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ABSTRACT

WMAP precisiondata enablesaccuratetesting of cosmologicalmodels. We nd that
the emeging standardnodelof cosmologya at - dominateduniverseseededy a nearly
scale-ivariant adiabaticGaussianuctuations, ts the WMAP data. For the WMAP data
only, thebestt parametermreh=072 005, ,h®=0024 0001, ,h’°=014 002,

=0166997%, ns=099 004,and g=09 01. With parametersx ed only by WMAP
data,we can t ner scaleCMB measurementand measurementsf large scalestructure
(galaxy suneys andthe Lyman forest). This simple modelis also consistentwith a host
of otherastronomicaimeasurementsits inferred ageof the universeis consistentwith stel-
lar agesthe baryon/photomatio is consistentvith measurementsf the [D]/[H] ratio, andthe
inferredHubble constanis consistentvith local obserationsof the expansionrate. We then
t the modelparameterso a combinationof WMAP datawith other ner scaleCMB experi-
ments(ACBAR andCBI), 2dFGRSmeasuremen@ndLyman forestdatato nd themodels
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bestt cosmologicaparametersh=071333, ,h?=00224 00009, nh?=0 135775,

=017 006,ng(0.05Mpc)=093 003,and g=084 004. WMAP's bestdetermi-
nationof =017 004 arisesdirectly from the TE dataandnotfrom this model t, but they
areconsistentTheseparametergmply thattheageof theuniverseis 137 02 Gyr. With the
Lyman forestdatathemodelfavorsbut doesnotrequireaslonly varyingspectraindex. The
signi canceof this runningindex is sensitve to theuncertaintiesn theLyman forest.

By combiningWMAP datawith otherastronomicatata,we constrainthe geometryof the
universe: ¢ =102 002, andthe equationof stateof the dark enegy, w -078 (95%
con dencelimit assumingv - 1.). The combinationof WMAP and2dFGRSdataconstrains
theenegy densityin stableneutrinos: h?> 0 0076(95%con dencelimit). For 3 degenerate
neutrinospeciesthis limit impliesthattheir massis lessthan0.23eV (95% con dencelimit).
The WMAP detectionof earlyreionizationrulesoutwarmdark matter

Subjectheadings: cosmicmicrowvave background— cosmology:obserations— early uni-
verse

1. INTRODUCTION

Overthepastcentury astandaracosmologicamodelhasemeged: With relatively few parameterghe
modeldescribesheevolution of theUniverseandastronomicabbsenationsonscalegangingfrom afew to
thousand®f Megaparsecdn this modelthe Universeis spatially at, homogeneouandisotropicon large
scalescomposedf radiation,ordinary matter(electrons protons,neutronsand neutrinos),non-baryonic
cold darkmatter anddarkenegy. Galaxiesandlarge-scalestructuregrew gravitationally from tiny, nearly
scale-ivariantadiabatigdGaussianuctuations. TheWilkinson Microwave Anisotropy Probe(WMAP ) data
offer ademandingyuantitatve testof this model.

The WMAP dataarepowerful becausehey resultfrom a missionthatwascarefully designedo limit
systematianeasuremengrrors(Bennettet al. 2003a,b;Hinshav et al. 2003b). A critical elementof this
designincludesdifferential measurementsf the full sky with a complex sky scanpattern. The nearly
uncorrelatedhoisebetweerpairsof pixels, the accuratan- ight determinatiorof the beampatterngPage
et al. 2003c,a;Barneset al. 2003), and the well-understoodoropertiesof the radiometergJarosiket al.
2003a,byreinvaluablefor this analysis.

Our basicapproachn this analysisis to begin by identifying the simplestmodelthat ts the WMAP
dataand determinethe best t parametergor this modelusing WMAP dataonly without the useof ary
signi cant priorson parametevalues.We thencomparehe predictionsof this modelto otherdatasetsand

nd thatthe modelis basicallyconsistentvith thesedatasets. We then t to combinationsof the WMAP
dataand otherastronomicabatasetsand nd the bestt global model. Finally, we placeconstraintson
alternatvesto thismodel.

We begin by outlining our methodology(82). Verdeet al. (2003)describeghe detailsof the approach
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usedhereto comparetheoreticalpredictionsof cosmologicalmodelsto data. In 83, we t a simple, six
parameter CDM modelto the WMAP data-se{temperature-temperatandtemperature-polarizatican-
gularpower spectra)ln 84we shav thatthis simplemodelprovidesanacceptablet notonly tothe WMAP
data,but alsoto a hostof astronomicaldata. We usethe comparisorwith theseotherdatasetgo testthe
validity of themodelratherthanfurtherconstrainthe modelparametersin 85, we includelarge scalestruc-
turedatafrom the 2dF GalaxyRedshiftSuney (2dFGRS Collessetal. (2001))andLyman forestdatato
performa joint likelihoodanalysisfor the cosmologicalparametersWe nd thatthe datafavors a slowly
varying spectraindex. This sevenparametemodelis ourbestt tothefull dataset.In 86, werelaxsome
of the minimal assumption®f the modelby addingextra parameterso the model. We examinenon- at
models,dark enegy modelsin which the propertiesof the dark enegy are parameterizethy an effective
equationof state,and modelswith gravity waves. By addingextra parametersve introducedegenerate
setsof modelsconsistenwith the WMAP dataalone. We lift thesedegeneraciedy including additional
microvave backgrounddata-setCBI, ACBAR) and obsenrationsof large-scalestructure. We usethese
combineddatasetsto placestronglimits on the geometryof the universe,the neutrinomass,the enegy
densityin gravity waves, andthe propertiesof the dark enegy. In 87, we notean intriguing discrepang
betweerthe standardnodelandthe WMAP dataon the largestangularscalesandspeculaten its origin.
In 88, we concludeandpresenparameterfor ourbestt model.

2. BAYESIAN ANALYSIS OF COSMOLOGICAL DATA

The basicapproactof this paperis to nd the simplestmodelconsistentvith cosmologicabdata. We
begin by tting asimplesix parametemodel rst to the WMAP dataandthento othercosmologicadata
sets.Wethenconsidemorecomplex cosmologicamodelsandevaluatewhethetthey areabetterdescription
of thecosmologicatlata.SinceKomatsuetal. (2003)foundno evidencefor non-Gaussianitin the WMAP
data,we assumehe primordial uctuations are Gaussiarrandomphasethroughoutthis paper For each
model studiedin the paper we usea Monte Carlo Markov Chainto explore the likelihood surface. We
assumeat priorsin our basicparametersimposepositvity constrainton the matterandbaryondensity
(theselimits lie at suchlow likelihoodthatthey are unimportantfor the models. We assumea at prior
in , the optical depth,but bound 0 3. This prior haslittle effect on the ts but keepsthe Markov
Chainout of unphysicalregionsof parametespace.For eachmodel,we determinethebestt parameters
from the peakof the N-dimensionalikelihood surface. For eachparametein the modelwe alsocompute
its onedimensionalik elihood function by maiginalizing over all otherparametersye thenquotethe (1-
dimensionallexpectatiorvalue'? asour bestestimatefor the parameter:

b= dY () 1)

where denotesa pointin the N-dimensionaparametespace(in our applicationtheseare points—setsof
cosmologicaparametersin the outputof the Markov Chain), denoteghelikelihood(in our application

2In aMonte CarloMarkov Chain,it is amorerobustquantitythanthe modeof thea posteriorimaginalizeddistribution.
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the “weight” given by the chainto eachpoint). The WMAP temperaturgTT) angularpower spectrum
andthe WMAP temperature-polarizatn (TE) angularpowver spectrumareour coredatasetsfor thelikeli-
hoodanalysis.Hinshav etal. (2003b)andKogutet al. (2003)describehow to obtainthe temperatureand
temperature-polarizan angularpowver spectrarespectiely from the maps. Verdeet al. (2003)describes
ourbasicmethodologyfor evaluatingthelik elihoodfunctionsusinga Monte CarloMarkov Chainalgorithm
andfor including data-setotherthan WMAP in our analysis. In additionto WMAP datawe userecent
resultsfrom the CBI (Pearsoretal. 2002)andACBAR (Kuo etal. 2002)experiments We alsousethe 2dF-
GRSmeasurementsf the power spectrum(Percval etal. 2001)andthe biasparamete(Verdeetal. 2002),
measurementsf theLyman power spectrum(Croft etal. 2002;Gnedin& Hamilton2002),supernga la
measurementsf the angulardiameterdistancerelation(Garnaich etal. 1998;Riesset al. 2001),andthe
Hubble SpaceTelescopeKey Projectmeasurementsf the local expansionrate of the universe(Freedman
etal. 2001).

3. POWER LAW CDM MODEL AND THE WMAP DATA

We beagin by consideringabasiccosmologicamodel:a at Universewith radiation,baryonscolddark
matterandcosmologicatonstantandapower-law powver spectrunof adiabatigorimordial uctuations. As
we will see,this modeldoesa remarkablygoodjob of describingWMAP TT andTE power spectrawith
only six parametersthe Hubble constanth (in units of 100 km/s/Mpc), the physicalmatterand baryon
densitiesvn, mh? andwp ph?, theopticaldepthto thedecouplingsurface, , thescalarspectraindex
ns and A, the normalizationparametein the CMBFAST codeversion4.1 with option UNNORM. Verde
et al. (2003) discusseghe relationshipbetweenA andthe amplitudeof curvature uctuations at horizon
crossing, R2=295 10 °A. In §4,we shawv thatthis modelis alsoin acceptablagreementvith awide
rangeof astronomicatiata.

This simplemodelprovidesanacceptablet to boththe WMAP TT andTE data(seeFigurel and2).
Thereduced® 2 for thefull t is 1.066for 1342degreesof freedom,which hasa probabilityof — 5%.
For the TT dataalone, 2; =109, whichfor 893 degreesof freedomhasa probability of 3%. Most of
theexcess gff is dueto theinability of themodelto t sharpfeaturesn thepower spectrunmearl 120,
the rst TT peakandatl 350. In Figure4 we shawv the contritution to gff permultipole. The overall
excessvarianceis likely dueto our not including several effects,eachcontrituting roughly 0 5- 1% to our
power spectrumcovariancenearthe rst peakandtrough: gravitationallensingof the CMB (Hu 2001),the
spatialvariationsin the effective beamof the WMAP experimentdueto variationsin our scanorientation
betweerthe ecliptic pole andplaneregions(Pageet al. 2003a;Hinshav etal. 2003a),andnon-Gaussianity
in thenoisemapsdueto thel f striping. Includingtheseeffectswould increaseour estimateof the power

spectrununcertaintieandimprove our estimateof 2. Our next datareleasewill includethe corrections

BHere, %4; -2In and isnumberof dataminusthe numberof parameterswe have used100,000Monte Carlorealization
of the WMAP datawith our mask,noiseandangle-aeragecheamsandfoundthatthe - 2In =1 for thesimulatedemperature
data.
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anderrorsassociateavith the beamasymmetriesThe featuresn the measuregower spectrumcould be
dueto underlyingfeaturesn the primordial power spectrum(see85 of Peiriset al. (2003)),but we do not
yetattachcosmologicakigni canceto them.

Tablelliststhebestt parametersisingthe WMAP dataalonefor thismodelandFigure(3) shavsthe
maiginalizedprobabilitiesfor eachof the basicparameterin the model. Thevaluesin the secondcolumn
of Tablel (andthe subsequenparametetables)areexpectatiorvaluesfor the mamginalizeddistribution of
eachparameteandtheerrorsarethe 68%con denceintenal. Thevaluesin thethird columnarethevalues
atthe peakof thelikelihoodfunction. Sincewe areprojectinga high dimensionalikelihoodfunction, the
peakof thelikelihoodis notthe sameasthe expectatiorvalueof a parameterMost of the basicparameters
areremarkablywell determinedvithin thecontext of thismodel. Ourmostsigni cant parametedegenerag
(seeFigureb) is adegenerag betweemg and . The TE datafavors 017 (Kogutetal. 2003);on the
other hand, the low value of the quadrupole(seeFigure 1 and §87) and the relatively low amplitudeof

uctuationsfor| 10disfavorshigh asreionizationproducesdditionallargescaleanisotropiesBecause
of thecombinationof thesawo effects,thelikelihoodsurfaceis quite at atits peak:thelikelihoodchanges
by only 005 as changesrom 011- 019. This particularshapedependsuponthe assumedorm of
the power spectrum:in 85.2,we shav that modelswith a scale-dependerspectralindex have a narraver
likelihoodfunctionthatis morecenterecaround =017.

Sincethe WMAP dataallows usto accuratelydeterminemary of the basiccosmologicaparameters,
we cannow infer anumberof importantderived quantitiesto very high accurag; we do this by computing
thesequantitiesfor eachmodelin the MCMC andusethe chainto determineheir expectationvaluesand
uncertainties.

Table2 listscosmologicaparameterbasedn tting apowerlaw (PL) CDM modelto the WMAP data
only. Theparameterkyec andzgec aredeterminedy usingthe CMBFAST code(Seljak& Zaldarriagal 996)
to computetheredshiftof the CMB “photosphere(the peakin thephotonvisibility function). We determine
the thicknessof the decouplingsurfaceby measuring zgec and tgec, the full-width at half maximumof
thevisibility function. Theageof theUniverseis derivedby integratingthe Friedmanrequationand g (the
linear theory predictionsfor the amplitudeof uctuations within 8 Mpc/h spheresfrom the linear matter
power spectrumatz = 0 is computecby CMBFAST.

4. COMPARSION WITH ASTRONOMICAL PREDICTIONS

In this section,we comparethe predictionsof the bestt powerlaw CDM modelto othercosmo-
logical obserations. We alsolist in Table10thebestt modelto thefull dataset:a CDM modelwith
a runningspectralindex (see85.2). In particularwe considerdetermination®f the local expansionrate
(i.e. the Hubble constant) the amplitudeof uctuations on galaxyscalesthe baryonalundance agesof
the oldeststars,large scalestructuredataandsupernga la data. We alsoconsiderif our determinatiorof
thereionizationredshiftis consistentvith the predictionfor structureformationin ourbestt Universeand
with recentmodelsof reionization.In 85and6, we addsomeof thesedatasetsto the WMAP datato better



constrainparameterandcosmologicamodels.

4.1. Hubble Constant

CMB obsenrationsdo notdirectly measurdéhelocal expansiorrateof the Universeratherthey measure
the conformaldistanceo thedecouplingsurfaceandthe matterradiationratio throughtheamplitudeof the
early IntegratedSachswolfe (ISW) contrilution relative to the heightof the rst peak. For our power law

CDM model,thisis enoughinformationto “predict” thelocal expansiorrate. Thus,localHubbleconstant
measurementsreanimportanttestof our basicmodel.

TheHubbleKey Project(Freedmaretal. 2001)hascarriedout anextensve programof usingCepheids
to calibrateseveraldifferentsecondarylistancandicators(Typela supernwae, Tully-Fisher Typell super
novae,andsurfacebrightnessuctuations). With a distancemodulusof 185 for the LMC, their combined
estimatefor the Hubbleconstanis Hy =72 3(stat) 7(systematickm/s/Mpc. The agreemenbetween
the HST Key Projectvalueandour value,h =072 0 05, is striking, given thatthe two methodsrely on
differentobserables differentunderlyingphysics,anddifferentmodelassumptions.

Aswewill shaw in 86, modelswith equationof statefor thedarkenegy very differentfrom a cosmo-
logicalconstanti.e.,w=-1)only t the WMAP dataif theHubbleconstants muchsmallerthantheHubble
Key Projectvalue. An independentieterminatiorof the Hubbleconstanthat makesdifferentassumptions
thanthetraditionaldistancdaddercanbe obtainedoy combiningSuryaers-Zel'dovich andX-ray ux mea-
surement®f clustersof galaxiesunderthe assumptiorof sphericityfor thedensityandtemperaturgro le
of clusters.This methodis sensitve to the Hubbleconstanttintermediateedshifts(z 0 5), ratherthanin
the nearbyuniverse.Reeseet al. (2002),Joneset al. (2001),andMasonet al. (2001) have obtainedvalues
for the Hubbleconstansystematicallysmallerthan,the HubbleKey Projectand WMAP CDM modelde-
terminationshut all consistenatthel level. Table(3) summarizesecentHubbleconstantieterminations
andcompareshemwith the WMAP CDM modelvalue.

4.2. Amplitude of Fluctuations

Theoverallamplitudeof uctuationsonlarge-scalestructurescaleshasbeenrecentlydeterminedrom
weaklensingsuneys, clustersnumbercountsand peculiarvelocitiesfrom galaxysuneys. Weaklensing
sunweys andpeculiarvelocity measurementaemostsensitve to thecombination g 98, clusteratundance
at low redshiftis sensitve to a very similar parameteicombination g 9°, but countsof high redshift
clusterscanbreakthe degenerag.



Tablel. PowerLaw CDM Model ParametersWMAP DataOnly

Parameter

Mean(68%con dencerange) MaximumLikelihood

BaryonDensity  ph?
Matter Density mh?
HubbleConstant h
Amplitude A
OpticalDepth
Spectralndex Ns

2
ef f

0024 0001 0.023

014 002 0.13

072 005 0.68

09 01 0.78

01669978 0.10

099 004 0.97
1431/1342

aFit to WMAP dataonly



Table2. Derived CosmologicaParameters

Parameter

Mean(68% con dencerange)

Amplitude of GalaxyFluctuations
Characteristidmplitude of Velocity Fluctuations

BaryonDensity/Crit

icalDensity

Matter Density/CriticalDensity

Age of theUniverse

Redshiftof Reionizatiofl

Redshiftat Decoupling

Age of theUniverseat Decoupling
Thicknessof Surfaceof LastScatter
Thicknessof Surfaceof LastScatter
Redshiftat Matter/RadiatiorEquality
SoundHorizonat Decoupling

AngularDiameterDistanceto the DecouplingSurface

AcousticAngularScalé

g=09 01

g 26=044 010
b=0047 0006
m=029 007
to=134 03Gyr
z=17 5
Zdec:1088_'%

tgec =372 14 kyr
Zdec=194 2
tgec=115 5kyr
Zeq= 3454333
rs=144 4 Mpc
da=137 05Gpc
A=299 2

CurrentDensityof Baryons =027 01) 107cm?3
Baryon/PhotorRatio =(6579%) 1010
aFit to the WMAP dataonly

bAssumesonizationfraction,xe = 1

Cla= dc rs
Table3. RecentHubbleConstanDeterminations
Method Mean(68%con dencerange) Reference
HubbleKey Project 72 3 7 Freedmaretal. (2001)
SZE+ X-ray 60 4*13 Reeseetal. (2002)
6617 15 Masonetal. (2001)
WMAPPL CDMmodel 72 5 83
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4.2.1. WeakLensing

Weak lensingdirectly probesthe amplitudeof mass uctuations alongthe line of sightto the back-
groundgalaxies.Oncetheredshiftdistribution of the backgroundyalaxiess known, thistechniquedirectly
probesgravitational potential uctuations, andthereforecanbe easilycomparedvith our CMB modelpre-
dictionsfor the amplitudeof dark matter uctuations. Several groupshave reportedweak sheamrmeasure-
mentswithin the pastyear(seeTable4 andVanWaerbek etal. (2002a)for recentreview): while thereis
signi cant scatterin the reportedamplitude the bestt modelto the WMAP datalies in the middle of the
reportedange.As thesesheameasurementsontinueto improve, thecombinatiorof WMAP obsenations
andlensingmeasurementsill be a powerful probeof cosmologicamodels.

4.2.2. Galaxyvelocity elds

The galaxyvelocity elds areanotherimportantprobeof the large scaledistribution of matter The
Willick & Strausg1998)analysisof theMark 11l velocity elds andthelRAS redshiftsuney yields 'RAS=
050 004. IRAS galaxiesare lessclusteredthan optically selectedgalaxies;Fisheret al. (1994) nd

FAS=069 004implying 52 96=0345 005, consistentith our CDM modelvalueof 0 44
010.

4.2.3. ClusterNumberCounts

Ourbestt tothe WMAP datais g >=048 0 12.Bahcalletal. (2002b)recentstudyof themass
functionof 300clustersatredshifts0 1  z 0 2in theearlySDSSdatareleasgjields g 3°=033 003.
This differencemayre ect thesensitvity of the clustermeasurement® the conversionof clusterrichness
to mass.Obsenationsof the massfunction of high redshiftclustersbreakthe degenerag between g and

m- TherecentBahcall& Bode(2002)analysisof the alundanceof massie clustersatz=05- 0 8 yields

g=095 01for n=025. Otherclusteranalysisyield differentvalues: Borgani et al. (2001) best
t valuesfor a large sampleof X-ray clustersare g=066'332 and n=0357313. On the otherhand,
Reiprich& Bohringer(2002) nd very differentvalues: g=096"313 and n=012'95. Pierpaolietal.
(2002)discusghewide rangeof valuesthatdifferentX-ray analysesnd for g. With thelarger REFLEX
sample Schueckr etal. (2003a)nd g =0711953 0120 and ,=03417932 3387 wherethe second
setof errorsincludethesystematiaincertaintiesThebestt WMAP valueslie in themiddle of therelevant
range.

Measurementsf the contritution to the CMB power spectrumon small scalesfrom the Suryaer-
Zel'dovich effect also probethe numberdensity of high redshift clusters. The recentCBI detectionof
excessuctuations(Masonetal. 2001;Bondetal. 2002)at 1500implies g=104 012 (Komatsu&
Seljak2002),if thesignalis dueto the Suryaes-Zel'dovich effect.
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Tabled4. Amplitudeof Fluctuations, g

Method Mean(68% con dencerange)

Reference

PL CDM+WMAP 09 01

WeakLensingP 072

018

086333
069512

096
092
098
GalaxyVelocity Field® 073
CBI SZ detection 104
High redshiftcluster§ 095

012
02
012
01
01
01

83

Brown etal. (2002)
Hoekstraetal. (2002)
Jarvisetal. (2002)
Baconetal. (2002)
Refregier etal. (2002)
VanWaerbek etal. (2002b)
Willick & Strausg1998)
Komatsu& Seljak(2002)
Bahcall& Bode(2002)

asincemostweak lensingpapersreport 95% con dencelimits in their papers the table lists the 95%

con dencelimit for theseexperiments.

bAIl of the g measurementsave beennormalizedo =0 287,thebestt valuefora t tothe WMAP

dataonly.
€95%con dencelimit
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4.3. Baryon Abundance

Both the amplitudeof the acoustigpeaksin the CMB spectrum(Bond & Efstathioul984)andthe pri-
mordialalundanceof Deuterium(Boesgaar& Steigmarnl985)aresensitve functionsof thecosmological
baryondensity Sincetheheightandpositionof theacoustiqpeaksdependiponthepropertiesof thecosmic
plasma372,000yearsafterthe Big Bangandthe Deuteriumalbundancedepend®n physicsonly threemin-
utesafterthe Big Bang,comparingthe baryondensityconstraintdnferredfrom thesetwo differentprobes
provides animportanttestof the Big Bangmodel. Thebestt baryonalundancebasedon WMAP data
only for thePL LCDM model, ,h?=0024 0 001,impliesabaryon/photomatioof =(65'93) 1010,
For this ahundancestandardig bangnucleosynthesi@Burleset al. 2001)impliesa primordial Deuterium
atundanceelative to Hydrogen:[DJ/[H] =237731 10°°. Asit will beclearfrom §5and6, thebestt

ph? valuefor our ts is relatively insensitve to cosmologicamodelanddatasetcombinatiorasit depends
primarily on the ratio of the rst to secondpeakheights(Pageet al. 2003b). For the running spectralin-
dex modeldiscussedn §5.2,thebest t baryonakundance, ,h? =00224 00009,impliesa primordial
[DJ[H] =262318 10°.

How doesthe primordial Deuteriumalundancenferredfrom CMB comparewith thatobsered from
thelSM? Galacticchemicalevolution destrgs Deuteriumbecausé¢he Deuteriumnucleuss relatively frag-
ile andis easilydestrgedin stars.Thus,measurementsf the Deuteriumalundancewithin the Galaxyare
usuallytreatedaslower limits on the primordial alundance(Epsteinet al. 1976). Local measurementsf
D andH absorptionnd [D/H] abundancenearl 5 10 °, while moredistantmeasurementsy IMAP and
FUSE nd signi cant variationin Deuteriumalundancesuggestinga complex Galacticchemicalhistory
(Jenkinsetal. 1999;Sonneborretal. 2000;Moosetal. 2002).

Obsenationsof Lyman cloudsreducethe needto correctthe Deuteriumalundancefor stellarpro-
cessingasthesesystemdaave low (but non-zerometalalundancesTheseobserationsrequireidentifying
gassystemghatdo not have seriousnterferencdrom theLyman forest. TheKirkman etal. (2003)anal-
ysisof QSOHS 243+305%ieldsaD/H ratioof 2 42'332  10°°. They combinethis measurementith four
otherD/H measurement@0130-4021:D/H 68 10°°, Q1009+2956:398 070 10° PKS1937-
1009:325 028 10° andQSOHS0105+1619:25 025 10°), to obtaintheir currentbestD/H
ratio: 278333 10°implying ,h?=00214 00020. D'Odoricoetal. (2001) nd 224 067 10°
from their obsenationsof Q0347-3819althougha reanalysisof the systemby Levshalov etal. (2003)

nds ahigherD/H value:3 75 0 25. Pettini& Bowen(2001)reportaD/H atundanceof165 035 10°°

from STISmeasurementsf QS02206-199alow metallicity(Z 1 200)DampedLyman system.The
WMAP valuelies betweerthe Pettini& Bowen(2001)estimatedrom DLAS, ph2=0025 0001,andthe
Kirkman et al. (2003)estimateof ph? =00214 00020 The remarkableagreemenbetweerthe baryon
densityinferredfrom D/H valuesand our measurementss an importanttriumph for the basicBig Bang
model.
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Table5. Measuredatio of Deuteriumto Hydrogen

Quasar [DYV/[H] Reference

Q0130-403 68 10° Kirkman etal. (2000)
PKS1937-1009 325 03 10° Burles& Tytler (1998a)
Q1009+299 40 065 10° Burles& Tytler (1998b)
HS0105+1619 25 025 10° O'Mearaetal. (2001)
Q2206-199 165 035 10° Pettini& Bowen(2001)
Q0347-383 375 025 10° Levshakv etal. (2003)
Q1234+3047 2423% 10°  Kirkmanetal.(2003)

Table6. CosmicAge

Method Age

WMAP data( CDM) 134 03 Gyr

WMAPext+ LSS 137 02Gyr
Glohular ClusterAges 11- 16 Gyr
White Dwarf 127 07 Gyr
OGLEGC-17 104- 128 Gyr

Radioactie dating 95- 20Gyr
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4.4. CosmicAges

The ageof the Universebasedonthebestt to WMAP dataonly, to=134 03 Gyr. However, the
additionof otherdatasets(see85) implies a lower matterdensityand a slightly larger age. The best t
agefor the power law modelbasedon a combinationof WMAP , 2dFGRSand.yman forestdatais tg =
136 02Gyr. Thebestt agefor thesamedatasetfor therunningindex modelof 85.2istp =137 02Gyr.
(SeeHu etal. 2001Hu (Fukugita)andKnox, Christenser& Skordis (2001)for discussion®f usingCMB
datato determinecosmologicahges.)

A lower limit to the ageof the universecanindependentlhbe obtainedfrom datingthe oldeststellar
populationsThis hasbeendonetraditionallyby datingtheoldeststarsin theMilk y Way (seee.g.,Chabger
(1998); Jimenez(1999)). For this program,glolular clustersare an excellentlaboratoryfor constraining
the ageof the universe: eachclusterhasa chemicallyhomogeneougopulationof starsall born nearly
simultaneously The main uncertaintyin the age determinationcomesfrom the poorly known distance
(Chabger 1995). Well-understoodstellar populationsare usefultools for constrainingclusterdistances:
Renziniet al. (1996) usedthe white dwarf sequencdo obtainanageof 145 15 Gyr for NGC 6752.
Jimeneztal. (1996).usingadistance-indepermtmethoddeterminedheageof theoldestglobular clusters
to be 135 2 Gyr. Using the luminosity function method,Jimenez& Padoan(1998)found an age of
125 10 Gyr for M55. This methodgivesa joint constrainton the distanceandthe ageof the globular
cluster Othergroupsnd consistenages:Grattonetal. (1997)estimateanageof 11.8_*%% Gyrfor theoldest
Galacticglohulars; VandenBgg et al. (2002)estimatesnageof 135 Gyr for M92. Chabger & Krauss
(2003)review theglohular clusteranalysisandquoteabestt ageof 13.4Gyr.

Obsenationsof eclipsingdoubleline spectroscopibinariesenableglobular clusteragedeterminations
thatavoid the considerableincertaintyassociateavith the globular clusterdistancescale(Paczynskil997).
Thompsonet al. (2001) were ableto obtaina high precisionmassestimatefor the detacheddoubleline
spectroscopibinary OGLEGC-17in - Cen. Usingthe age/turndf massrelationship the Kaluzry et al.
(2002)analysisof this systemyieldedanagefor thisbinaryof 118 06 Gyr. Chabger & Krauss(2002)
re-analysi®f theage/turndf masgelationshigfor thissystenyieldsasimilarageestimate111 067 Gyr.
The WMAP determinatiorof the ageof the universeimpliesthatglobular clustersform within 2 Gyr after
the Big Bang, a reasonabl@stimatethatis consistentwith structureformationin the CDM cosmology
White dwarf datingprovidesanalternatve approacho thetraditionalstudiesof themainsequencéurn-of.
Richeretal. (2002)andHanseretal. (2002) nd anagefor theglohular clusterM4 of 127 07 Gyrs(2
errors, 035atthel level assumingGaussiarerrors)usingthewhite dwarfs cooling sequencenethod.
Theseresultswhich yield anagecloseto the cosmologicabge,arepotentiallyvery useful: furthertestsof
theassumptionsf thewhite dwarf agedatingmethodwill clarify its systematiaincertainties.

Obsenationsof nearbyhalo starsenableastronomers$o obtainspectraof variousradio-isotopesBy
measuringsotopicratios,they infer stellarageshatareindependendf muchof the physicsthatdetermines
main sequenceurn-off (seeThielemanretal. (2002)for arecentreview). Thesestudiesyield stellarages
consistentvith boththe glohular clusteragesandthe agesin our bestt models. Clayton (1988)usinga
rangeof chemicalevolution modelsfor the Galaxy nds ageshetweerl2- 20Gyr. Schatztal. (2002)study
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ThoriumandUraniumin CS31082-00landestimateanageof 155 3 2 Gyr for ther-processlementsn
thestar Othergroups nd similar estimatesthe Cayreletal. (2001)analysisof U-238in the old halo star
CS31082-00lyieldsanageof 125 3 Gyr, while Hill etal. (2002) nd anageof 140 2 4 Gyr. Studies
of otherold halostarsyield similar estimatesCowanetal. (1999)two starsCS 22892-052andHD115444
nd 156 46 Gyr.

Table 6 summarizeghe lower limits on the ageof the universefrom variousastronomicameasure-
ments. While the errorson thesemeasurementsemaintoo large to effectively constrainparametersthey
provide animportantconsisteng checkon our basiccosmologicamodel.

4.5. LargeScaleStructure

The large scalestructureobserationsandthe Lyman  forestdatacomplementhe CMB measure-
mentsby measuringsimilar physicalscalesat very differentepochs.The WMAP angularpower spectrum
hasthe smallestuncertaintiesiear 300, which correspondo wavenumbersk 002 Mpc L. With the
ACBAR results,our CMB datasetextendsto 1800,correspondingok 01 Mpc™ 2. If we assumehat
gravity is the primary force determiningthe large-scaledistribution of matterandthat galaxiestracemass
atleaston large scalesthenwe candirectly compareourbestt  CDM model(with parameters to the
WMAP data)to obserationsof large scaledistribution of galaxies. Thereare currentlytwo major ongo-
ing large scalestructuresuneys: the Anglo-AustralianTelescopdwo degree eld GalaxyRedshiftSurney
(2dFGRS)(Collessetal. 2001),andthe SloanDigital Sky Suney!* (SDSS).Large scalestructuredatasets
area powerful tool for breakingmary of the parametedegeneraciesissociateavith CMB data.In 85, we
malke extensve useof the 2dFGRSdataset.

Figure6 shavs thatthe CDM modelobtainedfrom the WMAP dataaloneis anacceptablet to the
2dFGRSpower spectrumThebestt has =0 45 consistentvith Peacocletal. (2001)measuredalueof
=043 007.

TheLyman forestobserationsareanimportantcomplemento CMB obserationssincethey probe
the linear matterpower spectrumat z=2- 3 (Croft etal. 1998,2002). Theseobserationsaresensitve to
smalllengthscalesinaccessibléo CMB experimentsUnfortunatelytherelationshigbetweerthemeasured

ux powerspectrunmandthelinearpower spectrums complex (Gnedin& Hamilton2002;Croft etal. 2002)
andneedso becalibratedby numericakimulations.In Verdeetal. (2003),we describeourmethodologyfor
incorporatingheLyman forestdatainto our likelihoodapproachFigure6 compareshe predictedpower
spectrdor thebestt CDM modelto thelinearpower spectranferredby Gnedin& Hamilton(2002)and
by Croftetal. (2002).

Mwww.sdss.ay
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4.6. Supemova Data

Over the pastdecade;Type la superngae have emegedasimportantcosmologicaprobes.Oncesu-
pernwalight curveshave beencorrectedusingthecorrelationbetweerdeclinerateandluminosity (Phillips
1993; Riesset al. 1995)they appearto be remarkablygood standardcandles. Systematicstudiesby the
supernga cosmologyproject(Perimutteret al. 1999)andby the high z supernwa searchteam(Riesset al.
1998)provide evidencefor anacceleratinginiverse.Thecombinatiorof thelargescalestructure CMB and
supernwa dataprovide strongevidencefor a at universedominatedby a cosmologicakonstani{Bahcall
etal. 1999). Sincethe supernwa dataprobesthe luminosity distanceversusredshiftrelationshipat mod-
erateredshiftz 2 andthe CMB dataprobesthe angulardiameterdistancerelationshipto high redshift
(z 1089), thetwo datasetsare complementary The supernga constrainton cosmologicalparameters
are consistentvith the CDM WMAP model. As we will seein the discussiorof non- at modelsand
quintessencenodels,the SNlalikelihoodsurfacein the - andin the - w planesprovidesuseful
additionalconstraint®on cosmologicaparameters.

4.7. Reionization& Small ScalePower

The WMAP detectiorof reionization(Kogutetal. 2003)impliesthe existenceof anearlygeneratiorof
starsableto reionizetheUniverseatz  20. Is this early starformationcompatiblewith ourbestt CDM
cosmologicamodel?We canevaluatethis effect by rst computingthe fractionof collapsedobjects,fpu,
atagivenredshift:

fov@=—= (M 2MdM @

0 Mmin

where (M 2) is the Sheth& Tormen(1999) massfunction. The rst starscorrespondo extremelyrare
uctuations of the overdensityeld: Eq. (2) is very sensitve to thetail of the massfunction. Thusthevery
smallchangdan theminimummasseededor starformationresultsin asigni cant changen thefractionof
collapsedbjects.Theminimumhalomasdor starformation,Mnn, is controsersialanddepend®nwhether
molecularhydrogen(H,) is availableasa coolant.If the gastemperaturés x edto the CMB temperature,
thentheJearMassM! =10°M . If moleculathydrogeris available thenthe Jeansnassbeforereionization
isMI 22 10°%[ b h( m)]*3(1+2) 10forz 150(Venkatesaetal.2001).Atz 150,theelectronsare
thermallycoupledio the CMB photons However, asHaimanetal. (1997)pointout,asmallUV background
generatedby the rst sourcesill dissociatéH,, thusmakingthe minimummassmuchlargerthantheJeans
mass. They suggestusinga minimum massthat is much higher: MHRYZ) = 10°(1+2) 10y3 2. Onthe
otherhandif the rst starsgenerated signi cant ux of X-rays(Oh 2001)thenthis would have promoted
molecularhydrogenformation(Haimanet al. 2000; Venkatesarmt al. 2001;Cen2002). Thusloweringthe
minimummassbackto M.

Following Tegmark & Silk (1995) we estimatethe rate of reionizationby multiplying the collapse
factorby anefciency factor A fraction of baryonsin the universe, fp, falls into the non-linearstructures.
We assumefy, = fpy (i.e.,constanbaryon/darkmatterratio). A certainfractionof thesebaryonsform stars
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or quasars fpyrm, which emit UV radiationwith someef ciency, fyy. Someof this radiationescapemto
theintergalacticmediumphotoionizingit; however, the netnumberof ionizationsperUV photons,fign, is
expectedo belessthanunity (dueto coolingandrecombinations)Finally theintergalacticmediummight
be clumpy, makingthe photoionizationprocesdessef cient. This effect is countedfor by the clumping
factorCeump. Thusin this approximationthe ionizationfractionis givenby: xe = 3 8 1P fg fr Where
fhe = fourn fuv fescfion Celump. Thefactor3 8 1P arisesbecause’ 3 103 of the restmassis released
in the burning of hydrogento helium andwe assumehe primordial helium massfractionto be 24%. We
assumefpymn  25%, fesc 50%, fuy  50%, fion  90%,andl Cgump 100,thusf,e 56 10 3.

Figure 7 shavs the fraction of collapsedobjectsandthe maximumionizationfraction asa function
of redshiftfor our bestt WMAP CDM model. The solid lines correspondo M, = MHRL(2) while the
dashedines correspondo M, = Mi. The WMAP detectionof reionizationat high redshiftsuggestshat
H» coolinglikely playedanimportantrole in early starformation.

Becauseearlyreionizationrequiresthe existenceof smallscale uctuations, the WMAP TE detection
hasimportantimplicationsfor our understandingf thenatureof thedarkmatter Barkanaetal. (2001)note
thatthe detectionof reionizationatz 10 rulesoutwarmdark matterasa viable candidatdor the missing
massasstructureformsvery latein thesemodels.Warmdark mattercannot clusteron scalessmallerthan
the dark matterJeans'mass. Thus, this limit appliesregardlesof whetherthe minimummassis MHRL or
M.

5. COMBINING DATA SETS

In this section,we combinethe WMAP datawith other CMB experimentghat probesmallerangular
scaleACBAR andCBI) 1® andwith astronomicameasurementsf the power spectrum(the 2dFGRSand
Lyman forest).We beggin by exploring how includingthesedatasetsaffectsourbestt powerlaw CDM
modelparameter$85.1). The additionof datasetsthat probesmallerscalessystematicallypulls down the
amplitudeof the uctuationsin the bestt model. This motivatesour explorationof an extensionof the
power law model,a modelwherethe primordial power spectrumof scalardensity uctuationsis t by a
runningspectraindex (Kosavsky & Turner1995):

ns(ko)+(1 2)dns dInkin(k ko)
P(k)=P(ko) — 3

(k) = P(ko) K (3)

wherewe x thescalarspectraindex andslopeatko = 0 05Mpc . Notethatthis de nition of therunning

index matcheghe de nition usedin Hannestaet al. (2002)analysisof runningspectraindex modelsand

differsby afactorof 2 from theKosavsky & Turner(1995)de nition. Asin thescaleindependentasewe
de ne

dinP

ns(k) = dink (4)

BIn thefollowing sectionswe referto the combinedWMAP , ACBAR andCBI datasetsasWMAPext.
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We explicitly assumehatd?ns dink? =0, sothat

dng k
ank" i )

ns(K) = ns(ko) +

In 85.2,we shav thattherunningspectraindex modelis abettert thanthe purepowerlaw modelto
thecombinationof WMAP andotherdatasets.Peirisetal. (2003)explorestheimplicationsof thisrunning
spectraindex for in ation.

5.1. Power Law CDM Model

Thepowerlaw CDM modelis anacceptablet to the WMAP data.While it overpredictsheampli-
tudeof uctuationson large angularscaleqsee86), this deviation may be dueto cosmicvarianceat these
large scaleslIntriguingly, it alsooverpredictgsheamplitudeof uctuationsonsmallangularscales.

Table(7) shawvs thebestt parametergor the powerlaw  CDM modelfor differentcombinationof
datasets.As we addmoreandmoredataon smallerscalesthebestt valuefor theamplitudeof uctuations
atk =005 Mpc ! graduallydrops: Whenwe t to the WMAP dataalone,thebestt is09 01. When
we addthe CBI, ACBAR and2dFGRSdata,thebestt valuedropsto08 0 1. AddingtheLyman data
furtherreducesA to 0 757338, Thebestt spectralindex shavs a similar trend: the additionof moreand
moresmall scaledatadrivesthe best t spectralindex to alsochangeby nearlyl fromits bestt value
for WMAP dataonly: 099 004 (WMAP only) to 096 002 (WMAPext+2dFGRS+ly ). Whenthe
additionof new datacontinuouslypulls a modelaway from its best t value,this is oftenthe signatureof
themodelrequiringa new parameter

5.2. Running Spectralindex CDM Model

In ationary modelspredictthatthe spectralindex of uctuations shouldbe a slovly varyingfunction
of scale.Peirisetal. (2003)discusseshein ationary predictionsandshaws thata plausiblesetof models
predictsa detectablevarying spectralindex. Thereareclasse®f in ationary modelsthat predictminimal
tensomodes.This sectionexploresthis classof models.In §6.4,we explorea moregeneramodelthathas
botharunningspectraindex andtensomodes.

Table8 shavsthebestt parameterfor therunning(RUN) spectraindex modelasafunctionof data
set. Notethatthebestt parameter$or thesemodelsbarelychangeaswe addnew datasets;however, the
error barsshrink. Whenwe includeall datasets,thebestt valueof the runningof the spectralindex is
-0 03173 318: fewer than5% of themodelshave dns dink 0.

Figure 9 shaws the the power spectrumas a function of scale. The gure shaws the resultsof our
Markov chainanalysisof the combinationof WMAP , CBI, ACBAR, 2dFGRSandLyman data.At each
wavenumberwe computethe rangeof valuesfor the power law index for all of the pointsin the Markov
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Table7. BestFit ParametersPoverLaw CDM

WMAP WMAPext 16a WMAPext+2dFGRS WMAPext+ 2dFGRS+.yman

A 09 01 08 01 08 01 075998
Ns 099 004 097 003 097 003 096 002
0166977 0143993 0148307 011793
h 072 005 073 005 073 003 072 003
m? 014 002 013 001 0134 0006 0133 0006
sh2 0024 0001 0023 0001 0023 0001 00226 00008
2. 1429/1341  1440/1352  1468/1381 b

AWMAP +CBI+ACBAR

bSincethe Lyman datapoints are correlated,we do not quotean effective 2 for the combined
likelihoodincludingLyman data(seeVerdeetal. (2003)).

Table8. BestFit Parametersor the RunningSpectralndex CDM Model

WMAP WMAPext WMAPext+2dFGRS  WMAPext+ 2dFGRS+H.yman
A 092 012 09 01 084 009 08335
Ns 0939 091 006 093932 093 003
dns dink -0047 004 -0055 0038 -00319%: -0031°3518
020 007 020 007 017 006 017 006

h 070 005 071 006 071 004 0718%

mh? 014 002 014 001 0136 0009 0135799%

ph? 0023 0002 0022 0001 0022 0001 00224 00009

2 1431/1342 1437/1350 1465/1380 *a

3SincetheLyman datapointsarecorrelatedwe do notquote 2 for the combinedikelihoodincluding

Lyman data(seeVerdeetal. (2003)).
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chain.The68%and95%contoursateachk valueareshavn in Figure9for the t totheWMAPext+2dFGRS
+Lyman datasets.

Over the comingyear new datawill signi cantly improve our ability to measurgor constrain)this
runningspectralindex. Whenwe completeour analysisof the EE power spectrumthe WMAP datawill
placestrongerconstrainton . Becausef theng- degenerayg, thisimpliesa strongconstrainton ng on
large scales. The SDSScollaborationwill soonreleasets galaxy spectrumandits measurementsf the
Lyman forest. Theseobserationswill signi cantly improve our measurementsf ng on small scales.
Peiriset al. (2003)shavs thatthe detectionof a runningspectralindex and particularlythe detectionof a
spectralindex thatvariesfrom ng 1 onlarge scalesto ng 1 on small scaleswould severely constrain
in ationary models.

The running spectralindex model predictsa signi cantly lower amplitudeof uctuations on small
scaleghanthestandard CDM model(see gure 9). This suppressionf smallscalepower hasseveralim-
portantastronomicaimplications:(a) thereductionin smallscalepower makesit moredif cult to reionize
theuniverseunlessH; cooling enablesnassdark halosto collapseandform galaxies(see84.7 andFigure
10); (b) areductionin thesmallscalepower reducesheamountof substructurevithin galactichalos(Zent-
ner& Bullock 2002)(c) sincesmall objectsform later, their dark matterhaloswill belessconcentratecs
thereis amonotonicrelationshipbetweercollapsetime andhalocentralconcentratiorfNavarroetal. 1997;
Ekeetal. 2001;Zentner& Bullock 2002;Wechslertal. 2002;Huffenbeger& Seljak2003). Thereduction
in theamounibf substructuravill alsoreduceangulaTmomentuntransporbetweerdarkmatterandbaryons
andwill alsoreducetherateof disk destructiorthroughinfall (Toth & Ostriker 1992). We suspecthatour
proposedmodi cation of the primordial power spectrumwill resolve mary of the long-standingoroblems
of the CDM modelon smallscalegseeMoore (1994)and Spegel & Steinhardi{2000)for discussion®f
thefailingsof thepowerlaw  CDM modelon galaxyscales).

6. BEYOND THE CDM MODEL

In this section,we considervariousextensiongo the CDM model.In 86.1,we considerdarkenegy
modelswith a constantquatiorof state.ln 86.2,we considemon- at models.In §6.3,we considemodels
with amassie light neutrino.In §86.4,we includetensomrmodes.

In this sectionof thepaperwe combinethe WMAP datawith externaldatasetssothatwe canbreakde-
generacieandobtainsigni cant constrainton the variousextensionof our standardcosmologicamodel.

6.1. Dark Energy

The propertiesof the dark enegy, the dominantcomponenin our universetoday is a mystery The
mostpopularalternatve to the cosmologicakonstanis quintessenceWetterich (1988),Ratra& Peebles
(1988)and Peeblest Ratra(1988) suggesthat a rolling scalar eld could producea time-variabledark
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enegy term,which leave a characteristiamprint on the CMB andon large scalestructure(Caldwell et al.

1998).1n thesequintessencmodelsthedarkenegy propertiesarequanti ed by the equatiorof stateof the
darkenegy: w=p ,wherepand arethepressureandthe densityof thedarkenegy. A cosmological
constanhasanequationof statew=- 1.

Sincethe spaceof possiblemodelsis quite large, we only considermodelswith a constantequa-
tion of state. We now increaseour modelspaceso thatwe have 7 parametersn the cosmologicaimodel
(Ansh o, p andw). Weanalyzethe datausingtwo approaches(a) we begin by restrictingour anal-
ysistow -1 motivatedby thedif culties in constructingstablemodelswithw -1 (Carroll etal. 2003)
and (b) relaxthis constraintand considemrmodelsthat violate the weakenegy condition (Schueckr et al.
2003b).Furtheranalysisis neededor modelswherew andthe quintessenceoundspeedarea function of
time (Dedeoetal. 2003). Theadditionof a new parameteintroducesanewn degenerag between o, h, and
w thatcannot be broken by CMB dataalone(Huey etal. 1999;Verdeet al. 2003): modelswith the same
valuesof mh?, ph? and rst peakpositionhave nearlyidenticalangulampower spectra.

For example,a modelwith =047 w=-1 2 andh =057 hasa nearlyidenticalangularpower
spectrunto our CDM model.Note,however, thatthis HubbleConstantaluediffersby 2  from theHST
Key Projectvalueandthe predictedshapeof the power spectrums apoor t to the 2dFGRSobserations.
Thismodelis alsoaworse t to the supernwa angulardiameterdistancerelation.

We consideffour differentcombinationsf astronomicatatasets:(a) WMAPext datacombinedwith
the supernwa obsenations; (b) WMAPext datacombinedwith HST data; (c) WMAPext datacombined
with the2dFGRSarge scalestructuredata;(d) all datasetscombined.

The CMB peakpositionsconstrainthe conformaldistanceto the decouplingsurface. The amplitude
of theearly ISW signaldetermineshe matterdensity h?. The combinationof thesetwo measurements
stronglyconstrains (w) andh(w) (seeFiguresllandl12). TheHST Key Projectmeasuremertdf Hg agrees
with the inferred CMB valueif w=-1. As w increasesthe bestt Hg valuefor the CMB dropsbelow
the Key Projectvalue. Our joint analysisof CMB + HST Key Projectdataimpliesthatw -05 (95%
con denceintenal). If future obserationscanreducethe uncertaintiesassociateavith the distanceto the
LMC, the Hp measurementsould placesigni cantly strongerlimits on w. Figuresll and12 shav that
the combinationof eitherCMB+supernga dataor CMB+large scalestructuredataplacesimilar limits on
darkenegy properties.For our combineddataset,we mamginalize over all otherparametersaind nd that
w -078(95%CL) whenweimposethepriorthatw - 1. If we dropthis prior, thenall of thecombined
datasetsappeato favor amodelwherethe propertieof thedarkenegy arecloseto thepredictedoroperties
of acosmologicatonstan{w=-098 012).

6.2. Non-Flat Models

The positionof the rst peakconstrainghe universeto be nearly at (Kamionkowski et al. 1994);
low densitymodelswith =0 have their rst peakpositionatl 200 ;nl 2. However, if we allow for
the possibility that the universeis non- at andthereis a cosmologicakonstantthenthereis a geometric
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degenerag (Efstathiou& Bond1999): alongalinein - spacethereis a setof modelswith nearly
identicalangulampower spectraWhile theallowedrangeof . is relatvely small,thereis awide rangein
m valuescompatiblewith the CMB datain anon- at universe.

If we placeno priorsoncosmologicaparameterghenthereis amodelwith =0 consistentvith the
WMAP data( 2 =6 6 relative to the at model). However, the cosmologicabarametersor this model
(Ho=325km/s/Mpc,and o =1 28)areviolently inconsistentith ahostof astronomicameasurements.
Theat =1 =0standardCDM modelis inconsistentith the WMAP dataat morethanthe5 level.

If weincludeaweakpriorontheHubbleConstantHy 50km/s/Mpcthenthisis sufcient to constrain
098 (o 108(95%con denceintenal). Combiningthe WMAPextdatawith supernga measurements
of theangulardiametedistancerelationship(see gure 13) we obtain0 98 to¢ 1 06. Thiscon dence
intenval doesnot requirea prior on h. If we furtherincludethe HST Key Projectmeasurementf Hp as
a prior, thenthelimits on o improve slightly: ¢ 102 002 Figure 13 shaws the two dimensional
likelihoodsurfacefor variouscombinationf the data.

6.3. Massie Neutrinos

Copiousnumbersof neutrinoswere producedin the early universe. If theseneutrinoshave non-
negligible massthey canmake a non-trivial contrikution to the total enegy densityof the universeduring
bothmatterandradiationdomination.During matterdominationthemassve neutrinosclusteronverylarge
scaleshut free-streanout of smallerscale uctuations. This free-streaminghangeshe shapeof the matter
power spectrum(Hu et al. 1998)andmostimportantly suppressethe amplitudeof uctuations. Sincewe
cannormalizetheamplitudeof uctuationsto the WMAP data,theamplitudeof uctuationsin the2dFGRS
dataplacessigni cant limits on neutrinoproperties.

The contrikution of neutrinosto the enegy densityof the universedependaiponthe sumof the mass
of thelight neutrinospecies:

im
W= 6
94 0eV ©)
Notethatthe sumonly includesneutrinospeciesight enoughto decouplewhile still relatiistic.

Experimentghat probeneutrinopropagatiorfrom sourceto detectorare sensitve not to the neutrino
masshbut to the squaremassdifferencebetweendifferentneutrinomasseiginstates Solarneutrinoexperi-
ments(Bahcalletal. 2003a)imply thatthe squaremassdifferencebetweernthe electronandmuonneutrino
is 10° eV. Thede cit of muonneutrinosin atmospherishaversimply thatthe massdifferencebetween
muonandtauneutrinoss 10 °eV? (Kearns2002).If the electronneutrinois muchlighter thanthetauneu-
trino, thenthe combinationof theseresultsimply thatm 0 1 eV: still below the detectionlimits for our
data-set.Ontheotherhand,if m, m , thenthethreeneutrinospeciesanleave an obserableimprint
on the CMB angulampower spectrumandthe galaxylarge scalestructurepower spectrum.ln our analysis,
we considetthis lattercaseandassumehattherearethreedegeneratestablelight neutrinospecies.
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Figurel4 shavs thecumulatve likelihoodof the combinationrof WMAP, CBI, ACBAR, and2dFGRS
dataasafunctionof theenegy densityin neutrinos Basedonthisanalysiswe concludehat h? 00067
(95%con dencelimit). If weaddtheLyman data,thenthelimit slightly wealensto  h? 0 0076.For
three dggenerateneutrinospecieshis implies that m 023 eV. This limit is roughly a factor of two
improvementover previousanalysege.g.,Elgargyetal. (2002))thathadto assumestrongpriorson ,, and
Ho.

6.4. Tensors

Many modelsof in ation predictasigni cant gravity wave backgroundTheseensor uctuationswere
generatediuringin ation. Tensor uctuations have their largesteffectson large angularscalesvherethey
addin quadraturdo the uctuationsgeneratedby scalarmodes.

Here,we placelimits ontheamplitudeof tensomodes We de ne thetensoramplitudeusingthesame

conventionasLeachetal. (2002):
Ptensor(k )

Pscahr(k ) (7)
whereP.ensorandPscanr aretheprimordialamplitudeof tensorandscalar uctuationsandk =0 002Mpc L.
Sincewe seeno evidencefor tensormodesin our t, we simplify the analysisby assuminghatthetensor
spectraindex satis esthesingle eld in ationary consisteng condition:

n=-r8 (8)

This constrainreduceshe numberof parameters thismodelto 8: A, ph?, h?, h, ng, dng dInk, r and

. Weignoretherunningof n;. The additionof this new parametedoesnotimprove the t as gure (15)
shavs the combinationof WMAPext+ 2dFGRS+ Lyman is ableto placealimit onthetensoramplitude:
r 090 (95% con dencelimit). As table(9) shaws, this limit is much more stringentif we restrictthe
parametespaceo modelswith eitherng 1 or dn dink =0.

Peirisetal. (2003)discusgheimplicationsof our limits ontensoramplitudefor in ationary scenarios.
Usingtheresultsof this analysisPeirisetal. (2003)shavs thattheinferredjoint likelihoodof ng, dng dink
andr placessigni cant constraintonin ationary models.

Table9. 95%Con dencelLimits on Tensor/ScalaRatio

prior WMAP  WMAPext+2dFGRS WMAPext+ 2dFGRSH.yman
no prior 128 114 090
dns dink=0 081 053 043

ns 1 047 037 029
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7. INTRIGUING DISCREPANCIES

While the CDM models successn tting CMB dataanda hostof otherastronomicabatais truly
remarkablethereremaina pair of intriguing discrepancieson both the largestandsmallestscales.While
addingarunningspectraindex mayresole problemson smallscalesthereremainsa possiblediscrepang
betweerpredictionsandobsenrationson thelargestangularscales.

Figure 16 shaws the measuredangularpower spectrumand the predictionsof our bestt -CDM
model, wherethe datawere t to both CMB and large-scalestructuredata. The gure also shaws the
measuredangularcorrelationfunction; the lack of ary correlatedsignalon angularscalesgreaterthan 60
degreess notevorthy. We quantifythis lack of power on large scaledoy measuringa four point statistic:

12

S= [C( )]°dcos 9)
-1

Theuppercutoff andtheform of this statisticwerebothdetermineda posteoriin responseo theshape
of the correlationfunction. We evaluatethe statisticalsigni cance of thesediscrepancieby doing Monte-
Carlorealizationsf the rst 100,000modelsin the Markov chains.This allows usto averagenotonly over
cosmicvariancebut alsoover our uncertaintiesn cosmologicaparametersk-or our CDM Markov chains
(t tothe WMAPext+ 2dFGRSdatasets),we nd thatonly 0.7% of the modelshave lower valuesfor the
guadrupoleandonly 0.15%o0f the simulationshave lower valuesof S. For therunningmodel,we nd that
only 0.9%of the modelshave lower valuesfor the quadrupoleandonly 0.3%of the simulationshave lower
valuesof S. Theshapeof theangularcorrelationfunctionis certainlyunusuafor realizationof this model.

Is thisdiscrepang meaningful ?Thelow quadrupolevasalreadyclearlyseenn COBEandwasusually
dismissedasdueto cosmicvariance(Bond et al. 1998) or foregroundcontamination.While the WMAP
datareinforceghecasefor its low value,cosmicvariances signi cant onthesdargeangularscalesandary
Gaussianeld will alwayshave unusuafeatures Ontheotherhand,this discrepang couldbethesignature
of interestingnew physics.

The discovery of anacceleratinguiniverseimplies that at theselarge scalesthereis nev andnot un-
derstoodbhysics. This new physicsis usuallyinterpretedo be darkenegy or a cosmologicakonstant.in
eithercasewe would expectthatthe decayof uctuations atlatetimesproducesa signi cant ISW signal.
Boughnetal. (1998)amguethatina CDM modelwith , =0 25, thereshouldbe a detectableorrelation
betweerthe CMB signalandtracersof large-scalestructureyetthey werenotableto detectasignal. There
arealternatve explanation®of theacceleratinginiverse suchasextradimensionagravity theoriegDeffayet
etal. 2002)thatdo not requirea cosmologicatonstantandshouldmale radically differentpredictionsfor
the CMB ontheseangularscales.Thesepredictionshave notyet beencalculated.

What could generatehis unusualshapedangularcorrelationfunction? As an example,we compute
theangularcorrelationfunctionin atoy model,wherethe power spectrumhastheform:

(k-58n o)

P(K) = >

(10)

n=1
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where ¢ is the conformaldistanceto the suriaceof lastscatter This toy modelsimulatesboth the effects
of a discretepower spectrundueto a nite universeandthe effectsof ringing in the power spectrumdue
to afeaturein thein aton potential(seePeirisetal. (2003)for a discussiorof in ationary models).Figure
16 shaws the angularcorrelationfunctionand gure 17 shav the TE power spectrumof the model. Note
thatthe TE power spectrumis particularlysensitve to featuresn the matterpower spectrum.intriguingly;
this toy modelis a bettermatchto the obsered correlationfunctionthanthe CDM modelandpredictsa
distinctive signaturén the TE spectrumCornishetal. (1998)shaw thatif theuniversewas nite andsmaller
than the volume within the decouplingsurface, thenthere shouldbe a very distinctive signal: matched
circles. The surfaceof last scatteris a spherecenteredaroundWMAP. If the universeis nite thenthis
spheremustintersecitself, this leadsto pairsof matchedcircles. Thesematchcirclesprovide not only the
de nitive signatureof a nite universebut alsoshouldenablecosmologist$o determinghetopologyof the
universeCornistet al. (1998b);Weeks(1998). Shouldwe be ableto detectcirclesif the power spectrum
cutof is dueto the sizeof thelargestmodebeing 1 ¢? While thereis no rigoroustheoremrelatingthe
sizeof the largestmodeto the diameterof the fundamentatiomain,D, analysisof both negatively curved
(Cornish& Spepgel 2000)andpositively curved(Lehoucgetal. 2002)topologiesuggesthatD (06- 1) .
Thus,if the“peak” in the power spectrumat! =5 correspond$o thelargestmodein the domain,we should
beableto detecta patternof circlesin the sky.

Dueto the nite sizeof the patchof theuniversevisible to WMAP (or ary future satellite),our ability
to determinethe origin andsigni cance of this discrepang will be limited by cosmicvariance.However,
futureobserationscanoffer somenew insightinto its origin. By combiningthe WMAP datawith tracersof
large scalestructurg(Boughnetal. 1998;Peiris& Spegel2000),astronomermaybeableto directly detect
thecomponenbftheCMB uctuationsdueto thelSW effect. WMAP'songoingobsenrationsof large-scale
microvave backgroundgolarization uctuationswill enableadditionalmeasurementf uctuationsatlarge
angularscales Sincethe TE obserationsareprobingdifferentregionsof thesky from the TT obsenrations,
they may enlightenus on whetherthe lack of correlationson large angularscaleds a statistical uk e or the
signatureof new physics.

8. CONCLUSIONS

Cosmologynow hasastandardnodel:a at universecomposeaf matter baryonsandvacuumenegy
with anearlyscale-ivariantspectrunof primordial uctuations. In this cosmologicamodel,the properties
of the universeare characterizedy the densityof baryons,matterandthe expansionrate: ,, , and
h. For the analysisof CMB results,all of the effects of starformation canbe incorporatedn a single
number:the opticaldepthdueto reionization, . Theprimordial uctuationsin this modelarecharacterized
by a spectralindex. Despiteits simplicity, it is an adequatet not only to the WMAP temperatureand
polarizationdatabut alsoto small scaleCMB data, large scalestructuredata,and supernea data. This
modelis consistentvith the baryon/photorratio inferredfrom obserationsof D H in distantquasarsthe
HST Key Projectmeasurementf the Hubbleconstantstellaragesandthe amplitudeof mass uctuations
inferredfrom clustersandfrom gravitational lensing. Whenwe includelarge scalestructureor Lyman
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Tablel10. BasicandDerived CosmologicaParametersRunningSpectralndex Model

Meanand68% Con denceErrors

Amplitudeof uctuations A=08373%
Spectralndex atk = 0 05 Mpc * ns=093 003
Derivative of Spectralndex dns dink=-0031318
HubbleConstant h=07173%%
BaryonDensity ph?=00224 00009
Matter Density mh? =0 1359308
Optical Depth =017 006

Matter Paver SpectrumiNormalization g=084 004
Characteristid@mplitude of Velocity Fluctuations g 36 =03875
BaryonDensity/CriticalDensity b=0044 0004
Matter Density/CriticalDensity m=027 004

Age of theUniverse to=137 02Gyr
ReionizationRedshiff z=17 4
DecouplingRedshift Zdec=1089 1

Age of theUniverseat Decoupling tgec = 379_*? kyr
Thicknesof Surfaceof LastScatter Zdec=195 2
Thicknesof Surfaceof LastScatter tgec=118" g kyr
Redshiftof Matter/RadiatiorEquality Zeq= 3233333
SoundHorizonat Decoupling r«=147 2Mpc
Angular SizeDistanceto the DecouplingSuriace  da =14 0_*8% Gpc
AcousticAngularScalé A=301 1
CurrentDensityof Baryons =025 01) 107 cm3
Baryon/PhotorRatio =(61793) 1010

aFit to the WMAP , CBI, ACBAR, 2dFGRSandLyman forestdata

bAssumesonizationfraction,xe = 1

“la= dcrs
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forestdatain the analysis, the datasuggesthatwe may needto addan additionalparameter:dng dink.
Sincethebestt modelspredictthatthe slopeof the power spectrums redderon small scalesthis model
predictslater formationtimesfor dwarf galaxies. This modi cation to the powver law  CDM modelmay
resole mary of its problemsonthegalaxyscale.Table(10) liststhebestt parameter$or this model.

While therehave beena hostof paperson cosmologicaparametersW?MAP hasbroughtthis program
to a new stage: WMAP 's more accuratedeterminationof the angularpower spectrumhassigni cantly
reducedpharameteuncertaintiesWMAP 's detectionof TE uctuationshascon rmed the basicmodeland
its detectionof reionizationsignaturehasreducedthe ng- degenerag. Most importantly the rigorous
propagatiorof errorsanduncertaintiesn the WMAP datahasstrengthenethe signi canceof theinferred
parametevalues.

In this paper we have also examineda numberof more complicatedmodels: non- at universes,
qguintessencenodels,modelswith massie neutrinos,and modelswith tensorgravitational wave modes.
By combiningthe WMAP datawith ner scaleCMB experimentsandwith otherastronomicaldatasets
(2dFGRSgalaxypower spectrumandSNIaobsenations),we placesigni cant new limits ontheseparame-
ters.

Cosmologyis now in asimilarstagdn its intellectualdevelopmento particlephysicghreedecadesago
whenparticle physicistscorverged on the currentstandardnodel. The standardnodelof particlephysics
ts a wide rangeof data,but doesnot answemary fundamentabjuestions:“what is the origin of mass?
why is theremorethanonefamily?, etc.” Similarly, the standardcosmologicalmodelhasmary deepopen
guestions’whatis thedarkenegy? whatis thedarkmatterwvhatis the physicalmodelbehindin ation (or
somethindike in ation)?" Over the pastthreedecadesprecisiontestshave con rmed the standardnodel
of particle physicsand searchedor distinctive signaturef the naturalextensionof the standardnodel:
supersymmetryOver thecomingyears,improving CMB, large scalestructure)ensing,andsupernga data
will provide evermorerigoroustestsof thecosmologicaktandardanodelandsearcHor nen physicsbeyond
thestandardnodel.
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Fig. 1.— This gure compareghe bestt powerlaw CDM modelto the WMAP temperatureangular
power spectrumThegraydotsaretheunbinneddata.
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Fig. 3.— This gure shaws thelikelihoodfunctionof the WMAP TT + TE dataasa functionof the basic
parametersn the power law  CDM WMAP model. ( ,h?, mh? h, A, nsand .) The pointsarethe
binnedmamginalizedlikelihoodfrom the Markov chainandthe solid cune is an Edgevorth expansionof
theMarkov chainspoints. Themamginalizedlik elihoodfunctionis nearlyGaussiarior all of the parameters
exceptfor . Thedashedinesshav the maximumlikelihoodvaluesof the globalsix dimensionalt. Since
thepeakin thelikelihood,xy is notthesameastheexpectationvalueof thelikelihoodfunction, x ,the
dashedine doesnotlie atthe centerof the projectedik elihood.
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Fig. 7.— (Left panel)This gure shavsthefractionof massn boundobjectsasa functionof redshift. The

blacklinesshav the massin collapsedbjectswith massgreatethanMHRL(2), the effective Jeansnassin

the absencef H, coolingfor ourbestt PL CDM model(thin linesarefor the t to WMAP only and
thick linesarefor the t to all datasets).Theheary line useghebestt parameterbasednall data(which

hasalower g) andthelight line usesthebestt parameterbasedn tting to the WMAP dataonly. The

dashedinesshav the massin collapsedbjectswith massegreaterthanthe Jeansnassassuminghatthe

minimum massis 10°M . More objectsform if the minimum massis lower. (Right Panel) This gure

shaws theionizationfraction asa function of redshift. The solid line shaws ionizationfractionfor the best
t PL CDM modelif we assumehatH, coolingis suppressetty photo-destructioof H,. This gure

suggestshat H, cooling may be necessaryor enoughobjectsto form early enoughto be consistentvith

the WMAP detection. The heary line is for thebest t parametersor all datasetsandthelight line is for

thebestt parameterfor the WMAP only t. Thedashedinesassumehatthe objectswith massegreater
than1PM canform stars.Thegraybandshavs the 68%lik elihoodregion for z, basedntheassumption
of instantaneousompletereionization(Kogutetal. 2003).
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Fig. 9.— (Left)The shadedegion in the gure shavsthe1- contoursfor the amplitudeof the power
spectrumas a function of scalefor the runningspectralindex model t to all datasets. The dottedlines
braclet the 2- region for this model. The dashedine is the best t power spectrumfor the power law

CDM model. (Right)Theshadedegion in the gure shaws the 1l - contoursfor the amplitudeof the
amplitudeof massuctuations, 2(k) = (k3 (2 2)P(k), asafunctionof scalefor therunningspectraindex
model t to all datasets.Thedottedlinesbracletthe2- regionfor this model. Thedashedine is thebest
t for thepowerlaw CDM model.
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Fig. 10.— (Left) This gure shaws the fraction of the universein boundobjectswith massgreaterthan
MHRL (dashed)Mi =10°M (solid)andM! (dotted)in amodelwith arunningspectraindex. Thecures
werecomputedor thel upperlimit parametersor this model(seeFigure9). Theseshouldbeviewedas
upperlimits onthe masdractionin collapsedbjects.(Right) This gure shavstheionizationfractionasa
functionof redshiftandis basedntheassumptiondescribedn 84.7.As in the gure ontheleft, we usethe
1 upperlimit estimateof the power spectrunso thatwe obtain"optimistic" estimatef the reionization
fraction. In the contet of a runningspectralindex t to the data,the WMAP detectionof reionization
appeargo requirethatH, cooling playedanimportantrole in early starformation.
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Fig. 11.— Constraintson Dark Enegy Properties.The upperleft panelshavs the maginalizedmaximum
likelihood surfacefor the WMAPext dataaloneandfor a combinationof the WMAPext + 2dFGRSdata
sets. The solid linesin the gure shav the 68% and 95% con dencerangesfor the t C supernga data
from Perlmutteret al. (1999). In the upperright panel,we multiply the supernea likelihood function
by the WMAPext + 2dFGRSlikelihood functions. The lower left panelshavs the maximumlikelihood
suriacefor h andw for the WMAPext dataaloneandfor the WMAPext + 2dFGRSdatasets. The solid
linesin the gures arethe 68% and 95% con dencelimits on Hg from the HST Key Project,wherewe
addthe systematia@andstatisticalerrorsin quadratureln the lower right panel,we multiply thelikelihood
functionfor theWMAPext + 2dFGRSdataby thelikelihoodsurfacefor theHST datato determineghejoint
likelihoodsurface. Thedarkareasn theseplots arethe 68% likelihoodregionsandthe light areasarethe
95%likelihoodregions.
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Fig. 12.—Constraintson Dark Enegy Properties The upperleft panelshavs the maginalizedmaximum
likelihood surfacefor the WMAPext dataaloneandfor a combinationof the WMAPext + 2dFGRSdata
sets.Thesolid linesin the gure shav the 68% and95% con dencerangedor supernwa datafrom Riess
etal. (2001). In the upperright panel,we multiply the supernga likelihoodfunction by the WMAPext +

2dFGRSlikelihoodfunctions. Thelower left panelshavs the maximumlik elihoodsurfacefor h andw for

the WMAPext dataaloneandfor the WMAPext + 2dFGRSdatasets. The solid linesin the gures arethe
68%and95%con dencelimits onHgy fromthe HSTKey Projectwherewe addthesystemati@andstatistical
errorsin quadrature.In the lower right panel,we multiply the likelihood function for the WMAPext +

2dFGRSdataby thelikelihoodsurfacefor the HST datato determinghejoint likelihoodsurface. Thedark
areadn theseplotsarethe 68%likelihoodregionsandthe light areasarethe 95%likelihoodregions. The
calculationdor this gure assumea prior thatw - 1.
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Fig. 14.— This gure shaws the maginalized cumulatve probability of  h? basedon a t to the
WMAPext+ 2dFGRSdatasets(dashed)andthe cumulatve probability basedon a t to the WMAPext+
2dFGRS+H.yman datasets(solid). Theverticallines arethe 95% con denceupperlimits for eachcase
(0.21and0.23eV).



—47—

10 r<0.90 (no priors) i
r<0.43 (ldns/dInkl<0.005) |
g 08__ r<0.29 <ﬂs<1>
5 i
O L
= I
5 0.6_—
) L
> _
O N
S 047
- I
D
0 I
0.2
0.0l

0.0 0.2 04 0.0 0.8 1.0 1.2
tensor/scalar ratio r
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Fig. 16.—Angularcorrelationfunctionof thebestt CDM model,toy nite universemodel,and WMAP
dataon large angularscales Thedatapointsarecomputedrom thetemplate-cleaned bandWMAP using
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Fig. 17.— TE Pawer Spectrum.This gure compareghe datato the predictedTE power spectrumin our
toy nite universemodelandthe CDM model. Both modelsassumehat = 017 and have identical
cosmologicalparameters.This gure shawvs thatthe TE power spectrumcontainsadditionalinformation
aboutthe uctuations at large angles. While the currentdatacan not distinguishbetweenthesemodels,
future obserationscoulddetectthedistinctve TE signatureof the model.



