswith z � 0 � 3, sincetwo of thehigher-redshift

candidates,TEXOXL20 andTEXOXL21, have beenselectedfor having loud radioenvironments.In

addition,thedistancesof radiosourcesfrom theRT pointingcentrearerequiredto begreaterthan1

arcminute,to avoid contaminationfrom gravitationally lensedandhalo-typesources,andlessthan4

acminutes,to allow for correctionfor primarybeamattenuation.

With theabove selection,theobserveddistributionof 25sourceswith flux 0 � 4mJy � S15 � 3mJy

is fitted well to N �R* S� ∝ S
� 0 L 8 S 0 L 2. The fitted exponentagreeswith the correspondingvaluesof

0 � 96 " 0 � 14, found for millijansky sourcesnearrich clustersat 28.5GHz [Cooray1998], and 0 � 8
for a non-cluster-selected5GHz mJypopulation[Donnelly 1987]. All theexponentsdescribeflatter

distributionsthanthoseexpectedin anon-evolving Euclideanuniverse,wherethevaluewouldbe1 � 5.

Oneoutstandingquestionis how the overall numberdensityof the RT sourcecountscompares

to thedensityin observationsof areaswithout rich galaxyclusters,which areoftenusedto calculate,

e.g., the noisedueto low-flux sourceconfusionexpectedin S–Z detections.A 1.4 GHz survey in
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areaswithout rich galaxyclustersfinds 354 radio sourceswith flux greaterthan1.5 mJy in a total

surveyed areaof about12deg2 [Condon1990]. Using the observed distributions of α � 0 � 75 and

N �R* S� ∝ S
� 0 L 9, the (non-cluster-selected)sourcecountswould predict only 4 or 5 sourcesto be

presentwith flux greaterthan400µJy in thesixteenRT observationsof z � 0 � 3 clusters,coveringa

totalareaof 0 � 2deg2. Theactualnumberobservedis 25,indicatingthatthereare4 to 6 timesasmany

sourcesin the rich clusterregions thanexpectedfrom interclustersourcecounts. This agreeswith

the estimateby Coorayet al. of an overabundance,by a factor of 4 to 7, of millijansky sourcesat

28.5GHz in rich clusterregions.

If theobservedoverabundanceof millijansky radiosourcesnearrich clustersis characteristicof

microjansky sourcesas well, earlier estimatesof the error inducedin the S–Z analysisby source

confusionmayneedto be revised. For example,the analysisby Grainge,basedon themicrojansky

sourcecountsof Windhorstet al., predictedσ � 50µJy � Sc
	
100µJy� 0 L 35 to be the r � m � s� in a 2 ar-

cminuteFWHM synthesizedbeamat 15 GHz inducedby sourceslessthana source-subtractionflux

limit Sc (generally150–200µJyfor mostof theRT clusterobservations)[Grainge1996]. For mostof

theRT S–Zdetections,thestatisticalnoiseonshortestbaselinesrangesfrom70µJyto 120µJyandwill

thusdominateGrainge’spredictedconfusionnoise.However, if theseunsubtractedfaint microjansky

sourcesareoverabundantby morethana factorof two nearrich clusters,asis observedin millijansky

sources,thenit is possiblethat theS–Zdetectionsof theRT, aswell asthoseof otherinterferometer

experiments,aredominatedby sourceconfusionnoise.Thispoint is discussedfurther in Section4.1.

3.2 HubbleConstantClusters

Thefollowing sectionsummarizestheanalysisof eightclustersusingthenew, automatedpointsource

subtractionandhole/haloseparationmethodsthatarethefocusof this thesis.An especiallydetailed

summaryis givenof Abell 2218,for whichthemostRT datais available,andwhichhasbeenobserved

by several other groupsin S–Z searches;see,e.g, Birkinshaw’s recentreview [Birkinshaw 1998].

Then,theH0 analysesof Abell 665,Abell 697,Abell 773,Abell 1413,Abell 1704,Abell 1914,and

CL0016+16arediscussed.Theclustershave redshiftsrangingfrom 0.14to 0.28,with theexception

of CL0016+16,at z � 0 � 546. In addition,severalclusterswhich exhibit significantS–Zeffects,but

for which theX-ray informationnecessaryfor H0 measurementsarenot yet available,arediscussed.

TheH0 estimatesreportedin this sectionaregivenwith systematicerrorsresultingfrom thehalo

fit, with the centralvaluegiving the H0 with maximumlikelihood, andthe error barsmarkingthe

68%(1-σ) confidenceinterval. Additional uncertainties,dueto sourceconfusion,temperatureerrors,

andassumptionsrelatedto theclustergeometrywill bediscussedin detail in Section4.1,alongwith

quantitativecomparisonsto otherexperiments.

Table 2.1 containsinformation on the gastemperaturesand densitydistributions as measured

from X-ray mapsandspectra.Whenquotedin thetext, errorsongastemperaturescorrespondto 90%

confidenceintervals;whenobtainingacombinedvalueof H0, thetemperatureerrorsareappropriately

reducedto correspondto 68%1–σ confidenceintervals.
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3.2.1 Abell 2218

TheclusterAbell 2218atz � 0 � 171ishistoricallythebeststudiedclusterfor theS–Zeffect,with more

thanadozenattemptsatS–Zdetectionsbyvariousgroupspublishedin theliterature[Birkinshaw 1998].

Moreover, it is thesubjectof severaldeepX-ray andlower-frequency radio observations,discussed

below, allowing for a detailedunderstandingof theclustersourceenvironment;thegastemperature

hasbeenconstrainedto be7 � 05T 0 L 36� 0 L 35keV [Allen & Fabian1998]. It is thetargetclusterfor which the

RyleTelescopehastakenthemostdata.In additionto a totalof 30 � 12 hoursof RT datatakenat the

centralpointing,7 � 12 hoursof dataat eachof six pointingsoffsetat1 arcminfrom centrehasbeen

taken,in anattemptto geta “mosaiced”imageof theS–Zshadow.

Inital radio sourcesubtraction

Therearethreebrightpointsources( * 1 � 5mJy)within four arcminutesof theA2218centralpointing

centre,at RA 16h35m42� 0s, Dec 66+ 18m46s (B1950). The fluxes and locationsof eachof these

sourcesarefitted by the FLUXFITTER codefor the centralpointing datasetandfor eachof the six

offsetpointingdatasetsseparately. Table3.3 lists thesourcesandshows that thefluxesseenat each

pointingagreewell with eachother, aftercorrectiondueto theprimarybeamattenuation.

After this initial sourcesubtraction,it is instructiveto look at thedatafrom eachof thepointings

separately. Firstly, thecentralpointing,with themostdata,shows a significantdecrementon 0–1kλ
baselinesof 
 460 " 110µJybeam

� 1, shown in thefirst panelof Figure3.2,displaced30 arcseconds

eastof theRT pointingcentre.Thelocationis expectedto have a 1-σ variationof approximatelythe

HWHM of the synthesizedbeam(60 arcseconds)divided by the signal-to-noise,or 14 arcseconds,

in this case.As a checkon this commonlyusedestimateof theeffectsof interferometricnoise[see,

e.g,[Cooray1998]], I have carriedout simulationsof RT visibilities producedby anS–Zdecrement

having thesameKing profileparametersasthatof Abell 2218,listedin Table2.1,alongwith thenoise

expectedafter30 � 12 hoursof data-taking.The locationsof thedeepestdecrementson thesemaps,

shown in thelastsevenpanelsof 3.2,arescatteredwith anr.m.s.of 13 arcsec,in agreementwith the

HWHM/signal-to-noiseestimate.

The S–Z decrementlocationat the centralpointing,however, disagreesby 2 � 5σ with the X-ray

centroid,fitted to be 15 arcsecondssouthof theRT pointingcentre.Includingthedatafrom thesix

offsetpointingsmakesthedisagreementworse;the0–1kλ mapsareshown in thefirst six panelsof

Figure3.3. The deepestdecrementsin thesesix mapshave an averageof 
 501µJybeam� 1, with

an r � m � s� of 170µJybeam� 1, which agreeswith the 1-σ noiseestimateof 160µJybeam� 1 for each

pointing. The locationshave an averagedisplacementof (-45,18)arcsecondsin (RA, Dec) from

thepointing centre,with an r � m � s� of 18 arcseconds,agreeingwell with the HWHM/signal-to-noise

estimateof 19 arcseconds.Thedatafrom all thecentralandoffsetpointingscannow becombined.

For thepurposeof makingmaps,they aresimplyaveragedtogether;theaveragingthrowsawaysome

of the informationobtainedby theoffsetpointingsat theperipheryof thefield-of-view, but properly
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Fig. 3.2: The Abell 2218 S–Z decrementat the central pointing, data with three point sourcessubtracted

(first panel)andsimulations(otherpanels)to show the effectsof interferometernoise. Maps (not
CLEANed) are of 0–1kλ baselines,andhave contourspacingsof 100µJybeam� 1. The simulated
clusterparametersarethosefrom thePSPCfit in Table2.1,with H0 & 50kms� 1Mpc� 1.
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Fig. 3.3: More dataon Abell 2218,with threepoint sourcessubtracted.The top six panelsshow maps(not
CLEANed,contourspacing:180µJybeam� 1) from six offsetpointingsdisplacedin a hexagonalpat-
tern 1-arcminutefrom the clustercentre. Bottom row: six offset pointingscombined(cont. spa-

cing: 100µJybeam� 1); all data,from centraland from offset pointings,combined(cont. spacing:
60µJybeam� 1); andCLEANed map of all data(cont. spacing: 80µJybeam� 1) on ROSAT PSPC
X-ray image(greyscale).Half-powerCLEAN restoringbeamis shown ashatchedellipseon map.
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Fig. 3.4: ROSAT HRI image(contours)of Abell 2218on ROSAT PSPCimage(greyscale).

combinesthevisibilities at theclustercentre.1 Theresultis a 
 390 " 65µJybeam� 1 decrement2 on

0–1kλ baselinesdisplacedby (-48, 16) arcsecondsin (RA, Dec) from the pointing centre,with an

expectedr � m � s� errorof 10 arcseconds.This resultagreeswell with independentanalysesof thesame

RT datasetscarriedout by GraingeandJones[Grainge1996] [Jones1993]. Notethatthedecrement

locationis 6σ off from thepredictedX-ray centreat (0, -15)arcsecondsfrom theRT pointingcentre.

Thediscrepancy betweentheX-ray imageof thegasandthelocationof theS–Zdecrement,shown

in the last panelof Figure3.3, makesit imperative to, firstly, checkthe systematicerror on the the

astrometryof the X-ray images,and,secondly, to carefully examinewhetherthe sourcesubtraction

on theRT datais complete.

X-raydata

Figure3.4showshow theX-ray imagesof Abell 2218obtainedby theROSAT HRI andROSAT PSPC

detectorsagreewith eachother. The astrometryhasbeencalibratedby matchingnon-clusterX-ray

sourcesin themapsto known opticalcounterparts.In particular, there-calibrationof theHRI image,

1 In particular, notethattheoffsetpointingsareonly onearcminutefrom theclustercentre;theprimarybeamattenuation

at theclustercentrein thesesix datasetsis negligible (approximately7%) comparedto statisticalnoise.In any case,when
determiningH0, theprimarybeamattenuationis includedin modellingthevisibilities expectedateachoffsetpointing.

2 The readermight wonderhow the decrementin the combineddatacan be lessthan the decrementsin the various
pointingsseparately. Theanswerissimplythatfindingthedeepestdecrementsin eachseparatedatasettendsto overestimate

the actualdecrementby approximately1-σ. This is bestunderstoodby thinking aboutan extremeexample: consideran
hypotheticalfield-of-view which containsno actualdecrementbut only statisticalnoise.Theactualdecrementis zero,but,

thedeepestnegative featureon themapwill beon theorderof 1-σ! To avoid this overestimationin quantitative analyses
(like the H0 determination),it is bestto have a specificideaof whereto measurethe S–Z decrement(e.g., the centroid

expectedfrom theX-ray map)beforemakingtheshort-baselinemap.
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carriedout by matchingan X-ray starnorth-eastof the cluster, changesthe astrometryby lessthan

five arcseconds;see,e.g.,[Markevitch 1997].

How well is the centroidof the X-ray gasconstrained?Due to the large numberof mappixels

containingsignificantfluxes,theemission-weightedcentroidsof theX-ray mapsis expectedto have

a statisticalerror of lessthana few arcseconds.The systematicerror is checkedby comparingthe

centroidsof thePSPCandHRI mapsseparately;theKing profilefits obtainedby thePROFILE code

give the PSPCcentroidto be at RA 16h35m42� 5s, Dec 66+ 18m30s (B1950); andthe HRI centroid

to be at RA 16h 35m41� 0s, Dec 66+ 18m31s (B1950). As a further check,Birkinshaw andHughes

[Birkinshaw & Hughes1994] have usedan independentprogramto fit a smallersampleof the HRI

data,and obtain RA 16h35m41� 3s, Dec 66+ 18m28s (B1950). All thesefits agreewell with each

other; it appearsthat the X-ray centroidis constrainedto within 5 arcsecondsof RA 16h35m42� 0s,

Dec 66+ 18m30s (B1950),which is 15 arcsecondsbelow the RT pointing centre. As a final check,

Birkinshaw andHugheshave fit the lower-resolutionEINSTEIN IPC data[Boynton1982] andfind

a centroidof RA 16h35m42� 8s, Dec66+ 18m44� 5s (B1950),agreeingwell within the estimatedIPC

statisticalerrorof 300 0 of theothercentroidfits.

Thus,theX-ray gasfits appearsto bewell-constrained.But how well shouldtheS–Zeffectmatch

the X-ray image? Figure3.4 clearly shows that Abell 2218X-ray gasis distortedfrom a smooth

ellipse,andappearsto have a maximumof X-ray emission25 arcsecondseastof the gascentroid.

Explanationsfor this distortion have rangedfrom extra X-ray emissionfrom the cluster’s central,

dominantgalaxy [Boynton1982], to lensingof a backgroundX-ray source,to actualdistortion of

thegasby recentclustermergeractivity [Markevitch 1997]. Thelasthypothesisis supportedby op-

tical studiesof thecluster’sredshiftdistribution[Girardi 1997]; discrepanciesbetweenvariouscluster

massestimatesobtainedfrom gravitationalstronglensing,gravitationalweaklensing,andX-ray ana-

lyses[Markevitch 1997]; andtheexistenceof asteep-spectrumcluster-centre“halo” clearlyvisibleat

lower-frequencies,which is posisblyinducedby a merger [Moffet & Birkinshaw 1989]. Both simu-

lationsof clustermergers[Roettiger1997] andempiricalmapsof temperaturein nearbyhot clusters

[Markevitch 1996] show thattheclustermaycontainstrongtemperatureirregularities(notnecessarily

tracingthedensityirregularitiesthatarehighlightedby theX-ray map)for at least1 Gyr aftera mer-

ger. In particular, if avolumeV of theclusterhastemperaturedifferenceof ∆Te from thesurrounding

“isothermal”gas,it will produceanadditionalS–Zdecrementof flux:

SSZ � 20µJy �WV kB∆Te

10keV XZY ne

104m � 3 [ 1 V� 100kpc� 3 4 h2
50 � (3.2)

usingtheformulas(1.1)and(1.2).Theemission-weightedtemperatureof Abell 2218is kBTe
� 7keV,

andits centraldensityis fitted to be noh
� 1

2
50

� 7 � 103m � 3. Off-centrehot/coldregionswith ∆Te
�" 5keV, gasdensitiesof ne � n0

	
10 � 103m � 3, andvolumesof � 400kpc� 3 [thesevaluesarechar-

acteristicof temperatureirregularitiesseenin thesimulations]will thusproduceS–Zflux distortions

of approximately" 60µJy, to becomparedto theoverall expecteddecrementon 0–1kλ baselinesof

400 
 500µJybeam
� 1. It thusseemsmarginally possiblethat several regionsof hot andcold spots

arrangedat distancesof a few arcminutesfrom theclustercentremayproducetheobservedshift of
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Fig. 3.5: Residualmapsof Abell 2218after initial point sourcesubtraction.Maps(not CLEANed) areof 0–
2kλ baselines;threepoint sourcesaswell asanX-ray-derivedmodelof theS–Zeffect, assuming(a)

H0 \ 50kms] 1Mpc] 1 and(b) H0 \ 100kms] 1Mpc] 1, have beenremovedfrom thedata.

theS–Zcentreby anarcminutefrom theX-ray centroid.However, it turnsout thatsuchaconspiracy

is not required;acarefulstudyof theradioenvironmentrevealstheexistenceof residualradiosources

whicharesufficient to explain thedisplacement.

Final sourcesubtraction,including“halo source”, andH0 determination

To examinehow well thesourcesubtractionhasbeencarriedout, a modelof theS–Zholebasedon

a King profile fit to the PSPCX-ray map is subtractedfrom the RT visibility data,andthe 0–2kλ
baselinesaremapped.To avoid biasasto thevalueof H0, separatemapsof these“residuals”arecre-

ated,onewith thesubtractedS–ZmodelmadeassumingH0 ^ 50kms_ 1Mpc_ 1 andtheotherwith the

subtractedmodelmadeassumingH0 ^ 100kms_ 1Mpc _ 1; seeFigure3.5. Theresidualmapsappear

to show extendedpositiveflux left nearthethreesubtractedpointsourcesat theperipheryof themap,

aswell aspositiveflux extendedover anarcminutenearthecentreof themap.Eachof thesefeatures

matchesaclearsourcein thehigh-sensitivity, high-resolution5GHzmapof Abell 2218madewith the

VLA by Partridgeet al. [Partridge1987]. So,apparentlythedistortionof theS–Zdecrementis ad-

equatelyexplainedby theseresidualradiosources,andnotby temperatureirregularitiesin thecluster

gas,whichwouldmanifestthemselvesaslarger, 2-arcminute-scalehot/coldspotsin theresidualmap.

As a furthercheckthat theinitial sourcesubtractionof threepoint sourceshasnot somehow pro-

ducedanartefactin thecentreof themap,all-baselineimagesof thecentreandthesix offsetpointings

without any sourcesubtractionhave beenmappedandthengentlyCLEANed(20,000iterationswith

a gain of 0.01 down to 1.5 times the noiselevel on eachmap). The combinedmap is shown in

Figure3.6a; it is evident that somekind of extended“halo” is filling in the S–Z decrementat the
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Fig. 3.6: Furtherevidencefor an extendedcluster-centresourcein Abell 2218. (a) All-baselinemapobtained
after carefully CLEANing datafrom eachpointing (no sourcesubtractionattempted),showing the

how theS–Zeffect (extendedblackpatchnearcentreof grey-scalemap),whencomparedto ROSAT
image(contours)appearscontaminatedby positive flux. (b) 330MHz WENSSmapshowing point
sourcesaswell ascluster-centre“halo”.
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clustercentre. Furtherevidencefor a complex radio environmentaroundAbell 2218,comesfrom

the 330MHz WENSSmap,Figure3.6b, which appearsto containa strongradio sourceextended

throughouttheclustercentre.

Thenon-centralsourcescanbemodelledasasetof point-likesourcesalongwith asetof (circular)

Gaussiansof FWHM 50” and70”; seeTable3.4. To avoid biaswith respectto H0, thesefluxesand

locationshave beenobtainedby fitting two separatesetsof residualvisibilities correspondingto sub-

tractionof anS–Zmodelwith H0 ^ 50kms_ 1Mpc _ 1 andanS–Zmodelwith H0 ^ 100kms_ 1Mpc_ 1.

Thevariationin eachof thefitted fluxesis lessthan10µJy,muchsmallerthanthestatisticalnoiseof

35µJy. This insensitivity of thenon-centralfluxesto thedetailsof theS–Zdecrement(alsoevidentin

comparisonof Figures3.5aand3.5b)is dueto thesources’largedistances( ` 2 arcminutes)from the

clustercentre.Thecentralextendedsource,or “halo”, is morestronglycorrelatedwith theassumed

flux of theS–Zhole,however, andmustbetreatedmorecarefully.

After subtractionof the non-centralsources,the decrementon the 0–1kλ map is reducedtoa 150µJybeam_ 1. This attenuationis, of course,expected:removal of positive point sourcesat the

peripheryof theRT field-of-view alsoremovesthenegativesidelobesof their un-CLEANedsynthes-

izedbeamsat themapcentre.Thesubtractionof theresidualsis not completeuntil theclustercentre

halo is removedaswell. This is accomplishedby simultaneouslyfitting thevisibiliti eswith a model

of theS–Zholebasedon theX-ray fits, whoseoverall scalefactor is allowedto vary, combinedwith

a halo, modelledasan elliptical Gaussianwith varyingwidths, positionangle,andcentrelocation;

seeSection2.4. The result, is a fitted halo flux of b 460 c 70µJy anda rescalingof the S–Z King

modelby r50 d 1eGf h50 ^ 0 g 81 c 0 g 18 h 7 g 05keVe kBTe i . Note that the error on the latter parameter

hasbeenmarginalizedover theotherfit variables;if only thestatisticalnoisewastakeninto account,

i.e., if the halo modelcould be removed with no uncertainties,the scalefactor would have a smal-

ler error of 0 g 09. The Hubble constantestimatecorrespondingto this fit of the S–Z hole is then

H0 ^ 77j 50_ 25 kms_ 1Mpc _ 1 k h kBTe e 7 g 05keVi 2. This H0 valueis ratherdifferentfrom theonecalcu-

lated using the samedataset by GraingeandJones,H0 ^ 38j 13_ 8 kms_ 1Mpc _ 1 k h kBTe e 6 g 7keVi 2
[Grainge1996] [Jones1993]. The discrepancy can be tracedto two differencesin methodology.

Firstly, the previous analysessimply averagedthe deepestdecrementsseenin eachpointing, rather

thanaveragingthedecrementsat thesame,particularposition(e.g.,at theX-ray centroid);this pro-

ducesan overestimateof the S–Z hole depth,and hencesignificantly underestimatesH0 ∝ ∆T _ 2
SZ .

Secondly, the previous analysesdid not identify the cluster-centreextendedhalo, andassumedthe

differencein theX-ray andpoint-subtractedS–Z imageswasdueto erroneousX-ray astrometryand

interferometricnoise; taking into accountthe existenceof the halo worsensthe systematicerror in

determining∆TSZ.

Uponremoving thehalo,theS–Zdecrementis seento be a 300µJybeam_ 1 on 0–1kλ baselines,

shown in Figure3.7.Thecentroidnow alsoagreeswell with thatof theX-ray map.Notethat,despite

the fact that an elliptical King profile wasusedin the halo/holeseparation,the resultingdecrement

hasa roundedtriangularshape,agreeingwith theshapeof theX-ray gas,aswell asthedark-matter

profilefitted in gravitationallensingstudies;see,e.g.,[AbdelSalam1998].
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Fig. 3.7: Final CLEANed0–1kλ mapof Abell 2218S–Zeffect contours,spacedat 65µJybeam] 1 ) after full

sourcesubtractionandhaloremoval, on ROSAT PSPCimage(greyscale).
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Fig. 3.8: The Abell 2218 halo. (a) Image (contour spacing: 50µJybeam] 1) obtainedby CLEANing 0–

2kλ map of RT data after removing all non-centralsourcesas well as a model of the S–Z hole
(H0 \ 80kms] 1Mpc] 1); the shapeis in agreementwith the cluster centresourcefound in, e.g.,
[Partridge1987]. (b) “Spectrum”of thehalosource(seetext for details).
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Several otheranalyseshave apparentlyignoredthe cluster-centre“halo”, shown in Figure3.8a.

In particular, Klein et al. [Klein 1991] and Birkinshaw et al. [Birkinshaw & Hughes1994] have

calculatedthespectrumof thesourceto besteep,α l 1 g 3 c 0 g 2, basedon the total observedsource

flux at 1.4GHz and5GHz; extrapolationbasedon this spectrumwould appearto constrainthehalo

flux to belessthanabout200µJyatfrequenciesabove10GHz[Moffet & Birkinshaw 1989]. However,

thesourceis clearlyextended,andsodifferentpartsof it my have differentspectra.Indeed,thehalo

appearsto be presentwith 500µJy flux in the 15GHz RT data,asshown above. In addition,high

signal-to-noiseOVRO/BIMA imagesof Abell 2218at 28.5GHzshow a deconvolvedS–Zdecrement

(beforeany sourcesubtraction)with aclearcrescentshape[Cooray1998]; thisdistortedshapewould

beexplainedby a +200µJyhalo“eclipsing” theunderlying,roundS–Zhole.

What is this “halo” object?Figure3.8bshows theflux of this objectplottedasa functionof fre-

quency; thefluxes,takenfromtheWENSSsurvey, severalpublishedVLA observations[Partridge1987]

[Moffet & Birkinshaw 1989], and the OVRO/BIMA map [Cooray1998], have beenapproximately

correctedto be thoseappropriateto a beamof FWHM 120m m k 60m m , at positionangle0n . If the ob-

ject is hypothesizedto be a merger-inducedradio halo, the flux vs. frequency plot shouldhave the

“standard”agedsynchrotronspectrum[Alex&er 1984]. At low frequencies,thespectrumis expected

to have α l 0 g 5 a 0 g 7, while at higherenergies,the radiatingelectronswill have lost muchof their

energy already, causingthecurveto steepento α ` 1 afterabreakfrequency νbreakwhichdecreasesin

inverseproportionto ageof thehalo.Figure3.8bmayhavesuchabreakaround1 GHz,whichwould

corresponda halo ageof a few 107 years;see[Pacholczyk1977]. This appearsto be ratheryoung,

indicatingrecentre-accelerationof theradiatingparticles.However, thefeaturedoesnotappearto be

compactenoughto beassociatedwith a cluster-merger-inducedshockthatmight provide suchaccel-

eration;alsoit is not associatedwith a bright point-like radiosource,like theoneseenin theComa

halo,which couldprovide fresh,relativistic particles.A morelikely scenariomaybethatthecluster-

centresourcehastwo components:a truly steep-spectrumhalowhich dominatesat low frequencies

(this appearsconsistentwith thestrong,muchmoreextendedemissionin theWENSSmap;seeFig-

ure3.6b),andanotherunderlyingextendedsource,possiblyagravitationally lensed“radio ring” with

α l 0 g 7, whichbecomesapparentathigherfrequencies.

3.2.2 Abell 665

Abell 665, at z ^ 0 g 182, is probablythe second-best-studiedclusterin termsof S–Z analyses,after

Abell 2218.DeepVLA dataat1.4GHz and5GHz is availableto studytheradiosourceenvironment

[Moffet & Birkinshaw 1989][Grainge1996][Lefebvre 1994], andshow theexistenceof an extended

cluster-centresource;seeFigure3.9a.Comparisonto the330MHz WENSSmap(Figure3.9b)shows

that the cluster-centreemissionis dominatedby a steep-spectrumcomponentat frequenciesbelow

1GHz,which seemslikely to bea merger-inducedradiohalo.X-ray temperaturemeasurementswith

ASCA show theclusterto bequitehot,with Te ^ 9 g 03j 0 o 35_ 0 o 32keV [Allen & Fabian1998]; further low-

resolutionASCA measurementsshowsanunusallysharptemperaturedropin theouterperiphery(the

decreaseis to 2keV at 1Mpc from clustercentre)[Markevitch 1996], which would beexpectedin a
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Fig. 3.9: Lower-frequency mapsof theAbell 665cluster-centrehalo.(a)VLA dataat1.4GHzof centralregion,
from [Grainge1996]. (b) 330MHz WENSSmap(note:mapson differentscales).

recentlymergedcluster. In addition,thestronglydistorted,egg-shapedX-ray mapof Abell 665,taken

with the ROSAT PSPCdetector, advertisesrecentmerger activity. After the initial removal of two

radiosources,the35 k 12 hoursof RT datashow a tear-drop-shapedS–Zshadow on 0–1kλ baselines

[deepestdecrement:a 450c 90µJybeam_ 1], shown in Figure3.10a.Suchashapewouldbeexpected

if a merger-inducedradiohalohasfilled in thewesternsideof aninitially elliptical S–Zshadow.

Theexistenceof several lower frequency mapsallows for morecarefulsourcesubtraction.Four

morenon-centralsourcesof flux 200µJy,matchsourcesin the1.4 GHz map;their removal deepens

the0–1kλ decrementto a 600µJybeam_ 1, but doesnot changethehole’s distortedshape.To finish

theradiosourcesubtraction,thecluster-centrehalomustbeseparatedfrom theS–Zholeandremoved,

asdescribedin Section2.4.

With thehalosubtracted,theS–Zholere-claimsits oval shape,matchingtheX-ray map,asshown

in Figure3.10b,andhasa deepestdecrementon a 560µJybeam_ 1. Thescalefactorobtainedin the

halo/holeseparationis r50 d 1eGf h50 ^ 1 g 11 c 0 g 23 h 9 g 03keVe kBTei , which correspondsto a Hubble

constantestimateof H0 ^ 41j 10_ 7 kms_ 1Mpc_ 1 k h kBTe e 9 g 03keVi 2. Notethat theerroron thescale

factordueto purelystatisticalnoisewould be0 g 181; the increasederror is dueto theuncertaintyin

theseparationof thehaloandthehole.

Thehalo,shown in Figure3.11ais fitted to have flux 520 c 70µJyandFWHM 50 arcsec,andis

coincidentwith a sourceseenat 5 GHz [Lefebvre 1994]. A plot of the radio flux vs. frequency is

shown in Figure3.11b,with the lower frequency measurementscorrectedto only includeflux in a

FWHM 50arcsecbeam.Theplot is consistentwith aclustercentresourcewith bothasteepspectrum
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Fig. 3.10:0–1kλ point-source-subtractedandCLEANedmapsof Abell 665S–Zhole(a) beforehaloremoval,
and(b) afterhaloremoval. Contourspacing:100µJybeam] 1. Greyscaleis theROSAT PSPCX-ray

map.
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Fig. 3.11:The Abell 665 halo. (a) Image (contour spacing: 80µJybeam] 1) obtainedby CLEANing 0–

2kλ map of RT dataafter removing all non-centralsourcesas well as a model of the S–Z hole
(H0 \ 40kms] 1Mpc] 1). (b) “Spectrum”of thehalosource;theflatteningathigherfrequenciesmay
indicatethepresenceof two components(seetext for details).
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Fig. 3.12:1.4GHzVLA mapof theAbell 697clusterregion. (a)all-baselineCLEANedmap,and(b) datawith
exponentialu-v taper(1s e at 4kλ) appliedto accentthe shorterbaselines,revealing the extended

sourcein theclustercentre.

merger-inducedhalocomponent,andanextendedflatterspectrum(α t 1) componentthatbecomes

apparentat higherfrequencies.The latter appearsto have a ring-like structure,asshown in Figure

3.9; it maybea gravitationally lensedradioring.

3.2.3 Abell 697

A ROSAT HRI map is available for Abell 697 at z ^ 0 g 282, as well as an ASCA temperatureof

8 g 0j 0 o 5_ 0 o 4keV [Miyoshi 1999]. With 42 k 12 hoursof RT data,the 0–1kλ mapof Abell 697 shows a

decrementof a 500 c 100µJybeam_ 1, shown in Figure3.13a,aftersubtractionof six point sources,

eachof which is at least3 arcminutesaway from thepointing centre.However, 1.4GHz VLA data

obtainedby theCavendishgroupindicatethepresenceof anextendedradiosourcewith total flux of

approximately2 g 8 c 0 g 7mJypresentat the clustercentre,spreadover 2 arcminutesin theeast-west

direction; it is clearly visible whenthe VLA datais weightedto enhanceshorterbaselines,asseen

in Figure3.12. A similarly extendedsourceis seenin the330MHz WENSSmap,with total flux of

approximately20mJy.

Without attemptinga removal of this halo in the RT data, the Hubble constantdetermination

variesdependingon which baselinesof the RT dataareused:H0 ^ 110j 35_ 24 kms_ 1Mpc_ 1 usingthe

shortestbaselineonly (640-870λ), while H0 ^ 66j 18_ 11 kms_ 1Mpc_ 1 usingall baselinesup to 10kλ.

The inconsistency derivesfrom the mismatchbetweenthe X-ray modelof the gasandthe shapeof

theS–Zshadow, whichappearsto becontaminatedwith theradiohalo.
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Fig. 3.13:0–1kλ point-source-subtractedandCLEANedmapsof Abell 697S–Zhole(a) beforehaloremoval,

and(b) afterhalo removal. Contourspacing:100µJybeam] 1. Greyscaleis theROSAT HRI X-ray
map.
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Fig. 3.14:The Abell 697 halo. (a) Image(contourspacing:50µJybeam] 1) obtainedby CLEANing 0–2kλ
mapof RT dataafter removing all non-centralsourcesaswell asa modelof the S–Z hole (H0 \
65kms] 1Mpc] 1). (b) “Spectrum”of thehalosource.



3. TheClusters 38

A fit of the RT datafor a radio halo yields a roughly circular 190 c 40µJy sourcewith FWHM

30 arcsec,locatedhalf an arcminutenorth of the clustercentre,in agreementwith the sourceloca-

tion on the 1.4GHz VLA map. The halo/holeseparationyields the scalefactor of the S–Z model

to be r50 d 1eGf h50 ^ 0 g 87 c 0 g 13 h 8 g 0keVe kBTe i , correspondingto H0 ^ 66j 25_ 16 kms_ 1Mpc_ 1 kh kBTee 8 g 0keVi 2. Note that the error on H0 is larger than the previous estimates,due to the un-

certaintyin thehalo/holeseparation.Removal of thehaloleadsto a a 640µJybeam_ 1 S–Zholein the

0–1kλ map,whoseshapeagreeswith theX-ray gas,asshown in Figure3.13b.

Thepresenceof thehalo,shown in Figure3.14a,mayindicatea recentmerger. TheROSAT HRI

X-ray mapis unfortunatelynot sensitive enoughto show merger activity unequivocally, but the gas

shapeis stronglyelongated,with anaxial ratioof 1.4. Thetotal flux valuesat330MHz, 1.4GHz,and

15GHz areconsistentwith a “steep”spectrumof α ^ 1 g 0 a 1 g 3, aswould beexpectedin a merger-

inducedhalo;thespectrumis plottedin Figure3.14b. However, without betterinformationaboutthe

width of thehalo at the differentfrequencies,it is difficult to rule out whetherpartof the halomay

have aflatterspectrum.

3.2.4 Abell 773

For theclusterAbell 773atz ^ 0 g 217,anHRI ROSAT mapis available,aswell asanASCA temperat-

ureof 8 g 7 c 0 g 4keV[Miyoshi 1999]. Deep1.4GHzVLA dataobtainedby theCavendishgroupshow

the radio environmentaroundA773 to have a complex structure,with a ring of sourcesdistributed

in a diffusehaloaroundtheclustercentre,asshown in Figure3.15. With 30 k 12 hoursof data,the

0–1kλ baselinesshow a deep a 700 c 90µJybeam_ 1 S–Zdecrementasshown in Figure3.16a,after

six point sourcesnearthecentreareremoved.

A preliminaryfit to theHubbleconstant,without any attemptat removing any residualextended

flux, thenyieldsH0 ^ 61j 19_ 13 kms_ 1Mpc _ 1 k h kBTe e 8 g 7keVi 2.
To completethe sourcesubtraction,someof the non-centralextendedresidualslocated2 ar-

cminutesfrom theclustercentrearemodeledasGaussiansandremoved (seeTable3.4 for details);

this subtractionchangesthe 0–1kλ decrementto a 400µJybeam_ 1. Finally, the extendedflux near

thecentreis fitted simultaneouslywith thehole,yieldingafitted haloof flux 500 c 70µJy, FWHM 40

arcsec,located40arcsecondssouthwestof theclustercentre,asshown in Figure3.16b. With thehalo

removed,the0–1kλ decrementis then a 610µJybeam_ 1, shown in Figure3.17.Thefitted S–Zscale

factor is r50 d 1eGf h50 ^ 0 g 87 c 0 g 13 h 8 g 7keVe kBTei , correspondingto H0 ^ 64j 42_ 21 kms_ 1Mpc _ 1 kh kBTee 8 g 0keVi 2. Note thatalthoughthe hole/haloseparationdoesnot dramaticallychangethe H0

valuefrom theoneabove,theerrorbarsnow properlyreflecttheuncertaintiesarisingfrom theremoval

of theextendedradioflux.
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Fig. 3.15:1.4GHzVLA mapof theAbell 773clusterregion. (a)all-baselineCLEANedmap,and(b) datawith
exponentialu-v taper(1s e at 4kλ) appliedto accentthe shorterbaselines,revealing the extended
sourcein theclustercentre.
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Fig. 3.16: (a) 0–1kλ point-source-subtractedand CLEANed map (contour spacing: 85µJybeam] 1) of

Abell 773 S–Z hole beforehalo removal, on ROSAT HRI map(greyscale). (b) All-baselinemap
of Abell 773RT databeforeany sourcesubtraction,with a modelof theS–Zeffect removed,show-
ing thecomplex cluster-centresource(contourspacing:50µJybeam] 1) .
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Fig. 3.17:0–1kλ point-source-subtractedandCLEANedmapof Abell 773S–Zholeafterhalo removal (con-
tourspacing:85µJybeam] 1), on ROSAT HRI map(greyscale).

3.2.5 Abell 1413

Both ROSAT PSPCandROSAT HRI mapsareavailablefor Abell 1413,at z ^ 0 g 143,andshow that

theclustergascontainsacoolingflow. Allen andFabianhavesimultaneouslyanalyzedtheASCA and

ROSAT HRI datato determinetheA1413temperaturewith two models;onemodelassumesthegasis

isothermal,while theotheronefits thecool componentseparately, with thefractionof total emission

from thecoolgasnormalisedby thecoolingflow’sfittedmassdepositionrate[Allen & Fabian1998].

The resultsare7 g 54j 0 o 29_ 0 o 27keV (isothermalfit including cooling flow) and8 g 5j 1 o 3_ 0 o 8keV (isothermalfit

excludingcoolingflow) respectively.

After initial subtractionof four radio sources,the 0–1kλ map of 64 k 12 hoursof RT dataof

Abell 1413showsaweakdecrement,a 300c 110µJybeam_ 1. Thelow signal-to-noisemakesCLEAN-

ing difficult, asseenin Figure3.18a.Oneof theremoved point sourcesis right at theclustercentre,

andcoincideswith the cluster’s large centralgalaxyaswell asthe cooling-flow seenin the X-rays;

thereis agoodpossibilitythatthereisaPerseus-like“mini-halo” atthecentre;unfortunately, available

VLA mapsdo nothave thesensitivity to checkfor extendedflux at lower frequencies.

An 8.4 GHz VLA mapin [Grainge1996] allows for the subtractionof five moresources;their

removal slightly enhancesthe 0–1kλ decrement,to a 460µJybeam_ 1. To completethe sourcesub-

traction,themini-halomustberemoved aswell. It turnsout that the extendedemissionis compact

enoughthat it canbe seenasa group of threecentral,faint (but significant)point-like sourceson

longerbaselines.3 After removal of thesesources(totaling 210µJy in flux), an S–Z hole with flux

3 Simultaneoushalo/holefits weretried first beforeremoving thesethreecentralpoint sources.Ratherthanfinding a
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Fig. 3.18:0–1kλ point-source-subtractedandCLEANedmapsof Abell 1413S–Zhole(a)beforehaloremoval,
and(b) after removal of halo (modelledasa setof faint centralpoint sources;seetext). Contour
spacing:100µJybeam] 1. Greyscaleis theROSAT PSPCX-ray map.

a 560µJybeam_ 1 on 0–1kλ baselineswasleft, shown in 3.18b. The scalefactor of the S–Z model

(which is basedon a King-profile fit of the X-ray mapexcluding the cluster’s centralcooling-flow

region) is fitted to ber50 d 1eGf h50 ^ 1 g 14 c 0 g 12 h 8 g 5keVe kBTe i . Thiscorrespondsto anestimateof

H0 ^ 39j 10_ 7 kms_ 1Mpc_ 1 k h kBTe e 8 g 5keVi 2.
As asystematiccheck,thefit is re-donewith anS–ZmodelbasedonaKing-profilefit of theX-ray

mapincluding thecooling-flow region; this yields r50 d 1eGf h50 ^ 0 g 97 c 0 g 11 h 7 g 54keVe kBTe i and

H0 ^ 53j 16_ 11 kms_ 1Mpc_ 1 k h kBTee 7 g 54keVi 2, agreeingwell with thepreviousestimate.Note that

bothof theseresultsalsoagreewithin 1-σ errorswith thepreviousanalysisof thesameRT datasetby

Graingeet al., which foundH0 ^ 57j 23_ 16 kms_ 1Mpc_ 1 [Grainge1999]; in thatanalysis,point source

fluxeswereobtainedwith alooserlong-baselinecut[ ` 1 g 5kλ, ratherthanmy stricter ` 2kλ cut], and

uncertaintiesdueto residualextendedhaloflux wereassessedafterafit of theS–Zdata.

3.2.6 Abell 1704

Like Abell 1413, the clusterAbell 1704(z ^ 0 g 220) hasa cooling-flow. Its ROSAT HRI mapand

ASCA spectrumwerefit by Allen andFabian[Allen & Fabian1998] to yield two temperatureestim-

ates,4 g 73j 0 o 38_ 0 o 33keV (isothermalfit including cooling flow) and5 g 7j 3 o 5_ 1 o 3keV (isothermalfit excluding

coolingflow).

smoothhalo extendedover 30 arcseconds,thehalofit tendedto quickly convergeto thepoint-like compactregions,so it

wasconcludedthatsimplymodellingthehaloasa setof point sourceswasreasonable.
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Fig. 3.19:0–1kλ point-source-subtractedandCLEANedmapsof Abell 1704(contourspacing:85µJybeam] 1),
on ROSAT HRI X-ray map(greyscale).

The 24 k 12 hoursRT mapof Abell 1704shows a a 430 c 85µJybeam_ 1 decrementon 0–1kλ
baselines(seeFigure3.19),after thesubtractionof four sources.Two of thesourcesof flux 100µJy

eacharewithin anarcminuteof theclustercentre,andtheir fluxesarewell-constrainedby thelonger

baseline( ` 2kλ) information;thereis no evidencefor any residualextendedemissionobscuringthe

S–Zdecrement.

Fitting anisothermalKing model,basedon a fit to theX-ray mapexcludingthecentralcooling-

flow region, to the source-subtractedRT visibilities yields a scalefactor r50 d 1eEf h50 ^ 0 g 87 c
0 g 22 h 5 g 7keVe kBTe i andH0 ^ 67j 52_ 24 kms_ 1Mpc _ 1 k h kBTe e 5 g 7keVi 2. As asystematiccheck,thefit

is repeatedwith aKing modelwhichwasfitted to thefull X-ray map,includingthecooling-flow, giv-

ing anearlyidenticalresultr50 d 1eGf h50 ^ 0 g 86 c 0 g 22 h 4 g 73keVe kBTe i , andH0 ^ 68j 52_ 24 kms_ 1Mpc _ 1 kh kBTee 4 g 73keVi 2..
3.2.7 Abell 1914

A ROSAT PSPCmapisavailablefor Abell 1914(z ^ 0 g 171),aswell asanASCAtemperatureestimate

of 8 g 56 c 0 g 65keV [Miyoshi 1999]. Deep1.4GHz VLA data,shown in Figure 3.20a,revealsthe

presenceof anextendedradiohalowith integratedflux of 50mJyat theclustercentre.Thepresence

of thehalo is not surprising;theX-ray imageshows thegasto bequitedistorted,indicatinga recent

clustermerger. In addition,thePOSSimage(Figure3.20b)showsclearlythatAbell 1914iscomposed

of two merging systems.

Despitethe strongpresenceof a radio halo, the 19 k 12 hoursof dataon Abell 1914provide a

tolerableconstrainton H0, not only becausetheS–Zshadow of this particularlyhot (10keV) cluster

is deep,but alsobecausethehalois well-displacedfrom theclustergascentroid.After subtractionof

ninefaint, non-centralpoint sourceswith matchesin theVLA map,thereis adeepS–Zdecrementof
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Fig. 3.20: Indicationsof arecentmergerin Abell 1914.(a)1.4GHzVLA mapshowing extendedcluster-centre
flux, mostprobablya merger-inducedradiohalo.(b) POSSimageof A1914,indicatingthepresence

of two merging sub-systemswith separatedominantgalaxies.
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Fig. 3.21:0–1kλ point-source-subtractedandCLEANedmapsof Abell 1914S–Zhole(a)beforehaloremoval,

and(b) afterhaloremoval. Contourspacing:120µJybeam] 1. Greyscaleis theROSAT PSPCX-ray
map.
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Fig. 3.22:The Abell 1914halo. (a) Image(contourspacing:60µJybeam] 1) obtainedby CLEANing 0–2kλ
mapof RT dataafter removing all non-centralsourcesaswell asa modelof the S–Z hole (H0 \
70kms] 1Mpc] 1). (b) “Spectrum”of thehalosource(seetext for details).

a 740 c 120µJybeam_ 1 on0–1kλ baselines,displacedeastof theX-ray centroid,asshown in Figure

3.21a.

Becausethe radiohalo is sobright, it needsto be treatedcarefully to properlyseparatethehalo

from the S–Z hole. It is extendedover two arcminutessouth-westof the clustercentre; the off-

centrepart is modelledasa 340µJy Gaussianwith 70 arcsecFWHM locatedat a displacementof

(90,-60)arcsecfrom the RT pointing centre. The remainderof the halo is correlatedwith the S–Z

hole,so its flux mustbefitted simultaneouslywith a scaledversionof theS–Zmodelobtainedfrom

theX-ray data. This fit finds thesecond,centralcomponentof the halo to have flux 1000c 120µJy

source,with FWHM=90arcsecdirectly at thepointingcentre.Thehalo,shown in Figure3.22,hasa

steepspectrum,aswould beexpectedof a merger-inducedradiohalo. Thetotal haloflux, takenfrom

330MHz WENSS,1.4GHzVLA, and5GHzGreenbankmapsis plottedasa functionof frequency in

Figure3.22b. All thedatapointsappearfairly consistentwith thehalohaving a steepspectralindex

of α l 1 g 8.

Thehaloremoval yieldsa properlycentredS–Zshadow, shown in Figure3.21bwith fitted scale

factor r50 d 1eGf h50 ^ 0 g 84 c 0 g 21 h 8 g 56keVe kBTe i . The correspondingHubble constantestimate

is H0 ^ 71j 55_ 25 kms_ 1Mpc _ 1 k h kBTee 8 g 56keVi 2; the error on this estimatetakesinto accountthe

uncertaintyin thehalofit, which turnsout to doubletheerrordueto intrinsicstatisticalnoise.Checks

on modifying theX-ray fit have beenmade,usinga King profile modelwith β ^ 0 g 90 insteadof the

usualβ ^ 0 g 65; thecentralvalueof theH0 estimatebarelychangesto H0 ^ 70j 55_ 25 kms_ 1Mpc _ 1, well

within statisticalerror.
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Fig. 3.23:Point-source-subtractedandCLEANedmaps(0–2kλ) of theS–Zholein CL0016+16(a)beforehalo
removal, and(b) afterhaloremoval. Contourspacing:60µJybeam] 1. Greyscaleis theROSAT PSPC
X-ray map.

3.2.8 CL0016+16

The high-redshiftclusterCL0016+16at z ^ 0 g 546 hasbeenwell-studiedby other groups. Both

ROSAT PSPCand ROSAT HRI imagesare available, and an ASCA temperatureof 7 g 55j 0 o 7_ 0 o 6keV

hasbeenobtained[Hughes& Birkinshaw 1998-2].

TheRyle Telescopehastaken81 k 12 hoursof dataat thecentralpointingof CL0016+16aswell

as7 k 12 hourseachat six pointingsoffset from the centreby onearcminute.Thefield-of-view has

a fairly cleanradio sourceenvironment,with two radio sources,matchingsourcesin a deepVLA

observation[Grainge1996], subtractedseparatelyfrom eachpointing’sdatasets.

The0–2kλ baselinemap,shown in Figure3.23a,hasgoodsignal-to-noise,andshows a deepest

decrementof a 240 c 40µJybeam_ 1, andanintegratedflux of approximatelya 540 c 80µJybeam_ 1.

On comparisonto the X-ray map,it appearsasif someresidualpositive flux at the westernendof

theclusteris pushingtheS–Zdecrementeastof theX-ray gas.Indeed,VLA observationsat1.4GHz

show 2 g 7 c 0 g 7 mJyradioemissionassociatedwith theclustercentre[Moffet & Birkinshaw 1989]; a

correctionfor a possiblehaloin theRT dataappearsto benecessary.

A simultaneousfit of a haloanda scaledS–Zmodelto source-subtracteddatafrom all pointings

with appropriateprimarybeamcorrectionsfor theoffsetpointingsyieldsanelliptical halowith flux

320c 100µJy,with width 110m m k 40m m FWHM atpositionangle50 c 4n , displacedby (20 c 6, a 22 c 6)

arcsecondsin (RA, Dec) from the clustercentre. This flux is consistentwith a spectralindex of

α15
1 o 4 ^ 0 g 9 c 0 g 1.
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After thehaloremoval, the0–2kλ S–Zdecrement,shown in Figure3.23b,providesaninteresting

comparisonwith the X-ray image. Thereappearto be extensionsof the S–Z imagetowardsthe

north andtowardsthe south,all the way to the edgesof the RT primary beam,possiblyindicating

that CL0016+16is part of a larger super-structure. Suchdeviations from a compact,roundshape

arealsoseenin the S–Z mapsobtainedwith OVRO/BIMA data[Carlstrom1996]. The extensions

maypoint to poorclusters,like RXJ0018.3+1618,which is 9 arcminutessouthof CL0016+16andis

at redshiftz ^ 0 g 541 [Hughes& Birkinshaw 1998-1], andpossiblya structurecontainingthe X-ray

sourceQSO0015+162atz ^ 0 g 554,3 arcminutesnorthof CL0016+16[Margon1983].

TheS–Z modelscalefactor is fitted to be r50 d 1eGf h50 ^ 0 g 94 c 0 g 05 h 7 g 55keVe kBTe i , corres-

pondingto a HubbleconstantestimateH0 ^ 57 c 5 kms_ 1Mpc _ 1 k h kBTe e 7 g 55keVi 2. It shouldbe

remarkedherethat dueto the excellentsignal-to-noisein the high-statisticsCL0016+16datasetas

well asthedisplacementof thehalofrom theclustercentre,theuncertaintyin thehalo/holeseparation

actuallyaddslessthan10%errorto theinstrinsicstatisticalerrorof theH0 fit.

3.2.9 Evenmoreclusters:Abell 611,Abell 990,Abell 1246,Abell 1423,Abell 1722,Abell 1995,

Abell 2111,Abell 2259,andZwicky 1883

Applicationof thepoint sourcesubtractionmethodologyto RT datafor severalmoreclustershasre-

vealedthepresenceof their Sunyaev-Zeldovich decrements.SeeFigures3.24for 0–1λ point-source-

subtractedimages,overlaidonX-ray maps,whereavailable.Detailedinformationonthesignificance

of decrementsis givenin Table3.2.9.

For severalof thedeeperimages,includingAbell 990andAbell 1722,thepresenceof radiohalos

may be distorting the shapesof the S–Z holes. However, for theseclusters,deeplower-frequency

radio imageshave not yet beenobtainedto helpconstrainthelocationof any residualextendedflux;

in addition,X-ray temperaturesandtheastrometryof theemissionmapsarenot yet finalized.When

further radio andX-ray informationbecomesavailable,separationof extendedclustercentreemis-

sionfrom theS–Zdecrements,aswell asfurthermeasurementsof theHubbleconstant,will become

possiblewith theseRT datasets.
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Fig. 3.24:More S–Zholes.Clusternames[contourspacings]givenunderimages,which areCLEANedmaps
of 0–1λ baselinesafter initial point-sourcesubtraction;in somecases,low signal-to-noisehasmade
CLEANing difficult.
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Cluster z No. days, No. sources Shortbaseline[0–1 kλ]

Ryledata subtracted decrement,µJy

A611 0.288 16 1 a 500 c 140

A990 0.144 25 1 a 440 c 110

A1246 0.216 8 1 a 580 c 220

A1423 0.213 11 3 a 400 c 100

A1722 0.328 16 1 a 510 c 100

A1995 0.318 19 2 a 320 c 140

A2111 0.229 27 0 a 360 c 110

A2259 0.164 20 2 a 390 c 110

Zw1883 0.194 39 3 a 400 c 120

Tab. 3.1: More clustersshowing significantS–Zdecrements,which arereadyfor Hubbleconstantdetermina-
tionswhenbetterlower-frequency radiomapsandX-ray databecomeavailable.
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HSTcluster Ngal rad mc RA Dec Ryleobs. No. srcs. 0–1kλ r.m.s.,

name ( m m ) h nvu J2000i h nwu J2000i timee 12hrs subtr. µJybeam_ 1

H035528+09435 13 10 22.25 58.86759 9.72577 13 1 300

H072442+60316 15 15 22.50 111.17674 60.52826 5 3 240

H115027+28496 11 10 23.75 177.61418 28.82765 10 5 270

H122332+15518 24 20 22.75 185.88700 15.86494 17 1 200

H123155+14153 47 30 23.75 187.98116 14.27305 16 0 240

H151940+23524 23 25 22.00 229.91835 23.87468 3 1 400

H215137+28590 14 15 22.50 327.90569 28.98339 3 1 400

Tab. 3.2: HST high-redshiftcandidates.Sevenof thecandidatesfor cluster/regionsfoundin theHubbleSpace
TelescopeMediumDeepSurvey [see[Ostrander1998]] have beenobservedwith theRyle Telescope.
Ngal is numberof galaxiesfound in a radius(rad, in arcsec);the brightestgalaxy in the region is

requiredto be faint, with magnitudemc x 22. No Sunyaev–Zel’dovich shadows have beenfound;
upperlimits canbecomputedasapproximately3σ, from the0–1kλ r.m.s.estimatesgivenbelow (the
short-baselinebeamhasFWHM of 2 arcmin).

3.3 High-RedshiftCandidates

Theselectionmethodsandtheresultsof S–Zsearchesfor high-zclustersaredetailedin this section.

3.3.1 OpticalSelection:GalaxyOverdensitiesfrom theHubbleSpaceTelescope

The HST Medium DeepSurvey ClusterSampleis a list of 92 regionsof the sky which have a stat-

istically significantoverdensityof optically-selectedgalaxieswithin circular radii of 10–30arcsec

[Ostrander1998]. Sevenof theseregionshavebeenobservedby theRyleTelescope.Theseparticular

regionsarethe onesin the HST-MDS list which have faint centralgalaxymagnitudes(mc ` 22) as

well aslargeoverdensitiesof neighbouringgalaxiesat faintermagnitude.

TheRyleTelescopehasnotbeenabletofind S–Zeffectsin any of theobservedregions;apparently

the galaxyclusters/groupsdo not containenoughhot gasto producestrongS–Z shadows. The RT

observationsaresummarizedin Table3.3. All of themproduce0–1kλ mapsthatareconsistentwith

theexpectednoise,which rangesfrom 200µJy to 400µJy in theseobservations. Of course,the fact

thatthenewly developedsourcesubtractionmethodscanyield anull resultis a goodcheckon it.

3.3.2 X-ray Selection:DistantX-ray GasConcentrations

Of theseveralhigh-zclustersseenasfaint but extendedsourcesin theEINSTEIN EMSSlist andthe

public-domainROSAT detections,two appearto berich enoughandto have highenoughdeclination

to yield goodS–Zmeasurementswith theRT. Oneof themis CL0016+16.

Thesecond,MS1137+6625at z=0.78[Donahue1999], hasbeenobservedfor 28 k 12hourswith
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Fig. 3.25:TheS–Zholeof MS1137+6625and3Cradiosource.0–1kλ map(a)beforeCLEANing and(b) after

CLEANing. Lattermaphascontourspacing150µJybeam] 1; greyscaleis NVSSmap.

theRT. Thefield-of-view is atypical;in additionto oneeasilyremoved nearby400µJy point source,

thereis an anomaloussource20 arcminsouthof the pointing. Usually sources(with typical fluxes

lessthan2mJy)sofar away would becompletelyattenuatedby theRT primarybeam;however, this

happensto be3C263,with flux 3Jyat1.4GHz.

Evenwithout subtractingthe3C source,theS–Zhole is clearlyvisible on themap,asshown in

Figure3.25.To geta quantitativeestimateof theS–Zholedepth,thesource’s0–1kλ flux, 600µJy, is

removed, leaving behindanequivocal a 400 c 80µJydecrementcentredon theX-ray cluster, shown

in Figure3.26a.The0–2kλ map,Figure3.26b,alsohasverygoodsignal-to-noiseandshowstheS–Z

effect to have extensionsleadingaway from the centre,giving theshadow a triangularshape.Such

structureis not visible on the low-sensitivity X-ray map. Is this clusterpart of a larger supercluster

structure?FurtherdeepS–Zmappingaroundthecentrewouldsurelygivea clearanswer.
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Fig. 3.26:Mapsof theMS1137+6625holeafterremoval of the3CsourceandCLEANing. (a)0–1kλ map,with
60µJybeam] 1 contourspacing,and(b) 0–2kλ map,with 60µJybeam] 1 contourspacing.Greyscale

is ROSAT HRI map.
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3.3.3 RadioSelection:Clustersof RadioSources

TheTEXOX list of candidatesof possiblehigh-redshiftgalacticclustershasbeencompiledby looking

for statisticallysignificantaggregatesof sourcesin radiosurveys [Rawlings 1999]. TheRT has,sofar,

mademapsof two of theTEXOX candidates,TEXOXL20 andTEXOXL21, aftersubtractingalmost

a dozenradiosourcesfrom eachfield-of-view. This large numberof sourcesis morethantwice the

numberseenin theotherRT clusters’field-of-views,andalmosttentimesthenumberexpectedfrom

sourcecountsin regions free of clusters[Donnelly 1987]. The RT datashows strongS–Z effects

in both regions,of a 320 c 65µJy and a 640 c 80µJy, respectively, indicatingthe discovery of new

galacticclusters.SeeFigure3.27for the0–1kλ maps.

The 0–2kλ mapsof the two regions, shown in Figure 3.28, both appearto have odd double-

structures. Any residualextendedflux not removed in the sourcesubtractionwould lead to such

distortions.However, without somemodelof theshapeof theexpectedS–Zhole(asis availablefor

theH0 clusters),it is difficult to separatetheS–Zeffect from theseextendedsources.In any case,the

extendedsourcesrequiredto producethedistortionsappearto be locatedinsidethe S–Zhole itself.

Removal of thesourcefluxes(estimatedto belessthan150µJy from thesizeof thedistortions)would

appearto enhancethehole,sotheS–Zdepthspresentedabove shouldprobablybeconsideredslight

underestimates.

Optical followup is being carriedout by Rawlings to constrainthe redshiftsof the TEXOXL

clusters[Rawlings 1999]. At present,anopticalmatchto oneof theradiosourcesin theTEXOXL20

region hasbeenfoundwith a redshiftof z l 0 g 8. In addition,further TEXOX candidatesarebeing

observedby theRyle Telescope,with promisingresults.
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Fig. 3.27:The S–Z effects in TEXOXL20 andTEXOXL21 regions. Shown are the CLEANed 0–1kλ maps
afterpointsourcesubtraction.
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Fig. 3.28:The S–Z effects in TEXOXL20 andTEXOXL21 regions. Shown are the CLEANed 0–2kλ maps
afterpointsourcesubtraction.
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4. DISCUSSION

Thesourcesubtractionmethodspresentedin thisdissertationhaveallowedfor thesystematicanalysis

of Ryle Telescopedatafrom thirty clustercandidates.Imagesof twentysignificantS–Zdecrements,

compiledin Figure4.1,havebeenrevealed.

4.1 CombinedValueof theS–ZHubbleConstant

Table4.2 summarizesthemeasuredscalefactorsr50 ^ 1eGf h50, aswell asthecorrespondingH0 es-

timatesandangulardistances,of theeightH0 clusters.In addition,thecentralS–Ztemperaturedecre-

mentfor eachcluster, predictedfrom theX-ray fit, bothwith theassumptionH0 ^ 50 kms_ 1Mpc_ 1

andwith the correctionobtainedby fitting to the RT dat arecomputedthere;thesedecrementscan

be directly comparedto valuesobtainedfrom otherexperiments,also listed in the table. Thereis

good consistency, especiallyconsideringthat most of the other experimentseitherdo not include

spectral/temporaluncertaintiesin sourcesubtractionin their estimates,or do not attemptsourcesub-

tractionatall [Carlstrom1996].

Before combiningthe H0 estimates,it is very important to clarify the possiblesystematicer-

rors in this method,basedon the comparisonof X-ray andradioS–Z data. Earlier estimatesof the

Hubble constantfrom S–Z effect measurementsappearedto fall in a “low range”, from 40 to 60

kms_ 1Mpc_ 1, promptingmuchspeculationasto whatmight causesucha systematic“underestima-

tion” [Birkinshaw 1998]. A wild rangeof effectshave beenproposed:clumpingof the intracluster

gas;gravitational lensingof backgroundsources[Loeb1997]; asphericityof thegasgeometry;cool-

ing flows; andnon-isothermality, possiblydueto mergershocks[Roettiger1997].

4.1.1 Intraclustergasclumping

Even in the mostextremecasesof gasclumping,wherehalf of the clustervolumecontains5e 6 of

thegas,theH0 valuewouldbeunderestimatedby only 15%[Maggi 1997]. However, X-ray imaging

of nearbylarge-angular-scaleclustersclearlyexcludesucha level of fractionationin intraclustergas

[Fabianetal. 1994]. Indeed,initial simulationsproducegasclumpingthatwould leadto anunderes-

timateof only 2% in H0 [Grainge1999].
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Fig. 4.1: A rogue’sgalleryof theclusterS–Zeffectsdiscussedin thisdissertation.
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4.1.2 Backgroundradiosources

Theeffectsof lensingof backgroundradiosourcesby thecluster’s gravitationalpotentialhave been

calculatedby Loeb andRefregier [Loeb1997]. With a source-subtractionflux limit of 100µJy, this

lensingeffect leadsto slightunderestimateof H0 of 1% in a typicalmassivecluster, like Abell 2218.

A strongereffect of theseunsubtractedfaint (microjansky) radio sourcesmay be the confusion

noisethey induceon the RT shorterbaselines.The sourceconfusionnoisewasoriginally expected

to be 50 a 70µJybeam_ 1 on 0–1 kλ baselines,negligible comparedto the intrinsic statisticalnoise

[Grainge1996]; thatestimatedoesnot takeinto accountthepossibleoverabundanceof faint sources

nearrich clusters. However, the scatterin the H0 valuesobtainedbelow appearsconsistentwith

ignoringsourceconfusionnoise.

4.1.3 Asphericityof gasgeomety

Assumptionsaboutthethree-dimensionalgasgeometryareexpectedto induceanimportanterror in

estimatesof H0 basedon individual clusters.In particular, the three-dimensionalmodelsof the gas

densityassumethat the coreradiusalong the line-of-sight is the geometricmeanof the coreradii

transverseto theline-of-sight.For a clusterwith trueline-of-sightdepthl � andassumedline-of-sight

depthl � , thecalculatedvalueHcalc
0 is foundto berelatedto thetruevalueH true

0 by

Hcalc
0 ^ H true

0
l �
l � g (4.1)

X-ray imagesshow thattheratio of transversecoreradii in this samplerangefrom 1.1 (in thecaseof

Abell 2218)upto 1.5(in A1704).Assumingtheactualline-of-sightdepthcouldbeany valuebetween

the two transversediameters,this introducesan uncertaintyof up to c 25% in H0, with thesignde-

pendingonhow thecluster’smajoraxisisorientedrelativeto thelineof sight.By averagingH0’sfrom

a few clusters,with differentorientations,theasphericityerror is easilyeliminated[Sulkanen1999].

Sincethe eight clusterspresentedherewereselectedfor their X-ray luminositiesandtemperatures

(which areindependentof clusterorientation),they form suchanorientation-unbiasedsample.

4.1.4 Intraclustergastemperature

Gastemperatureuncertainties(which areusuallyof order5–10%)producea randomerror, of order

10–20%in H0. In addition,thereis agoodpossibility thatusingtheX-ray-emission-weightedtemper-

aturesproducesa systematicunderestimateof H0, for merging clusters(like Abell 2218,Abell 665,

andAbell 1914)andcooling-flow clusters(like Abell 1413andAbell 1704).

For recentlymergedclusters,bothclustermergersimulations[Roettiger1997] andASCA obser-

vationsof nearbyhotclusters[Markevitch 1998] suggestthepresenceof hot regionsof gaswhichare

not in theclustercentre.SincetheX-ray emissionis proportionalto n2
e, anX-ray-emission-weighted

temperaturewill tendto over-samplethecentreof thecluster, producinga temperatureestimatethat
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is lower thanthatappropriatefor theS–Zeffect. Simulationsindicatethat theH0 valuesdetermined

from mergingclusterscanbeunderestimatedby asmuchas30%,dueto this temperaturemismatch.1

For thecooling-flow (CF) clusters,a simultaneousanalysisof theROSAT HRI mapsandASCA

spectraallows for the clustertemperatureto be fitted with the coldercontribution of the CF-region

removed [Allen & Fabian1998]; thesehigher temperatureshave beenusedin the presentH0 ana-

lysesof Abell 1413 and Abell 1704. However, a comparisonof the temperaturevs. bolometric

luminositycurvesof CF andnon-CFclusters,evenafter thecorrectionto remove thecoolingflows,

indicatesthat theCF clustertemperaturesstill appearto beunderestimatedby 10–20%;seeFigure2

of [Allen & Fabian1998]. TheH0 valuesestimatedfrom theseclustersmaythenbedrasticunderes-

timations,by 20–40%,of thetrueHubbleconstant.

4.1.5 Statistical/systematicerrorin ∆TSZ

The largesterrorson measurementsof H0 from individual clustersarestill dueto the uncertainties

in determiningthe depthof the cluster’s S–Z shadow. In particular, seven of theeight clustershere

have complex radioenvironmentswith positive,extendedradioemission— possiblydueto cluster-

merger-halos,togravitationallylensedradiosources,andto cooling-flow mini-halos— contaminating

theS–Z effect. Theseparationof theseclustre-centrehalosfrom the S–Z effect generallyincreases

(by aslittle as10%,in CL0016+16,andby asmuchas100%,in Abell 1914)theintrinsicerroron the

S–Zmeasurementdueto statisticalnoiseonly.

4.1.6 Othersourcesof error

Othersourcesof error, includingcontaminationfrom thekineticS–Zeffect, theexistenceof coldha-

loes,andtheprimaryflux calibrationof theRyleTelescopehavebeenshownto eachproducelessthan

5%uncertaintyin H0, muchlessthanthestatisticalerroron theRyledata;see,e.g.,[Grainge1999].

In summary, the largesterrorsin the individual clusterH0 valuesderive from statisticaluncer-

taintiesin measuringtheS–Zholedepth;systematicuncertaintiesin removing contaminationof the

S–Zholeby extendedcluster-centreradiosources;mismatchbetweenthe line-of-sightclusterdepth

andthe observed clusterdiameter;andthe errorsin the intraclustergastemperaturetakenfrom the

emission-weightedX-ray spectra.Theseuncertaintiesaresummarizedfor the eight H0 clustersin

Table4.2. WhenH0 estimatesfrom this orientation-unbiasedsampleof clustersarecombined,all of

theuncertaintieswill bereduced,exceptfor thetemperatureuncertainty, which is expectedto causea

systematicunderestimationof up to 30%in recently-mergedclustersandcooling-flow clusters.

1 ASCA measurementsindicate that the temperaturestructureof relaxedclustersappearto follow a fairly universal

smoothprofile thatslowly decreaseswith radius,whenscaledto r180 � 2 � 8h� 1
70 Mpc � Te � 10keV� 1 � 2. For numberstypicalof

theRT targetclusters,Te � 7keVandz � 0 � 2, thetemperaturedropsto 80%of its maximumvalueat radii of about2 arcmin

[Markevitch 1998]. TheX-ray-emission-weightedtemperaturefor theseclusterswould thenbeexpectedto agree,to well
within 5%, with thetemperatureappropriatefor theS–Zeffect. If theS–Zeffect of these(generallycool) relaxedclusters

canbedetected,theresultingH0 estimatewould thenbeunderestimatedby lessthan10%[Maggi 1997].
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By combiningthemeasuredscalefactor1eEf h50 for all theclusters,a valueof 1eGf h50 ^ 0 g 95 c
0 g 05, correspondingto H0 ^ 56j 7_ 6 h randomerrorsonly i kms_ 1Mpc _ 1 is finally obtained.Taking into

accountthe possiblesystematiceffectsof the gastemperaturestructure— which may producean

underestimateby asmuchas30%in theserich clusters— theallowedrangeof H0 increasesto 56–

72kms_ 1Mpc _ 1, with a randomerrorof 11%.

Thevalueagreeswell with otherS–Z/X-ray-basedestimates,like thecombinedvalueof H0 ^ 47 c
7 h statisticali j 19_ 5 h systematici , obtainedin [Hughes& Birkinshaw 1998-2] byaveragingovereightmeas-

urementsfrom four S–Z experiments.In addition,the H0 estimateobtainedhereis consistentwith

thevaluesfoundwith completelydifferentmethods,like theresultsfrom graviationallenstime-delay

measurements,72 c 7 h statisticali c 15%h systematici kms_ 1Mpc _ 1 [], and distance-laddercalibra-

tion in theHST Key Project,72 c 5 h statisticali c 7 h systematici kms_ 1Mpc_ 1; see,e.g,thereview in

[Freedman1999]. It will be interestingto seehow well thesevaluesconverge to the “true” Hubble

constantastheirsystematicerrorsarebetterunderstood,andthestatisticalerroris reducedwith future

experiments.

In theaboveS–Z/X-raybasedH0 result,avalueof thedecelerationparameterq0 ^ 0 g 5 is assumed

for thedecelerationparameter, whichentersinto theform of theangular-distancevs. redshiftrelation.

However, for the redshiftsz t 1 consideredhere,it turnsout that changingq0 hasvery little effect.

On onehand,this factexplainswhy S–Zeffect measurementscannotconstrainq0; on theotherhand,

it makesthemeasuredvalueof H0 quiterobustto uncertaintyin q0. For example,if a differentvalue

q0 ^ 0 is assumed,thecentralvalueof H0 decreasesby 5%,a verysmallperturbationindeed.

4.2 Searchingfor High-RedshiftClusters

In termsof futurephysicalinsights,theSunyaev-Zeldovich effect maybemostvaluablein its ability

to probevery distant,primal large-scalestructure. In the last few years,the discoveriesof high-z

(proto)clusters,throughS–Zdetectionsin fieldscontainingdouble-quasars[Jonesetal. 1997], aswell

asthroughserendipitousdetectionof extendedX-ray sources(see,e.g.,[Rosati1999]) have revealed

theearly(z ` 0 g 5) universeto havearich large-scalestructure,which, in fact, impliesanupperbound

theuniverse’smassdensityof approximatelyΩm t 0 g 6; see[Bahcall1997]. Energizedfurtherby the

discovery of thehigh-z clustersTEXOXL20 andTEXOXL21 presentedhere,thesearchfor clusters

correlatedwith aggregatesof radiosourcesis continuing.

TheS–Zshadows of thedistantclustersCL0016+16andMS1137+625arealsotantalizing.The

remarkablestructuresin both of their 0–2kλ RT maps[seeFigure3.26 and3.23] with extensions

leadingaway from the clustercentremay be evidencethat the clustersarepartsof superstructures.

Suchextensionsarenotvisible onthelow-sensitivity X-ray mapsof eitherregion,demonstratingthat

for high-zclusters,measurementsof thedistance-independentS–Zeffectcanprovideimagessuperior

to X-ray observations.
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5. CONCLUSIONS

A newly developedmethodwhichsystematicallyfits andremovespoint-likeradiosourcesin visibility

datahasbeenappliedto galaxyclusterobservationsby theRyleTelescope,resultingin theimagesof

twentyS–Zshadowsat15GHz.

While thespectraandnormalizedflux distributionsof theseradiosourcesaresimilar to thosein

non-clusterregions,thereappearsto be a strongoverabundance(by a factorof 4 to 6) of sourcesin

therich-clusterregionscomparedto non-clusterregions,requiringextra carein removing thesepoint

sourcesfrom S–Zmaps.c

In addition,theRT observations,aswell aslower-frequency radiomaps,indicatethat thecentral

regionsof hotclusterscontainextendedradioflux — possiblyduetogravitationallylensedradiorings,

merger-inducedradiohalos,and/orcooling-flow “mini-halos” — whichcontaminatetheS–Zshadow.

A methodto separatetheseextended“radio halo” sourcesfrom scaledmodelsof theS–Zeffect,based

onX–ray information,hasbeendevelopedandappliedto eightclusters.Uncertaintiesin thehalo/hole

separationcanincreasetheerrorby up to a factorof two on themeasurementof ∆TSZ. In particular,

theexistenceof sucha(previously ignored)“halo” sourcein S–Zmeasurementsof clusterAbell 2218

dominatestheerroron thedetection.

CombiningX-ray andS–Zimagesof eightclustersallowsfor a measurementof theHubblecon-

stant. The allowedrangeof H0 is 56–72kms_ 1Mpc_ 1, with a randomerrorof 11%. The dominant

sourceof erroron thiscombinedvalueis not thestatisticaluncertaintyin theS–Zmeasurements,but

insteadthepoorly understoodlarge-scaletemperaturegradientsin thesehot, dynamicclusters.Spa-

tially resolvedX-ray spectralmeasurementsby thenew satellitesXMM andChandraAXAF should

allow this particularsystematicerror to besignificantlyreducedin thenearfuture. In addition,next-

generationS–Z telescopesmay be able to obtain imagesof cooler, relaxed clusterswhich are less

likely to have thestrongtemperaturegradients— or, for thatmatter, “halo” sourcesor asphericalgas

profiles— thatcurrentlylimit theaccuracy of theS–Z/X-ray-baseddeterminationof H0 to the30%

level.

Four of the S–Z detectionspresentedhereare for clustersat redshiftgreaterthan0 g 3. Two of

them,TEXOXL20 andTEXOXL21, have beentargetedby looking for aggregatesof radiosources,

andthusprovideagoodchallengefor thenew source-subtractiontechniques.TheRT datarevealsthe

presenceof strongS–Zeffectsin bothregions,afterpointsourcesubtraction;deepopticalimagesand

spectraarenow beingobtainedto constraintheseclusters’redshifts.Finally, S–Zmapsof two more

X-ray-selectedhigh-z clusters,CL0016+16(at z ^ 0 g 55) andMS1137+6625(at z ^ 0 g 78) appearto
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show extendedstructurethat is not visible on the low-sensitivity X-ray maps.FurtherS–Z imaging

mayrevealadditionalsuper-structurearoundthesedistant,rich clusters.
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