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ABSTRACT

The Suryae/—Zel'dovich (S—Z)shadavs of twenty galaxyclustershave beenimagedby creatingand
by applyinga new, systematianethodto fit andto remove radio sourcedrom Ryle TelescopgRT)
data. Theradio sourceervironmentis foundto be comple&, with 4 to 6 timesasmary point sources
in theserich clusterregionsthanarefoundin non-clusteispaceln addition,mostof thehot, dynamic
clustersstudiedherearefoundto have extendedradio sourcesearthe clustercentre which may be
gravitationally-lensedradio rings, megerinducedradio halos, “mini-halos” associatedvith cluster
gascooling flows, or combinationsof thesephenomena.A methodto separatehis extendedflux
from the S—Z shadov is appliedto eight clusters,with z rangingfrom 0.14to 0.55. The resulting
imagesare combinedwith X-ray measurementsf the clustergasto obtaina value of the Hubble
constant:Hp = 56-72kms~Mpc~1, with the rangereflectingsystematiauncertaintiesn modelling
the gastemperaturesf thesedynamicclusters plusafurther statisticalerror of 11%. Finally, recent
searchedy the RT of S—Z effectsfrom high-redshiftclustersare summarized. Theseinclude the
discovery of two new clusters, TEXOXL20 and TEXOXL21, associatedvith aggrejatesof radio
sourcesaswell aspossibleevidencefor extendedsuperstructurein the S—Zimagesof CL0O016+16
andMS1137+6625which appeaionly asfaint, roundsourcesn X-ray maps.



1. INTRODUCTION

1.1 TheSuryaes-Zel’'dovich Effect: The Shadovs of GalaxyClusters

Galacticclustersarethe largestgravitationally-bourd structuresn the universe with therichestcon-
taining thousand®f galaxiesspreadover several millions of light years. Surprisingly the galaxies
themseles compriseonly around5% of eachclusters mass,which totals 10*° solarmassesn the
biggestclusters.Another10% of the masstakesthe form of a plasmaspreadhroughouthe cluster
with maximum densitiesof several thousandparticlesper cubic metre. See,e.qg., the lecturesin
[Minnesotal988 andthe catalogue®f Abell andZwicky [Abell 1989 [Zwicky 196]. Thishotgas
gainsits temperature— up to 108K — by falling into the clusters gravitational potentialwell, and
is visible by the X-raysit producesasthermalbremsstrahlungsee,e.g.,[Sarazin198§. The vast
majority of a clusters massis in theform of inert, mysteriousdark matter which makesits presence
known by providing a gravitational potentialthatbindsthe clusterandlenseghelight of background
galaxies.Seege.g.,[Turner& Tyson1999 and[White 1993.

The physicsof the megaparsedengthscalesandthe billion-year time scaleshat characterizea
clusterslife canbedynamic.Ononehand,mary hot clustersaretheresultof recentor on-goingmer
gers,processes) which large clustersengulfotherones oftenproducingshocksandstrongmagnetic
fieldsthatcanacceleratgarticlesin theintra-clusterplasma;see,e.g.,[Tribble 1993. Ontheother
hand,“relaxed” (non-meging) clustersalso containinterestingdynamics,including cooling flows,
wherethe densecentreof the intra-clustergasis compressednhwardsasit getsquickly cooledby
X-ray emissionFabian1994.

ThethermalSuryaes-Zel'dovich (S—2)effect,proposedn theearly19709Suryaes & Zel'dovich 1973,
is anuniquemethodfor looking at galacticclusters. Ratherthanrelying on the clusters own radi-
ation, onelooksfor the clusters effect on a primal light sourcethe 2.7 K cosmicmicrovave back-
ground(CMB) left overfrom theearlyuniverse Electronsn ahotclusters plasmanverse-Compton-
scatterCMB photonsup to higherenegy, causinga depletionin the CMB intensityat radiofrequen-
cieslowerthan200GHz, asshown in Figurel.1. In thelow-frequeny (Rayleigh—Jeang)kgion, the
temperaturgecremenof this“shadaw”, or “hole”, is proportionalto the effective numberof electron
scatterer@longthe line-of-sight, given by the electrondensityne timesthe Thompsoncrosssection
(o1 = 0.665x 10~28m?) for electron-photorscatteringjntegratedalongthe line-of-sight,aswell as
to the fractionalkinetic enegy available per scattererproportionalto the temperaturégTe over the
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Fig. 1.1: The S—Z effect as a function of radio frequeng. The y-axis shows the S—Z surfacebrightnessin
arbitraryunits,andis dependentnthe propertieof thegalaxycluster;figureis from [Grainge1994.
At theRyle Telescopes observingrequeng, 15GHz, thesurfaceébrightnesss expectedo benegative,
approximately—1mJyarcminute? for arich cluster

restenegy mec>:

2|(BO'T
ATSZ/TCMB: — mecz ./neTedI, (1.1)

For arich clusterwith T = 10°K, ne = 10*m~3, anda diameterof a few hundredkiloparsecsthe

S—Z effect is small, ATsz ~ 1mK, correspondingdo a fractionalchangeATsz/Teug in the CMB in-

tensity of a little over 10~%, but it is an order of magnitudelarger thanary other possibleeffects
producingarcminute-scal@egative featuresin the CMB, suchasintrinsic primordial anisotropies.
See[Birkinshaw 199§ for a full review of other effects producingholes. Despiteits small mag-
nitude, successfuimeasurementsf S—Z distortionshave beenmadewith a wide variety of tele-

scopesincethefirst 1-dimensionatadiometeiscanghroughtheclusterAbell 2218in themid-1980s
[Uson 1984 [Birkinshaw 1984. Thefirst 2—dimensionaimageof aclusters S—Zeffectwasobtained
for Abell 2218in 1993by the Ryle TelescopgRT) at the Cavendish[Jones1993. Imagingof such
S—Z effectswith the Ryle Telescopeindthe OVRO/BIMA arraysis now routine;seerecentmeasure-
mentsreportedn [Grainge1999, [Saunderd 999, and[Carlstrom1999.

Perhapghe mostremarkablething aboutthe S—Z effect is implicit in equation(1.1) — the ob-
sened temperaturedecremenis independendf the clusters redshift. An Earth-boundtelescope
seesa far-away light-emitting objectas having an effective temperaturdproportionalto the surface
brightnessaswell astheenegy density of the detecteghotons}hatis smallerthantheemittedtem-
peratureby afactor (14 2)~4, wherez is theredshift,dueto the effectsof theuniverses expansionon
the photonenegy andarrival frequeng, andon the object’s appareningularscale. The S—Z effect,
however, getsaroundthis inherentlimitation: the enegy densityof the illuminating CMB photon
sourceis largerin the past, by a perfectlycompensatindactor (1+ 2)*. Measurementsf the S-Z
effect promisesto be a powerful probeof the large-scalestructureof the high-redshiftuniverse;in
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particular they will strongly constrainthe rate of galaxy (proto)clusterformation, which is highly
sensitve to cosmologicaparameterfike the universes massdensityQp, [Bahcall1997.

Quantitatively, aRayleigh-Jonetemperatureleficitof —1mK correspondso asurfacebrightness
of about—21mJyarcminute 2, usingtheformula

2kgTr-3

I
Clustersbeyond z = 0.2 have apparensizesof a few arcminutesandthusproduceholeswith total
negative flux on the orderof —10mJy! Thus, unlike searchegor optical/X-ray/radioemissionof
distantclustersooking for S—Z shadowf clustersis just aseasyat z= 5 — if rich clustersexist
thatfar in the past— asit is atz < 0.5. Onepurposeof this thesisis to summarizeecentdiscoveries
by the Ryle Telescopef high-redshift(proto)clusters.

Surfacdrightness= (1.2)

The main objective of this thesisis to illustrate a fast, systematiovay in which contaminating
radio sourcescan be removed from S—Z maps. The resultingimages,when combinedwith X-ray
information, canthenyield a measuremeruf the Hubble constantHy, the currentrateof expansion
of theuniverse[Cavaliere1979. Theideais simple: a clusters X-ray luminosity Ly is proportional
to fngTel/zdI, while the depthof its S—Z hole ATsz is proportionalto [ neTedl. Constrainingthe
electrongastemperaturdrom X-ray spectra,and guessinga 3-D model of the gasshape,onecan
thenestimatethe lengththroughthe clustey proportionalto ATZ,/Ly. Comparingthis lengthto the
clustersangularsizeyieldstheangularsizedistanceo thecluster This thencalibrateghe universes
angularsizedistancevs. redshiftcurve, giving thevalueof Hyp. The mainadwantageof this technique
is its independencef theassumptionsisedto calibratethe cosmologicatistance-laddewhich have
promptedquite a bit of controsersy over discrepanciebetweenvariousrecentHy measurements.
Thesemeasurementsangedfrom 50kms~Mpc~1 up to 80kms~tMpc—! asrecentlyastwo years
ago, but now appearto be corverging towardsa tighter rangeof values,65— 75kms~'Mpc~1, as
systematierrorsin the differentexperimentsarebetterunderstoodsee e.g.,[Freedmari999.

The S—z/X-raymethodto determineHy is subjectin practiceto randomand systematicerrors,
with the largestonesbeingthe mismatchbetweenthe clustergastemperatureappropriateo the S—
Z effect andthat actuallymeasuredn X-ray obsenations,assumptiongboutthe shapeof the gas,
andeffectsof the contaminatingadio sourcemearthe cluster;see,e.g.,[Grainge1999. Thework
presentedn this thesisdetailsa completemethodto dealnot only with point-like radio sourcesbut
alsowith extendedclustercentre“halos” thatobscurethe Suryaes-Zel'dovich shadav. This method
is appliedto theRyle Telescopes obsenationsto produceimagesof the S—Z holesof twenty clusters.
Eight of the S—Z detectionsarethencombinedwith X-ray informationto yield anestimateof Ho.

1 Naively, one might expectthat more distantclusterswould appearsmallerin the sky, in inverseproportionto their
distance/redshiftso thattheir total flux would be reduceddramaticallywith distanceas 1/distanc§. However, dueto the
universes expansiontheangulardiameterof anobjectis givenby Dg = z(1+ z’)—ZHO_l ~ 1Mpcarcminute 1z(1+2)=2, up
to correctionsof orderggz? [Weinbeg 1979. Becausef the (1+ z)—2 factor, the angulardistanceflattensto amaximum
of approximatel\800kpcarcminutel atz= 1.25for qp = % andA = 0, insteadof increasingndefinitely with redshift.
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Model Flux against Baseline

"4doo 2000
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Fig. 1.2: Absolute value of simulated S—Z flux as a function of interferometerbaselinefor rich cluster
Abell 2218; figure is from [Grainge1994. Note thatthe RT’s shortestbaselineis 90Q\, just short
enoughto catch10% of theflux.

1.2 Radiolnterferometryandthe Ryle Telescope

The techniqueof aperture-synthesisdio interferometry developedat the CavendishLaboratoryby
Ryle [Ryle 1973, allows the imagingof a wide variety of angularscalesof theradiosky. An inter-
ferometerconsistsof a numberof radio aerial dishestracking a particularregion of the sky. Each
pair of dishesconstitutesa singleinterferometetbaseline”;the outputsof eachreceverin apair are
correlated directly measuringa particularspatial Fourier componenof the radio intensity S(x)) of
the sky, acomple visibility:

Vis(u) = / &2Muxs(x) B(x) dx, (1.3)

whereu = (u, V) isthebaselinetheseparatiovectorbetweertwo aerialsmeasuredh radiowavelengths
(M) projectedonto the sky; x arethe coordinatesof the sky, measuredn radians;and B(x) is the
primary beampattern anenvelopefunctiondetermininghetelescopesfield-of-view, whoselocation
on the sky is setby the aerials’pointing direction. Becausehe interferometeimeasureshe correl-
atedpower of particularFourier component®f patcheof the sky (andnotthetotal power), it avoids
severalsystematierrorsof single-distradioexperimentsin particular theinterferometefresolves”
out the constant2.7 K cosmicbackgroundaswell asary atmospherieemission(which is at large
angularscales)andthusmeasuresnly anisotropiesn the CMB selectedut by the Fouriercompon-
entscorrespondingo theinterferometebaselinesin addition,the celestialradio emissiornof interest
moves acrossthe sky, producinga tell-tale time variation, the “fringe rate”, in the correlatednput.
Filtering for this fringe rateallows for additionalsuppressiomf ary backgroundadio noise— such
asinterference— notintrinsic to the aerialreceversthemseles;seege.g.,[Thomson1984.

The S—Z shadavs of galacticclustersare generallyof angularsizesof several arcminutes.The
interferometeibaselinesequiredto seesuchfeaturesvould ideally needto belessthanl kA, ascan
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Configuration Ael Ae2 Ae3 Ae4 BaselinedAvailable

Ca 12 9 7 4 23345578912

Cb 12 10 8 4 2,2444,6,8,8,10,12

Cc 16 12 8 4 4,44,4.8,.8,8,12,12,16

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

Tah 1.1: Compactconfigurationof the Ryle TelescopeRT antennad—4aremountedon aneast-westailway
track;their positionsarelistedrelative to (fixed)aerial5, in unitsof 8.93m, correspondingo 450\ at
15GHz.

be seenfrom the simulatedflux vs. baselineof clusterAbell 2218,shawn in Figurel1.2. Most of the
world’s sensitive radio telescopesiave beendesignedwith large baselines— from mary metresto
intercontinentaldistances— to look at sub-arcsecondtructures)ike active galacticnuclei,anddo
not have shortenoughbaselineso seeS—Z structuresFor example,the shortesbaselineavailableto
theVeryLargeArray (VLA) in New Mexico in its mostcompactonfigurationis 33 m, corresponding
to about2 kA atthe15GHz; seee.g.,[Partridge1987.

Currently the Ryle Telescopepbservingat 15 GHz, andthe OVRO/BIMA arrays,observingat
30GHz, aretheonly interferometersvith shortenoughaerialspacingg1kA and1-2kA, respectiely)
to catchary of the S—Z effect. Thesebaselinesarestill not ideally shortenough,and detectonly
about10-20%of thetotal S—Z flux of typical clustertargets.Designsfor interferometersvith shorter
baselineslevotedwholly to detectionof the S—Zholeshave beenproposedandhopefullywill bebuilt
within the next few years.Until then,we rely onthe Ryle Telescopdor imagesof the S—Z effect.

To searchfor the S—Z effect, the Cavendishlaboratoryusesthe five closest-spacederialsof the
Ryle Telescopeconsistingthe original seven 12.8-m Cassgrain-focusparaboloiddishesin Ryle’s
original 5-km TelescopgRyle 1977 with an upgradedcorrelator;four of theseaerialsare move-
able along an east-westailtrack. The RT operatingfrequeny for S—Z searchess 15GHz; it is a
compromisebetweenattemptingto reducecontaminatiorof the S—Z effect by radio sourceswhose
intensitiesgenerallyfall with frequengy [Windhorst1993, andavoiding strongatmospheriénterfer
ence which becomestrongin therainy Cambridgeelescopssite at frequencieigherthan20GHz.
The telescopes total bandwidthof 350MHz is divided up into 5 sub-band®f frequeny +£35MHz;
eachsub-bands thendivided into a further 7 sub-channelbeforecorrelationby an 8-lag Fourier
TransformSpectrometeto preventchromaticaberration.The cooledreceversoperatevith asystem
temperaturef 60 K, improved from 75 K aftera 1994 upgradewith somenoisevariationdepend-
ing on the atmosphere radio emission;after 12 hoursof obsenation on a target, combineddata
from the 10 possibleaerial pairingsyield a map with an r.m.s. noise of 200uJy, probing angular
scalesrom a few arcsecondso anarcminute correspondingo availablebaselineof 10kA down to
1A [Graingel99@G. The primary beamhasa full-width-to-half-maximum(FWHM) of 6 arcminutes.
Furtherdetailsof telescopeperationsaandsub-sytemsareavailablein [Jones199(.

The baselinesavaliableto the RT in variousaerialconfigurationsarelisted in Table 1.1; an ex-
ampleof theu-v coverageof the baselinevectorswhich sweepout semi-ellipsesn the Fourierplane,



1. Introduction 7

W |

v (wavelengths)

~5000 —+ B

I
—5000 0 5000

w (wavelengths)

Fig. 1.3: Theu-v coverageof the apertureplane,or Fourier plane,for obsenation of the clusterAbell 1413, at
declination23°, by the Ryle Telescopén Cb configuration.The missingportionsof the semi-ellipses
correspondo aerialpairingswhereoneaerialdish shadavs the otherdish. Note thatthe visibiliti esin
theright half of the Fourier planeareconstrainedy Vis(u) = Vis*(—u), sincethe correspondingky
mapis purelyreal.

or apertureplane,relative to the sky asthe earthturns,is shovn in Figure1.3. For mostclusterob-
senations,themostcompaciCb aerialconfigurationprovidesthe bestshort-baselinéatarelevantfor
the S—Z effect; however, the otherconfigurationsareoften usedfor low decrementargets,for which
thecloselyspacedCb aerialscanactuallyshadev eachotherfor long periodsof time.

1.3 TheRyle Telescopes—ZProgramme

Becausef the faintnessof the S—Z effect, it is not yet feasibleto surwey a large patchof the sky to
searcHor distantgalacticclusterspneneedscluesasto whereto pointtheRyle TelescopeThetargets
of the Ryle Telescopes—Z programmeare divided into two categyories: medium-redshifclustersat
z~ 0.2whichallow thedeterminatiorof the Hubbleconstantanddistant,high-redshiftcandidatesit
z> 0.3. Thetargetsarelistedin Table1.3.

Thesetof “Hubble constant’clusterswereinitially selectedn 1993baseddn approximatelepths
of the S—Z effects of the rich clustersknown then, mostof which were compiledin the Abell and
Zwicky cataloguesThe expectedS—Z fluxeswereestimatedrom the X-ray luminosity andredshift
informationavailableat thattime; clusterswith redshiftslessthanabout0.1 wereautomaticallyruled
out becauseheir large angularscalesvould beresohed out by the RT [Grainge1996. Mapsof the
hundredbestclustercandidatesverecheckedn the GreenBank5GHz All-Sky surwey; regionswith
bright sourceggreaterthan 20mJy at 5GHz) werethrown out. Furthermore pne-daymapsof the
remainingclusterswere madewith the RT, and clustersin regions containingsourcesgreaterthan
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5mJy at 15GHz werealsoremoved from the target sample.Most candidatesn the sampleof forty
candidatesiave beenobsenedby the RT in thelastsix yearsfor periodsof time rangingfrom 6 x 12
hoursfor Abell 1246 up to 80 x 12 hoursfor both Abell 2218 and CLO016+16. The existenceof
public-domainX-ray maps,publishedX-ray temperaturesandsensitve VLA obsenationsat lower
frequenciegl1.4GHz,5GHz) hasallowedfor full source-subtractioandfor Hubble-constandeterm-
ination for eightof theseclusters,ncluding Abell 665, Abell 1413,andAbell 773. Detailson these
clusters’'S—Zeffectsarepresentedn section3.2.

Thepossiblandicatorscurrentlyusedto look for rich, high-redshiftclusterancludegalacticover-
densitiedn the HubbleSpaceTelescopéMedium DeepSurey; faint but extendedX-ray sourcesand

clustersof brightradiosourcesFurtherdetailson recentsearche$or distantclustersarepresentedn
section3.3.
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Cluster Z RA Dec

Name (B1950) (B1950)
A611 0.288 07'57M43.4% 36°11M20°
A665 0.182 08'26M25.6° 66°01M0%
A697 0.282 08'39M46.45 36°32M34°
A773 0.217 09'14M22.45 51°56™09°
A990 0.144 10'20M34.55 49°23"31S
A1246 0.216 11M"21M19.85 21°45M37°
A1413 0.143 11"52M44.05 23°41™10°
A1423 0.213 11"'54M47.25 33°53M38"
A1704 0.220 13"'12M36.0° 64°50M28°
Al1722 0.328 13"18M336° 70°17M38°
A1914 0.171 14M23"59.15 38°02M57°
A1995 0.318 14'51M36.0° 5815M05°
A2111 0.229 15'37M46.25 34°34M3%°
A2218 0.171 16'35M42.0° 66°18M47°
A2259 0.164 17'18M08.35 27°43M10°
Zw1883 0.194 08"39"53.9°5 29°28M48°
CLO016+16 0.546 00"157m58.4% 16°09M42°
MS1137+662 0.78 11'37M34.75 66°24M525
TEXOXL20 02'30M22.8° 30°08M49°
TEXOXL21 02'30m32.15 35°46M17°

Tah 1.2: RT Tametsfor S—Zdetections.



2. SEEINGTHE S-ZEFFECT METHODOLOGY

The majorobjective of this researcthasbeento producea quick, systematianethodto remore con-
taminatingradio sourcesrom several years’worth of Ryle Telescopeclusterobsenationsallowing
theimagingof theremainingS—Z shadavs. Thefollowing sectiondetailsa proposedeplacemenof
the previously usedmethodologywhich, beingnascentywaslabourintensive andsometimedacking
in desiredrigour [Grainge1994.

2.1 Initial Steps

Becausdhe S—Z decrementsrefaint, the RT hasto be pointedat a particularclusterfor a couple
weeks(sometimesfor a couplemonths), producinga large amountof data. Eachday’s obsena-
tions arefiltered to throw away visibilities affectedby dish shadaving or by weatheyandare calib-
rated. Theresultingdataareoutputtedn thecompact-lexible ImageTransporiSystem(FITS) format
[Pooley 1999.

To makethe datamoreamenabléo FORTRAN manipulationseachFITS file is thencorverted
to the simple vis format, a text file listing, for each320-secongbacketof time andfor eachaerial
pairing, the (u,v) baseline the real andimaginarypart of the visibility, andthe estimatechoiseon
the obsenation, usually about7 mJy. Previously, the noise estimatewas takenby re-weightinga
nominalerror basedon a noise-injectiorestimator(“rain gauge”)indicatingthe effect of weatheron
the telescopethis oftenunderestimatedrrorsby a factorof 1.5to 2. Now, a betterestimatefor the
r.m.s. erroron eachvisibility is determinedy looking attheintrinsic scatterof the 35 sub-frequeng
measurementhatwere combinednto onevisibility . The switchto thelatter methoddoesnot affect
thebasicnumbersaandimagesn thedata;it only improvestheestimate®f theerrorbars.

The one-dayvisibility files for a given clusterarethenconcatenatethto one big vis file, whose
contentsarebinnedby cuttingout 200kA squarebinsin theu-v plane,andby thenaveragingthe data
(weightedby 1/r.m.s.?) in eachof thesquarebins. Thenew binnedvisfile, calleda vbnfile, contains,
for eachnon-emptybin of the u-v plane,the (u,v) of the weightedbin centre,andthe appropriately
combinedvisibility andr.m.s.. The big advantageof binningis the muchimproved speedat which
sourcesn thedatacanbe properlyfitted. Of coursetheaveragingin the u-v planethrows away phase
informationrelevantto sourcegyreaterthan10 arcminfrom the RT pointingcentre;however, the RT
primary beam(whosefirst null occursat 5 arcminutesfrom the centre)preventsarything that far
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away from showing up in the obsenation?! Finally subtractionof contaminatingadio point sources
is carriedout, andthe resultingshort-baselinelecrementareanalyzedithis generalmethodologyis
detailedbelow.

Although all the quantitatize analysisis carriedaboutby a fitting program,mapsof the dataare
madeas visual aids. A Fast Fourier Transformis appliedto the interferometervisibilities to get
an approximationto the actualradio sky; sincethe datado not have information aboutthe full u-
v (Fourier) plane,the resultingimageis of the sky corvolvedwith a synthesizedeampattern,i.e.
sourcesare accompaniedby “grating rings” thatdirty up the map (see,e.g.,Figure2.1a). Previous
analyseshave usually extractedresultson the sourcesas well asthe S—Z decrementy usingthe
nonlinearCLEAN algorithmto decowolve the image,implementedasthe APCLEAN taskin the
NRAO AstronomicallmageProcessingystem(AIPS) packagdAIPS 1999. CLEANIng, however,
cansometimegproducespuriousresultsif appliedto mapsbasedon visibility datawith eithersparse
u-v coverage(especiallyon shortestbaselinespr low signal-to-noise— the RT short-baselin&s—Z
datahave both problems. In this thesis, CLEANed imagesof S—Z effects are shovn for aesthetic
pleasureput all shapespositions,andnumberselevantto the analysisaretakenfrom fitting the vis
files, with thedirty mapsasvisualguides.

2.2 Subtractorof PointSources

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

whosefluxes,rangingfrom 150to 1500uJy, contaminateéhe maps.Physically thesemaybe quasars
or otheractive galacticnuclei, or starforming galaxieswhosestructuresaregenerallysmallerthan

afew arcsecondsandthereforeappearpoint-like in currentRT obsenations. Mary arevariableon

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

observingtime.

MostotherS—Zexperimentsattempto subtracsourcedasednextrapolationof lower-frequeny
fluxes, takenfrom, e.g., VLA data. The greatadwantageof the Ryle Telescopeis that its longer
baselinespn which the S—Z effect is absent,can exposethe locationsand fluxes of contaminating
radio sourcesallowing for their removal from the shorterbaselines.Becausethe shorterbaseline
dataandlongerbaselinedataaretakensimultaneouslythe RT sourcesubtractioris notsubjectto the
spectrabndtemporaluncertaintieshatplagueotherexperimentsindeed the sourcesubtractiordoes
not significantlyincreasehe short-baseling.m.s. noiseestimatesn the vis files, sincethe errorson
thesourcefluxesaregenerallylessthanhalf of theerrorontheS—Zdecrements— theRyle Telescope
hasroughlyfour timesasmary longerbaselines{ 2kA) asshorterbaselineg< 1kA).

Thesourceremoval takestwo steps:subtractiorof the majority of the point sourceflux, followed
by removal of ary residualextendedemission. As anexampleof atargetrequiringsourcesubtraction,

1 The Ryle Telescopehasencounterene exceptionto this: the clusterMS1137+6625seefollowing chapter)which
is contaminatedy a very bright 3C source20 arcminaway from the centre;to analyzethat cluster the u-v bin sizesare
reducedo 20A.
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Fig. 2.1: Demonstratiorof sourcesubtractionfor the TEXOXL20 region. (a) Map (not CLEANed) of all RT
baselineshaving several point sourcesn the field-of-view. (b) Long baseline(> 2kA) map after
inital removal of NVSS-selectegoint sourcesshaving “residual” pointsources.

Figure2.1ashavstheraw RT map,usingall baselinenformation,of candidatehigh-z clusterregion
TEXOXL20. To find outif therereally is a clustertherewith accompaying S—Z shadev, oneneeds
to remove the effectsof thesources.

2.2.1 FirstRoundof Subtraction:Points

| have written a program,called FLUXFITTER, to createa setof modelvisibiliti esof the radio sky,
andcompareit to the actualdataby computingthe x? statisticfor how well the modelfits the data
visibilities, giventhe errorsexpectedfor thevisibilities oys:

ViSgata— Vis 2
Xz g | data . modell ’ (2.1)
visibilities 0Vis

For datawith Gaussiamoise(asis the casefor theinterferometewisibilities), the x? is equivalentto

—2log(likelihood), up to an additive constantthus, finding a modelwith minimumx? is equivalent
to maximizing the likelihood of thefit. If the modelvisibiliti esare parametrizedy, for example,
a setof fluxesand/orpositions,the standarderror, or 1-o error, ellipsoid is then definedby those
parametevaluesy?_, which satisfyx3_, = X2, + 1. In practice the 1-o errorsare estimatecby

finding how the x? increasesiseachof the parameterss separatelyariedaroundthe minimum,and
thenextrapolatingto wherex? is expectedto goup by 1.

First, alist of sourcecandidategusually5 to 10 sourceswithin 8 arcminutesof the RT pointing
centre)is compiledfrom lowerfrequeng catalogueslike the VLA FIRST [White 1997 andVLA
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NVSS suneys [Condon199g at 1.4GHz, the WENSSsuney at 330MHz [Rengelink1997, and
in specialcasesdeepVLA imagesof the clusterregion that have beenobtainedby the Cavendish
groupor others.e.g.,[Moffet & Birkinshav 1989. Thesepossiblesourcelocationsarethenfed into
FLUXFITTER, which usesa simplex-minimization“amoeba”routineto find a bestfit of point source
fluxes at thoselocationsin the RT data. The minimizationroutineis a straight-forwardone, first
settingup a polyhedron,or simplex, in the fit-parametesspaceandthenallowing it to move around
parametespaceVvia contractionsgxpansionsandinversionghroughonevertex) andto contractonto
aglobalminimumof thex?; seef]Num. Recipesl997 for details. Theminimizationroutinegenerally
takeslessthantenseconddo fit the fluxes;initial guessesor the fluxesaresetto zero,to avoid sign
bias. Thex? is computedusingbaseline®—10kA; this avoids biasfrom the clusters S—Z hole,which
producedessthan10pJy on thosebaselinegasis clearfrom Figure1.2), whichis far lessthanthan
ther.m.s. noiseof 50-15Quly typical of thosebaselinesn the RT obsenations. Note that, because
thefit is beingdonewith all points simultaneouslywith u-v planedata,thereis no needto further
compensatéor gratingrings or sidelobesothe synthesizedbeam.

Initially, to preventthe routine from gettingtrappedin local minima of x2, the routinewasrun
twice, usingthe best-fitof thefirst run (initialized with flux guesse®sf zero)asaninitial guessf the
secondun. In all casesthe secondrun hasbeenfoundto be unnecessanthex? statistic,takenasa
functionof thepoint sourcefluxes,hasawell-definedminimum. The 1-o errorspredictedrom the x?
analysisfor eachpoint sourceflux arecheckedo agreewith eachotherandwith ther.m.s. noiseon
(pre-CLEANed)mapsmadewith the source-subtracteldng baselineswhich typically rangesrom
40 pJy for a clusterobsenationwith a large amountof data,like Abell 2218with 80 x 12 hours,up
to 120pJy for shorterintegratedobsenationtimesof 6 x 12 hours.

Most of the sourcecandidatestakenfrom lowerfrequeng catalogueshave fitted fluxeswhich
areof lessthan2o significance(usuallycorrespondindo 200 pJy) in the RT data. This is expected,
sincecandidatesourcedocatedmorethanafew arcminutegrom the RT pointingcentrewill beatten-
uatedby the RT primarybeam which hasa half-poverradiusof 3 arcminutes These'insignificant”
sourcecandidatesirediscarded.No attemptis madeto subtractfluxesfrom their locations,though,
evenif someflux wasremoved, it would only slightly increasehe noiseto the data. In the dozens
of clustersto which this methodhasbeenapplied,never hasa negative fitted flux had greaterthan
20 significance— agoodsystematicheck.

Thelocationsof the remainingsignificantsourcesaretheninputtedagaininto FLUXFITTER; the
resultingfluxes/errorsarenoted,andthe sourcesare subtractedrom the datavisibiliti es. Typically,
this re-fitting without the “insignificant” sourceschangeghe fluxesby muchlessthanthe estimated
1-o errors. In the particularcaseof TEXOXL20, the locationsof seven point sourcecandidatesire
takenfrom theVLA NVSScatalogwhichhasaflux limit of 2.5 mJyat1.4GHz; all of thecandidates
turn outto producesignificantfluxes,rangingfrom 300 uJy upto 1800y, in the RT field-of-view at
15GHz. Themapwith thesesourcesemovedis shovnin Figure2.1b;sourcanformationis compiled
in Table3.4.
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2.2.2 Secondroundof SubtractionTreatmenbf Residuals/ncluding Double Sourcesand
Slightly ExtendedSources

Occasionallyafter the removal of point sourcesgspeciallyof very bright ones,residualflux is left

behind eitherbecausanoriginally subtractegbointsources slightly extended or becaus¢he source
candidatevhich appearsn alower-resolutionlower-frequeng catalogasonelarge sourceis resohed

by the Ryle Telescopento two pointsources.

Toremove thesearesidualshoththelocationsandfluxesarefitted by FLUXFITTER, andsubtracted,
leadingto anartefact-fredongbaselinanap.In the TEXOXL20 data,this secondoundof subtraction
removesfour residualpoint sourceswith fluxesof 200—-440udy, which arequite significant;thelong
baseliner.m.s. is 65 pJy. The removal of the residualsproducesa long baselinemap, Figure2.2a,
with peaksof +2.50, consistentwith noise. All four residualpointsare close(within 100 arcsec,
andin two caseswithin 20 asec)to point sourcesremaoved in the first round of subtraction;the
NVSS map, which hasa poor resolution(synthesizecbeamof FWHM 45 arcsec),shovs themas
“extensions’of the strongersourcesNotethatwhendeepeNLA imagesareavailable,asis thecase
for theHy clustergoresentedh thisthesis all subtractegourcesindresidualhave clearlyidentifiable
counterpartén thelowerfrequeng maps.

In afew rarecasesincludingAbell 665andCL0016+16 abrightsourceappeargxtendedbecause
it lies nearthe null of the primary beam,becominghighly susceptiblgo slight fluctuationsin the
telescopepointing. Theseapparentlyextendedsourceshave causedoroblemsin previous CLEAN-
basedanalysesBut, by fitting for boththelocationandflux in FLUXFITTER, they areeasilyremored.

In all the clustersstudied the abore methodologyhasyieldedalong baseling(>> 2kA) mapcon-
sistentwith noise. In addition, several of the RT full clusterdatasets,including the large setsfor
Abell 665,Abell 2218,andCL0016+16 have beenpreviously analyzedoy GraingeandJoneausinga
morelabourintensive CLEAN-basedanalysis[Grainge1994 [Jones1993. Thepoint sourcefluxes
predictedby the currentFLUXFITTER codeagreewell within 1-o errorbarswith theresultsobtained
in thepreviousanalyses.

The S—-Zdecrementif presentcannow be seenon a short-baselinenap. Mappingthe shortest
baseline-1kA usually providesthe deepeshole, while mappingbaseline)-2kA cangive better
shapeand positionalinformation, if thereis enoughsignal-to-noise.In the caseof TEXOXL20, for
example,after the initial removal of the seven NVSS-selectegboint sourcedhasedon long-baseline
information, thereis asignificantdecremenof —400pJybeant?! onthe 0—1kA map,whichis expec-
ted to have anr.m.s. noiseof 80pJybeanT?; seeFigure2.2h After subtractionof the four residual
sourcesthe 0—1kA decrementhangesy 10, to —320puJybeant?® . Indeedthis weakeffect of the
residualsis a generaltrend: for all of the clustercandidatesthe subtractionof the weakey residual
pointsourcegproducesrerylittle changdn thefluxesof the short-baselinelecrements.
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Fig. 2.2: Demonstratiorof sourcesubtractiorfor the TEXOXL20 region, continued.(a) Longbaseling> 2kA,
not CLEANed)mapconsistenwith noise afterremoval of “residual” pointsources(b) Shortbaseline
(< 1kA) mapshaving the S—Zhole at mapcentre,accompanietyy the synthesizedeampattern.

2.3 ExtendedSourcesatthe ClusterCentre

Sofar, short-baselinenapsof abouttwenty clusterregions show clear significantS—Z decrements
after point sourcesubtraction. However, their centresare oftendifferentfrom the positionspredicted
from the centroid of the gasX-ray emissionby up to an arcminute— a significantdisplacement,
givenpointing errorsandstatisticalnoise? In addition,somehave odd shapestesemblingeardrops
[seeAbell 665, Figure3.10]or triangles[seeAbell 1914, Figure3.21],which do not matchthemore
circular/ellipticalgasshapesseenon the correspondingX-ray maps,and statisticallycannotbe the
resultof interferometenoise;seesection3.2.1for anin-depthdiscussiorof theshapeandpositionof
the Abell 2218decrement.

Furtherinvestigationf the radio ervironmentaroundtheseclusters,using, for example,VLA
maps,show the strongpossibility thatextended,contaminatingadio sourcesxist in the Ryle Tele-
scopesfield-of-view andwould notbevisible in thelong-baselinesQuite often,theextendedsources
lie nearthe centresof theseclustersand happento have angularscalessimilar to thoseof the S—
Z shadov, producingdistortionsof the S—Z shapes Evidencefor theseextendedsourcess detailed

2 Inaccuratgointingscould be a possiblecausethe positionaloffsets. However, randomerrorson the Ryle Telescopes
positional calibration, usually inducedby momentary slight displacementg< 30 arcsec)of radio aerialsby the wind,
arereducedafter severaldaysof data-takingo undera few arcsecondsasis evidencedby the agreemenbf radio source
locationsto thosein existing cataloguesAlso, while theX-ray satellitescanhave largerpointingerrors(5 arcsedor ROSAT
HRI; 15arcsedor ROSAT PSPC)thepositionsarere-calibratedy matchingX-ray pointsourcego known starsor AGNs.
Positionalerrorsin boththeradioandX-ray mapsarefurtherdiscussedn section3.2.1.
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for eachclusterin Chapter3. In somecasesthe extendedflux appeargo be directly associated
with bright pointsourceshput often,theflux is extendedover the centraloneor two arcminutef the
cluster without proximity to ary pointsourcesWhatis producingtheseclustercentre*halos”? Three
possibleclusterassociateghysicalphenomenghatcanproducethis kind of extendedradioemission
arenow summarized:

2.3.1 Aggregatesof low-flux radiosources

Sourcesuneys have shovn thatgalaxyclustersareassociateavith a higherdensityof sourceghanis
characteristiof inter-clusterspace For example,cross-correlationf the 1.4GHz VLA FIRSTradio
suney andthe Abell catalogshows that the densityof radio sourceswithin a few arcminutesof an
Abell clusteris at leasttwice the densityin non-clusterregions[Cress1996. Moreover, a surwey of
50 clusterregionstargetedfor the S—Z effect at 28.5GHz showns the densityof radio sourceswithin 4
arcminute®f theseveryrich clustergo be4—7timesthedensityin non-clusteregions[Cooray1999;
thesourcecountsin thecurrentRT sampleshow asimilartrend,discussedh detailin section3.1. The
overdensityof radiosourcesearclusterss, of course gxpected sincethedensityof galaxieds higher
in a cluster thereis alargerab initio chanceof having an AGN or starforming galaxyin the field-
of-view. Moreover, clustermeigersmay possiblytrigger AGN formationaswell asstarformation;
also,radio emissionof AGNs canbe moreluminousasAGN jets crashinto the intraclusterplasma
[Clusters1994. Finally, theclustercangravitationally lensebackgroundadiosourcesincreasinghe
fluxesof sourcesn aring aroundtheclustercentre with aradiuscorrespondingo the Einsteinangle
(o ~ 30") [Loeb 1997.

A groupof mary low-level sourcesnay conspireto producea seemingly‘dif fuse” sourcethatis
notproperlyisolatedn theVLA catalogueskor example,theNVSSVLA 1.4GHzmapof Abell 773,
shaws threeor four compactfeaturesembeddedn a diffusering in the clustercentre. DeeperVLA
data,with betterresolution,confirmsthis structure;seeFigure 3.15. Analysis of the S—Z effect in
the RT data,however, is not seriouslyimpairedby this kind of multi-componensourcethe RT long
baselinesesohe the“ring” into ten compactsourceswith separatdluxesof 150-200uJy (3—4 g in
this case)in thelongerbaselinemap;seefurtherdiscussiorin section3.2.4.

2.3.2 Radiohalosinducedby clustermeigers

Clustermegerscaneasilyamplify magneticfields andacceleratgarticlesto the point thatsynchro-
tron emission,spreadthroughoutthe impactregion, canbe obsened at radio frequencies see,e.qg,
[Giovannini1999. Among the catalogueof known galaxy clusters,suchbright radio “halos” are
rare,in accordanceavith the physicalpicturethatthey areessentiallyiransienpphenomenaThetime
betweenmewgersis estimatedo be a few 10° years;the particlesacceleratedn a meger losetheir
enegy throughinverse-Comptotossesandsynchrotroremissionon shortertime scalesof 10° years
[Tribble 1993. The beststudiedhalos— e.g.,the onesin Coma,Abell 2255, and Abell 2256 —
appearin clusterswith strongly distortedX-ray gasdistributions,aswould be expectedof recently
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mewged clusters. The obsered halos generallyhave the steepspectralindicesa > 1, definedby
SOv~% whereSis the sourceflux, anv is thefrequeng. Suchindicesareexpectedof synchrotron
emissionof particleswhich have stoppedbeingaccelerateédindhave beenlosing enegy for at least
10’ years.Howeverthereis evidencethatthe centralregionsof thehalosmay have a “younger” com-
ponentwith a ~ 0.8, which hasmorerecentlybeenacceleratedy AGNsin the cluster;see,e.g,the
studyof the Comaclusterhaloin [Deiss1997. Despitedthereputedrarity of meigerhalos,asearch
for strongS—Z effectsstronglybiasesthe targetedclustersto be hot and big — exactly thekind that
may have recentlyundegonemeigersandmay containthesekinds of halos.

2.3.3 Cooling-flow “mini-halos”

Finally, non-meging clustersmay houseextendedradio sourcesat their centresin the forms of
cooling-flov “mini-halos”. For example, the Perseuglusterhasa radio-emittinggalaxy 3C84 at
its centrewhich is associatedvith amorphousadio emissionextendedup to 100 kpc awvay from
the centre,over the whole cooling-flow region. A likely explanationfor the extendedemissionis
thatthe inward cooling flow of the hot gas,easilyvisible in the X-rays mapof Perseuscompresses
the magneticfield andre-enhance$ast particle enegies (which hadfallen after initial acceleration
in a meger) in the centralregion, re-inducingdetectablesynchrotrorradiation[Burns1993. Such
amorphougmissionhasbeensensitvely obsenedin severalnearby(z~ 0.05) cooling-flow clusters,
with aradioluminosityat5GHzof upto 10°*h—2WHz~1, andspectraindicesof a ~ 1 — 1.4, between
1.4GHzand5GHz; seee.g,[Burns199(. Thusa cooling-flov clustertargetedfor S—Z detectionat
redshiftza 2, may have anamorphousnini-halowith aflux of upto 1mJyat15GHz. TheRT deep
mapof Abell 1413appeardo shov suchemission spreadover the coolingflow region.

A note on semantics:the term “radio-halo” hasbeenusedin the literatureto describeseveral
kinds of objects,rangingfrom unresohed complexes of radio sourcegMoffet & Birkinshav 1989
to ary extendedradio structuresot clearly associateavith a particulargalaxy[Deiss1997. In this
thesis,the word “halo” will be usedto genericallydescribeary radio sourceextendedover at least
30 arcsecondfying neartheclustercentrejit is notmeantto imply thata particularmechanisnge.g.,
megerinducedsynchrotrorradiation)is responsibldor the emission.

Becausehe halo andthe S—Z effect in a given clusterhave similar angularscalesaswell as
similar positionsat the clustercentre,remaoval of the halosrequiresmodellingof both the expected
negative S—Z hole andthe positive radio halo. For the eight Hg clusters X-ray mapsaswell asdeep
lower-frequeny radio dataareavailableto assisin suchmodelling;a methodto effect the hole/halo
separations describedoelow. For the otherclusters suchadditionalX-ray andradioinformationis
notavailableyet. Insteadthe errorinducedon the S—Z detectionby un-subtracte@xtendedflux must
beassessedna case-by-casbasis;seeChapter3 for detailson this errorassessment.
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2.4 Estimatingthe Hubble Constant

To estimatethe Hubbleconstanfrom a givenclusterit is first necessaryo constrainits gastemperat-
ureandits 3-dimensionatiensitydistribution. | takethe gastemperaturéo be constantjndependent
of radius,which is consistenwith a gasdistribution describedoy the isothermalB-model, or King
profile:

S

whereng is the centralgasdensity r. is the coreradius (around200 kpc, correspondingo an ar

cminute,for mostof the clustersconsiderechere),and 3 hasbeenmeasuredo be 0.65for a large
selectionof clusters[Jones& Forman1984. For relaxed clusters,the above isothermaldescription
hasbeenshown to be a goodapproximationto the actualtemperatureand densitydistributionsfor

r < 3r¢; seee.g,[Markevitch 1999. Sincemary of the clustersappeaitto have elliptical shapeswith

axis ratiosof up to 1.5, a scaled/rotatednodificationof the sphericalprofile (2.2) is actually used,
allowing for differentcoreradii alongthe major/minoraxesof the ellipsoid; two of the axesare as-
sumedto be perpendiculato the line-of-sight, while the coreradiusalongthe third axis (alongthe
line-of-sight)is assumedo be the geometricmeanof the othertwo. Systematicerrorsproducedby
theseassumptiongboutgeometryandisothermalityarediscussedn detailin Section4.1.

Ne(r) =nNo

Theparameterfrom the X-ray fits aresummarizedn Table2.1. They have beendeterminedvith
the PROFILE packagewritten by GraingeandJoneswhich usesa simplex minimizationroutineto fit
anellipsoidalKing profiles(plusconstanbackgroundsio ROSAT images® Uncertaintiesn theseX-
rayfitsinduceverylittle errorin theexpectedS—Zdistribution; see e.g.,[Birkinshav & Hughes1994.
Systematicheckson X-ray fit uncertainitieshave beencarriedout, comparingresultsof fitting HRI
andPSPQmapsof thesameclusteraswell ascomparingmodelsobtainedoy includingandexcluding
cooling-flow regions. The alternatve fits, alsocompiledin Table2.1, yield an estimatedsystematic
uncertaintyon the predictedcentralS—Z decrement$o be much smallerthanuncertaintiesnduced
by, for example the errorson the X-ray temperatures.

Having a modelof the gasfrom the X-raysthenallows for a predictionof the shapeanddepthof
the S—Zshadoy, if the distancescale or, equivalently, Hp, is known; otherwise pnly the combination
n3/Ho is properlyconstrained.To separateut ng andHg usingthe S—Z measuremer(proportional
to ng/Ho), PROFILE simulatesa setof visibiliti esthatthe RT would seeif Ho were50 kms™*Mpc2.
Then,by fitting for rso, the scalefactor by which the simulationhole needgo be multiplied to fit the
RT data,PROFILE findsthetrue Hubbleconstamas% kms~*Mpc1t.

The presenceof extendedclustercentresourcescomplicateghings, however. | have written a
modificationof the PROFILE codeto fit the point-source-subtracteT visibilities to a modelwith
both a scaledversionof the X-ray-predictedhole anda circular gaussiarextended“halo” source.

3 | have madeuseof mapstakenfrom the ROSAT DataArchive of the Max-Planck-Institufur extraterrestrisch@hysik
(MPE) at Garching,Germayy.
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To encodepossibleprior knowledgefrom, for example,lower frequeng VLA maps,abouttheflux,
width, andlocationof thehalo,quadratidermsareincludedin thex? to provide (generallyveryloose)
constraintonthe haloparametersTheattemptto fit the haloclearlyincreasesheHy measuremerd’
systematicerror, which mustbe estimatedoy maginalizing over the halofit variables® In practice,
both the halo andthe Hubble constantare constrainednoderatelywell in caseswvherethe halo has
smallerangularscaleghanthe S—Z effect and/ora substantiallyoff-centrelocation. In mostclusters,
uncertaintiesn the haloflux subtractiorincreaseshe uncertaintyin the Hp determinatiorby afactor
of two over whatwould be expectedfor just the statisticalnoiseon shortesbaselines.

4 This error analysisis actually doneby fixing the hole scalefactor rsg = 1/+/hsg to values0.1 higher and0.1 lower,
thanthe bestfit value,by re-fitting the halo, andby thenseeinghow the x2 increasesExtrapolatingto wherethe x2 goes
up by 1 givesthemamginalizederroronthe scalefactor
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3. THE CLUSTERS

This chaptersummarizeshe Ryle Telescopes searchegor the S—Z shadavs of galaxyclusters;the
pointing centredor the twenty targetswith significantS—Zdecrementsirelistedin in Table3.4. Be-
fore describingheresultsobtainedrom the S—Z searchegheradio sourceenvironmentin theserich
clusterss characterizedtheseresultswill be particularlyusefulin understandingourceconfusionin
futureradioexperimentgocusingon galaxyclusters.

3.1 RadioSourceCountsin the ClusterErvironment

For sourceswithin a few arcminutesof the Ryle Telescopes pointing centre,the fluxes can be ac-
curatelycorrectedor attenuatiordueto the RT primary beamresponsewhich hasbeenempirically
parameterizetdy beamholographyasa power law:

B(r)=1.0-2.08x10"% —2.61x 107 °r>4+5.32x 10783, (3.1)

wherer is the distancefrom the pointing centrein arcsecondsin practice,the above formula de-
scribesthe primary beamwell for r < 4arcminutesat which the attenuationis 20%. Beyond this
radius,the primarybeamresponsés not very smooth— thefirst null of thebeamoccursatr ~ 5 ar
cminutes— andvariesdependingon which pairsof aerialsareusedin the map[Grainge1994. The
parametrizatiomn eqg. (3.1) hasbeencheckedfor example, by measuringhefluxesof thethreebright
(> 1.5mJy)sourcegresentn the Abell 2218field-of-view asthey appeaiin six RT pointingsoffset
from the clustercentreby onearcminutethefluxesarecompiledin Table3.3.

With 80 separateadio sourcedoundin 20 separateslusterfields, a preliminaryanalysisof the
spectraandflux distributionsof the samplecanbe carriedout. Abouthalf of theobseredsourcesare
closeenoughto theappropriateRyle pointingcentredo allow for propercorrectionfor primarybeam
attenuatiorandhave clearmatchesn availablel.4GHz maps.For thesesourcestangef thespectral
index a, definedby ST v~?, allowed by the 1-c rangesof fluxes S measuredatv = 1.4GHz and
v = 15GHz have beencomputed All thesourcedave a > 0, i.e.,flux falling with frequeng, except
for onesourcein Abell 2218,correspondingo sourcel? in [Moffet & Birkinshav 1989, which has
arising spectrumois, a2 —0.4. This unusuakourcehasalsobeennotedin, e.g.,[Cooray1994, and
is notincludedin computingstatisticsof the spectra.

The meanspectralindex of these42 sourceds foundto be a = 0.824 0.06, with anr.m.s. of
0.4; the medianis 0.77. To geta cleansamplewith well-definedfluxes, a requirementhat source
fluxesbe at least400pJy at 15 GHz, is imposed effectively cutting out ary sourceswith lessthan
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Fig. 3.1:RT countsof radio sourcedn sixteenregionsof radius4 arcminutesaroundrich clustersat z < 0.3.
Theline is the powerlaw fit N(> S) = 24(S/400uly) 8

50 significancethe resultingsampleof 22 sourceshasa barelychangedneanof 0.77+ 0.07, with
a smallerr.m.s. of 0.35, andmedianof 0.82. At this level of statistics,the obsered spectralindex
distributionin rich clusterregionsis indistinguishablefrom the spectraof the corresponding GHz
millijansky populationin interclusterspaceywhich hasamedianof 0.75[Donnelly 1987. In addition,
the spectravaluesarein goodagreementvith the statisticsof 0282 obtainedin a similar analysisof
the sourceervironmentsof rich clustersdoneat 28.5GHz by Coorayetal.. They find a meanand
medianof 0.714-0.08and0.71in a sampleof 52 radio sourcefound within 250" of 56 rich galaxy
cluster

Theflux distributionsof the sourcesalsoprovidesusefulinformationon the clustersradioervir-
onment.Figure3.1shavsthe15GHz sourcecountsfor radiosourceobsenedby theRyle Telescope.
Thesesourcesaretakenfrom sixteenobsenred clusterswith z < 0.3, sincetwo of the higherredshift
candidatesTEXOXL20 and TEXOXL21, have beenselectedor having loud radioernvironments.In
addition,the distancef radio sourcedrom the RT pointing centrearerequiredto be greaterthanl
arcminute to avoid contaminatiorfrom gravitationally lensedandhalo-typesourcesandlessthan4
acminutesto allow for correctionfor primary beamattenuation.

With theaborve selectionthe obseneddistribution of 25 sourceswith flux 0.4mJy< S5 < 3mJy
is fitted well to N(> S) 0 S%8+02 The fitted exponentagreeswith the corresponding/aluesof
0.96+ 0.14, found for millijansky sourcesnearrich clustersat 28.5GHz [Cooray199§, and 0.8
for anon-clusterselectedb GHz mJy population[Donnelly 1987. All the exponentdescribeflatter
distributionsthanthoseexpectedn anon-e/olving Euclidearuniverse wherethevaluewould be 1.5.

Oneoutstandingquestionis how the overall numberdensityof the RT sourcecountscompares
to thedensityin obsenationsof areaswithoutrich galaxyclusterswhich areoftenusedto calculate,
e.g.,the noisedueto low-flux sourceconfusionexpectedin S—Z detections.A 1.4 GHz surwy in



3. TheClusters 23

areaswithout rich galaxy clustersfinds 354 radio sourceswith flux greaterthan1.5 mJyin a total
suneyed areaof about12deg? [Condon199d. Using the obsened distributions of a ~ 0.75 and
N(> S) O S %9, the (non-clusterselected)sourcecountswould predictonly 4 or 5 sourcesto be
presentwith flux greaterthan400uJy in the sixteenRT obsenationsof z < 0.3 clusters,coveringa
total areaof 0.2deg?. Theactualnumberobseredis 25,indicatingthatthereare4 to 6 timesasmary
sourcesdn therich clusterregions than expectedfrom interclustersourcecounts. This agreeswith
the estimateby Coorayet al. of an overalundancepy a factor of 4 to 7, of millijansky sourcesat
28.5GHzin rich clusterregions.

If the obsened overalundanceof millijansky radio sourcesearrich clustersis characteristiof
microjansk/ sourcesas well, earlier estimatesof the error inducedin the S—Z analysisby source
confusionmay needto be revised. For example,the analysisby Grainge,basedon the microjansky
sourcecountsof Windhorstet al., predictedo a2 50uJy(S./100uly)%3° to be ther.m.s. in a 2 ar
cminuteFWHM synthesizedeamat 15 GHz inducedby sourcedessthana source-subtractiofiux
limit & (generallyl50-20Qulyfor mostof the RT clusterobsenations)[Grainge199¢. For mostof
theRT S—Zdetectionsthestatisticahoiseon shortesbaselinesangedrom 70pJyto 120pJy andwill
thusdominateGrainges predictedconfusionnoise.However, if theseunsubtractedaint microjansky
sourcesareoveralundantby morethanafactorof two nearrich clustersasis obseredin millijansky
sourcesthenit is possiblethatthe S—Z detectionsof the RT, aswell asthoseof otherinterferometer
experimentsaredominatedoy sourceconfusionnoise.This pointis discussedurtherin Section4.1.

3.2 HubbleConstantClusters

Thefollowing sectionsummarizeshe analysisf eightclustersusingthenew, automategbointsource
subtractiorandhole/haloseparatiormethodsthatarethe focusof this thesis.An especiallydetailed
summaryis givenof Abell 2218,for whichthemostRT datais available,andwhich hasbeenobsenred
by several othergroupsin S—Z searchessee,e.g, Birkinshav's recentreview [Birkinshaw 1999.

Then,the Hp analyseof Abell 665, Abell 697, Abell 773, Abell 1413,Abell 1704,Abell 1914,and
CLO016+16arediscussedThe clustershave redshiftsrangingfrom 0.14to 0.28, with the exception
of CLO016+16,atz= 0.546. In addition,severalclusterswhich exhibit significantS—Z effects, but
for which the X-ray informationnecessaryor Hp measurementsrenot yet available,arediscussed.

TheHp estimateseportedn this sectionaregivenwith systematicerrorsresultingfrom the halo
fit, with the centralvalue giving the Hyp with maximumlikelihood, andthe error barsmarkingthe
68% (1-0) confidencénterval. Additional uncertaintiesgueto sourceconfusion temperaturerrors,
andassumptionselatedto the clustergeometrywill bediscussedn detailin Section4.1, alongwith
guantitatve comparisonso otherexperiments.

Table 2.1 containsinformation on the gastemperaturesind density distributions as measured
from X-ray mapsandspectraWhenquotedin thetext, errorson gastemperaturesorrespondo 90%
confidencentervals;whenobtainingacombinedvalueof Hy, thetemperaturerrorsareappropriately
reducedo correspondo 68% 1-o confidencéntervals.
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3.2.1 Abell 2218

TheclusterAbell 2218atz= 0.171is historicallythebeststudiedclusterfor the S—Zeffect, with more
thanadozenattemptsatS—Zdetectiondy variousgroupspublishedn theliterature[Birkinshaw 199§.
Moreover, it is the subjectof severaldeepX-ray andlower-frequeng radio obsenations,discussed
below, allowing for a detailedunderstandingf the clustersourceenvironment;the gastemperature
hasbeenconstrainedo be 7.0570 3¢keV [Allen & Fabian1999. It is thetargetclusterfor which the
Ryle Telescopéastakenthe mostdata.In additionto atotal of 30 x 12 hoursof RT datatakenatthe
centralpointing,7 x 12 hoursof dataat eachof six pointingsoffsetat 1 arcminfrom centrehasbeen

taken,in anattemptto geta “mosaiced’imageof the S—Zshadov.

Inital radio sourcesubtraction
Therearethreebright pointsourceg> 1.5mJy)within four arcminutef the A2218 centralpointing
centre,at RA 16"35M42.05, Dec 66°18M46° (B1950). The fluxes and locationsof eachof these
sourcesarefitted by the FLUXFITTER codefor the centralpointing datasetandfor eachof the six
offsetpointing datasetsseparatelyTable 3.3 lists the sourcesandshaows thatthe fluxesseenat each
pointingagreewell with eachother, after correctiondueto the primary beamattenuation.

After thisinitial sourcesubtractionijt is instructive to look at the datafrom eachof the pointings
separatelyFirstly, the centralpointing, with the mostdata,shaws a significantdecrementn 0—1kA
baseline®f —460+ 110pJybeant?, shavn in the first panelof Figure 3.2, displaced30 arcseconds
eastof the RT pointing centre.Thelocationis expectedto have a 1-o variationof approximatelythe
HWHM of the synthesizedeam(60 arcsecondsjlivided by the signal-to-noisepr 14 arcseconds,
in this case.As a checkon this commonlyusedestimateof the effectsof interferometricnoise[see,
e.g,[Cooray1999], | have carriedout simulationsof RT visibilities producedby an S—Zdecrement
having thesameKing profile parameterasthatof Abell 2218 listedin Table2.1,alongwith thenoise
expectedafter 30x 12 hoursof data-taking.The locationsof the deepestlecrement®n thesemaps,
shawn in thelastsevenpanelsof 3.2, arescatteredvith anr.m.s. of 13 arcsecjn agreementvith the
HWHM/signal-to-noiseestimate.

The S—Z decrementocation at the centralpointing, however, disagreedy 2.50 with the X-ray
centroid,fitted to be 15 arcsecondsouthof the RT pointing centre. Includingthe datafrom the six
offset pointingsmakesthe disagreementvorse;the 0—1kA mapsareshawn in thefirst six panelsof
Figure 3.3. The deepestecrementsn thesesix mapshave an averageof —501pJybeant?, with
anr.m.s. of 170pJybeant?!, which agreeswith the 1-0 noiseestimateof 160uJybeant? for each
pointing. The locationshave an averagedisplacementf (-45,18) arcsecondsn (RA, Dec) from
the pointing centre,with anr.m.s. of 18 arcsecondsagreeingwell with the HWHM/signal-to-noi®
estimateof 19 arcsecondsThe datafrom all the centraland offset pointingscannow be combined.
For thepurposeof makingmaps they aresimply averagedogethertheaveragingthrows avay some
of theinformationobtainedby the offsetpointingsat the peripheryof the field-of-view, but properly



3. TheClusters

25

DECLI NATI O ( B1950)

A2218centralpointing

j\\y T \u ’\// \\“\ Q k\“/
2 L
Simulation3
2
i
Simulation6

DECLI NATI O ( B1950)

DECLI NATI O ( B1950)

w0 a5 s
R GHT ASCENS! ON (81950)

Simulation4

DECLI NATI O ( B1950)

14 Y - =
S |  ~T ™\ I
s w1 5 o s

W a5 a0
R GHT ASCENS! O (81950)

Simulation7

DECLI NATI O ( B1950)

0 a5 a0 s
R GHT ASCENS! ON (81950)

Simulation2

T T T ~I— T___ N

DECLI NATI O ( B1950)

w0 a5 a0 s
R GHT ASCENS! ON (81950)

Simulation5

DECLI NATI O ( B1950)

Simulation8

Fig. 3.2: The Abell 2218 S—Z decrementat the central pointing, datawith three point sourcessubtracted
(first panel)and simulations(other panels)to show the effects of interferometemoise. Maps (not
CLEANed) are of 0—1k\ baselinesand have contour spacingsof 100pJybeant?. The simulated
clusterparametersrethosefrom the PSPCHit in Table2.1,with Hg = 50kms~Mpc~.
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Fig. 3.3:More dataon Abell 2218, with threepoint sourcessubtracted.The top six panelsshav maps(not
CLEANed, contourspacing:180pJybeant?) from six offsetpointingsdisplacedn a hexagonalpat-
tern 1-arcminutefrom the clustercentre. Bottom row: six offset pointings combined(cont. spa-
cing: 100pJybeant?); all data,from centraland from offset pointings, combined(cont. spacing:
60pJybeant?); and CLEANed map of all data(cont. spacing: 80pJybeant!) on ROSAT PSPC
X-ray image(greyscale).Half-power CLEAN restoringbeamis shavn ashatchecellipseon map.
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Fig. 3.4: ROSAT HRI image(contours)of Abell 2218on ROSAT PSPCimage(greyscale).

combineshe visibilities at the clustercentre! Theresultis a —390+ 65pJybeant! decremerfton
0-1kA baselinedisplacedby (-48, 16) arcsecond# (RA, Dec) from the pointing centre,with an
expectedr.m.s. errorof 10 arcsecondsThis resultagreeswvell with independenanalyse®f thesame
RT datasetscarriedout by GraingeandJoneqGrainge1994 [Jonesl993. Notethatthedecrement
locationis 60 off from the predictedX-ray centreat (0, -15) arcsecondfrom the RT pointingcentre.

Thediscrepang betweerthe X-ray imageof thegasandthelocationof the S—Zdecrementshovn
in the last panelof Figure 3.3, makesit imperatve to, firstly, checkthe systematicerror on the the
astrometryof the X-ray images,and,secondlyto carefully examinewhetherthe sourcesubtraction
ontheRT datais complete.

X-ray data
Figure3.4shavshow theX-ray imagesof Abell 2218obtainedy theROSAT HRI andROSAT PSPC
detectorsagreewith eachother The astrometryhasbeencalibratedby matchingnon-clusterX-ray
sourcesn the mapsto known opticalcounterpartsin particular there-calibrationof the HRI image,

1 In particular notethattheoffsetpointingsareonly onearcminuteérom theclustercentre the primarybeamattenuation
attheclustercentrein thesesix datasetsis negligible (approximately7%) comparedo statisticalnoise.In ary casewhen
determiningHp, the primary beamattenuations includedin modellingthevisibilities expectedat eachoffsetpointing.

2 The readermight wonderhow the decremenin the combineddatacan be lessthanthe decrementsn the various
pointingsseparatelyTheansweitis simplythatfindingthe deepestiecrementi eachseparatelatasettendsto overestimate
the actualdecremenby approximatelyl-c. This is bestunderstoody thinking aboutan extremeexample: consideran
hypotheticalfield-of-view which containsno actualdecremenbut only statisticalnoise. Theactualdecrements zero,but,
the deepeshegative featureon the mapwill be onthe orderof 1-g! To avoid this overestimatiorin quantitatve analyses
(like the Hp determination)jt is bestto have a specificideaof whereto measurehe S—Z decremente.g., the centroid
expectedirom the X-ray map)beforemakingthe short-baselinenap.
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carriedout by matchingan X-ray starnorth-easof the cluster changeghe astrometryby lessthan
five arcsecondssee e.g.,[Markevitch 1997.

How well is the centroidof the X-ray gasconstrained?Due to the large numberof map pixels
containingsignificantfluxes,the emission-weightedentroidsof the X-ray mapsis expectedto have
a statisticalerror of lessthana few arcsecondsThe systematicerroris checkedoy comparingthe
centroidsof the PSPCandHRI mapsseparatelythe King profile fits obtainedoy the PROFILE code
give the PSPCcentroidto be at RA 16"35M42.55, Dec 66° 18™30° (B1950); andthe HRI centroid
to be at RA 16"35M41.0%, Dec 66° 18™31°5 (B1950). As a further check, Birkinshav and Hughes
[Birkinshaw & Hughes1994 have usedanindependenprogramto fit a smallersampleof the HRI
data, and obtain RA 16"'3541.35, Dec 66°18™28° (B1950). All thesefits agreewell with each
other; it appearghatthe X-ray centroidis constrainedo within 5 arcsecondsf RA 16"35M42.0°,
Dec 66° 18™30° (B1950), which is 15 arcsecond®elown the RT pointing centre. As a final check,
Birkinshav and Hugheshave fit the lower-resolutionEINSTEIN IPC data[Boynton1982 andfind
a centroidof RA 16"35M42.8%, Dec 66° 18M44.5° (B1950), agreeingwell within the estimatedPC
statisticalerrorof 30" of the othercentroidfits.

Thus,the X-ray gasfits appearso bewell-constrainedBut how well shouldthe S—-Zeffectmatch
the X-ray image? Figure 3.4 clearly shows that Abell 2218 X-ray gasis distortedfrom a smooth
ellipse,andappeardo have a maximumof X-ray emission25 arcsecondgastof the gascentroid.
Explanationsfor this distortion have rangedfrom extra X-ray emissionfrom the clusters central,
dominantgalaxy [Boynton1983, to lensingof a backgroundX-ray source,to actualdistortion of
the gasby recentclustermeger activity [Markevitch 1997. Thelasthypothesids supportedoy op-
tical studiesof theclustersredshiftdistribution [Girardi 1997; discrepanciebetweervariouscluster
massestimate®btainedrom gravitational stronglensing,gravitationalweaklensing,andX-ray ana-
lyses[Markevitch 1997; andtheexistenceof asteep-spectruralustercentre*halo” clearlyvisible at
lowerfrequencieswhich is posisblyinducedby a meger [Moffet & Birkinshav 1989. Both simu-
lationsof clustermeigers[Roettiger1997 andempiricalmapsof temperaturen nearbyhot clusters
[Markevitch 1994 show thattheclustermaycontainstrongtemperaturéregularities(notnecessarily
tracingthe densityirregularitiesthatarehighlightedby the X-ray map)for atleastl Gyr afteramer
ger. In particulay if avolumeV of the clusterhastemperaturaifferenceof AT, from the surrounding
“isothermal”gas,it will produceanadditionalS—Z decremenbof flux:

V
(100kpc)®

SszzzouJyX[kBATeH e }

2
10keV| L10*m-3 M50, (32)

usingtheformulas(1.1)and(1.2). Theemission-weightetemperaturef Abell 2218is kg Te = 7keV,
andits centraldensityis fitted to be nohgo% = 7 x 10°m~3. Off-centrehot/coldregionswith ATe =
+5keV, gasdensitiesof ne ~ np/10~ 10°m~3, andvolumesof (400kpc)?® [thesevaluesare char
acteristicof temperaturarregularitiesseenin the simulationsjwill thusproduceS—Zflux distortions
of approximately+60uJy, to be comparedo the overall expecteddecremenbn 0—1KA baselinef
400— 500pJybeant?. It thusseemsmanginally possiblethat several regions of hot and cold spots
arrangedat distancef a few arcminutedrom the clustercentremay producethe obsered shift of
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Fig. 3.5: Residualmapsof Abell 2218after initial point sourcesubtraction.Maps(not CLEANed) areof 0—
2kA baselinesthreepoint sourcesaswell asan X-ray-derived modelof the S—Z effect, assuminga)
Ho = 50kms~*Mpc~! and(b) Hp = 100kms~Mpc~?, have beenremoredfrom the data.

the S—Z centreby anarcminutefrom the X-ray centroid.However, it turnsout thatsucha conspirag
is notrequired;a carefulstudyof theradioernvironmentrevealsthe existenceof residualradiosources
which aresufficient to explain thedisplacement.

Final sourcesubtraction,including“halo source”, andHg determination
To examinehow well the sourcesubtractiorhasbeencarriedout, a modelof the S—Zhole basedon
a King profile fit to the PSPCX-ray mapis subtractedrom the RT visibility data,andthe 0—2kA
baselinesremapped.To avoid biasasto thevalueof Hp, separatenapsof these‘residuals”arecre-
ated,onewith the subtracteds—Zmodelmadeassumingdg = 50kms~Mpc~! andthe otherwith the
subtractednodelmadeassumingHo = 100kms~'Mpc—1; seeFigure3.5. Theresidualmapsappear
to shov extendedpositive flux left nearthethreesubtractegoint sourcesatthe peripheryof themap,
aswell aspositive flux extendedover anarcminutenearthe centreof the map. Eachof thesefeatures
matches clearsourcan thehigh-sensitvity, high-resolutiorb GHz mapof Abell 2218madewith the
VLA by Partridgeet al. [Partridge1987. So, apparentlythe distortionof the S—Zdecrements ad-
equatelyexplainedby theseresidualradiosourcesandnot by temperaturédrregularitiesin thecluster
gas,whichwould manifestthemselesaslarger, 2-arcminute-scalbot/coldspotsin theresidualmap.

As afurthercheckthattheinitial sourcesubtractiorof threepoint sourceshasnot somehav pro-
ducedanartefactin thecentreof themap,all-baselin@magesof the centreandthesix offsetpointings
without ary sourcesubtractiorhave beenmappedandthengently CLEANed (20,000iterationswith
a gain of 0.01 down to 1.5 timesthe noiselevel on eachmap). The combinedmapis shown in
Figure 3.6a; it is evident that somekind of extended“halo” is filling in the S—Z decremenat the
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Fig. 3.6: Furtherevidencefor an extendedclustercentresourcein Abell 2218. (a) All-baselinemap obtained
after carefully CLEANing datafrom eachpointing (no sourcesubtractionattempted) shaving the
how the S—Z effect (extendedblack patchnearcentreof grey-scalemap),whencomparedo ROSAT
image (contours)appearcontaminatedy positive flux. (b) 330MHz WENSSmap shaving point
sourcesaswell asclustercentre*halo”.
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clustercentre. Furtherevidencefor a comple radio ervironmentaroundAbell 2218, comesfrom
the 330MHz WENSS map, Figure 3.6b, which appeardo containa strongradio sourceextended
throughouthe clustercentre.

Thenon-centrabourcexanbemodelledasasetof point-like sourcesglongwith asetof (circular)
Gaussian®f FWHM 50” and70”; seeTable 3.4. To avoid biaswith respecto Ho, thesefluxesand
locationshave beenobtainedy fitting two separateetsof residualvisibilities correspondingo sub-
tractionof anS—Zmodelwith Hyp = 50kms~tMpc—! andanS—-Zmodelwith Hy = 100kms~*Mpc—1.
Thevariationin eachof thefitted fluxesis lessthan10pJy, muchsmallerthanthe statisticalnoiseof
35udy. Thisinsensitvity of thenon-centrafluxesto thedetailsof the S—Zdecremengalsoevidentin
comparisorof Figures3.5aand3.5b)is dueto thesourceslargedistanceg> 2 arcminutesfrom the
clustercentre. The centralextendedsource,or “halo”, is morestronglycorrelatedwith the assumed
flux of the S—Zhole, however, andmustbetreatedmorecarefully.

After subtractionof the non-centralsources,the decrementon the 0—1kA mapis reducedto
—150pJybeant?!. This attenuatioris, of course,expected:remaval of positive point sourcesat the
peripheryof the RT field-of-view alsoremovesthe negative sidelobef their un-CLEANedsynthes-
izedbeamsatthe mapcentre.The subtractiorof the residualds not completeuntil the clustercentre
halois removed aswell. Thisis accomplishedy simultaneouslyitting the visibiliti eswith a model
of the S—Zholebasedon the X-ray fits, whoseoverall scalefactoris allowedto vary, combinedwith
a halo, modelledas an elliptical Gaussiarwith varying widths, positionangle,and centrelocation;
seeSection2.4. Theresult,is a fitted halo flux of +460+ 70pJy anda rescalingof the S—Z King
modelby rso = 1/+/hsp = 0.8140.18(7.05keV/kgTe). Note thatthe error on the latter parameter
hasbeenmaginalizedover the otherfit variablesjf only the statisticalnoisewastakeninto account,
i.e., if the halo modelcould be removed with no uncertaintiesthe scalefactor would have a smal-
ler error of 0.09. The Hubble constantestimatecorrespondingdo this fit of the S—Z hole is then
Ho = 7752 kms~'Mpc~1 x (kgTe/7.05keV)%. This Ho valueis ratherdifferentfrom the onecalcu-
lated using the samedatasetby Graingeand JonesHgp = 381%3 kms~*Mpct x (kgTe/6.7 keV)2
[Graingel199§ [Jonesl993. The discrepang can be tracedto two differencesin methodology
Firstly, the previous analysesimply averagedthe deepestlecrementseenin eachpointing, rather
thanaveragingthe decrementsit the same particularposition (e.g.,at the X-ray centroid);this pro-
ducesan overestimateof the S—Z hole depth, and hencesignificantly underestimatesly 0 AT
Secondly the previous analysedid not identify the clustercentreextendedhalo, andassumedhe
differencein the X-ray andpoint-subtracte®—Z imageswasdueto erroneous<-ray astrometryand
interferometricnoise; taking into accountthe existenceof the halo worsensthe systematicerrorin
determiningATsz.

Uponremaving the halo, the S—Z decremenis seento be —300pJybeant? on 0-1k\ baselines,
shavnin Figure3.7. Thecentroidnow alsoagreesvell with thatof the X-ray map.Notethat,despite
the fact that an elliptical King profile wasusedin the halo/holeseparationthe resultingdecrement
hasa roundedtriangularshapeagreeingwith the shapeof the X-ray gas,aswell asthe dark-matter
profilefitted in gravitationallensingstudies;see e.g.,[AbdelSalam199§.
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Fig. 3.7: Final CLEANed 0—1kA mapof Abell 2218S—Z effect contours spacedht 65pJybeant?! ) after full
sourcesubtractiorandhaloremoval, on ROSAT PSPCimage(greyscale).
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Fig. 3.8: The Abell 2218 halo. (a) Image (contour spacing: 50uJybeant?) obtainedby CLEANing 0—
2kA map of RT dataafter removing all non-centralsourcesas well as a model of the S—-Z hole
(Ho = 80kms~*Mpc™1); the shapeis in agreemenwith the cluster centre sourcefound in, e.g.,
[Partridge1987. (b) “Spectrum”of thehalosource(seetext for details).
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Several otheranalyseshave apparentlyignoredthe clustercentre“halo”, shown in Figure3.8a.
In particular Klein et al. [Klein 1991 and Birkinshaw et al. [Birkinshaw & Hughesl1994 have
calculatedthe spectrumof the sourceto be steep,a ~~ 1.3+ 0.2, basedon the total obsened source
flux at 1.4GHz and5GHz; extrapolationbasedon this spectrumwould appearto constrainthe halo
flux to belessthanabout200uJyatfrequenciegabore 10GHz[Moffet & Birkinshav 1989. However,
the sourceis clearly extended andso differentpartsof it my have differentspectra.lndeedthe halo
appeardgo be presentwith 500pJy flux in the 15GHz RT data,as shovn above. In addition, high
signal-to-noiséDVRO/BIMA imagesof Abell 2218at 28.5GHz shov a decowolved S—Zdecrement
(beforeary sourcesubtractionwith aclearcrescenshapgCooray199§; this distortedshapewnould
be explainedby a +200uJy halo“eclipsing” theunderlying,round S—Zhole.

Whatis this “halo” object?Figure3.8bshaws the flux of this objectplottedasa function of fre-
gueng; thefluxes,takenfrom theWENSSsuney, severalpublishedvLA obsenationg[Partridge1987
[Moffet & Birkinshav 1989, andthe OVRO/BIMA map[Cooray199g, have beenapproximately
correctedto be thoseappropriateto a beamof FWHM 120" x 60", at positionangle0°. If the ob-
jectis hypothesizedo be a megerinducedradio halo, the flux vs. frequeng plot shouldhave the
“standard’agedsynchrotrorspectrunjAlex&er 1984. At low frequenciesthe spectrunis expected
to have a ~ 0.5— 0.7, while at higherenegies, the radiatingelectronswill have lost muchof their
enegy alreadycausinghecurweto steepeno o > 1 afterabreakfrequeng vyeakWhichdecreasein
inverseproportionto ageof thehalo. Figure3.8bmayhave sucha breakaroundl GHz, which would
corresponch halo ageof a few 107 years;see[Pacholczyk1977. This appeardo be ratheryoung,
indicatingrecentre-accelerationf theradiatingparticles.However, the featuredoesnot appearo be
compactenoughto be associatedavith a clustermeigerinducedshockthatmight provide suchaccel-
eration;alsoit is not associatedvith a bright point-like radio source like the oneseenin the Coma
halo,which could provide fresh,relatvistic particles.A morelikely scenarianay bethatthe cluster
centresourcehastwo componentsatruly steep-spectrurhalowhich dominatesat low frequencies
(this appeargonsistentvith the strong,muchmoreextendedemissionin the WENSSmap;seeFig-
ure3.6b),andanothemunderlyingextendedsource possiblya gravitationally lensed‘radio ring” with
o ~ 0.7, whichbecomespparentt higherfrequencies.

3.2.2 Abell 665

Abell 665, at z= 0.182,is probablythe second-best-studiedusterin termsof S—Z analysesafter
Abell 2218.DeepVLA dataat1.4GHz and5GHzis availableto studytheradio sourceervironment
[Moffet & Birkinshav 1989[Grainge1994[Lefebvre 1994, andshaw the existenceof an extended
clustercentresource seeFigure3.9a.Comparisorto the 330MHz WENSSmap(Figure3.9b)shaws
that the clustercentreemissionis dominatedby a steep-spectrunsomponentat frequenciesbelow
1GHz, which seemdikely to beamemgerinducedradiohalo. X-ray temperatureneasurementsith
ASCA shaw the clusterto be quite hot, with To = 9.03"333keV [Allen & Fabian199g; furtherlow-
resolutionASCA measurementshavs anunusallysharptemperaturelropin theouterperiphery(the
decreasés to 2keV at 1Mpc from clustercentre)[Markevitch 1996, which would be expectedin a
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Fig. 3.9: Lower-frequeny mapsof theAbell 665clustercentrehalo. (a) VLA dataat1.4GHzof centralregion,
from [Grainge1994. (b) 330MHz WENSSmap(note: mapson differentscales).

recentlymegedcluster In addition,the stronglydistorted,egg-shapeX-ray mapof Abell 665,taken
with the ROSAT PSPCdetectoy adwertisesrecentmeiger activity. After the initial removal of two
radiosourcesthe 35x 12 hoursof RT datashov ateardrop-shape®—-Zshadev on 0-1kA baselines
[deepestiecrement:-450+ 90pJybeant?], shavnin Figure3.10a.Suchashapewvould be expected
if amelgerinducedradiohalohasfilled in thewesternsideof aninitially elliptical S—Zshadov.

The existenceof severallower frequeng mapsallows for more carefulsourcesubtraction.Four
morenon-centrakourcef flux 200pJy, matchsourcesn the 1.4 GHz map;their removal deepens
the 0—1kA decremento —600pJybeant?, but doesnot changethe hole’s distortedshape.To finish
theradiosourcesubtractiontheclustercentrehalomustbeseparateffom the S—Zholeandremoved,
asdescribedn Section2.4.

With the halosubtractedthe S—Zholere-claimsits oval shapematchingthe X-ray map,asshown
in Figure3.10b,andhasa deepestlecremenbn —560ulybeant?. The scalefactorobtainedin the
halo/holeseparatiornis rso = 1/y/hso = 1.114-0.23(9.03keV/kg Te), which corresponds$o a Hubble
constantestimateof Hg = 41J_f%0 kms~IMpc1 x (kBTe/9.03keV)2. Notethatthe erroron the scale
factordueto purely statisticalnoisewould be 0.181; theincreasederroris dueto the uncertaintyin
the separatiorof thehaloandthehole.

The halo,shovnin Figure3.11ais fitted to have flux 5204 70pJy and FWHM 50 arcsecandis
coincidentwith a sourceseenat 5 GHz [Lefebvre 1994. A plot of theradio flux vs. frequeng is
shawn in Figure 3.11b,with the lower frequeng measurementsorrectedto only includeflux in a
FWHM 50arcsedeam.Theplotis consistentith a clustercentresourcewith botha steepspectrum
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exponentialu-v taper(1/e at 4kA) appliedto accentthe shorterbaselinesrevealing the extended
sourcein theclustercentre.

megerinducedhalo componentandan extendedflatter spectrum(a < 1) componenthatbecomes
appareniat higherfrequencies.The latter appeardo have a ring-like structure,asshown in Figure
3.9;it maybea gravitationally lensedradioring.

3.2.3 Abell 697

A ROSAT HRI mapis available for Abell 697 at z= 0.282, aswell asan ASCA temperatureof
8.0105keV [Miyoshi 1999. With 42x 12 hoursof RT data,the 0~1kA mapof Abell 697 shavs a
decremenbf —500+ 100pJybeant?, shovn in Figure 3.13a,after subtractiorof six point sources,
eachof which is at least3 arcminutesaway from the pointing centre. However, 1.4GHz VLA data
obtainedby the Cavendishgroupindicatethe presencef anextendedradio sourcewith total flux of
approximately?2.8 + 0.7mJy presentat the clustercentre,spreadover 2 arcminutesn the east-west
direction;it is clearly visible whenthe VLA datais weightedto enhanceshorterbaselinesasseen
in Figure3.12. A similarly extendedsourceis seenin the 330MHz WENSSmap, with total flux of
approximately20mJy.

Without attemptinga removal of this halo in the RT data,the Hubble constantdetermination
variesdependingon which baselinesf the RT dataareused:Ho = 110"3; kms~*Mpc~? usingthe
shortesbaselineonly (640-870)), while Ho = 66718 kms™Mpc~? usingall baselinesip to 10kA.
The inconsisteng derivesfrom the mismatchbetweenthe X-ray modelof the gasandthe shapeof
the S—Zshadaev, which appeardo be contaminateavith theradiohalo.



3. TheClusters

37

DECLI NATI ON ( B1950)

26—
08 40

15

00

\/_\ | il ) | =
30

39 45
RI GHT ASCENSI ON ( B1950)

(@)

DECLI NATI ON ( B1950)

i

26—
08

40 15

39 45
RI GHT ASCENSI ON ( B1950)

(b)
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Fig. 3.14:The Abell 697 halo. (a) Image (contourspacing: 50puJybeant?!) obtainedoy CLEANing 0—2kA
map of RT dataafter remaving all non-centralsourcesas well asa model of the S—Z hole (Hp =
65kms~Mpc1). (b) “Spectrum”of thehalosource.
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A fit of the RT datafor aradio haloyields a roughly circular 190+ 40uJy sourcewith FWHM
30 arcsecJocatedhalf an arcminutenorth of the clustercentre,in agreementith the sourceloca-
tion on the 1.4GHz VLA map. The halo/holeseparatioryields the scalefactor of the S—Z model
to be rsp = 1/y/hso = 0.874 0.13(8.0keV/kgTe), correspondingo Hg = 66‘:%2 kms~*Mpc~1 x
(ksTe/ 8.0keV)2. Note that the error on Hg is larger than the previous estimatesdue to the un-
certaintyin the halo/holeseparationRemaal of the haloleadsto a —640pJybeant! S—Zholein the
0—1kA map,whoseshapeagreesith the X-ray gas,asshovnin Figure3.13b

Thepresencef thehalo,shovn in Figure3.14amayindicatearecentmeiger TheROSAT HRI
X-ray mapis unfortunatelynot sensitive enoughto shov meiger activity unequvocally, but the gas
shapds stronglyelongatedyith anaxial ratio of 1.4. Thetotal flux valuesat 330MHz, 1.4GHz,and
15GHz areconsistenwith a “steep” spectrumof o = 1.0 — 1.3, aswould be expectedin a meiger
inducedhalo;the spectrumis plottedin Figure3.14b However, without betterinformationaboutthe
width of the halo at the differentfrequenciesit is difficult to rule out whetherpartof the halo may
have aflatter spectrum.

3.2.4 Abell 773

For theclusterAbell 773atz= 0.217,anHRI ROSAT mapis available,aswell asanASCA temperat-
ureof 8.7+ 0.4keV[Miyoshi 1999. Deepl.4GHz VLA dataobtainedby the Cavendishgroupshawv

the radio ervironmentaroundA773 to have a complec structure,with a ring of sourcedistributed
in a diffusehalo aroundthe clustercentre,asshavn in Figure3.15. With 30x 12 hoursof data,the

0—1kA baselineshav a deep—700+ 90pJybeant! S—Z decremenasshavn in Figure3.16a,after

six pointsourceqearthe centreareremoved.

A preliminaryfit to the Hubbleconstantwithout ary attemptat removing ary residualextended
flux, thenyieldsHo = 61713 kms~Mpc=1 x (kgTe/ 8.7keV)>.

To completethe sourcesubtraction,someof the non-centralextendedresidualslocated?2 ar-
cminutesfrom the clustercentreare modeledas Gaussianandremoved (seeTable 3.4 for details);
this subtractionchangeghe 0—-1kA decremento —400pJybeant?!. Finally, the extendedflux near
the centreis fitted simultaneouslyvith thehole,yielding afitted haloof flux 500+ 70uJy, FWHM 40
arcsec|ocated40 arcsecondsouthwesbf the clustercentre asshovn in Figure3.16b With thehalo
remaved, the 0—1kA decrements then—610uJybeant?, shavn in Figure3.17. Thefitted S—Z scale
factoris rso = 1/v/hso = 0.8740.13(8.7keV/ks Te), correspondindo Ho = 6452 kms~*Mpc~?! x
(ksTe/ 8.0keV)2. Note that althoughthe hole/haloseparatiordoesnot dramaticallychangethe Hg
valuefrom theoneabove, theerrorbarsnow properlyreflecttheuncertaintiesirisingfrom theremoval
of theextendedradioflux.
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Fig. 3.16:(a) 0—1k\ point-source-subtracteand CLEANed map (contour spacing: 85pJybeant?) of
Abell 773 S-Z hole beforehalo removal, on ROSAT HRI map (greyscale). (b) All-baselinemap
of Abell 773RT databeforeary sourcesubtractionwith a modelof the S—Z effect removed, show-
ing the complex clustercentresource(contourspacing:50plybeant?) .
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tour spacing:85pJybeant?), on ROSAT HRI map(greyscale).

3.2.5 Abell 1413

Both ROSAT PSPCandROSAT HRI mapsareavailablefor Abell 1413,atz= 0.143,andshaow that
theclustergascontainsacoolingflow. Allen andFabianhave simultaneoushanalyzedhe ASCA and
ROSAT HRI datato determinghe A1413temperaturevith two models;onemodelassumethegasis
isothermalwhile the otheronefits the cool componenseparatelywith the fraction of total emission
from the cool gasnormalisedy the coolingflow’sfitted massdepositiorrate[Allen & Fabian1998.
The resultsare 7.54+335%keV (isothermalfit including cooling flow) and8.5*%3keV (isothermalfit

excluding coolingflow) respectiely.

After initial subtractionof four radio sourcesthe 0—1kA map of 64x 12 hoursof RT data of
Abell 1413shavsaweakdecrement-300+ 110pJybeant®. Thelow signal-to-noisenakesCLEAN-
ing difficult, asseenin Figure3.18a.Oneof the removed point sourcesds right at the clustercentre,
andcoincideswith the clusters large centralgalaxyaswell asthe cooling-flov seenin the X-rays;
thereis agoodpossibilitythatthereis a Perseus-likémini-halo” atthe centreunfortunatelyavailable
VLA mapsdo nothave thesensitvity to checkfor extendedflux atlowerfrequencies.

An 8.4 GHz VLA mapin [Grainge199q allows for the subtractionof five more sourcesgheir
removal slightly enhanceshe 0—1kA decrementto —460pJybeant!. To completethe sourcesub-
traction, the mini-halo mustbe remaoved aswell. It turnsout thatthe extendedemissionis compact
enoughthat it canbe seenasa group of threecentral,faint (but significant) point-like sourceson
longerbaselines. After removal of thesesourceg(totaling 210pJy in flux), an S—Z hole with flux

3 Simultaneoushalo/holefits weretried first beforeremaving thesethreecentralpoint sources.Ratherthanfinding a
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Fig. 3.18:0-1kA point-source-subtractethd CLEANedmapsof Abell 1413S-Zhole(a) beforehaloremoval,
and (b) after removal of halo (modelledas a setof faint centralpoint sources;seetext). Contour
spacing:100pJybeant?. Greyscaleis the ROSAT PSPCX-ray map.

—560uJybeant?® on 0—1kA baselinesvasleft, shovn in 3.18b The scalefactor of the S—Z model
(which is basedon a King-profile fit of the X-ray map excluding the clusters centralcooling-flov
region) s fitted to bersp = 1/v/hso = 1.14+0.12(8.5keV/kg Te). This correspond$o anestimateof
Ho = 3920 kms~IMpc1 x (kg Te/ 8.5keV)%

As asystematicheck thefit is re-donewith anS—Zmodelbasedn aKing-profilefit of the X-ray
mapincluding the cooling-flow region; this yieldsrso = 1/v/hsg = 0.9740.11(7.54keV/kgTe) and
Ho = 53*_‘}613 kms~IMpc1 x (keTe/ 7.54keV)2, agreeingwell with the previous estimate.Note that
bothof theseresultsalsoagreewithin 1-o errorswith the previousanalysisof thesameRT datasetby
Graingeet al., which found Ho = 57723 kms~*Mpc~? [Grainge1999; in thatanalysis point source
fluxeswereobtainedwith alooserlong-baselineut[> 1.5kA, ratherthanmy stricter> 2kA cut], and
uncertaintieglueto residualextendedhaloflux wereassessedfterafit of the S—Zdata.

3.2.6 Abell 1704

Like Abell 1413, the clusterAbell 1704 (z= 0.220) hasa cooling-flon. Its ROSAT HRI mapand
ASCA spectrumwerefit by Allen andFabian[Allen & Fabian199§ to yield two temperaturestim-
ates,4.7379-38keV (isothermalfit including cooling flow) and5.7+33keV (isothermatfit excluding

coolingflow).

smoothhalo extendedover 30 arcsecondsthe halofit tendedto quickly convergeto the point-like compactregions, so it
wasconcludedhatsimply modellingthe halo asa setof point sourcesvasreasonable.



3. TheClusters 42

DECLI NATI ON ( B1950)

Fig. 3.19:0—1kA point-source-subtractethdCLEANedmapsof Abell 1704(contourspacing:85uJybeant?),
on ROSAT HRI X-ray map(greyscale).

The 24x 12 hoursRT mapof Abell 1704 shows a —430+ 85puJybeant? decremenbn 0—1kA
baselinegseeFigure 3.19), after the subtractionof four sources.Two of the sourcesof flux 100uJy
eacharewithin anarcminuteof the clustercentre andtheir fluxesarewell-constrainedy thelonger
baseling(> 2kA) information;thereis no evidencefor ary residualextendedemissionobscuringthe
S—Zdecrement.

Fitting anisothermalKing model,basedon afit to the X-ray mapexcluding the centralcooling-
flow region, to the source-subtracte®&T visibilities yields a scalefactor rso = 1/v/hsg = 0.87 4+
0.22(5.7keV/ksTe) andHo = 6732 kms~IMpc1 x (kg Te/ 5.7keV)?. As asystematicheck thefit
is repeatedvith a King modelwhich wasfitted to the full X-ray map,includingthecooling-flow, giv-
ing anearlyidenticalresultrso= 1/v/hso = 0.86+0.22(4.73keV/kg Te), andHy = 68*32 kms~*Mpc~1 x
(ksTe/4.73keV)?..

3.2.7 Abell 1914

A ROSAT PSPQmapis availablefor Abell 1914(z= 0.171),aswell asanASCA temperaturestimate
of 8.56+ 0.65keV [Miyoshi 1999. Deepl.4GHz VLA data,showvn in Figure 3.20a,revealsthe

presencef anextendedradio halowith integratedflux of 50mJy atthe clustercentre. The presence
of the halois not surprising;the X-ray imageshows the gasto be quite distorted,indicatinga recent
clustermeiger. In addition,thePOSSmage(Figure3.20b)shavsclearlythatAbell 1914is composed
of two meging systems.

Despitethe strongpresenceof a radio halo, the 19x 12 hoursof dataon Abell 1914 provide a
tolerableconstrainton Hp, not only becausehe S—Z shadav of this particularlyhot (10keV) cluster
is deep but alsobecausehe halois well-displacedrom the clustergascentroid. After subtractiorof
ninefaint, non-centrapoint sourcesvith matchesn the VLA map,thereis adeepS—Zdecremenof
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Fig. 3.21:0-1kA point-source-subtractethd CLEANedmapsof Abell 1914S—-Zhole(a) beforehaloremoval,
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map.
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Fig. 3.22: The Abell 1914halo. (a) Image(contourspacing:60uJybeant?!) obtainedby CLEANing 0—2kA
map of RT dataafter remaving all non-centralsourcesas well asa model of the S—Z hole (Hp =
70kms~*Mpc1). (b) “Spectrum”of the halo source(seetext for details).

—740+ 120pJybeant?® on 0-1kA baselinesdisplaceceastof the X-ray centroid,asshavn in Figure
3.21a.

Becauseheradio halois so bright, it needsto be treatedcarefully to properlyseparatehe halo
from the S-Z hole. It is extendedover two arcminutessouth-westof the clustercentre;the off-
centrepartis modelledas a 340pJy Gaussiarwith 70 arcsecFWHM locatedat a displacemenbf
(90,-60)arcsedrom the RT pointing centre. The remainderof the halo is correlatedwith the S—Z
hole, soits flux mustbefitted simultaneouslywith a scaledversionof the S—Zmodelobtainedfrom
the X-ray data. This fit findsthe secondcentralcomponenbf the haloto have flux 1000+ 120uly
sourcewith FWHM=90 arcsedirectly atthe pointing centre.The halo,shovn in Figure3.22,hasa
steepspectrum,asvould be expectedof a melgerinducedradio halo. Thetotal haloflux, takenfrom
330MHz WENSS,1.4GHz VLA, and5GHz Greenbanknapsis plottedasa functionof frequeng in
Figure3.22b All the datapointsappearfairly consistenwith the halo having a steepspectralindex
ofa~1.8.

Thehaloremoval yields a properlycentredS—Z shadav, shovn in Figure3.21bwith fitted scale
factorrsp = 1/v/hsp = 0.8440.21(8.56keV/ksTe). The correspondingHubble constantestimate
is Ho = 71152 kms~Mpc! x (kgTe/ 8.56keV)?; the error on this estimatetakesinto accountthe
uncertaintyin thehalofit, which turnsoutto doublethe errordueto intrinsic statisticainoise.Checks
on modifying the X-ray fit have beenmade,usinga King profile modelwith 3 = 0.90 insteadof the
usualp = 0.65; thecentralvalueof the Hy estimatebarelychangeso Ho = 70752 kms™Mpc~?, well
within statisticalerror.
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X-ray map.

3.2.8 CL0O016+16

The high-redshiftcluster CL0O016+16at z = 0.546 has beenwell-studiedby other groups. Both
ROSAT PSPCand ROSAT HRI imagesare available, and an ASCA temperatureof 7.5532keV
hasbeenobtainedHughes& Birkinshav 1998-3.

TheRyle Telescopéastaken81x 12 hoursof dataat the centralpointingof CL0016+16aswell
as7x12 hourseachat six pointingsoffsetfrom the centreby onearcminute. The field-of-view has
a fairly cleanradio sourceernvironment, with two radio sourcesmatchingsourcesin a deepVLA
obsenation[Grainge1994, subtractedeparatelfrom eachpointing’sdatasets.

The 0—2kA baselinemap,shavn in Figure3.23a,hasgoodsignal-to-noiseandshowns a deepest
decremenof —240+ 40pJybeant?, andanintegratedflux of approximately—540+ 80uJybeant?,
On comparisorto the X-ray map, it appearsasif someresidualpositive flux at the westernend of
the clusteris pushingthe S—Z decremeneastof the X-ray gas.Indeed VLA obsenationsat1.4GHz
shaw 2.7+ 0.7 mJyradioemissionassociatedvith the clustercentre[Moffet & Birkinshav 1989; a
correctionfor a possiblehaloin the RT dataappearso benecessary

A simultaneoudit of a haloanda scaledS—Z modelto source-subtractedatafrom all pointings
with appropriatgrimary beamcorrectiondor the offset pointingsyields an elliptical halo with flux
320+ 100pJy, with width 110" x 40" FWHM atpositionangle50+ 4°, displacedy (20+ 6, —22+6)
arcsecondsn (RA, Dec) from the clustercentre. This flux is consistentwith a spectralindex of
ai’ =0.9+0.1

14= Y oL
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After thehaloremoval, the 0—2kA S—Zdecrementshawvn in Figure3.23b,providesaninteresting
comparisonwith the X-ray image. Thereappearto be extensionsof the S—Z image towardsthe
north andtowardsthe south,all the way to the edgesof the RT primary beam,possiblyindicating
that CLO016+16is part of a larger superstructure. Suchdeviations from a compact,round shape
arealsoseenin the S—Z mapsobtainedwith OVRO/BIMA data[Carlstrom1996. The extensions
may point to poorclustersJike RXJ0018.3+1618whichis 9 arcminutesouthof CL0016+16andis
at redshiftz = 0.541[Hughes& Birkinshav 1998-1, and possiblya structurecontainingthe X-ray
sourceQS00015+162atz = 0.554,3 arcminutesiorthof CLO016+16[Margon1983.

The S—-Zmodelscalefactoris fitted to be rso = 1/y/hsg = 0.944 0.05(7.55keV/kgTe), corres-
pondingto a HubbleconstanestimateHy = 57+ 5kms~tMpc1 x (kg Te/ 7.55keV)?. It shouldbe
remarkedherethat dueto the excellentsignal-to-noisen the high-statisticSCLO016+16datasetas
well asthedisplacementf the halofrom theclustercentre theuncertaintyin the halo/holeseparation
actuallyaddslessthan10%errorto theinstrinsicstatisticalerrorof the Hg fit.

3.2.9 Evenmoreclusters:Abell 611,Abell 990,Abell 1246,Abell 1423,Abell 1722,Abell 1995,
Abell 2111,Abell 2259,andZwicky 1883

Application of the point sourcesubtractiormethodologyto RT datafor severalmoreclustershasre-
vealedthe presencef their Suryaer-Zeldovich decrementsSeeFigures3.24for 0—1A point-source-
subtractedmagespverlaidon X-ray mapswhereavailable. Detailedinformationonthe significance
of decrementss givenin Table3.2.9.

For severalof thedeepetimagesjncludingAbell 990andAbell 1722 ,the presencef radiohalos
may be distortingthe shapef the S—Z holes. However, for theseclusters,deeplower-frequeny
radioimageshave not yet beenobtainedto help constrainthe locationof ary residualextendedflux;
in addition,X-ray temperatureandthe astrometryof the emissionmapsarenotyetfinalized. When
further radio and X-ray informationbecomesvailable, separatiorof extendedclustercentreemis-
sionfrom the S—Z decrementsaswell asfurther measurementsf the Hubbleconstantwill become
possiblewith theseRT datasets.
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Cluster z No. days, No. sources Shortbaseling0-1 kA]
Ryledata subtracted decrementuly

A611 0.288 16 1 —500+ 140
A990 0.144 25 1 —-440+110
Al1246 0.216 8 1 —-580+220
A1423 0.213 11 3 —400+100
Al1722 0.328 16 1 —-510+100
A1995 0.318 19 2 —320+140
A2111 0.229 27 0 —-360+110
A2259 0.164 20 2 —-390+110
Zw1883 0.194 39 3 —400+120

Tah 3.1: More clustersshaving significantS—Z decrementsywhich arereadyfor Hubble constantdetermina-
tionswhenbetterlowerfrequeny radiomapsandX-ray databecomeavailable.
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HST cluster Nga rad me RA Dec Ryleobs. No.srcs. 0-1kAr.m.s.,

name ™ (°,J2000 (°,J200Q time/12hrs  subtc wlybeant?
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

Tah 3.2: HST high-redshiftcandidatesSeven of the candidate$or cluster/rgionsfoundin the Hubble Space
TelescopaMediumDeepSuney [see[Ostranderl999] have beenobsenedwith the Ryle Telescope.
Ngal is numberof galaxiesfound in a radius(rad, in arcsec);the brightestgalaxyin the region is
requiredto be faint, with magnitudem; > 22. No Suryae/—Zel'dovich shadavs have beenfound;
upperlimits canbe computedasapproximately\3o, from the 0—1kA r.m.s.estimategjivenbelow (the
short-baselinbeamhasFWHM of 2 arcmin).

3.3 High-RedshiftCandidates

Theselectiormethodsandtheresultsof S—Zsearche$or high-z clustersaredetailedin this section.

3.3.1 Optical Selection.GalaxyOverdensitiesrom the Hubble SpaceTelescope

The HST Medium DeepSunwey ClusterSampleis a list of 92 regions of the sky which have a stat-
istically significantoverdensityof optically-selectedyalaxieswithin circular radii of 10—-30arcsec
[Ostranderl998. Sevenof theseregionshave beenobsenedby theRyle TelescopeTheseparticular
regionsarethe onesin the HST-MDS list which have faint centralgalaxy magnitudegm. > 22) as
well aslarge overdensitie®f neighbouringyalaxiesat faintermagnitude.

TheRyle Telescopdasnotbeenableto find S—Zeffectsin ary of theobseredregions;apparently
the galaxy clusters/groupsio not containenoughhot gasto producestrongS—Z shadavs. The RT
obsenationsaresummarizedn Table3.3. All of themproduceO—1kA mapsthatareconsistenwith
the expectednoise,which rangesfrom 200uJy to 400Uy in theseobsenations. Of course the fact
thatthenewly developedsourcesubtractiormethodscanyield anull resultis agoodcheckoniit.

3.3.2 X-ray Selection:DistantX-ray GasConcentrations

Of the severalhigh-z clustersseenasfaint but extendedsourcesn the EINSTEIN EMSSlist andthe
public-domainROSAT detectionstwo appeato berich enoughandto have high enoughdeclination
to yield goodS—Zmeasurementwith the RT. Oneof themis CLO016+16.

ThesecondMS1137+6625t z=0.78[Donahuel999, hasbeenobseredfor 28 x 12hourswith
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the RT. The field-of-view is atypical;in additionto oneeasilyremaoved nearby400uJy point source,
thereis an anomalousource20 arcmin southof the pointing. Usually sourcegwith typical fluxes
lessthan2mJy) sofar away would be completelyattenuatedby the RT primary beam;however, this
happengo be3C263,with flux 3Jyat1.4GHz.

Evenwithout subtractinghe 3C source the S—Z holeis clearly visible on the map,asshovn in
Figure3.25. To geta quantitatize estimateof the S—Z holedepth,the sources 0—1kA flux, 600uJy, is
removed, leaving behindan equivocal —400+ 80pJy decremententredon the X-ray cluster showvn
in Figure3.26a.The 0-2kA map,Figure3.26b,alsohasvery goodsignal-to-noisendshovs the S-Z
effect to have extensiondeadingaway from the centre,giving the shadev a triangularshape.Such
structureis not visible on the low-sensitvity X-ray map. Is this clusterpart of a larger supercluster
structureFurtherdeepS—Z mappingaroundthe centrewould surelygive a clearanswer
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3.3.3 RadioSelection:Clustersof RadioSources

TheTEXOKX list of candidatesf possiblenigh-redshifigalacticclustershasbeencompiledby looking
for statisticallysignificantaggreatesof sourcesn radiosurveys [Rawlings 1999. TheRT has,sofar,

mademapsof two of the TEXOX candidatesTEXOXL20 and TEXOXL21, after subtractingalmost
adozenradio sourcedrom eachfield-of-view. This large numberof sourcess morethantwice the
numberseenin theotherRT clusters’field-of-views, andalmosttentimesthe numberexpectedfrom

sourcecountsin regions free of clusters[Donnelly1987. The RT datashows strongS-Z effects
in both regions, of —3204+ 65uJy and —640+ 80pJy, respectiely, indicatingthe discovery of new

galacticclusters.SeeFigure3.27for the 0—1kA maps.

The 0-2kA mapsof the two regions, shawvn in Figure 3.28, both appearto have odd double-
structures. Any residualextendedflux not removed in the sourcesubtractionwould lead to such
distortions.However, without somemodelof the shapeof the expectedS—Z hole (asis availablefor
theHp clusters)jt is difficult to separatehe S—Z effect from theseextendedsourceslin ary casethe
extendedsourcegequiredto producethe distortionsappeatto belocatedinsidethe S—Z hole itself.
Remawal of thesourceluxes(estimatedo belessthan150uJy from the sizeof thedistortions)would
appearto enhancehe hole, sothe S—Z depthspresentedbove shouldprobablybe consideredlight
underestimates.

Optical followup is being carried out by Rawlings to constrainthe redshiftsof the TEXOXL
clustergRawlings 1999. At presentanopticalmatchto oneof theradiosourcesn the TEXOXL20
region hasbeenfound with a redshiftof zas 0.8. In addition,further TEXOX candidatesre being
obsenedby theRyle Telescopewith promisingresults.
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4. DISCUSSION

Thesourcesubtractiormethodgresentedh this dissertatiorhave allowedfor the systemati@nalysis
of Ryle Telescopalatafrom thirty clustercandidatesimagesof twenty significantS—Z decrements,
compiledin Figure4.1, have beenrevealed.

4.1 Combineavalueof the S—ZHubbleConstant

Table4.2 summarizeshe measuredcalefactorsrso = 1/+1/hso, aswell asthe correspondingdy es-
timatesandangulardistancesof theeightHg clusters.In addition,thecentralS—Ztemperatureecre-
mentfor eachcluster predictedfrom the X-ray fit, bothwith the assumptiorHy = 50 kms™Mpc~?
andwith the correctionobtainedby fitting to the RT dat arecomputedthere;thesedecrementgan
be directly comparedto valuesobtainedfrom otherexperiments,also listed in the table. Thereis
good consistenyg, especiallyconsideringthat most of the other experimentseither do not include
spectral/temporalncertaintiesn sourcesubtractionin their estimatesor do not attemptsourcesub-
tractionatall [Carlstrom1994.

Before combiningthe Hp estimatesijt is very importantto clarify the possiblesystematicer-
rorsin this method,basedon the comparisorof X-ray andradio S—Z data. Earlier estimatesf the
Hubble constantfrom S—Z effect measurementappearedo fall in a “low range”, from 40 to 60
kms~Mpc~1, promptingmuchspeculatiorasto what might causesucha systemati¢underestima-
tion” [Birkinshaw 1999. A wild rangeof effectshave beenproposed:clumpingof the intracluster
gas;gravitational lensingof backgroundsourcegLoeb 1997; asphericityof the gasgeometry;cool-
ing flows; andnon-isothermalitypossiblydueto meger shockgRoettiger1997.

4.1.1 Intraclustergasclumping

Evenin the mostextremecasesf gasclumping,wherehalf of the clustervolume contains5/6 of

the gas,the Hp valuewould be underestimatetly only 15%[Maggi 1997. However, X-ray imaging
of nearbylarge-angulaiscaleclustersclearly exclude sucha level of fractionationin intraclustergas
[Fabianetal. 1994. Indeed,initial simulationsproducegasclumpingthatwould leadto anunderes-
timateof only 2% in Hp [Grainge1999.
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TEXOXL20 TEXOXL21 Z\W1883

Fig. 4.1: A rogues galleryof the clusterS—Z effectsdiscussedh this dissertation.
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4.1.2 Backgroundadiosources

The effectsof lensingof backgroundadio sourceshy the clusters gravitational potentialhave been
calculatedby Loeb andRefregier [Loeb 1997. With a source-subtractiofiux limit of 100uJy, this
lensingeffectleadsto slightunderestimatef Hyp of 1% in atypical massve cluster like Abell 2218.

A strongereffect of theseunsubtractedaint (microjansky) radio sourcesmay be the confusion
noisethey induceon the RT shorterbaselines.The sourceconfusionnoisewasoriginally expected
to be 50— 70pJybeant? on 0—1 kA baselinesnegligible comparedo the intrinsic statisticalnoise
[Grainge1994@; thatestimatedoesnot takeinto accounthe possibleoveralundanceof faint sources
nearrich clusters. However, the scatterin the Hyp valuesobtainedbelov appearsconsistentwith
ignoringsourceconfusionnoise.

4.1.3 Asphericityof gasgeomety

Assumptionsaboutthe three-dimensionajasgeometryare expectedto induceanimportanterrorin
estimatef Hp basedon individual clusters.In particular the three-dimensionainodelsof the gas
densityassumehat the core radiusalongthe line-of-sightis the geometricmeanof the core radii
trans\erseto the line-of-sight. For a clusterwith trueline-of-sightdepthl ; andassumedine-of-sight
depthl;, the calculatedvalueH§?® is foundto berelatedto thetrue valueH{!® by

H(():alc: (t)rueII_J-‘ (4.1)
[

X-ray imagesshaw thattheratio of transwersecoreradii in this samplerangefrom 1.1 (in the caseof
Abell 2218)upto 1.5(in A1704). Assumingtheactualline-of-sightdepthcouldbeary valuebetween
the two trans\ersediametersthis introducesan uncertaintyof up to £25%in Hg, with the signde-
pendingonhow theclusters majoraxisis orientedrelativeto theline of sight. By averagingHy'sfrom
afew clusterswith differentorientationsthe asphericityerroris easilyeliminated[Sulkanen1999.
Sincethe eight clusterspresentedherewere selectedor their X-ray luminositiesand temperatures
(which areindependenof clusterorientation)they form suchanorientation-unbiasesample.

4.1.4 Intraclustergastemperature

Gastemperaturaincertaintiegwhich areusually of order5-10%)producea randomerror, of order
10-20%in Hy. In addition,thereis agoodpossibility thatusingthe X-ray-emission-weightetemper
aturesproducesa systematiainderestimatef Hp, for meging clusters(like Abell 2218, Abell 665,
andAbell 1914)andcooling-flow clusters(like Abell 1413andAbell 1704).

For recentlymeigedclusters both clustermeiger simulationgRoettiger1997 andASCA obser
vationsof nearbyhot clusterdMarkevitch 1999 suggesthe presencef hot regionsof gaswhichare
notin the clustercentre.Sincethe X-ray emissionis proportionalto nZ, an X-ray-emission-weighted
temperaturavill tendto oversamplethe centreof the cluster producinga temperaturestimatethat
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is lower thanthatappropriatdor the S—Z effect. Simulationsindicatethatthe Hp valuesdetermined
from meging clusterscanbe underestimatetly asmuchas30%, dueto this temperaturenismatcht

For the cooling-flov (CF) clusters,a simultaneousnalysisof the ROSAT HRI mapsandASCA
spectraallows for the clustertemperatureo be fitted with the coldercontribution of the CF-region
removed [Allen & Fabian1999; thesehighertemperaturehiave beenusedin the presentHp ana-
lysesof Abell 1413 and Abell 1704. However, a comparisonof the temperaturevs. bolometric
luminosity curvesof CF andnon-CFclusters,even after the correctionto remove the cooling flows,
indicatesthatthe CF clustertemperaturestill appeato be underestimatetdy 10-20%;seeFigure?2
of [Allen & Fabian1998. TheHg valuesestimatedrom theseclustersmay thenbedrasticunderes-
timations,by 20-40% 0f thetrue Hubbleconstant.

4.1.5 Statistical/systmaticerrorin ATsz

The largesterrorson measurementsf Hp from individual clustersare still dueto the uncertainties
in determiningthe depthof the clusters S—Z shadaov. In particular seven of the eight clustershere
have comple radio ervironmentswith positive, extendedradio emission— possiblydueto cluster
meigerhalos,to gravitationallylensedadiosourcesandto cooling-flon mini-halos— contaminating
the S—Z effect. The separatiorof theseclustre-centrénalosfrom the S—Z effect generallyincreases
(by aslittle as10%,in CL0016+16 andby asmuchas100%,in Abell 1914)theintrinsic erroronthe
S—Zmeasuremerdueto statisticalnoiseonly.

4.1.6 Othersourcef error

Othersourcef error, including contaminatiorfrom the kinetic S—Z effect, the existenceof cold ha-
loes,andthe primaryflux calibrationof theRyle Telescopdare beenshonvn to eachproducdessthan
5% uncertaintyin Hyp, muchlessthanthe statisticalerroron the Ryle data;seege.g.,[Grainge1999.

In summary the largesterrorsin the individual clusterHp valuesderive from statisticaluncer
taintiesin measuringhe S—Z hole depth;systematiancertaintiesn removing contaminatiorof the
S—Z hole by extendedclustercentreradio sourcesmismatchbetweerthe line-of-sightclusterdepth
andthe obsened clusterdiameter;andthe errorsin the intraclustergastemperatur¢akenfrom the
emission-weighte-ray spectra. Theseuncertaintiesare summarizedor the eight Hy clustersin
Table4.2. WhenHg estimatedgrom this orientation-unbiasedampleof clustersarecombined all of
theuncertaintiesvill bereducedgexceptfor thetemperatureincertaintywhichis expectedo causea
systematiainderestimatiomf up to 30%in recently-megedclustersandcooling-flow clusters.

1 ASCA measurementindicate that the temperaturestructureof relaxedclustersappearto follow a fairly universal
smoothprofile thatslowly decreasewith radius,whenscaledto r1go= 2.8h;01Mpc(Te/ 10ke\[)l/ 2. For numbergypical of
theRT tamgetclusters,Te = 7keVandz = 0.2, thetemperatur@ropsto 80% of its maximumvalueat radii of about2 arcmin
[Markevitch 1999. The X-ray-emission-weightetemperaturdor theseclusterswould thenbe expectedto agreeto well
within 5%, with the temperatureppropriatdor the S-Z effect. If the S—Z effect of these(generallycool) relaxed clusters
canbedetectedtheresultingHp estimatevould thenbe underestimatelly lessthan10% [Maggi 1997.
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By combiningthe measuredcalefactor1/+/hsg for all the clustersavalueof 1/y/hsg = 0.95+
0.05, correspondindo Ho = 561 (randomerrorsonly) kms~*Mpc~1 is finally obtained.Takinginto
accountthe possiblesystematiceffects of the gastemperaturestructure— which may producean
underestimatdy asmuchas30%in theserich clusters— the allowed rangeof Hg increase$o 56—
72kms~Mpc~1, with arandomerrorof 11%.

Thevalueagreesvell with otherS—z/X-ray-baseéstimatesljke thecombinedvalueof Hy = 47+
7(statistica) £ 1°(systematig, obtainedn [Hughes& Birkinshav 1998-3 by averagingovereightmeas-
urementsrom four S—Z experiments.In addition,the Hy estimateobtainedhereis consistentwith
thevaluesfoundwith completelydifferentmethodslike theresultsfrom graviationallenstime-delay
measurements]2+ 7(statistica) + 15%(systematigkms~Mpc~! [], and distance-laddecalibra-
tion in the HST Key Project, 72+ 5(statistica) 4 7(systematitkms™Mpc~1; see,e.g,thereview in
[Freedmaril999. It will beinterestingto seehow well thesevaluescorveme to the “true” Hubble
constanastheir systemati@rrorsarebetterunderstoodandthestatisticalerroris reducedvith future
experiments.

In theabore S—Z/X-raybasey result,avalueof thedeceleratioparameteqy = 0.5 is assumed
for thedeceleratioparametemwhich enteranto theform of theangulardistancevs. redshiftrelation.
However, for theredshiftsz < 1 considerechere,it turnsout that changinggo hasvery little effect.
Ononehand,this factexplainswhy S—Z effect measurementsannotconstraingg; onthe otherhand,
it makesthe measuredalueof Hy quiterobustto uncertaintyin go. For example,if a differentvalue
Jo = 0 is assumedthe centralvalueof Hy decreaseby 5%, a very smallperturbatiorindeed.

4.2 Searchingor High-RedshiftClusters

In termsof future physicalinsights,the Suryaers-Zeldovich effect may be mostvaluablein its ability
to probevery distant, primal large-scalestructure. In the lastfew years,the discoveriesof high-z
(proto)clustersthroughS—Zdetectionsn fieldscontainingdouble-quasarfgdonesetal. 1997, aswell
asthroughserendipitousietectionof extendedX-ray sourcegsee.e.g.,[Rosati1999) have revealed
theearly(z > 0.5) universeto have arich large-scalestructure which, in fact,impliesanupperbound
the universes massdensityof approximatelyQn, < 0.6; see[Bahcall1997. Enegizedfurtherby the
discovery of the high-z clustersTEXOXL20 and TEXOXL21 presentedere,the searchor clusters
correlatedwvith aggreyatesof radio sourceds continuing.

The S-Z shadavs of the distantclustersCL0016+16andMS1137+625arealsotantalizing. The
remarkablestructuresin both of their 0-2kA RT maps[seeFigure 3.26 and 3.23] with extensions
leadingaway from the clustercentremay be evidencethatthe clustersare partsof superstructures.
Suchextensionsarenotvisible onthelow-sensitvity X-ray mapsof eitherregion, demonstratinghat
for high-z clustersmeasurementsf the distance-independeBtZ effect canprovide imagessuperior
to X-ray obsenations.
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5. CONCLUSIONS

A newly developedmethodwhich systematicallyits andremovespoint-like radiosourcesn visibility
datahasbeenappliedto galaxyclusterobsenationsby the Ryle Telescopetesultingin theimagesof
twenty S—Zshadavs at 15GHz.

While the spectraand normalizedflux distributions of theseradio sourcesaresimilar to thosein
non-clusterregions, thereappeargo be a strongoveratundancegby a factor of 4 to 6) of sourcesn
therich-clusterregionscomparedo non-clusteregions,requiringextra carein removing thesepoint
sourcedrom S—Zmaps.c

In addition,the RT obsenations,aswell aslowerfrequeng radio maps,indicatethatthe central
regionsof hotclusterscontainextendedadioflux — possiblydueto gravitationallylensedradiorings,
megerinducedradiohalos,and/orcooling-flowv “mini-halos” — which contaminatehe S—Zshadav.
A methodto separat¢éheseextended‘radio halo” sourcegrom scaledmodelsof the S—Z effect, based
on X—ray information,hasbeendevelopedandappliedto eightclusters.Uncertaintiesn thehalo/hole
separatiorcanincreasehe error by up to a factorof two onthe measuremeraf ATsz. In particulay
theexistenceof sucha (previouslyignored)“halo” sourcen S—Zmeasurementsf clusterAbell 2218
dominateghe erroronthedetection.

CombiningX-ray andS—Zimagesof eightclustersallows for a measuremerdf the Hubblecon-
stant. The allowedrangeof Hg is 56—72kms—1Mpc—1, with arandomerror of 11%. The dominant
sourceof erroron this combinedvalueis notthe statisticaluncertaintyin the S—Z measurementgut
insteadthe poorly understoodarge-scalédemperaturgradientsin thesehot, dynamicclusters.Spa-
tially resolhed X-ray spectralmeasurementsy the new satellitesXMM andChandraAXAF should
allow this particularsystematicrror to be significantlyreducedn the nearfuture. In addition,next-
generationS—Z telescopesnay be able to obtainimagesof cooler relaxed clusterswhich areless
likely to have the strongtemperaturgradients— or, for thatmatter “halo” sourcesor asphericabas
profiles— thatcurrentlylimit theaccurag of the S—Z/X-ray-basedieterminatiorof Hyp to the 30%
level.

Four of the S—Z detectionspresentechereare for clustersat redshiftgreaterthan0.3. Two of
them, TEXOXL20 and TEXOXL21, have beentargetedby looking for aggr@atesof radio sources,
andthusprovide agoodchallengedor thenew source-subtractiotechniquesThe RT datarevealsthe
presencef strongS—Zeffectsin bothregions,afterpoint sourcesubtractiongdeepopticalimagesand
spectraarenow beingobtainedto constraintheseclusters’redshifts.Finally, S—Z mapsof two more
X-ray-selectechigh-z clusters,CL0016+16(at z= 0.55) andMS1137+6625at z= 0.78) appearo
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shaw extendedstructurethatis not visible on the low-sensitvity X-ray maps. FurtherS—Zimaging
may revealadditionalsuperstructurearoundthesedistant,rich clusters.
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