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ABSTRACT

Thepropertiesof clustersof galaxies,andtheevolution of thoseprop-
ertiesovercosmictime,areexquisitelysensitive to severalparametersthat
describethecosmologyof theuniverse.X-ray observationsareapowerful
tool toextractthiscosmologicalinformation.In thisclasswedescribeclus-
ters,the techniquesof X-ray astronomyrelevant to their observation and
giveexamplesof theseobservations.Thenwereview currentmethodsused
to do cosmologywith theobservations,andsummarizetheresuls.Finally,
we indicatepossiblefuturedirectionsfor this field.
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1 X-rays from Clusters∗

We startwith anintroductionto clustersof galaxies,describehow they areobservedat

X-raywavelengthsandgivesomeillustrativeexamplesof X-rayobservationsof clusters.

1.1 Short History of Our Understanding of Clusters

CharlesMessier(1730- 1817)wasa Frenchastronomerwho workedin Paris. He was

very interestedin discoveringandtrackingcomets,but hewascontinuallydivertedby

pesky faintdiffusenon-moving objects.Of coursetheseobjectsappearedto becomets,

but they werenot sincethey werestationary. Messierhadto observe themover many

nightsbeforeconcludingthey werenotmoving. In ordertosavetime,Messiercompiled

andpublished1 a list of 109diffuseobjectsnow known by theirMessieror M numbers.

Theseobjectsaresomeof themostbeautifulin thesky. They aregalaxiesor supernova

remnants.Thereare13 Messierobjectsin a small region at theVirgo-Comaborder.

Althoughhedid notknow it, Messierdiscoveredsomethingentirelydifferentfrom what

he wassearchingfor; he found theVirgo clusterof galaxies,the nearestof the great

clusters.Thecentralgalaxyin theVirgo clusteris M87. It is commonin astronomyto

find somethingcompletelydifferentfrom whatoneis searchingfor.

Finding moreclusterswasdifficult becausethe humaneye is not a very sensitive

detector. In 1933, Harlow Shapley catalogedonly 25 clusters2 and by 1948 only a

few dozenwereknown. Theadventof photographicsurveys of theentiresky hasnow

yielded∼ 10, 000 clusters.TheAbell catalogwasthefirst very largecompilation.3,4

Now wearriveatthefirst exampleof “What youseeis notwhatyouhave”. Theline

of sightvelocity of theclustergalaxiesmaybemeasuredby theDopplershift of their

spectrallines.Thefirst suchmeasurementswereof thegreatclustersin ComaandVirgo

in the1930s.5,6 Thevelocitiesaresofastthateitheraclusteris atransientphenomenon,

lastingasmallfractionof theageof theuniverse,or theclustercontains∼ 100× more

massthancontainedby thegalaxies.Clustersarenottransientsincetheirsize/(speedof

thegalaxies)<< theageof theuniverse.That is, they couldhave dispersedlong ago,

yet they arestill there.Theconclusionwasthatclustersmustcontaina largeamountof

darkmatterbindingtheir galaxies.

By theearly1970sastronomersthoughtthey knew whatwasin aclusterof galaxies:

∗“Baryonsandbaryonicmatter"usedin this lectureis synonymousto “the normalmatter"consistingof

nuclei,electronsandpositrons.
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dark matterandgalaxies. Thenin 1971astronomersdiscoveredX-rays comingfrom

clusters,7,8 the secondexampleof “What you seeis not what you have”. In fairly

shortorderthe basicpropertiesof this newly discoveredcomponentwereelucidated.

“ . . . most, if not all, rich clustersincludean X-ray emissionregion of large sizeand

of net luminosity 1043−44erg s−1”.9 “ . . . observationsof the X-ray flux . . . from the

Virgo,PerseusandComaclustersprovide strongevidencefor thethermalorigin of the

radiation,including iron line emission.”10 “We report the first extensive detectionof

X-ray emissionfrom clustersof galaxiesat cosmologicaldistances.”11

Theimplicationsof thesenew clusterobservationsareanotherexampleof whatyou

seeis not what you have. The existenceof dark matteris confirmedsincethe gasis

too hot (∼ 108 K) to beheldby thegalaxiesalone. Someof thedarkmatterbecame

suddenlyvisible. The size, luminosity andemissionmechanismgive the amountof

X-ray emittingmatter, which is ∼ 20% of thedarkmatterandmuchmuchlarger than

themassof thegalaxies.Clustersof galaxiesareactuallyfuzz ballsof hot gas. They

canbeusedfor cosmologystudies,if weonly knew how.

1.2 Overview of the Techniques of X-ray Astronomy

Thewavelengthrangeof X-ray astronomyis roughly100̊A- 0.6̊A, which corresponds

to anenergy rangeof about0.1keV - 20keV where1 keV = 1.6×10−9 erg. Theenergy

rangealsocorrespondsto a temperaturerangeof about106−8 K, usingE/k wherek is

Planck’sconstant.Thelastthreesentencesillustratethatastronomersarefondof using

awidediversityof unit systems.

The photoelectriceffect is the dominantinteractionprocessbetweenmatterand

photonsin theaboveenergy rangefor mattercomposedof anythingotherthanpureHy-

drogen.Thishasanumberof consequences.Firstandforemost,from thephotoelectric

crosssectionsandconstituentsof theatmosphereasafunctionof altitude,X-raysdonot

penetrateto theground.Rather, X-ray instrumentationmustbelifted above∼ 100 km.

Second,wemaydefineaneffectiveabsorptioncrosssectionof theinterstellarmedium

of theMilk y Way by weightingthephotoelectriccrosssectionsof eachelementby the

abundanceof thatelementrelative to Hydrogen.

σeff(E) ≡
∑ ni

nH

σi(E) (1)

Thetransmissionof theinterstellarmediumis then

e−nHlσeff = e−NHσeff (2)
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Table1. TelescopeParametersof X-rayAstronomyImagingMissions
Einstein ROSAT ASCA Chandra XMM ASTRO-E2

Area(cm2) 171 450 1300/4 800 4500/3 2250/3

Field (◦) 1 2 0.6 0.5 0.5 0.6

Resolution(′′) 4 5 40 0.5 6 30

Focus(m) 3.4 2.4 3.5 10 7.5 4.5

# Nest 4 4 120 4 58 175

Range(keV) 0.1-4.5 0.1-2.4 0.5-12 0.1-8 0.1-15 0.5-12

parameterizedby the HydrogencolumndensityNH, which is measuredby radio as-

tronomytechniques.The interstellarabsorptionremoveslow energy photons.At the

galacticpoles,wheretheHydrogencolumndensityis3 × 1020 cm−2, onlyphotonswith

energiesabove 0.3 keV get through. Toward thegalacticcenter, wheretheHydrogen

columndensityis 2 × 1022 cm−2, only photonswith energiesabove 2 keV reachus.

It is importantto realizethat, althoughthe amountof absorptionis parameterizedby

theamountof Hydrogen,Hydrogenis not theabsorber. It is Helium for E ≤ 0.53 keV

andOxygenfor E > 0.53 keV. Bewareof “excess”absorptionfound with cyrogenic

detectorsbecauseH2O freezeson them!

It is verydifficult to focusX-rays. For many yearstherewereno imagesandX-ray

astronomywasdonewith arrangementsof slatsandwiresthatmechanicallylimited the

field of view. Now howevermostcurrentandfuturemissionsuseX-ray optics.X-rays

will reflectoff of somematerialsif they arriveatgrazingincidence.Theindex of refrac-

tion atX-ray energiesis n(E) = 1 − δ(E) + iβ(E). Theimaginarypartis relatedto the

crosssectiondescribedin thepreviousparagraph.Totalexternalreflection,analogousto

total internalreflectionof light, occursbelow acritical grazinganglecosθc = 1 − δ(E)

or θc ≈
√

2δ, which is proportionalto 1/E from many materials.In practicalterms,the

grazinganglesarebetweenabout1 and5 degrees.Thetelescopedesignsaresimilar to

Cassegrainopticaltelescopes,exceptwith theparabolicandhyperbolicsurfacesgreatly

extendedandtruncatedsoonly materialat grazinganglesintercepttheincomingradi-

ation. Individual mirrorsareusuallynestedin aneffort to increasethefrontal areathat

is, of course,alwayssmall if thephotonshave to arrive at grazingincidence.Table1

providesasummaryof thetelescopeparametersof X-ray astronomymissions.Thearea

is quotedfor anX-ray energy of 1 keV andthefield for 0.28keV.

X-ray astronomydetectorsarephotoncounting. Entirecoursesmaybedevotedto
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Table2. Propertiesof X-rayAstronomyImagingDetectors
Detector Mission ∆x E/∆E ∆t QE

ProportionalCounter Einstein,ROSAT 1mm 12.5 10µs 100%

Micro ChannelPlate Einstein,ROSAT, Chandra 15µm 1 10µs 10%

CCD ASCA, XMM, Chandra 15µm 30 1s 100%

ASTRO-E2

Bolometer ASTRO-E2 0.6mm 1000 10µs 100%

them,but we provide only Table2. We definethe following parametersusedin the

Table:∆x, ∆E and∆t arethespatial,energy andtemporalresolutionsrespectively.

A big advancewith theChandraandXMM-Newton missionsis theuseof efficient

objective gratingscoupledto large-areatelescopes.Theeffective areaof thetelescope

+ grating+ detectoris about100cm2 atanenergy of 1.5keV andtheresolutionE/∆E

variesfrom 200 to 1000at anenergy of 1 keV. The resolutionis givenby thegrating

equation.

R =
E

∆E
=

λ

f

dl

dλ

1

φ
(3)

Heref is theoptic focal length,dl/dλ is thedispersion(mm/̊A) andφ is theangularsize

of thesource.Soonly point-like sourceshave high spectralresolutionusingobjective

gratings.That is whatmakesthebolometeronASTRO-E2sopowerful for clusters;it

will havegratingresolutionfor diffusesources.TheXMM-Newtongratingsarealways

on;Chandra’s needto beinsertedinto thelight path.

1.3 Examples of Cluster X-ray Observations

In this sectionwe will describeclusterX-ray morphologyandspectraandthengive

two relations,onewell-establishedand the otherexpectedbut not so well-observed.

Finally, wewill describewhatis known empiricallyabouttheevolutionof clusterX-ray

luminositiesandtemperatures.

Themorphologyof clusterX-ray emissionmaybedescribedastrainwrecksor dart

boards,in astronomerjargonmergersor relaxed.TheComaclusterhasbeenextensively

studiedfor over 75 years.Ever sinceZwicky’s work5 it wasconsideredtheprototype

for a rich relaxedcluster. It is very massive (rich) andwasthoughtto have reachedits

final evolutionarystate,no longerchanging(relaxed). However, theX-ray image12 is

very lumpy andeachmajor lump is associatedwith a bright galaxy. The lumpsseem
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to be unassimilatedgroupsof galaxies. The Comaclusteris in reality very far from

relaxed.Anotherexampleof a trainwreckis theclusterA754, thesevenhundredfifty-

fourth memberof theAbell catalog.3 This clusteris anexampleof a majormerger; it

is far from equilibrium. It hasat leastthreehighly elongatedsubstructuresandis very

non-isothermal.13,14 Thegrosssurfacebrightnessandtemperaturedistributionof A754

agreewell with numericalhydrodynamiccalculationsof amergerof agroupof galaxies

with acluster.15,16

Dartboards,indicativeof relaxedclustersin hydrostaticequilibrium,havesymmet-

ric, nearlycircularmorphologiesandlittle temperaturestructureexceptfor coolcenters.

An exampleof thistypeof morphologyisA1795.17 Chandraobservationsof theseclus-

tersoftenshow non-symmetricmorphologies.18 Oneshouldrememberthatbecasueof

thehigh angularresolutionof Chandra(Table1), thesefeaturesareusuallysmalland

associatedonly with thehighestsurfacebrightnesses,not with theoverall structureof

thecluster. TheX-ray observationsof thesetypesof clustersmaybeusedto measure

thetotal massneededto hold thehot X-ray gasundertheassumptionthatthegasis in

hydrostaticequilibrium.

M(< r) = −kT(r)r

Gµmp

[

dlnρ

dlnr
+

dlnT

dlnr

]

(4)

whereM(<r) is themassinterior to r, T(r) andρ(r) aretheX-ray gastemperatureand

densityat radiusr. Somethingmustbeassumedto determinethe3D quantitiesT(r) and

ρ(r) from theobservationsprojectedonto theplaneof thesky. Usually it is spherical

symmetry.

Spectralanalysisis themajorpartof astrophysics. We mentiononly thebeautiful

XMM gratingspectraof thecool centersof relaxedclusters,of which Reference19 is

anexample.Thesespectrasolve a long-standingproblemin clusterastrophysics. The

weakor nonexistentFeXVII andCVI Lyα lines show that the hot gasdoesnot cool

below abouthalf of the ambienttemperaturein the cool centers,contraryto 25 years

of acceptedwisdom.Further, theclustergasis enriched,thatis it haselementsheavier

thanHydrogenandHelium. This resultis notnew. Theabundanceof theseelementsis

aboutathird of thesolarvalue.Theonly known sourceof heavy elementsis supernovae

in the clustergalaxies,so the clustergasis a recordof the supernovaehistory in the

galaxies.It is not yet clearwhat is themix of thetwo typesof supernovaeresponsible

for theobservedelements.

Theclusterluminosity-temperaturerelationis theoldest20–22 andbeststudied23–26

in clusterX-ray astrophysics. Thereis a definiterelation,but thereis alsosubstantial

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

6L05



scatter. The scatterappearsto be Gaussianwith σ(log(L)) ∼ 0.3 at constantkT.27

The scatteris reducedif the cool centersareexcised. We adoptthe form L(bol) = C

[kT]α (1+z)A, whereL(bol) is thebolometric(total) clusterluminosity. Simplescaling

relationspredictα ∼ 2 andA ∼ 1.5,but ∼ 3 and∼ 1 respectively areobserved.27,28 A

andα arecloselyrelatedto the thermodynamichistoryof thehot gas. This history is

not simplesincethey donotagreewith thesimplescalingrelations.

We will seein Sevtions 2.2 and2.4 that massis the fundamentalvariableof the

theoryby which cosmologicalinformationis extractedfrom clusterobservations.Un-

fortunately, themassof aclusteris oneof themostdifficult propertyto measure.Most

analysesuseequation(4) alongwith varioussimplifying assumptions.Analyseswith

lessrestrictive assumptionscontainfewer clusters.So far the work with the leastas-

sumptionsanalyzesonly apparentlyrelaxedclusterscoupledwith adirectdeprojection

of theX-ray gasdensityandtemperatureprofiles,yieldingseventeenclusters.29 A large

fractionof theseclustershave independent,confirmingmassmeasurementsfrom anal-

ysisof weakgravitationallensing.ThereareM - T andM - L relations.More massive

clustersarehotterandmoreluminouslike moststars. Thusit will be possibleto use

observationsof clusterluminositiesor temperaturesasproxiesfor clustermassesand

therbydocosmology. However, thereis substantialscatterabouttherelations.Thiswill

make doingcosmologymoredifficult. It would beextremelyusefulif a way couldbe

foundto reducethescatterin theralations,but sofar thesamplesizesaretoo small to

examinethatscatterin asystematicway.

Thepropertiesof clustersof galaxiesatasingleepochprovidecosmologicalinforma-

tion. Further, theevolutionof thosepropertiesprovidesadditional,oftencomplementary

information.However, clustersarenotstandardcandlesor standardtemperaturebaths.

Therefore,the distribution of clusterluminositiesor temperatures,the luminosity or

temperaturefunctionsin astronomyjargon,needsto bedeterminedatdifferentredshifts

(epochs)in order to measureluminosity or temperatureevolution. This requirement

impliesthatstatisticallycompletesamplesneedto beconstructed.

Measuringluminositiesis relatively easy;only 25 photonsareneededin orderto

havea5σ detection.Assemblinglargesamplesis possibleandquitea few, about10so

far, havebeensoassembled.Interpretingtheluminosityevolution,or lackof it, is notso

easy. Theluminosityis proportionalto thesquareof thegasdensity, sotheluminosity

evolutionisastrongfunctionof thethermodynamichistoryof thegas.TheL - T relation

shows thatthathistoryis non-trivial. It is muchharderto measureclustertemperatures

thanluminositiessince∼1000photonsarerequired. Thereis only onehigh redshift
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samplewith completetemperatures30 sofarandthelow redshiftsamplesall containthe

samebright clusters.25,31,32 Theinterpretationof clustertemperatureevolution,or lack

of it, shouldbeeasiersincetheclustertemperatureis an independentthermodynamic

variable.

Thesummarystatementonclusterevolutionis therearefewerhighluminosity, high

temperature(i.e. highmass)clustersin thepast.Theexistenceof luminosityevolution

hasbeencontroversialsincethe first reports.33,34 The mostrecentresultsarethat six

independentgroupsmeasurestatisticallysignificantluminosity evolution34–39 andthe

consensus,but not unanimous,opinionis thatit doesexist. Theamountof evolution is

a factorof 2 for a luminosity of 2 × 1044erg s−1 for redshiftsbetween0.11and0.45.

Theevolution is largerfor largerluminositiesandredshiftbaselines.

2 Using X-ray Observations of Clusters for Cosmology

2.1 Introduction

Why areclusterssousefulfor cosmology?Theanswerto this questionentailsseveral

parts.First, clustersarethemostrecentobjectsto form in theuniverse.Their number

densityis on thetail of a distribution function. Thusthenumberdensityandits evolu-

tion areexquisitelysensitive to theparametersdescribingthisdistribution function,the

cosmologicalparameters.Second,they arebrightandsocanbeeasilyseento redshifts

of aboutunity. Theredshiftinterval from 0 to 1 seemsto bewhentheuniversalexpan-

sionchangedfrom decelerationto acceleration.Clustersarevisible andseemto have

formedduringthiscrucialinterval. Third, they canbewell modeled.Clustersarenotas

simpleasthemicrowavebackground,but they aresimplierthansupernovae,galaxiesor

activegalacticnuclei,theonlyotherobjectsvisibleto redshiftsof 1andbeyond. Fourth,

clustersareexcellenttracersof largescalestructure.Thedistribution of clustersabove

randomis muchmorestraightforwardly computedfrom theorythanthat of galaxies.

Fifth andfinally, clustersaresomassive thattheir compositionis thoughtto accurately

reflectall matterin theuniverse.

Clustersmay be observed at many wavelengths. Why areX-ray observationsof

clustersso useful for cosmology?The answeris again multi-part. First, the volume

searchedto find eachclusteris known if clustersarefoundby X-ray searches,but it is

not so easilycalculatedfor othersearchesto date. Second,thereseemsto be a good

relationbetweenX-rayobservablesandtheclustermass,thefundamentalvariableof the
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Table3. StandardModelParametersRelevantto Clusters
Parameter Value

h 0.71+0.04
−0.03

Ωm0 0.27 ± 0.04

ΩΛ0 ≡ 1 − Ωm0

Ωb0 0.044 ± 0.004

σ8 0.84 ± 0.04

w ≡ −1

ns(k = 0.05Mpc−1) 0.93 ± 0.03

theory. Third, therearesmallor nonexistentprojectioneffectssincetheX-ray emission

goesasthegasdensitysquared,but thesignalof all othertracersis linearwith density.

Essentiallyall diffuseX-ray sourcesaway from the Milk y Way areclusters. Fourth,

galactic extinction effects are small at X-ray wavelengths. Fifth, the X-rays come

from optically thin thermalradiationfrom a (nearly) fully ionizedgas in collisional

equilibrium. This situationaidsin clustermodelingsinceit is aboutthesimplestcase

imaginable.

Thelastof theintroductoryremarksis togivethestandardmodelparametersrelevant

to clustersin Table3.40 Thesymbolsin theTablearethefollowing. Thepresentvalue

of theHubbleparameteris H0 = 100 h km s−1 Mpc−1. Thepresentmatterdensityin

termsof the critical densityneededto stop the expansionis Ωm0 andΩb0 is defined

similarly for thepresentbaryondensity. ΩΛ0 parameterizesthecosmologicalconstant

or dark energy. The presentroot meansquarematterfluctuationin spheresof 8 h−1

Mpc is σ8. The dark energy equationof stateis P = wρc2. If w = -1, thenthe dark

energy is thecosmologicalconstant.Recallthatw = 0 for colddarkmatterandw = 1/3

for radiation,althoughneitherof theseis thedarkenergy. Thepower law index of the

spatialFouriertransformof densityfluctuationsin theearlyuniverseis ns.

This is not the first standardcosmologicalmodel that astronomyhashad. In the

early1990’sastronomers“knew” thatΩm0 = 1 andΩΛ0 = 0. Sincenotheorygivesthe

currentstandardmodelvaluesin anaturalway, wedonotknow how long thisstandard

modelwill last.Thewholebusinesshastouchesof theepicycledescriptionof planetary

motion. All the dataweredescribed,but the underlyingpremisewaswrong. So one

goalof contemporarycosmologyis todisprovethestandardmodelin thehopeof finding

cluesto anunderlyingtheory. No clusterdatawereusedto fit theparametersin Table

3, soclustersareanindependenttestof thestandardmodel.
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2.2 Number Density and Its Evolution

Clusterabundanceandevolution asdriven by gravity arestronglydependenton cos-

mology, which providesa way to measureΩm0 andotherparameters.Thefirst person

to realizethis factof whomweareawarewasS.C. Perrenodin 1980: “I concludethat

a relatively powerful cosmologicaltestmay be provided by numbercountsof X-ray

[clusters]out to z ∼ 1. If Ω is large,very few high-redshiftsourceswill beseen. . . If

Ω is small,amoderatenumbershouldbedetected.”41 Therehasbeenahugeamountof

work in this field. Somerepresentative referencesare(Ref. 31,32,34,37,42–55).

Thetheoryusedtoconvertclusternumberdensitytocosmologicalconstraintsbegins

with themassfunction,thenumberof objectsperunit massperunit volume.Thereare

two widely usedanalyticfunctions56,57 andanotherthatis afit to N-bodysimulations.58

Themassfunctionmaybewritten in auniversalform, applicableto all cosmologies,if

expressedin certainvariablesandif themassis measuredin a certainway. Thescatter

is about±20% for differentcosmologies.Additionaldiscussionof themassfunctionis

in (Ref. 59–61).

Thecomoving (that is with theexpansionof theuniverseremovedsothevolumes

donot changefrom thiseffect)massfunctionof collapsedobjectsis

n(Ωm0, ΩΛ0, w, z, M) =
ρb0

M

dν

dM
f(ν) (5)

with

ν(Ωm0, ΩΛ0, w, z, M) =
δc(Ωm0, ΩΛ0, w, z)

σ(Ωm0, ΩΛ0, z, M)
(6)

Here δc is the massdensityfluctuation requiredfor the gravity of a pertubationto

overcomethe expansionand collapseat redshift z, σ is the rms massfluctuationin

spherescontainingmassM and

f(ν) = A

√

2a

π
(1 + (aν2)−p)exp(−aν2/2) (7)

Differentauthorscalculateddifferentvaluesof theparametersA, a andp; A=0.5, a=1,

p=056 orA=0.322,a=0.707,p=0.3.57

Now themassof aclusterisdifficult toobserve,soin ordertousethetheorythemass

mustbe convertedto a moreeasilyobservableX-ray luminosity or temperature.Hot

(> 3 keV) luminous(> 1043 erg s−1) clustersarebestsincetheir physicsis dominated

by gravity. Therearetwo waysto do this. Either adoptthe empiricalM-L andM-T

relationsdiscussedin Section1.3or usethetop hat(uniform initial perturbationinside
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asphericalregion)collapsetheory. This lattertheorygivesthefollowing M-T relation:

kT =
1.42

βTM

[Ωm0∆(Ωm0, ΩΛ0, w, z)]1/3(hM15)
2/3(1 + z) (8)

HerehM15 is themassof theclusterin unitsof 1015 solarmasses,∆(Ωm0, ΩΛ0, w, z) is

theratioof theaverageclustermassdensityto theaveragemassdensityof theuniverse62

andβTM is a“fudgefactor” to accountfor incompletevirializationof theclusterduring

its collapse.Theactualvalueof βTM cancomeeitherfrom empiricalmeasurementsor

from hydrodynamicsimulations.The former yield valuesaround0.7 while the latter

givevaluesaround1.63 Thisuncertainitycaninducesystematicerrors.Oftentheresults

aremarginalizedover therangeβTM = 0.7 − 1.0. Finally theM-L relationcomesfrom

combiningthetophatM-T formulawith theobservedL-T relationdiscussedin Section

1.3.

Theprogramthenis to convert thecosmologydependentmassfunctiongivenabove

into atemperatureof luminosityfunction(thenumberof objectsperunit temperatureor

luminosityperunitvolume)for comparisonwith theobservedtemperatureor luminosity

functions. A bestfitting procedurethenfinds the cosmologicalparametersandtheir

errorscompatiblewith theobservations. This procedureyieldsallowedregionsin the

hyperspaceof cosmologicalparameters.Clusterdatatypically provide constraintsin

theΩΛ0 − Ωm0, w-Ωm0 andσ8-Ωm0 planes.References(30,32,37,49–55)reportrecent

work in thisarea.

Constraintsfrom clustersgenerallyagreewith but arecomplementaryto thosefrom

otherindependentdatasetssuchassupernovaeandthe microwave background.The

allowedregionsareorienteddifferentlyin thecosmologicalparameterhyperspace.The

clusterresultshave different systematicuncertainities. For the currentsamplesizes

of ∼ 100 clusters,thestatisticalerrorson Ωm0 andσ8 arecomparableto thoseof the

standardmodel.Thesystematicerrorfrom theunknownβTM inflatestheerrorof σ8 but

nootherparameterfor thecurrentsamplesizes.Howeverasamplesizeof 100objectsis

ridiculouslysmall,sosystematicerrorswill dominatestatisticalerrorsfor futurelarger

samples.SeeSection3 for adiscussionof theprospectsof obtainingsuchsamplesand

possiblemeasuresto reducethesystematics.

2.3 Baryon Fraction and Its Evolution

Thefundamentalassumptionof thismethodis thatclusterscontainarepresentativesam-

ple of all thematerialin theuniverse.This is a reasonableassumption,sinceclusters
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arethemostmassive boundobjectsknown. Theclustergasfractionis measuredfrom

X-ray observationsof relaxed clusters. The gasmasscomesdirectly from the X-ray

observations,sincethatis thematerialproducingtheX-rays. Thetotalmassis inferred

from assuminghydrostaticequilibrium, that is how muchmassis requiredto contain

thehotX-ray producinggas(equation4). If theX-ray gasweretheonly baryonsin the

clusterandthedistanceto theclusterwereknown,thenfgas = Ωb0/Ωm0, whichleadstoa

constraintonΩm0 if Ωb0 canbeestimatedindependently. Ωb0 canin factbesoestimated

from theobservedabundancesof light elementssuchasDeuteriumor Helium thatare

producedveryearlyaftertheBig Bang(calledprimordialnucleosynthesis).After mak-

ing a smallcorrectionfor baryonsin theclustergalaxies(fbaryon = fgas(1 + 0.19
√

h)),

this relationbecomesfgas(1 + 0.19
√

h) = Ωb0/Ωm0. More generally, thedistancesare

not known soconverting theobservablesto gasfractiondependson redshiftandcos-

mologyandthefinal relationis

fgas(1 + 0.19
√

h) =
Ωb0

Ωm0

(h/0.5)1.5D1.5
A (1, 0, −1, z)

D1.5
A (Ωm0, ΩΛ0, w, z)

(9)

whereDA is the angulardiameterdistance. This relationyields constraintson both

Ωm0 andΩΛ0 with theadditionalassumptionthatthebaryonfractionis independentof

redshift.References29,64–70provideanintroductionandcurrentstatusof thismethod.

Observationsof clusterbaryonfractionshavethepotentialtogivetightcosmological

constraintsif the two assumptionsthatclusterscontaina representative sampleof the

materialin the universeandthe clusterbaryonfractionsdoesnot evolve arecorrect.

Both of theseassumptionsseemreasonablebut astronomyis repletewith reasonable

assumptionsthatturn out to beincorrect.Whatdo we know? Thebaryonfractionis a

functionof thetemperatureof thecluster, but thatfunctionappearsto becomesweaker

or levelsoff aboveatemperatureof 4 keV.70–72 Theaveragebaryonfractionof asample

of 10 hot clusterswith averageredshift0.058is 0.175 ± 0.011 (for h=0.7,Ωm0 = 0.3,

ΩΛ0 = 0.7).70 Contrasttheseresultswith theaveragebaryonfractionof 6 hot clustes

with averageredshift0.302of 0.143 ± 0.010 (asssumingthe samecosmology).68 In

derivingthesequantitieswehavemadetwocorrectionsthatnearlycancel.First,abaryon

depletionin clustersrelative to theuniverseof 0.84 ± 0.03. Second,thehot gasis not

uniformbut is clumped,whichenhancesthecluster’s luminosityovertheuniformvalue

andleadsto anoverestimateof theamountof hot gasby a factorof 1.09 ± 0.04. Both

correctionscomefromnumericalhydrodynamicsimulationof clusters.73,74 Thelow and

high redshiftbaryonfractionsagreewith eachotherandwith thestandardmodelvalue

of 0.166+0.012
−0.013. Similar weakevolution wasobservedasa functionof temperaturefor
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thesamecosmology, but therewassignificantevolution if thecosmologywasassumed

to beΩm0 = 1, ΩΛ0 = 0.28 We concludethatwhatdataexistsprovidessomesupport

for thetwo assumptionsof this method,but systematicerrorson theorderof 10%are

possiblefrom depletionand/orclumpingof theX-ray gas.

2.4 Spatial Power Spectrum of Clusters of Galaxies

Considerthefluctuationsin themassdensityof theuniverseaboutits average:δ(x) =

ρ(x)/ρavg -1. Thepowerspectrum,P(k),is thesquaredmodulusof theFouriertransform

of δ(x). If δ(x) hasaGaussiandistribution,thenall quantitiesdescribingthefluctuation

field may be obtainedfrom P(k). The normalizationof the power spectrumis σ8 ≈
√

P(0.172hMpc−1)/3879h−3Mpc3. Sincemostof themassof theuniverseisdark,P(k)

mustbe measuredusingsomevisible tracer, usuallygalaxiesor clusters. In practice

thedistances(from redshifts)to acompletesampleof objectsmustbemeasuredfrom a

(nearly)contiguousregionof thesky. Thistopichasalongandvenerablehistory. There

aremany morereferencesthanI canpossiblygive here. Somerelatingspecificallyto

clustersof galaxiesare(Ref. 75–80).

In termsof our interest,universeswith differentcosmologieshave differentpower

spectra.Astronomerssay“The cosmologyof the universeis written on the sky.” Of

coursetherealityisnotsoelegantorsimple.Thepowerspectrameasuredusinggalaxies

orclustersasthevisibletracersaredifferent.Thisfacthasbothgoodnewsandbadnews.

Thegoodnews is thesignalfrom clustersis abouttentimeslargerthanfrom galaxies,

implying aboutonehundredtimesfewer clustersareneededcomparedto galaxiesfor

thesamesignalto noise.Thebadnews is at leastoneclassof objectdoesnot tracethe

matterpowerspectrum!

Even worse,the power spectrumis a third exampleof “What you seeis not what

youhave”. Theobservedpowerspectrumis abiased anddistorted versionof themass

powerspectrumthatgivesthecosmologicalinformation.

P(k) is biasedbecausehigh peaksor high massesclustermore than low masses,

Pbiased(k) = b2(z, M)P(k) whereb is the valueof the biasandM is the massof the

tracer. Galaxiesform via nonlineargravitational, dissipative andradiative processes

thatprobablyproducecomplicatedbiases.Clusters,on theotherhand,areexpectedto

have a comparatively simplebiasmainly drivenby gravity. Thereis at leastthehope
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thatb canbecalculatedfor them.Weadoptthefollowing form for thebias.

b(z, M) = 1 +
1

δc

[aν2 − 1] +
2p

δc

1

1 + (aν2)p
(10)

Differentauthorscalculateddifferentvaluesof theparametersa andp; a=1,p=081 or

a=0.707,p=0.3.57

P(k) is distortedbecausethecluster’sdistanceis notknown,only theredshiftor line

of sight velocity. This velocity includesthe Hubblevelocity, relatedto distance,the

peculiarvelocity inducedby othermasses(σp) andredshiftmeasurementerrors(σz).

Pz−space = P (k)
∫ 1

0

(1 + βµ2)2

1 + k2µ2σ2/[2H2]
(11)

whereµ is thecosineof theanglebetweenk andtheline of sight,σ =
√

σ2
p/2 + σ2

z and

β = Ω0.6
m0/b.

P(k) measuredwith tracersthatareevolving nonlinearly(δ > 1) is differentfrom

thatpredictedby linearevolutionbecauseat leastsomeof P(k)comesfrom thedensity

profilesof individual nonlinearfluctuations.Seesection16.4of Peacock’s book82 for

thedetails.

Thepowerspectrumhasbeenmeasuredfrom 426REFLEXX-ray selectedclusters

in 4.24sr andz ≤ 0.365,andwith L(0.1,2.4)≥ 2.5×1042h−2 erg s−1 andF(0.1,2.4)

≥ 3.0×10−12erg cm−2 s−1 (Ref. 80). The constraintson σ8 andΩm0 have smaller

statisticalerrorsthanthoseonthestandardmodelvalues,butonlyagreewith thestandard

modelat aboutthe∼ 1.8σ level. Theseresultsareinsensitive to variationsin h, ns and

Ωb solong asthey vary within thestandardmodelerrorrange,that is thebestfit point

stayswithin the original 1σ contour. But the bestfit point canmove outsidethe 3σ

contourdependingonthepreciseM-L relationused.This lattereffect is avariantof the

βTM problemof thetemperaturefunction.

3 Future Prospects

Sciencemarcheson. TheWMAP continuesto acquiredataandthePlanckmissionis

coming.TheSloanDigital Sky Survey alsocontinuestoacquiredataandwill eventually

have ∼ 106 galaxieswith redshiftsfrom which many thousandsof clusterswill come.

Observationsof supernovaecontinueaswell anda satellitededicatedto supernovae

studies,SNAP, is underdiscussion.
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Someadvancesin X-ray studiesof clusterscanbeexpected.TheROSAT archive

hasnotbeenfully exploited. ExtendingtheREFLEXsampleto thenorthernhemisphere

andgoingslightly deeperwill yield about1500clustersover thewholesky (outsidethe

planeof the Milk y Way) with redshift lessthan0.4. Deepernon-contiguoussamples

from thearchiveadd∼ 500 morewith redshiftlessthan1.3for about2000objectsfrom

ROSAT in total. Similar non-contiguoussearchesfrom XMM-Newton andChandra

will add∼ 500 morewith redshiftlessthan1.5.

In addition,X-rays arenot the only way to find clusters.Therearehugeexisting

opticaldatabasesandever moreobjective andquantifiableclustersearchesarebeing

madeof thosedatabases.A few dozenclustershave beendiscoveredso far from the

weak lensingof backgroundobjects. Planckandthe SouthPoleTelescopewill find

many thousandsof clustersfrom theinfluenceof their hot electronson themicrowave

backgroundphotons,theSunyaev-Zeldovich effect.

Exceptfor X-ray techniquesall of theabove work may bedonefrom theground.

Most of it canbe donebetterfrom space,but X-ray studiesrequireit be donethere.

Unfortunatelyit is very expensive to build andfly spacecraft.But it is almostcertain

thata dedicatedsatellitewill be requiredto make largeadvancesin thefield of X-ray

clustercosmology. At leastsix suchmissionshave beenproposed,five to NASA and

onetoESA.Thedetailsof eachproposalvary, but therearegenerallytwosubsurveys. A

widesurvey of ∼ 10, 000 deg2 to aflux limit of ∼ 3 × 10−14erg s−1cm−2 in the0.5-2.0

keV bandthat will find ∼ 10, 000 clustersanda deepsurvey of ∼ 100 deg2 to a flux

limit of ∼ 3 × 10−15erg s−1cm−2 thatwill find ∼ 2, 000 clusters.

Asmentionedattheendof Section2.2,systematicswill likelydominateoverstatisti-

caluncertainitiesfor theselargesamples.A new conceptof selfcalibrationhasrecently

beenadvancedto dealwith this issue.An arbitrarymass-observablerelationwith ar-

bitrary evolution (both power laws so far, but this assumptionis not crucial) may be

calibratedfrom thesurvey itself withouta largeincreasein theerrorsonthecosmologi-

calparametersif thesampleis largeanddeep.83–86 Thishappy situationoccursbecause

theeffectof themass-observableevolution is notdegeneratewith thatfrom cosmology,

thereisalargedynamicrangeof massesthataresampledandtheobservabledependson

themass(e.g. temperatureor power spectrumbias)yielding an indirectmeasurement

of thatmass.Furthermore,accuratemassesareexpectedfor ∼ 1% of thesamplefrom

otherdatathatwill jumpstarttheself calibration.

All of this impliesthata genericX-ray clustersurvey will provide allowedregions

in the cosmologicalparameterhyperspacethat areof comparablesize to thosefrom
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expectedadvancesin othercosmologytechniques.Like existing work, theconstraints

from differenttechniqueswill beindependentandcomplementary.

I want to thankthe organizersof the 2003SLAC SummerInstitutefor an excep-

tionally interestingandwell organizedschool. I alsowant to thank the studentsfor

theirattentionduringmy classesandfor theirwillingnessto talk aboutthingsotherthan

cosmologyoutsideclass.SandyPencilprovidedproof services.TheSummerInstitute

wasmostenjoyable.Thankyouoneandall!
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