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ABSTRACT

The propertiesof clustersof galaxies,andthe evolution of thoseprop-
ertiesover cosmictime, areexquisitely sensitve to several parameterghat
describehe cosmologyof theuniverse.X-ray obsenationsarea powerful
tool to extractthiscosmologicainformation. In thisclasswe describeclus-
ters, the techniquesof X-ray astronomyrelevantto their obseration and
give examplesof theseobsenations. Thenwereview currentmethodsised
to do cosmologywith the obsenations,andsummarizeheresuls.Finally,
we indicatepossiblefuture directionsfor this field.
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1 X-raysfrom Clusters’

We startwith anintroductionto clustersof galaxies,describehow they areobseredat
X-ray wavelengthsaindgive somellustrative examplef X-ray obsenrationsof clusters.

1.1 Short History of Our Understanding of Clusters

CharlesMessier(1730- 1817)wasa Frenchastronomewho workedin Paris. He was
very interestedn discoveringandtrackingcomets but he wascontinuallydivertedby
pesky faintdiffusenon-maing objects.Of coursetheseobjectsappearedo becomets,
but they werenot sincethey werestationary Messierhadto obsene themover mary
nightsbeforeconcludinghey werenotmoving. In orderto savetime, Messiercompiled
andpublished alist of 109diffuseobjectsnow known by their Messieror M numbers.
Theseobjectsaresomeof themostbeautifulin thesky. They aregalaxiesor supernea
remnants. Thereare 13 Messierobjectsin a small region at the Virgo-Comaborder
Althoughhedid notknow it, Messierdiscoveredsomethingentirelydifferentfrom what
he was searchingor; he found the Virgo clusterof galaxies,the nearesof the great
clusters.The centralgalaxyin theVirgo clusteris M87. It is commonin astronomyo
find somethingcompletelydifferentfrom whatoneis searchingor.

Finding more clusterswas difficult becausghe humaneye is not a very sensitve
detector In 1933, Harlow Shaplg catalogedonly 25 cluster$ and by 1948 only a
few dozenwereknown. Theadwentof photographisurweys of the entiresky hasnow
yielded~ 10, 000 clusters.TheAbell catalogwasthefirst very large compilation?4

Now we arrive atthefirst exampleof “What you seeis notwhatyou have”. Theline
of sightvelocity of the clustergalaxiesmay be measuredy the Dopplershift of their
spectralines. Thefirst suchmeasurementsereof thegreatclusteran ComaandVirgo
in the1930s>° Thevelocitiesaresofastthateithera clusteris atransienpphenomenon,
lastinga smallfractionof theageof the universe or the clustercontains~ 100x more
masghancontainedy thegalaxies.Clustersarenottransiensincetheir size/(speeof
the galaxies)< < theageof the universe.Thatis, they could have dispersedong ago,
yetthey arestill there.The conclusionwasthatclusteramustcontainalargeamountof
darkmatterbindingtheir galaxies.

By theearly1970sastronomerghoughtthey knew whatwasin aclusterof galaxies:

*“Baryonsandbaryonicmatter"usedin this lectureis synorymousto “the normalmatter"consistingof
nuclei,electronsandpositrons.
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dark matterandgalaxies. Thenin 1971 astronomersliscorered X-rays comingfrom
clusters’® the secondexample of “What you seeis not what you have”. In fairly
shortorderthe basicpropertiesof this newly discoveredcomponentvere elucidated.
“... most,if notall, rich clustersinclude an X-ray emissionregion of large sizeand
of netluminosity 104~ %erg s=1".9 “... obsenationsof the X-ray flux ... from the
Virgo, PerseusindComaclustersprovide strongevidencefor thethermalorigin of the
radiation,including iron line emission.*® “We reportthe first extensve detectionof
X-ray emissionfrom clustersof galaxiesat cosmologicabistances.

Theimplicationsof thesenew clusterobsenationsareanotherexampleof whatyou
seeis not whatyou have. The existenceof dark matteris confirmedsincethe gasis
too hot (~ 108 K) to be held by the galaxiesalone. Someof the dark matterbecame
suddenlyvisible. The size, luminosity and emissionmechanisngive the amountof
X-ray emitting matter whichis ~ 20% of the dark matterandmuchmuchlargerthan
the massof the galaxies. Clustersof galaxiesareactuallyfuzz balls of hot gas. They
canbe usedfor cosmologystudiesjf we only knew how.

1.2 Overview of the Techniques of X-ray Astronomy

The wavelengthrangeof X-ray astronomyis roughly 1008- 0.6A, which corresponds
to anenepgy rangeof about0.1keV - 20keV wherel keV =1.6 x 10~ emg. Theenegy
rangealsocorrespondso a temperatureangeof about10°~® K, usingE/k wherek is
Plancks constant.Thelastthreesentenceslustratethatastronomerarefond of using
awide diversity of unit systems.

The photoelectriceffect is the dominantinteractionprocessbetweenmatterand
photondn theabove enegy rangefor mattercomposeaf anything otherthanpureHy-
drogen.This hasanumberof consequences:irstandforemost,from the photoelectric
crosssectionsandconstituent®f theatmospherasafunctionof altitude, X-raysdonot
penetrateo theground.Rather X-ray instrumentatiomustbelifted above ~ 100 km.
Secondwe may definean effective absorptiorcrosssectionof theinterstellarmedium
of the Milky Way by weightingthe photoelectriccrosssectionsof eachelementby the
alundanceof thatelementelatve to Hydrogen.

our(B) =3 or(E) 1)

Thetransmissiorof theinterstellammediumis then

1y

e tuloer — o—Nuoes (2)
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Tablel. Telescopdarametersf X-ray AstronomylmagingMissions
Einstein ROSAT ASCA Chandra XMM ASTRO-E2

Area(cn?) 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

RangekeV) 0.1-45 0.1-24 0.5-12 0.1-8 0.1-15 0.5-12

parameterizedby the HydrogencolumndensityNy, which is measuredy radio as-
tronomytechniques.The interstellarabsorptionremoveslow enegy photons. At the
galacticpoles wheretheHydrogencolumndensityis 3 x 10%° cm ™2, only photonswith
enegiesabove 0.3 keV getthrough. Toward the galacticcenter wherethe Hydrogen
columndensityis 2 x 10?2 cm~2, only photonswith enegiesabove 2 keV reachus.
It is importantto realizethat, althoughthe amountof absorptionis parameterizedy
theamountof Hydrogen Hydrogenis nottheabsorberlt is Heliumfor E < 0.53 keV
andOxygenfor E > 0.53 keV. Bewareof “excess”absorptionfound with cyrogenic
detectordecausél,O freezesonthem!

It is very difficult to focusX-rays. For mary yearstherewerenoimagesandX-ray
astronomywasdonewith arrangementsf slatsandwiresthatmechanicallyimited the
field of view. Now however mostcurrentandfuture missionsuseX-ray optics. X-rays
will reflectoff of somematerialgf they arrive atgrazingincidence.Theindex of refrac-
tion atX-ray enepgiesisn(E) = 1 — §(E) + i3(E). Theimaginarypartis relatedto the
crosssectiondescribedn thepreviousparagraphTotalexternalreflection,analogouso
totalinternalreflectionof light, occursbelow acritical grazinganglecosf. = 1 — §(E)
or 6. ~ /24, whichis proportionalto 1/E from mary materials.In practicalterms,the
grazinganglesarebetweeraboutl and5 degrees.Thetelescopalesignsaresimilarto
Cassgrainopticaltelescopesxceptwith theparabolicandhyperbolicsurfaceggreatly
extendedandtruncatedso only materialat grazinganglesinterceptthe incomingradi-
ation. Individual mirrorsareusuallynestedn aneffort to increasehefrontal areathat
is, of course alwayssmallif the photonshave to arrive at grazingincidence. Table 1
providesasummaryof thetelescopg@arametersf X-ray astronomymissions.Thearea
is quotedfor anX-ray enegy of 1 keV andthefield for 0.28keV.

X-ray astronomydetectorsarephotoncounting. Entire coursesnay be devotedto
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Table2. Propertieof X-ray AstronomylmagingDetectors

Detector Mission Ax  E/IAE At QE

ProportionalCounter Einstein,ROSAT Imm 125 10us 100%

Micro ChannePlate Einstein,ROSAT, Chandra 15:um 1 10us 10%

CCD ASCA, XMM, Chandra 15um 30 1s 100%
ASTRO-E2

Bolometer ASTRO-E2 0.6mm 1000 10us 100%

them, but we provide only Table2. We definethe following parametersisedin the
Table: Ax, AE and At arethe spatial,enegy andtemporalresolutiongespectiely.

A big advancewith the Chandraand XMM-Newton missionsis the useof efficient
objective gratingscoupledto large-aredaelescopesThe effective areaof thetelescope
+ grating+ detectoiis about100cm? atanenegy of 1.5keV andtheresolutionE /AE
variesfrom 200to 1000at anenegy of 1 keV. Theresolutionis given by the grating

equation. . L

SAE T [dAe )
Heref is theoptic focal length,dl/d) is thedispersiofmm/A) and¢ is theangularsize
of the source.Soonly point-like sourceshave high spectralresolutionusingobjectve
gratings. Thatis what makesthe bolometeron ASTRO-E2 so powerful for clusters;it
will have gratingresolutionfor diffusesourcesThe XMM-Newton gratingsarealways

on; Chandras needto beinsertednto thelight path.

1.3 Examplesof Cluster X-ray Observations

In this sectionwe will describeclusterX-ray morphologyand spectraandthen give
two relations,one well-establishedand the other expectedbut not so well-obsened.
Finally, wewill describenvhatis knowvn empiricallyabouttheevolution of clusterX-ray
luminositiesandtemperatures.

Themorphologyof clusterX-ray emissionmaybedescribedastrain wrecksor dart
boardsjn astronomejargonmeigersor relaxed. TheComaclusterhasbeenextensvely
studiedfor over 75 years. Ever sinceZwicky's work® it wasconsideredhe prototype
for arich relaxedcluster It is very massve (rich) andwasthoughtto have reachedts
final evolutionarystate,no longerchanging(relaxed). However, the X-ray imagée? is
very lumpy andeachmajorlump is associatedvith a bright galaxy. Thelumpsseem
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to be unassimilatedyroupsof galaxies. The Comaclusteris in reality very far from
relaxed. Anotherexampleof atrain wreckis the clusterA754, the seven hundredfifty-
fourth memberof the Abell catalog? This clusteris an exampleof a major memger; it
is far from equilibrium. It hasat leastthreehighly elongatedsubstructureandis very
non-isothermat®! The grosssurfacebrightnessandtemperaturelistribution of A754
agreewell with numericahydrodynamiccalculationf ameigerof agroupof galaxies
with acluster!s:16

Dartboardsjndicative of relaxedclustersan hydrostaticequilibrium,have symmet-
ric, nearlycircularmorphologiegndlittle temperaturstructureexceptfor coolcenters.
An exampleof thistypeof morphologyisA1795!7 Chandraobsenationsof theseclus-
tersoftenshav non-symmetrianorphologies? Oneshouldremembethatbecasu®f
the high angularresolutionof Chandra(Table 1), thesefeaturesare usuallysmalland
associateanly with the highestsurfacebrightnessesjot with the overall structureof
thecluster The X-ray obsenationsof thesetypesof clustersmay be usedto measure
thetotal massneededo hold the hot X-ray gasunderthe assumptiorthatthe gasis in
hydrostaticequilibrium.

M(<r) =

_KT(r)r ldlnp N dlnT] @)

dinr  dlnr
whereM(<r) is themassinterior to r, T(r) and p(r) arethe X-ray gastemperatureand
densityatradiusr. Somethingnustbeassumedo determinghe3D quantitiesT(r) and
p(r) from the obsenationsprojectedonto the planeof the sky. Usuallyit is spherical
symmetry

Spectralanalysisis the major part of astroplysics. We mentiononly the beautiful
XMM gratingspectreof the cool centersof relaxed clustersof which Referencel9is
anexample. Thesespectrasolve along-standingoroblemin clusterastroplysics. The
weak or nonistentFeXVIlI andCVI Ly« lines shawv that the hot gas doesnot cool
belonv abouthalf of the ambienttemperaturen the cool centerscontraryto 25 years
of acceptedvisdom. Further the clustergasis enrichedthatis it haselementdeavier
thanHydrogenandHelium. Thisresultis notnew. Thealbundanceof theseelementss
aboutathird of thesolarvalue. Theonly knowvn sourceof heary elementss supernoae
in the clustergalaxies,so the clustergasis a recordof the supernoae historyin the
galaxies.It is notyet clearwhatis the mix of the two typesof supern@aeresponsible
for theobsenedelements.

The clusterluminosity-temperatureelationis the oldest’?? andbeststudied® 2¢
in clusterX-ray astroplysics. Thereis a definiterelation, but thereis alsosubstantial

Gum,,
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scatter The scatterappeargo be Gaussianwith o(log(L)) ~ 0.3 at constantkT.?”
The scatteris reducedf the cool centersare excised. We adoptthe form L(bol) = C
[KT]® (1+z)*, whereL(bol) is the bolometric(total) clusterluminosity Simplescaling
relationspredicta ~ 2 andA ~ 1.5,but ~ 3 and~ 1 respectiely areobsened?”:2® A
anda arecloselyrelatedto the thermodynamidistory of the hot gas. This historyis
not simplesincethey do notagreewith the simplescalingrelations.

We will seein Sevtions 2.2 and 2.4 that massis the fundamentalariable of the
theoryby which cosmologicainformationis extractedfrom clusterobsenations. Un-
fortunately the massof a clusteris oneof the mostdifficult propertyto measureMost
analysesiseequation(4) alongwith varioussimplifying assumptionsAnalyseswith
lessrestrictve assumptiongontainfewer clusters. So far the work with the leastas-
sumptionsanalyzesonly apparentlyrelaxed clusterscoupledwith adirectdeprojection
of the X-ray gasdensityandtemperaturg@rofiles,yielding seventeerclusters®® A large
fractionof theseclustershave independentgonfirmingmassmeasurementisom anal-
ysisof weakgravitationallensing. ThereareM - T andM - L relations.More massve
clustersare hotterandmore luminouslike moststars. Thusit will be possibleto use
obsenationsof clusterluminositiesor temperaturegs proxiesfor clustermassesand
therbydo cosmology However, thereis substantiascattembouttherelations. Thiswill
make doing cosmologymoredifficult. It would be extremelyusefulif away couldbe
foundto reducethe scatterin the ralations,but sofar the samplesizesaretoo smallto
examinethatscattenin a systematiavay.

Thepropertie®of clusterof galaxiesatasingleepochprovidecosmologicainforma-
tion. Furthertheevolutionof thosepropertiegprovidesadditional oftencomplementary
information. However, clustersarenot standarccandlesor standardemperaturdaths.
Therefore,the distribution of clusterluminositiesor temperaturesthe luminosity or
temperaturéunctionsin astronomyargon,needgo bedeterminedtdifferentredshifts
(epochs)in orderto measurduminosity or temperaturesvolution. This requirement
impliesthatstatisticallycompletesamplesieedto be constructed.

Measuringluminositiesis relatively easy;only 25 photonsare neededn orderto
have a50 detection. Assemblingarge sampless possibleandquiteafew, about10so
far, have beensoassembledinterpretingtheluminosityevolution, or lack of it, isnotso
easy Theluminosityis proportionalto the squareof the gasdensity sothe luminosity
evolutionis astrongfunctionof thethermodynamidistoryof thegas. ThelL - T relation
shavs thatthathistoryis non-triial. It is muchharderto measurelustertemperatures
thanluminositiessince ~1000 photonsarerequired. Thereis only one high redshift
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samplewith completetemperature® sofarandthelow redshiftsamplesll containthe
samebright clusters®>3132 Theinterpretatiorof clustertemperatur@volution, or lack
of it, shouldbe easiersincethe clustertemperatures anindependenthermodynamic
variable.

Thesummarystatemenon clusterevolutionis therearefewer high luminosity, high
temperaturdi.e. high mass)clustersin the past. The existenceof luminosity evolution
hasbeencontroversial sincethe first reports?*3* The mostrecentresultsare that six
independengroupsmeasurestatisticallysignificantluminosity evolution®* 3° andthe
consensudyut not unanimousppinionis thatit doesexist. Theamountof evolutionis
afactorof 2 for aluminosity of 2 x 10*erg s~! for redshiftsbetween0.11and0.45.
Theevolutionis largerfor largerluminositiesandredshiftbaselines.

2 Using X-ray Observations of Clustersfor Cosmology

2.1 Introduction

Why areclusterssousefulfor cosmology?The answerto this questionentailsseveral
parts. First, clustersarethe mostrecentobjectsto form in the universe. Their number
densityis on thetail of a distribution function. Thusthe numberdensityandits evolu-
tion areexquisitely sensitve to the parameterslescribinghis distribution function, the
cosmologicaparametersSecondthey arebrightandsocanbeeasilyseeno redshifts
of aboutunity. Theredshiftinternval from 0 to 1 seemgo bewhentheuniversalexpan-
sion changedrom deceleratiorio acceleration.Clustersarevisible andseemto have
formedduringthiscrucialinterval. Third, they canbewell modeled.Clustersarenotas
simpleasthe microwvave backgroundbut they aresimplierthansuperneae,galaxiesor
active galacticnuclei,theonly otherobjectsvisibleto redshiftsof 1 andbeyond. Fourth,
clustersareexcellenttracersof large scalestructure.Thedistribution of clustersabove
randomis much more straightforvardly computedfrom theorythanthat of galaxies.
Fifth andfinally, clustersaresomassve thattheir compositionis thoughtto accurately
reflectall matterin theuniverse.

Clustersmay be obsered at mary wavelengths. Why are X-ray obsenationsof
clustersso usefulfor cosmology? The answeris again multi-part. First, the volume
searchedo find eachclusteris known if clustersarefoundby X-ray searchedhut it is
not so easily calculatedfor othersearcheso date. Secondthereseemdo be a good
relationbetweerX-ray obsenablesandtheclustermassthefundamentavariableof the
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Table3. StandardModel Parameterfkelevantto Clusters

Parameter Value

h 0.71103

Qo 0.27 £0.04
Qo =1-— Q0
Qo 0.044 + 0.004
o8 0.84 + 0.04
w =1

ng(k = 0.056Mpc™t)  0.93 4 0.03

theory Third, therearesmallor non«istentprojectioneffectssincethe X-ray emission
goesasthegasdensitysquaredbut the signalof all othertracerss linearwith density
Essentiallyall diffuse X-ray sourcesaway from the Milky Way are clusters. Fourth,
galactic extinction effects are small at X-ray wavelengths. Fifth, the X-rays come
from optically thin thermalradiationfrom a (nearly) fully ionizedgasin collisional
equilibrium. This situationaidsin clustermodelingsinceit is aboutthe simplestcase
imaginable.

Thelastof theintroductoryremarkssto givethestandaranodelparameterselevant
to clustersin Table3.° The symbolsin the Tablearethefollowing. The presenwalue
of the Hubble parameteis Hy = 100 h km s~ Mpc~!. The presenimatterdensityin
termsof the critical densityneededo stop the expansionis €2, and 2, is defined
similarly for the presenbaryondensity 2, parameterizethe cosmologicakonstant
or dark enegy. The presentroot meansquarematterfluctuationin spheresof 8 h!
Mpc is 0s. The dark enegy equationof stateis P = wpc?. If w = -1, thenthe dark
enegy is thecosmologicatonstant Recallthatw = 0 for cold darkmatterandw = 1/3
for radiation,althoughneitherof theseis the darkenegy. The power law index of the
spatialFouriertransformof densityfluctuationsn the earlyuniverseis n;.

This is not the first standardcosmologicalmodelthat astronomyhashad. In the
early1990sastronomersknew” that(2,,, = 1 and2,o = 0. Sincenotheorygivesthe
currentstandardnodelvaluesin anaturalway, we do notknow how long this standard
modelwill last. Thewholebusines$astouchef theepicycle descriptiorof planetary
motion. All the datawere describedput the underlyingpremisewaswrong. Soone
goalof contemporargosmologyisto disprovethestandaranodelin thehopeof finding
cluesto anunderlyingtheory No clusterdatawereusedto fit the parameterin Table
3, soclustersareanindependentestof the standardnodel.
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2.2 Number Density and Its Evolution

Clusterabundanceandevolution asdriven by gravity are strongly dependenbn cos-
mology, which providesa way to measuré),,,, andotherparametersThefirst person
to realizethis factof whomwe areawarewassS. C. Perrenodn 1980:“l concludethat
a relatively powerful cosmologicaltest may be provided by numbercountsof X-ray
[clusters]outto z ~ 1. If 2 is large, very few high-redshiftsourceswill beseen. .. If
Q) is small,amoderatsmumbershouldbedetected.** Therehasbeenahugeamountof
work in thisfield. Somerepresentatie referencesire(Ref. 31,32,34,37,42-55).

Thetheoryusedo convertclustemumberdensityto cosmologicatonstraintdegins
with themassfunction,thenumberof objectsperunit massperunit volume. Thereare
two widely usedanalyticfunctions®>” andanothethatis afit to N-bodysimulations®®
Themassfunctionmaybewritten in a universalform, applicableto all cosmologiesif
expressedn certainvariablesandif the masss measuredn a certainway. Thescatter
is about+20% for differentcosmologiesAdditional discussiorof themassfunctionis
in (Ref. 59-61).

The comawving (thatis with the expansionof the universeremoved so the volumes
do notchangerom this effect) massfunctionof collapsedbjectsis

n(QmO7QA07W7Z7M) = pl\};[[)(;ihy/l (V) (5)
with 5( Q)
(i D w,2, M) = 26 mon D7) (6)

0 (2o, 20,2, M)
Here o, is the massdensity fluctuation requiredfor the gravity of a pertubationto
overcomethe expansionand collapseat redshiftz, o is the rms massfluctuationin
spheregontainingmassM and

f(v) = Aﬁ@ + (@) P)exp(—ar?/2) )

Differentauthorscalculateddifferentvaluesof the parameter#, aandp; A=0.5,a=1,
p=0°° or A=0.322,a=0.707 p=0.3?"

Now themasof aclusteris difficult to obsere, soin orderto usethetheorythemass
mustbe cornvertedto a more easily obsenable X-ray luminosity or temperature.Hot
(> 3 keV) luminous(> 10*® erg s™!) clustersarebestsincetheir physicsis dominated
by gravity. Therearetwo waysto do this. Eitheradoptthe empiricalM-L andM-T
relationsdiscussedn Sectionl.3or usethetop hat(uniforminitial perturbationinside

10
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asphericakegion) collapsetheory This lattertheorygivesthefollowing M-T relation:

142
ﬁTM

HerehM, 5 is themassof the clusterin unitsof 10" solarmassesA (Q0, a0, W, 2) iS
theratio of theaverageclustermassdensityto theaveragemassdensityof theuniversé?
andgry is a“fudge factor”to accounfor incompletevirialization of theclusterduring
its collapse.The actualvalueof 51y cancomeeitherfrom empiricalmeasurementsr
from hydrodynamicsimulations. The formeryield valuesaround0.7 while the latter
givevaluesaroundl.®® Thisuncertainitycaninducesystemati@rrors.Oftentheresults
aremamginalizedovertherangefry = 0.7 — 1.0. Finally theM-L relationcomesrom
combiningthetop hatM-T formulawith theobsenedL-T relationdiscussedh Section
1.3.

Theprogramthenis to cornvertthecosmologydependentmasgunctiongivenabove
into atemperaturef luminosityfunction(thenumberof objectsperunittemperaturer
luminosityperunitvolume)for comparisorwith theobsenedtemperaturer luminosity
functions. A bestfitting procedurethenfinds the cosmologicalparameterand their
errorscompatiblewith the obsenations. This procedureyields allowedregionsin the
hyperspacef cosmologicalparameters.Clusterdatatypically provide constraintsn
theQpo — Q1n0, W-Q,,,0 andog-2,,,0 planes.Reference$30,32,37,49-55)eportrecent
work in this area.

Constraintdrom clustersggenerallyagreewith but arecomplementaryo thosefrom
otherindependentiatasetssuchas supernwae andthe microwave background.The
allowedregionsareorienteddifferentlyin thecosmologicaparametehyperspaceThe
clusterresultshave different systematicuncertainities. For the currentsamplesizes
of ~ 100 clusters the statisticalerrorson 2,0 andog arecomparabldo thoseof the
standardnodel. Thesystematierrorfrom theunknowvn 5, inflatestheerrorof o but
nootherparametefor thecurrentsamplesizes.Howeverasamplesizeof 1000bjectss
ridiculously small,sosystematierrorswill dominatestatisticalerrorsfor futurelarger
samples SeeSection3 for adiscussiorof the prospect®f obtainingsuchsamplesand
possiblemeasureso reducethe systematics.

kT [0 A (o, Qao, w, 2)] Y3 (MM y5)%3(1 + 2) (8)

2.3 Baryon Fraction and Its Evolution

Thefundamentaassumptiomf thismethods thatclusterscontainarepresentatie sam-
ple of all the materialin the universe. This is a reasonabl@ssumptionsinceclusters

11
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arethe mostmassve boundobjectsknowvn. The clustergasfractionis measuredrom
X-ray obsenationsof relaxed clusters. The gas masscomesdirectly from the X-ray
obsenations,sincethatis thematerialproducingthe X-rays. Thetotal masss inferred
from assuminghydrostaticequilibrium, thatis hovw muchmassis requiredto contain
thehot X-ray producinggas(equatiord). If the X-ray gasweretheonly baryonsn the
clusterandthedistanceo theclusterwereknown, thenf,,s = Qo /o, Whichleadsto a
constrainbn (2, if {2,y canbeestimatedndependently(2,, canin factbesoestimated
from the obsenred alundance®f light elementsuchasDeuteriumor Helium thatare
producedrery earlyafterthe Big Bang(calledprimordialnucleosynthesisAfter mak-
ing a small correctionfor baryonsin the clustergalaxies(fyaryon = fgas(1 + 0.19\@)),
this relationbecomed,, (1 + 0.19\/5) = Qpo/mo- More generally the distancesre
not known so corverting the obsenablesto gasfraction depend=n redshiftandcos-
mologyandthefinal relationis
Qo (h/0.5)15DL5(1,0, —1,2)
Qo DY (o, Qao, W, 2)
whereD, is the angulardiameterdistance. This relation yields constraintson both
Q.m0 andQ,o with theadditionalassumptiorthatthe baryonfractionis independenof
redshift. Reference&9,64—7Qrovide anintroductionandcurrentstatusof thismethod.
Obsenationsof clusterbaryonfractionshave thepotentialto givetightcosmological
constraintsf the two assumptionshat clusterscontaina representatie sampleof the
materialin the universeandthe clusterbaryonfractionsdoesnot evolve are correct.
Both of theseassumptionseemreasonabldut astronomyis repletewith reasonable
assumptionghatturn outto beincorrect. Whatdo we know? Thebaryonfractionis a
functionof thetemperaturef the cluster but thatfunctionappeardso becomesvealer
or levelsoff above atemperaturef 4 keV.”" "2 Theaveragebaryonfractionof asample
of 10 hot clusterswith averageredshift0.058is 0.175 + 0.011 (for h=0.7,Q,,,0 = 0.3,
Qao = 0.7).° Contrasttheseresultswith the averagebaryonfraction of 6 hot clustes
with averageredshift0.3020f 0.143 4 0.010 (asssuminghe samecosmology)® In
dervingtheseguantitieavehavemadewo correctionghatnearlycancel.First,abaryon
depletionin clustersrelative to the universeof 0.84 + 0.03. Secondthe hot gasis not
uniformbutis clumpedwhichenhancetheclustersluminosityovertheuniformvalue
andleadsto anoverestimatef the amountof hot gasby afactorof 1.09 4+ 0.04. Both
correctionsomefrom numericahydrodynamicimulationof clusters’ ™ Thelow and
high redshiftbaryonfractionsagreewith eachotherandwith the standardnodelvalue
of 0.1661) 3. Similar weakevolution wasobsened asa function of temperaturdor

fias(1 -+ 0.19vh) = 9)

12
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thesamecosmologybut therewassignificantevolutionif the cosmologywasassumed
to be Q2,0 = 1, Qo = 0.2 We concludethatwhat dataexists provides somesupport
for the two assumption®f this method,but systematierrorson the orderof 10%are

possiblefrom depletionand/orclumpingof the X-ray gas.

2.4 Spatial Power Spectrum of Clusters of Galaxies

Considerthefluctuationsin the massdensityof the universeaboutits average:d(x) =

p(X) pave -1. ThepowerspectrumP(K), is thesquarednodulusof the Fouriertransform
of §(x). If 6(x) hasaGaussiamlistribution, thenall quantitiesdescribinghefluctuation
field may be obtainedfrom P(k). The normalizationof the power spectrumis og ~

\/P(O.172hMpc*1)/3879h*3Mpc3. Sincemostof themasof theuniverses dark,P (k)
mustbe measuredisingsomevisible tracer usually galaxiesor clusters. In practice
thedistancegfrom redshifts)to a completesampleof objectsmustbe measuredrom a
(nearly)contiguousegionof thesky. Thistopichasalongandvenerablédistory There
aremary morereferenceshanl| canpossiblygive here. Somerelatingspecificallyto

clustersof galaxiesare(Ref. 75-80).

In termsof our interest,universeswith differentcosmologiehave differentpower
spectra.Astronomerssay“The cosmologyof the universeis written on the sky.” Of
courseherealityis notsoelegantor simple. Thepowerspectraneasuredsinggalaxies
or clustersasthevisibletracersaredifferent. Thisfacthasbothgoodnensandbadnews.
The goodnews s the signalfrom clustersis abouttentimeslargerthanfrom galaxies,
implying aboutone hundredtimesfewer clustersareneedeccomparedo galaxiesfor
the samesignalto noise. Thebadnews s atleastoneclassof objectdoesnottracethe
matterpower spectrum!

Evenworse,the power spectrumis a third exampleof “What you seeis not what
you have”. Theobsenedpower spectrums a biased anddistorted versionof themass
power spectrunthatgivesthe cosmologicalnformation.

P(Kk) is biasedbecauséigh peaksor high masse<slustermore thanlow masses,
Ppiased (k) = b?(z, M)P (k) whereb is the value of the biasandM is the massof the
tracer Galaxiesform via nonlineargravitational, dissipatve and radiatve processes
thatprobablyproducecomplicatedbiases.Clusters,onthe otherhand,areexpectedo
have a comparatrely simplebiasmainly driven by gravity. Thereis at leastthe hope
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thatb canbe calculatedor them. We adoptthe following form for the bias.

2p 1

1 2
b(Z,M) —1+*[CLV —1]+Em

5 (10)

Differentauthorscalculateddifferentvaluesof the parameters andp; a=1,p=0* or
a=0.707 p=0.35"

P(k)is distortedbecause¢heclustersdistances notknown, only theredshiftor line
of sightvelocity. This velocity includesthe Hubble velocity, relatedto distance the
peculiarvelocity inducedby othermassego,,) andredshiftmeasuremergrrors(c,).

b+ pp?)?
Pz—s ace:Pk /
v ®) Jy 15 12202 202

(11)

wherey is thecosineof theanglebetweerk andtheline of sight,o = /02/2 + 02 and
B = Q08 /b.

P(k) measuredvith tracersthatareevolving nonlinearly(é > 1) is differentfrom
thatpredictedby linearevolution becauseatleastsomeof P(k) comesfrom the density
profilesof individual nonlinearfluctuations. Seesection16.4 of Peacocks book* for
thedetalils.

Thepower spectrumhasbeenmeasuredrom 426 REFLEX X-ray selectectlusters
in 4.24srandz < 0.365,andwith L(0.1,2.4)> 2.5x10**h~2 erg s~! andF(0.1,2.4)
> 3.0x10 *2erg cm 2 s~! (Ref. 80). The constraintson o and(),,, have smaller
statisticakrrorsthanthoseonthestandaranodelvaluesputonly agreewith thestandard
modelataboutthe ~ 1.8¢ level. Theseresultsareinsensitve to variationsin h, ng and
2, solong asthey vary within the standardnodelerrorrange thatis the bestfit point
stayswithin the original 10 contour But the bestfit point can move outsidethe 30
contourdependingnthepreciseM-L relationused.Thislattereffectis avariantof the
Oty problemof thetemperaturdunction.

3 Future Prospects

Sciencemarcheson. The WMAP continueso acquiredataandthe Planckmissionis
coming. TheSloanDigital Sky Surwey alsocontinueso acquiredataandwill eventually
have ~ 10° galaxieswith redshiftsfrom which mary thousand®f clusterswill come.
Obsenationsof supernwae continueaswell and a satellitededicatedo supernvae
studies SNAP, is underdiscussion.
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Someadwancesn X-ray studiesof clusterscanbe expected. The ROSAT archve
hasnotbeerfully exploited. ExtendingheREFLEXsampleo thenortherrhemisphere
andgoingslightly deepemill yield about1500clustersoverthewholesky (outsidethe
planeof the Milky Way) with redshiftlessthan0.4. Deepemon-contiguousamples
from thearchve add~ 500 morewith redshiftlessthanl.3for about20000bjectsfrom
ROSAT in total. Similar non-contiguousearchesrom XMM-Newton and Chandra
will add~ 500 morewith redshiftlessthanl.5.

In addition, X-rays are not the only way to find clusters. Thereare hugeexisting
optical databasesandever moreobjectve and quantifiableclustersearchesrebeing
madeof thosedatabases.A few dozenclustershave beendiscoveredso far from the
weaklensingof backgroundobjects. Planckandthe SouthPole Telescopewill find
mary thousand®f clustersfrom theinfluenceof their hot electronson the microwvave
backgrounghotonsthe Suryaes-Zeldovich effect.

Exceptfor X-ray techniquesll of the abore work may be donefrom the ground.
Most of it canbe donebetterfrom space but X-ray studiesrequireit be donethere.
Unfortunatelyit is very expensve to build andfly spacecraft.But it is almostcertain
thata dedicatedsatellitewill be requiredto malke large advancesn thefield of X-ray
clustercosmology At leastsix suchmissionshave beenproposedfive to NASA and
oneto ESA.Thedetailsof eachproposalary, buttherearegenerallytwo subsureys. A
wide survey of ~ 10, 000 deg? to aflux limit of ~ 3 x 10~ *erg s *cm~2 in the0.5-2.0
keV bandthatwill find ~ 10,000 clustersanda deepsurey of ~ 100 deg? to a flux
limit of ~ 3 x 107"%erg s~tem ™2 thatwill find ~ 2, 000 clusters.

As mentionedhttheendof Section2.2,systematicsvill likely dominateover statisti-
caluncertainitiesor thesdargesamplesA newx concepbf selfcalibrationhasrecently
beenadwancedto dealwith thisissue. An arbitrarymass-obseablerelationwith ar-
bitrary evolution (both power laws so far, but this assumptions not crucial) may be
calibratedrom the surwey itself withoutalargeincreasean theerrorsonthe cosmologi-
calparameters thesamplds largeanddeep?® ®¢ Thishapyy situationoccursbecause
theeffect of themass-obserbleevolutionis notdegeneratevith thatfrom cosmology
thereis alargedynamicrangeof masseshataresampledandtheobserabledepend®n
themass(e.g. temperaturer power spectrunbias)yielding anindirectmeasurement
of thatmass.Furthermoreaccuratanassesreexpectedfor ~ 1% of the samplefrom
otherdatathatwill jump startthe self calibration.

All of thisimpliesthata genericX-ray clustersurey will provide allowedregions
in the cosmologicalparametethyperspacedhat are of comparablesize to thosefrom
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expectedadwancesn othercosmologytechniquesLik e existing work, the constraints
from differenttechniquewvill beindependenandcomplementary

| wantto thankthe organizersof the 2003 SLAC Summerlnstitute for an excep-
tionally interestingandwell organizedschool. | alsowantto thankthe studentsfor
theirattentionduringmy classesndfor theirwillingnessto talk aboutthingsotherthan
cosmologyoutsideclass.SandyPencilprovided proof services.The Summeinstitute
wasmostenjoyable. Thankyou oneandall!
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