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ABSTRACT

We presenftfull sky microwave mapsin ve frequeny bands(23 to 94 GHz) from the WMAP rst
yearsky suney. Calibrationerrorsare 0 5% andthelow systematicerrorlevel is well speci ed. The
cosmicmicrowave background CMB) is separatedrom theforegroundsusingmultifrequeng data. The
sky mapsareconsistentvith the7 full-width at half-maximum(FWHM) CosmicBackgroundexplorer
(COBE)maps.We reportmoreprecise put consistentdipoleandquadrupolesalues.

The CMB anisotroly obeys Gaussiarstatisticswith - 58  fy. 134 (95%CL). The2 | 900
anisotroy power spectrumis cosmicvariancelimited for | 354 with a signal-to-noiseratio 1 per
modeto | = 658. Thetemperature-polarizatiocross-paver spectrunrevealsboth acousticfeaturesand
a large anglecorrelationfrom reionization. The optical depthof reionizationis =017 0 04, which
implies a reionizationepochof t, = 180"23° Myr (95% CL) afterthe Big Bangat a redshiftof z = 20'3°
(95%CL) for arangeof ionizationscenariosThis earlyreionizationis incompatiblewith the presencef
asigni cant warmdark matterdensity

A best-t cosmologicalmodel to the CMB and other measure®f large scalestructureworks re-
markablywell with only a few parameters.The ageof the best- t universeisto =137 02 Gyr old.
Decouplingwastgec = 379_*? kyr afterthe Big Bangat a redshiftof zyec = 1089 1. Thethicknessof the
decouplingsurfacewas  zgec =195 2. The matterdensityof the universeis yh? = 01357953, the
baryondensityis ph?=00224 0 0009,andthetotal mass-enejy of theuniverseis =102 002.
It appearghattheremay be progressiely less uctuation power on smallerscalesfrom WMAP to ne
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scaleCMB measurement® galaxiesand nally to theLy- forest. This may be accountedor with
a running spectralindex of scalar uctuations, t asns=093 003 at wavenumberky = 0 05 Mpc™*
(leff ~ 700), with a slopeof dns dink =-0031331$ in the best- t model. (For WMAP dataalone,
ns=099 004.)This at universemodelis composeaf 4.4%baryons22%darkmatterand73%dark
enegy. Thedarkenegy equationof stateis limitedtow -0 78(95%CL).

In ation theoryis supportedvith ns 1, «x 1, Gaussiamandomphase®f the CMB anisotroyy,
andsuperhorizonuctuationsimplied by the TE anticorrelationst decoupling.An admixtureof isocur
vaturemodesdoesnotimprovethe t. Thetensorto-scalaratiois r(ko =0 002Mpc'l) 090(95%CL).
The lack of CMB uctuation power on the largestangularscalesreportedby COBE andcon rmed by
WMAP is intriguing. WMAP continuego operatesoresultswill improve.

Subjectheadings:cosmicmicrowave backgroundcosmology:obsenations,early universe dark matter
spacevehicles spacevehicles:instrumentsinstrumentationdetectorstelescopes

1. INTRODUCTION

The cosmicmicrowave background CMB) radiationwas rst detectedoy Penziast Wilson (1965). After its
discovery, a small numberof experimentalistsvorked for yearsto bettercharacterizehe CMB asthey searchedor
temperatureuctuations. A leaderof this effort, and of the WMAP effort, was our recently deceasedolleague,
Professomavid T. Wilkinson of PrincetonUniversity He wasalsoa leadingmemberof the CosmicBackground
Explorer(COBE)missionteam,which accuratelycharacterizedhe spectrumof the CMB (Matheretal. 1990,1999)
and rst discoveredanisotroly (Smootet al. 1992;Bennettet al. 1992; Kogutet al. 1992; Wright et al. 1992). The
MAP wasrecentlyrenamed/VMAP in hishonot

Thegenerarecognitionthatthe CMB is aprimarytool for determiningheglobalpropertiescontentandhistory
of the universehasled to the tremendousnterestand growth of the eld. In additionto the characterizatiorf the
large-scaleanisotrogy resultsfrom COBE(Bennettetal. 1996;Hinshawv etal. 1996a,bKogutetal. 1996b,c,aGorski
etal. 1996;Wright etal. 1996a),a hostof experimentshave measuredhe ner scaleanisotroy (Benoitetal. 2003;
Graingeetal. 2003;Pearsoretal. 2002;Ruhl etal. 2003;Kuo et al. 2002;Dawsonetal. 2001;Halversonetal. 2002;
Hanary etal. 2000;Leitch et al. 2000;Wilson et al. 2000;Padinet al. 2001;Romeoet al. 2001;Harrisonet al. 2000;
Petersoret al. 2000; Baker et al. 1999; Cobleet al. 1999; Dicker et al. 1999; Miller et al. 1999; de Oliverira-Costa
etal. 1998;Chenget al. 1997;Hancocket al. 1997; Netter eld etal. 1997;Piccirillo etal. 1997; Tucker etal. 1997;
Gunderseret al. 1995; de Bernardiset al. 1994; Gangaet al. 1993; Myers et al. 1993; Tucker et al. 1993). As a
resultof thesetremendougfforts, the rst acousticpeakof the anisotroly power spectrumhasbeenunambiguously
detectedKnox & Page2000;Mauslopfetal. 2000;Miller etal. 1999)andCMB obsenationshave placedimportant
constrainton cosmologicaimodels. Recently Kovac et al. (2002)reportedthe rst detectionof CMB polarization
arisingfrom the anisotropicscatteringof CMB photonsat decoupling,usheringin a new eraof CMB polarization
measurements.

The WMAP missionwas designedo advanceobsenational cosmologyby making full sky CMB mapswith
accurag, precision,andreliability, asdescribedy Bennettet al. (2003a). The instrumentobsenesthe temperature
differencebetweertwo directions(asdid COBB usingtwo nearlyidenticalsetsof optics(Pageetal. 2003c,a).These
opticsfocusradiationinto horns(Barnesetal. 2002)thatfeeddifferentialmicrovaveradiometergJarosiketal. 2003a).
We producefull sky mapsin  ve frequeng bandsfrom theradiometedataof temperaturelifferencesneasuredver
thefull sky. A CMB mapis the mostcompactepresentationf CMB anisotropy withoutlossof information.

In this paperwe presenthe maps,their propertiesanda synopsisof the basicresultsof the rst-year of obser
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vations.In 82 we give a brief overview of the WMAP mission.In §3 we summarizehe dataanalysiscalibration,and
systematierrorsof the experimentwhich arediscussedn muchgreaterdetailin the companiorpapersy Hinshav
etal. (2003a),Pageetal. (2003a) Jarosiket al. (2003b),andBarnesetal. (2003).1n 84 we presenthe mapsandtheir
samplingpropertiesandwe comparethe WMAP and COBEmaps.In 85 we summarizethe foregroundanalyseof
Bennettetal. (2003a).In §6 we establisithe Gaussiamatureof the WMAP anisotropy, determinedn thecompanion
paperof Komatsuet al. (2003). In 87 we presenthe dipole and quadrupolemomentsand summarizeanalysesf
the angularpower spectrum(Hinshaw et al. 2003b;Verdeet al. 2003). In §8 we highlight the WMAP polarization
results,includinga detectionof the reionizationof the universe(Kogutetal. 2003). In §9 we summarizesomeof the
cosmologicaimplicationsof the WMAP results(Pageet al. 2003c;Spegel etal. 2003;Peirisetal. 2003).Finally, in
810we discusghe availability of the WMAP dataproducts.

2. OBSERVATIONS

The840kg WMAP ObsenatorywaslaunchedaboardaDeltall 7425-10rocket(Deltalaunchnumber286)on 30
June2001at 3:46:46.18FEDT from CapeCanaeral. WMAP executedhreephasingoopsin the Earth-Moonsystem
beforealunargravity-assistswing-by a monthafterlaunch,catapultedVMAP to anorbit aboutthe second_agrange
point of the Sun-Earthsystem L ,. Station-leepingis performedapproximatelyfour timesperyearto maintainthe
Obsenatoryin aLissajousorbit aboutthe L, pointwith the Earth-WMAP vectorwithin about 1 - 10 of theSun-
Earthvector The phasingloop maneuersandstation-lkeepingare executedusingthe WMAP propulsionsystemof
blow-down hydrazineandeightthrusters.

The centraldesignphilosophyof the WMAP missionwasto minimize source®f systematieaneasuremergrrors
(Bennettet al. 2003a). The COBE missionprovedthe effectivenesf a differentialdesignin minimizing systematic
errors.Thereforethe WMAP instrumentvasdesignedvith aback-to-baclopticalsystemwith 1.4m 1.6 m primary
re ectorsto provide for differentialmeasurementsf the sky. The primary andsecondarye ectors directradiation
into two focal planeswith tenfeedhornsin eachasdescribedy Pageetal. (2003c).

The beamshave a gain pattern,G, which is neithersymmetricnor GaussianWe de ne thebeamsolid angleas

G( ) Gmaxd . Thebeamsizecanbe expressedsthe squareroot of the beamsolid angles giving 0.22 , 0.35,

0.51,0.66 ,and0.88 for W-bandthoughK-band,respectrely. Alternately thebeamscanbe expressedn termsof

a full-width at half-maximum(FWHM) for eachband,givenin Tablel. Detailedanalysesf the WMAP beamsare
discussedby Pageetal. (2003a,c).

The feedhornsareattachedo orthomoderansducer§OMTS) that split the polarizationof the incomingsignal
into a differentialcorrelationradiometersystemwith High ElectronMobility Transistor(HEMT) ampli ers. There
areten“dif ferencingassembliestachconsistingof two “radiometers’with two “channels’each(Jarosiketal. 2003a;
Bennettetal. 2003a).Therearefour W-band( 94 GHz),two V-band( 61 GHz),two Q-band( 41 GHz),oneKa-
band( 33GHz),andoneK-band( 23GHz)differencingassembliesWe usuallyreferto thesebandsy thegeneric
designation¥, Ka, Q, V, andW becaus¢herearemultiple radiometersn eachband,whoseprecisefrequenciesre
notidentical. Also, theeffective frequeng of aradiometedepend®n the spectrunof theemissionit detectsPrecise
frequenciedor theradiometerdor a CMB anisotroly spectrumaregivenby Jarosiket al. (2003a).Polynomialsare
givento determinethe effective frequeng of the radiometersiependingon the emissionfrequeny spectrum. See
Tablel for asummaryof radiometeiproperties.



Tablel. ApproximateObsenationalPropertiedy Band

Item K-Band Ka-Band Q-Band V-Band W-Band
Wavelength, (mm) 13 9.1 7.3 4.9 3.2
Frequeng, (GHz) 22.8 33.0 40.7 60.8 93.5
Ant./therm.corversionfactor T T, 1.014 1.029 1.044 1.100 1.251
Noise, o (MK) = oN;&’ 1.424  1.449 2211 3112  6.498
Beamwidth ( FWHM) 0.82 0.62 0.49 0.33 0.21
No. of DifferencingAssemblies 1 1 2 2 4
No. of Radiometers 2 2 4 4 8
No. of Channels 4 4 8 8 16
Table2. DataFlaggingSummary
Catagyory K-Band Ka-Band Q-Band V-Band W-Band
Rejectedor Lost Data
LostData(%) 0.27 0.27 0.27 0.27 0.27
Spacecrafthermalchangg%o) 0.87 0.87 0.87 0.87 0.87
Gainor baselinestep(%) 0.00 0.13 0.12 0.00 0.22
Total Lost or Bad Data(%) 1.04 1.27 1.26 1.14 1.36
DataNot Usedin Maps
Planetag (%) 0.11 0.11 0.11 0.11 0.11
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Undesirablel f noiseis minimizedby thedesignof the WMAP radiometergJarosiketal. 2003a).All radiome-
tershave 1 f kneesbelonv 50 mHz; 18 of 20 arebelonv 10 mHz; and 10 of the 20 arebelonv 1 mHz Jarosiket al.
(2003b). (The 1 f kneeis de ned asthe frequeny wherethe noisepower spectraldensityis 2 timeshigherthan
its high frequeng value.) Jarosiket al. (2003a)demonstrateéhatall radiometemutputshave Gaussiamoise,which
“integratesdown” with time asexpected.

Theradiometerg@repassiely cooledto 90K with no mechanicatefrigeratorsln addition,noactiely cycling
heatersvere permittedanywhereon the WMAP spacecraft.Thesedesignfeatureshelpedto ensurea mechanically
thermally andelectronicallyquietplatformthatminimizesthe driving forcesof systematianeasuremerdrrors.

In additionto the differential design,the COBE missionalso demonstratedhe importanceof scanninglarge
areasof the sky in a shortperiodof time with a complex scanpattern. WMAP follows the COBE examplewith a
three-axigthreereactionwheel) control systemthat maintainsthe Obsenatoryin a nearly constantsurvey modeof
operations. (The Obsenatory is in constantsurvey mode,exceptfor only 1 hr for eachof 4 station-leeping
maneuersperyear) In surney mode,the optical boresightsweepsout a complec patternon the sky (Bennettet al.
2003a).Approximately30% of the sky is obsenedeachhour. The Obsenatoryspinsat0.464rpm( 7.57mHz)and
precesseatlrevhrl( 0.3mHz).

Six monthsarerequiredfor L, to orbit half way aroundthe Sun,allowing for full sky coverage. Theobsenations
presentedn this andcompaniorpapersncludeafull orbit aboutthe Sun,thuscontainingtwo setsof full sky obser
vations. By 10 August2001, WMAP wassufciently stablein its L, orbit for CMB data-takingo commence One
yearof obsenations,completedon 9 August2002,wereanalyzed.Datataken beyondthis datewill bethe subjectof
futureanalyses.

3. DATA PROCESSING,CALIBRATION, & SYSTEMATIC ERRORS

Time-orderedelemetrydatafrom the Obsenatory aredown-linkedvia NASA's DeepSpaceNetwork (DSN) to
the WMAP ScienceandMission OperationEenter(SMOC) at the GoddardSpaceFlight Center The dataarethen
transferredo the WMAP ScienceTeamfor analysis.All of theinstrumentdataaredown-linkedto thegroundwithout
ary on-boardight dataprocessingthusallowing full insightinto potentialsystematieffects.

Only afraction of a percentof datawaslost in the o w from the Obsenatory to the SMOC. About 1% of the
receveddatawerenotuseddueto systemati@rrorconcernge.g.,datatakenduring nearstation-leepingmaneuers).
Ofthe 99%gooddata,the processingipeline agged obsenationswherebright planetswerein thebeamssothat
thesedatawould not usedbe usedin makingmaps.The statisticson lost, bad,and agged dataaregivenin Table2.

An overview of the data ow is shovn in Figure 1. The heartof the dataanalysisefforts centeron studies
of systematicmeasuremengrrors (Hinshav et al. 2003b). Componentf spurioussignalsat the spin period are
the mostdif cult to distinguishfrom true sky signals. The Obsenatory was designedo minimize all thermaland
voltagevariationsandall susceptibilitiedo thesevariations,especiallyat the spin period,asdiscussedn §2 andby
Bennettet al. (2003a).In addition,high precisiontemperaturenonitorson the Obsenatory provide the dataneeded
to verify thatsystematicerrorsfrom thermalvariationsarenegligible. Jarosiket al. (2003b)reportthatin- ight spin-
synchronougffectsfrom theradiometer@are 017 K rmsin thetime-ordered-datarOD), basedn ight thermal
variationsmultiplied by upperlimits on componensusceptibilitiesneasuredh groundtesting.Analysisof ight data
without useof characterizationderivedfrom ground-basetestinggive 014 K rmsfrom all sourcegnotjustthe
radiometers)Thisis afactorof 50timessmallerthantherequirementhatwassetin themissions systematierror
budget.Thus,no correctionsto the r styear WMAP dataare requiredfor spin-synbronoussystemati@rrors.



Fig. 1.— An overview of the WMAP data o w. Thereferencesre: (1) Barnesetal. (2003)(2) Bennettetal. (2003b)
(3) Bennettet al. (2003c)(4) Hinshaw et al. (2003b)(5) Hinshav et al. (2003a)(6) Jarosiket al. (2003b)(7) Kogut
etal. (2003)(8) Komatsuet al. (2003)(9) Pageet al. (2003a)(10) Pageet al. (2003b)(11) Peiriset al. (2003)(12)

Verdeetal. (2003).
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Thecoreof the processingipelinecalibrateghe dataandcornvertsthe differentialtemperaturesto maps.The
dataare calibratedbasedon the Earth-\elocity modulationof the CMB dipole. A gain model of the radiometers
wasderivedand t by Jarosiket al. (2003b). The modelis basedon the constang of the dipole signalon the sky,
the measureghysicaltemperaturef the front-endradiometercomponentsandon the time-arzeragedRF-bias(total
power) of the radiometeroutputs. This relatively simple model closely matcheshe gainsderived from the hourly
measurementsf the amplitudeof the dipole andis usedin WMAP dataprocessing.Calibrationis achieved within
0.5%accurag, dominatedy the statisticaluncertaintyin the absolutecalibration.

Low levelsof 1 f noisecreatestripesin the mapsthat affect the angularpower spectrumand other statistics
derivedfrom the maps. A pre-whitening Iter is appliedto the TOD to minimize theseartifacts. An estimateof the
magnitudeof thestripingis givenin Hinshawv etal. (2003b)for themaps,andby Hinshaw etal. (2003a)for the power
spectrum.

The differential temperaturedata are formed into mapsbasedon the techniqueintroducedby Wright et al.
(1996b). HEALPix! is usedto de ne map pixels on the sky in Galacticcoordinates.Variouslevels of resolution
arespeci ed by a “resolutionlevel” with aninteger(r =0 1 2 ). With Ngjge = 2", the numberof pixelsin the map
is Npix = 12N3,, Theareaperpixelis pix =4 Npix andtheseparatiorbetweerpixel centerss pix = ;,Xz For ex-
ample,HEALPIx resolutionlevel r = 9 (usedin WMAP map-making)xorrespondsvith Nsjge = 512, Npix = 3145728,

pix =399 106srand ,ix=0.115=6 87 arc-min.

WMAP obsenesthe sky convolvedwith the beampattern.This is equivalentto the the spatialtransformof the
sky multiplied by theinstruments “window function” Thebeampatternaremeasuredn- ight from obsenationsof
Jupiter(Pageetal. 2003a).Uncertaintiesn our knowledgeof thebeampattern althoughsmall,areasigni cant source
of uncertaintyfor WMAP sincethey imply imperfectknowledgeof thewindow function. A smalldifferencebetween
the A-side and B-side optical losseswas derived basedon dipole obsenationsand correctedn the processing.Far
sidelobe®f thebeampatternsdeterminedy groundmeasurementsndin- ight usingthe Moon, have beencarefully
examined(Barneset al. 2003). A smallfar-sidelobecorrectionis appliedonly to the K-bandmap. We now describe
themaps.

4. THE MAPS

We combinethe radiometerresultswithin eachband and presentthe ve full sky mapsat effective CMB
anisotropy frequencie®3,33,41,61,and94 GHz in Figures?a,2b, 2c, 2d, 2e. Themapsareshovn in theMollweide
projectionin units of CMB thermodynami¢emperature The numberof independenbbsenationsthat contrituteto
eachpixel form thesky patternin Figure3. Figure4 providesanoverall guideto someof themoreprominentfeatures
of themapsaswell aspointsourcesietectecoy WMAP, asdescribedy Bennettetal. (2003b).

Figure 5 shavs the K-band and Ka-bandmaps,with the Ka-bandmap smoothedo K-bandresolution. Note
boththe signi cant decreasén Galacticsignalfrom K-bandto Ka-bandandthe high Galacticlatitude similarities of
the CMB betweenthe maps. Likewise, Figure 6 shows the Q-band,V-band,and W-bandmapswith the latter two
smoothedo Q-bandresolution.Higher Galacticcontaminatiorin Q-bandis apparentBoth Figures5 and6 highlight
the consisteng of the high Galacticlatitude CMB anisotropy patternfrom bandto band.

Comparison®f databetweenWMAP radiometersandbetweenWMAP and COBE, areimportantindicatorsof
systematierrorlevels. Figure7 illustratesthe enormousmprovementin angularresolutionfrom COBEto WMAP.

Uhttp://wwweso.og/science/heplx/



Fig. 2a.—WMAP K-bandsky mapin Mollweideprojectionin Galacticcoordinates.



Fig. 2b— WMAP Ka-bandsky mapin Mollweideprojectionin Galacticcoordinates.
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Fig. 2c.— WMAP Q-bandsky mapin Mollweideprojectionin Galacticcoordinates.
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Fig. 2d.— WMAP V-bandsky mapin Mollweideprojectionin Galacticcoordinates.
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Fig. 2e.—WMAP W-bandsky mapin Mollweideprojectionin Galacticcoordinates.
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Fig. 3.— The numberof independenbbsenationsper pixel in Galacticcoordinates.The numberof obsenations
is greatestt the ecliptic polesandin rings aroundthe ecliptic poleswith diameterscorrespondingo the separation
angleof thetwo opticalboresightirections(approximatelyl41 ). Theobsenationsarethe mostsparsen theecliptic
plane. Small areacutsareapparenwhereMars, Saturn,Jupiter Uranus,and Neptunedataare masked soasnotto
contaminateCMB analyses.Jupiterdataare usedfor beammapping. The histogramof the sky samplingshawvs the
departuregrom uniform sky coverage.
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Fig. 4.— A guideto themicrowave sky for referenceThis pictureshavsthelarge-scalemissiorfrom the Milk y Way
galaxy includingsomeof its notablecomponentsuchasthe Cygnuscomple, the North PolarSpur the Gumregion,
etc. Thesmallcirclesshav positionsof the microwave point sourcesdetectecby WMAP (Bennettetal. 2003c). The
brightersourcesarelabeledfor reference.
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Fig. 5.— A comparisorof the K-bandmapwith the Ka-bandmapsmoothedo K-bandresolution bothin thermody-
namictemperatureshavsthedramatiaeductionof Galacticcontaminatiorwith increasedrequeng. Thecomparison
alsoshows the similarity of the CMB uctuation featuresat high Galacticlatitude.
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Fig. 6.— A comparisorof the Q-band,V-band,andW-bandmaps. All threemapsaresmoothedo Q-bandresolu-
tion andarein thermodynami¢emperatureThe reductionof Galacticcontaminatiorrelative to K-bandandKa-band
(Figureb) is apparentThe mapsshav thatthe constanfeaturesacrosshandsare CMB anisotroly while the thermo-
dynamictemperaturef the foregroundsdepend®n the band(frequeng).
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Fig. 7.— A comparisorof the COBE53 GHz map(Bennettet al. 1996)with the W-bandWMAP map. The WMAP
maphas30times ner resolutionthanthe COBEmap.
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Featuresn themapsappeato begenerallyconsistentbut theconsisteng is betteraddresseldly amoredirectcompar
ison. To dothiswe take acombinatiorof the WMAP Q-bandandV-bandmapsandsmoothit to mimica COBEDMR
53 GHz map(seeFigure8). We thenexaminethe differencebetweernthe COBEand WMAP pseudo-mapFigure9
shaws the differencemapalongwith a simulatedmap of the noise. With the exceptionof a featurein the Galactic
plane theagreemenis clearlyatthenoiselevel. The Galacticplanefeatureis likely to bearesultof thespectraindex
uncertaintyof combiningthe Q-bandandV-bandmapsto make a 53 GHz equivalentmap.

5. FOREGROUND ANALYSES

An understandin@f diffuse Galacticemissionand extragalacticpoint sourcess necessaryor CMB analyses.
The WMAP missioncarriesradiometersat ve frequenciedor the purposeof separatinghe CMB anisotroy from
foregroundemissionbasedon their differentspectra.Figure 10 illustratesthe spectraldifferencebetweenthe CMB
andforegrounds.The WMAP bandswereselectedo benearthe frequengy wheretheratio of the CMB anisotrofy to
the contaminatindgoregroundis ata maximum.

5.1. Masks

For CMB analysest is necessaryo maskout regions of bright foregroundemission. Bennettet al. (2003c)
presenia recipefor foregroundmasksbasedon K-bandtemperaturdevels. Sinceforegroundcontaminatioris most
se/erein K-band, it is usedasthe besttracerof contamination. The contaminatiormorphologyis similar enough
acrossall ve WMAP bandsthat masksbasedon the temperaturdevels in other bandswould be redundantand
unnecessaryStandardhamesare given for the masklevels. For example,the KpO maskcuts21.4%of sky pixels
while the Kp2 maskcuts13.1%. SeeBennettet al. (2003c)for furtherdetail. An extragalacticpoint sourcemaskis
alsoconstructedasedn selectiondrom sourcecatalogs An additional2% of pixelsaremasleddueto these 700
sources.

5.2. Diffuse Galactic emission

Beyond the useof masks,onetechniquefor reducingthe level of foregroundcontaminatioris to form alinear
combinationof the multifrequeny WMAP datathatretainsunity responsdor only the emissioncomponeniwith a
CMB spectrum.This techniquewasintroducedfor COBEby Bennettet al. (1992). With ve WMAP bandsinstead
of thethreeon COBE andwith a somavhatmoreelaborateapproactfor WMAP, Bennettetal. (2003c)arrive atthe
internal(WMAP dataonly) linearcombinationmapseenin Figure11 of this paper The foregroundsareremovedto
aremarkabledegree;however, the statisticsof thisinternallinearcombinatiormaparecomple< andinappropriateor
mostCMB analyses.

Below, we usethenotationcorventionthat ux densityis S andantenngemperaturés Tp , Wherethe
spectralindicesarerelatedby = - 2. In generalthe CMB is expressedn termsof thermodynami¢emperature,
while Galacticand extragalacticforegroundsare expressedn antennatemperature. Thermodynamidemperature
differencesaregivenby T = Ta[(e*- 1)? x?€], wherex=h KTy, h is the Planckconstant, is frequeng, k is
the Boltzmannconstantand T = 2 725K is the CMB temperaturdMatheretal. 1999). Valuesof T T, for the
WMAP bandsaregivenby Jarosiket al. (2003b)andcanbefoundin Tablel.

Bennettet al. (2003c)identify the amplitudesand spectralindicesof the individual emissioncomponents.A
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Fig. 8.— The COBEDMR 53 GHz map(Bennettet al. 1996)is shavn alongwith a mapmadewith alinearcombi-
nationof the Q-bandandV-bandWMAP mapsto mimic a53 GHz map. Notethe strongsimilarity of themaps.
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Fig. 9.— Thedifferencemapis shaovn betweerthe COBEDMR 53 GHz mapandthe combinationQ-band/\\band
mapsfrom Figure8. Thisis comparedvith a mapof the noiselevel. The mapsareconsistentvith oneanothemwith
theexceptionof afeaturein thegalaticplane.Thisdiscrepangis likely to bedueto aspectraindex thatis suf ciently
differentfrom theassumedMB spectrurnrusedto combinethe WMAP Q-bandandV-bandmapsto mimic a53 GHz
map.
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Fig. 10.— Falsecolorimagesrepresenthe spectrainformationfrom mutliple WMAP bands.Q-bandis red, V-band
is green,andW-bandis blue. A CMB thermodynamispectrums grey. (top) A threecolor combinationmagefrom
the Q-, V-, andW-bandmaps. The dipole and high Galacticlatitude anisotroly are seen. (bottorm) A similar false
colorimagebut with thedipole subtracted.
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Fig. 11.—This “internal linear combination’mapcombineghe ve bandmapsin suchasway asto maintainunity
responsdo the CMB while minimizing foregroundforegroundcontamination.For a more detaileddescriptionsee
Bennettet al. (2003c). For the region that coversthe full sky outsideof the inner Galacticplane,the weightsare
0109-0684-0096 1921 - 0250for K, Ka, Q, V, andW bandsyespectiely. Notethatthereis achancealignment
of a particularlywarm featureanda cool featurenearthe Galacticplane. As discussedn Bennettet al. (2003c),the
noisepropertief this maparecomple, soit shouldnot generallybe usedfor cosmologicabhnalyses.
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maximumentrofy method(MEM) approachs adoptedvherepriorsareusedfor componenamplitudesandspectral
indices,exceptfor free-freeemissionwhich hasa x edspectraindex ( =-2 15in the WMAP bands).An iterative
t is performed,wherethe pixel-by-pixel amplitudesare updatedin accordancevith the MEM residualsuntil low
( 1%)residualsareachieszed. The procesgesultsin amapof eachemissioncomponentor eachof the ve WMAP
bands.The derivedmapsof thermalemissionfrom dustgive a uniform spectraindex acrosghesky of 4 22.The
derivedmapof free-freeemissionis reasonablgiventhe amplitudeandmorphologyof H measurements heother
radiocomponentt shouldincludethecombinedemissionof synchrotrorandspinningdust. It shavsthe synchrotron
spectrumsteepeningvith increasingrequeng, aswould be expectedfor a spectralbreakdueto synchrotrorlosses
at 20GHz. Thereis noindicationof thelesssteepor attening spectraindex thatwould resultfrom spinningdust
emission.The spinningdustemissionis limited to 5% of thetotal Ka-bandforeground.Reportsof dust-correlated
microwave emissionfrom COBEdataanalysesreunderstoodsanadmixtureof thefractionof synchrotroremission
(with - 3) thatis tracedby a dusttemplate andthermaldustemission( 2 2), giving acombinedspectraindex
of - 2 2 betweerthe WMAP Ka-bandandV-band,approximatinghe COBE31 GHz and53 GHz bands.

While the MEM methodis usefulfor understandinghe natureof the foregroundemissioncomponentsthese
resultscan not be directly usedin CMB analysesdue to the complex noise propertiesthat result from the MEM
processandits simultaneoususeof multifrequeny maps. This is becausehe multifrequeny mapsare smoothed,
differentweightsare usedin differentregionsof the sky andtheseweightsare smoothedall of which complicates
the noisecorrelations.For the CMB analysesve usea maskto excludepixelswherethe Galacticemissionis strong,
combinedwith template tting (using externaldataonly) wherethe foregroundscanbe adequatelycorrected. This
approactdoesnot complicatethe noisepropertiesof the maps.The Kp2 cutis usedfor all analysesxceptfor limits
on non-Gaussianitgndthetemperature-polarizatiororrelationfunction, wherethe moresevereKpO cutis used.

Bennettet al. (2003c)describethe template tting in detail. Thermaldustemissionhasbeenmappedover the
full sky in severalinfraredbands mostnotablyby the COBEandIRASmissions.A full sky templateis providedby
Schlgel etal. (1998),andis extrapolatedn frequeng by Finkbeineretal. (1999). The mostly synchrotroremission
mapof Haslamet al. (1981)at 408 MHz is usedasa radio template. The free-freeionized gasis tracedby the H
mapassembledy Finkbeiner2003)from the WisconsinH-AlphaMapper(WHAM), theVirginiaTechSpectral-Line
Sunwey (VTSS),andthe SoutherrH-Alpha Sky Suney Atlas (SHASSA)(Dennisonet al. 1998;Haffner etal. 2002;
Reynoldset al. 2002; Gaustacet al. 2001). The Haslammap resolutionis not ashigh asthat of the WMAP maps,
andthe Haslammaphasartifactsfrom experimentaleffectssuchasstriping from spatialcalibrationvariations. The
stripingin theHaslammapis alongthesurwey scanlinesandwascorrectedo rst orderby theapplicationof aWiener

Iter . (The ltered versionof theHaslammapis publicly availableonthe LAMBD A website.) Theremainingadverse
effectsof the Haslammaparemitigatedby two effects.First,thetemplatet callsonly for asmallHaslamcorrelation
(see86 of Bennettet al. (2003c)). Sincethe correctionis small, the error on the correctionis negligible. Second,
theforegroundcontaminatioris mostsigni cant only on the largestangularscalessothe Haslamresolutionlimit and
small-scalenapartifactsarenot signi cant sourcesf error. The MEM solutiononly usesthe Haslammapasa prior
andthespinningdustlimit only useghefull sky medianof theHaslammap. Thusthespinningdustlimit isinsensitve
to residualstripingin the Haslammap.

The MEM resultsareusedto assesshe degreeof foregroundemissionremainingafter the templatesubtraction.
Theresultis 7 K rmsatQ-bandand 3 K rmsat both V-bandandat W-bandfor I  15. This remaining
foregroundemissionconstitutes 2% of the CMB varianceupto| =200)in Q-bandand 1% of the CMB variance
in V- andW-bands.Figures3 and4 of Hinshaw et al. (2003b)demonstrat¢hat this small residualforegroundlevel
hasaneggligible effectonthecosmologicalesults.
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5.3. Point sources

A searchwasmadefor pointsourcesn the WMAP data.A catalogof 208detectedourcegwith 98%reliability)
is provided by Bennettet al. (2003c). Statistically ve sourcesareexpectedto be falsedetections.Five of the 208
sourcesdo not have low frequeng radio counterpartsthesesourcesarelikely to be the falsedetections We include
700 sourcesn our mask,despitehaving only detected 200 sourcesatthe5 level, becausesourceshelow this
detectionlevel still contribute an undesirablestatisticalcontaminatiorto the maps. Even beyond maskingthe 700
sourceswestill needto make astatisticalcorrectionto thepowerspectrunfor residuakourcecontaminatior{fHinshav
etal. 2003b).Thederivedsourcecountsgive apower spectrurmevel of CS°= (15 3) 102 KZ2sratQ-band.Thisis
consistentvith thelevel foundin thebispectrumanalysisof the maps(Komatsuetal. 2003)andthelevel foundin ts
to the mappower spectraHinshaw et al. 2003b). We have con dencethatthe point sourcelevel is understoodince
it is independentlgerivedusingthreedifferentmethods.

5.4. Sunyae/-Zeldovich (SZ) effect

Hot gasin clustersof galaxiesimpartsenegy to the CMB photons,causinga temperaturedecremenin the
WMAP bands(the Suryaer-Zeldovich Effect). The Comaclusteris expectedto have the mostpronouncedignature.
For the highestresolutionmaps,Bennettet al. (2003c)get-034 018 mK in W-bandand-024 018mK in V-
bandin thedirectionof Coma.Useof the XBACScatalogof X-ray clustersasatemplateresultsin -0 36 0 14. This
veri es thatthe Suryaer-Zeldovich Effectis barelydetectablen evena matchedsearchof the WMAP sky mapsand
thereforeit is nota signi cant “contaminant”to the WMARP data.

6. LIMITS ON NON-GAUSSIANITY

Mapsof thesky arethemostcompleteandcompactepresentationf theCMB anisotroly. Cosmologicalnalyses
arebasedn statisticalpropertieof the mapswith the power spectrunasoneof the mostcommonlyderivedstatistics.
The power spectrums a completerepresentationf the dataonly if the CMB anisotrofy is GaussianAlso, the most
commoncosmologicamodelspredictthatthe CMB anisotroy shouldbe consistentvith a Gaussiamandomeld (at
leastat levels that are currently possibleto measure).Therefore we testthe Gaussianityof the anisotroyy, bothto
interpretthe power spectrumandotherstatisticalderivativesof the maps)andto testcosmologicaparadigms.

Thereis no singlebesttestfor GaussianitySpeci ¢ testscanbe moreor lesssensitve to differentassumedorms
of non-GaussianityKomatsuet al. (2003),in a companionpaper searchfor non-Gaussianityn the WMAP CMB
anisotrofy mapsusingMinkowski functionalsanda bispectrumestimator

Minkowski functionals(Minkowski 1903; Gott et al. 1990) quantify topological aspectsof the CMB maps.
Anisotropy is examinedvia contoursat differenttemperaturdevels, andthe numberand areasof regionsenclosed
by thesecontoursare computed. Three Minkowski functionalsare the arearepresentedby hot and cold spots,the
contourlengtharoundtheseareasandthedifferencebetweerthe numberof theseareaqthe “genus”).

It is widely believed thatthe CMB anisotrofy arisesfrom Gaussiariinear uctuations in the gravitational po-
tential. Komatsu& Spegel (2001) suggesthat non-Gaussiamnisotroy be consideredn termsof the curvature
perturbation.The simplestexpressiorfor the overall primordial gravitational curvatureperturbation, (x), is asumof
alinear | (x) andweaknonlinearcomponents: (x)= (X)+fa[ 2(¥)- LX) 2] where | isthelinearGaussian
portionof the curvatureperturbatiorand fy_ is anonlinearcouplingconstant.Then, fy. =0 correspondso thepurely
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linear Gaussiarcase.Sincethe CMB bispectrunmeasureshe phasecorrelationsof the anisotropy, it canbe usedto
solvefor fy.. The Minkowski functionalresultscanalsobe expressedn termsof fy, .

For the Minkowski functionals Komatsuetal. (2003) nd fy.  139(95%CL). FromthebispectrumKomatsu
etal.(2003) nd -58 fy. 134(95%CL). Thetwo resultsareconsistentTheCMB anisotropy is thusdemonstrated
to follow Gaussiarstatistics. This is a signi cant resultfor modelsof the early universe. It alsomeansthatwe can
constructandinterpretCMB statisticse.g.theangularmpower spectrum¥rom themapsin a straightfornardmanner

7. MULTIPOLES

Thetemperaturanisotropy, T(n), is naturallyexpandedn a sphericaharmonicbasis,Y|n, as

T(M= amYim() 1)

I'm

Theangulampower spectrumg;, is acosmologicaensembleveragegivenby
C= am’ @)
andis obsenedfor ouractualsky as

1
sky: 2
G A+1 Am

®3)

Assumingrandomphasesthe temperatureanisotroy for eachmultipole moment, T, canbe associatedvith the
angularspectrumC;, as

Ti= CY(+1) 2 (4)
Thecorrelationfunctionis
+
C) = 7  GR(os) ©)
I m=1
= 4i (21 +1)Ci R(cos ) (6)

[
whereR, is the Legendrepolynomialor orderl.

In practice aninstrumentaddsnoiseandspatially Iters thesky signaldueto thebeampatternandary otherex-
perimentalimitations onthe samplingof all angularscalesTheexperimentatransferfunction, by, for eachmultipole
momentdependsiponthe speci ¢ beampatternof the experiment. WMAP samplesll angularscaledimited only by
thebeampattern.Thewindow functionfor the signalpower betweerchannels andj is

w’ = bibf pf )
wherep? is the pixel window function. Theangularmpower spectrunthenbecomes
G =C'bibf pf +N/ | (8)

whereN is the power spectrumnoisethat resultsfrom the instrumentnoise, which is assumedo be uncorrelated
betweerchannels andj.
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Notethatanauto-paver spectrunhastwice thenoisevarianceasa cross-paer spectrunwith the corresponding
noisein eachmap. This follows from the propertyof Gaussiamoisethat NI2N/2 =2 Ni2 2 ;j+ N2 N2,

o2 . ) )
with NN/ "= Ni2?  and Ni4 =3 N2 2,

Theuseof asky maskfor foregroundsuppressiobreaksthe orthogonalityof the sphericaharmonicson the sky
andleadsto modecoupling.Hinshaw etal. (2003b)discusshow WMAP handleshis, andothercompleities.

7.1. | =1dipole

COBEdeterminedhedipole amplitudeis 3 353 0 024mK in thedirection(l b) = (26426 033 4822
013 ), wherel is Galacticlongitudeandb is Galacticlatitude (Bennettetal. 1996). This dipole wassubtractedrom
the WMAP dataduring processingExaminationof the WMAP mapsallow for the determinatiorof aresidualdipole,
andthusanimprovementoverthe COBEvalue. Notethatthis doesnot have ary effect on WMAP calibration,which
is basednthe Earth's velocity modulationof the dipole,andnot onthedipoleitself. The WMAP -determinedipole
is3346 0017mK inthedirection(l, b)=(263.85 0.1,48.25 0.04). Theuncertaintyof thedipoleamplitudeis
limited by the WMAP 0.5%calibrationuncertaintywhich will improve with time.

7.2. | =2 quadrupole

The quadrupolds the| = 2 termof thespectrum T2=1(1+1)C 2 ,i.e. T2,=(3 )C=. Alternately the
guadrupoleamplitudecanbe expressedhsQims= (5 4 )C=2= 5 12 T=. The4-year COBE quadrupoles
Qms= 10_271 K with thepeakof thelikelihoodin therange6 9 K  Qrms 10 K, asshavnin Figurel of Hinshaw
etal. (1996a).

The WMAP quadrupoleQims=8 2 Kor T;=154 70 K2, is consistentwith COBE but with tighter
limits becauseof bettermeasurementand understandingf foregrounds. We determinethe quadrupolevalue by
computingthe power spectrunof theinternallinearcombinationrmapandindividual channemaps with andwithout
foregroundcorrectionsfor a rangeof Galacticcuts. The nal | = 2 valuecorrespondso a full sky estimatewith an
uncertaintythatencompassesrangeof foreground-maskdor foreground-correctedolutions. Theforegroundlevel
is still the leadinguncertainty (The smallkinematicquadrupolds not removed from the mapsnor accountedor in
this analysis.)The quadrupolevalueis low comparedvith valuespredictedoy CDM modelsthat t therestof the
power spectrum. CDM models,in particulay tendto predictrelatively high quadrupolevaluesdueto the enhanced,

-driven,integratedSachs-\Viglfe effect.

7.3. n-poles

A centralpart of the taskof computingmultipole informationfrom the mapsis the evaluationand propagation
of errorsanduncertaintiesThis largely involvesarriving at anadequateepresentatioof the Fishermatrix, whichis
theinversecovariancematrix of the data. The Fishermatrix musttake into accountmode-couplingrom the sky cut,
beam(window function) uncertaintiesandnoiseproperties.The factthatthe WMAP datausea nearlyazimuthally
symmetriccut,andhave anearlydiagonalbpixel-pixel covariancegreatlysimpli es theevaluationof the Fishemmatrix.

Two approacheto computingtheangulampower spectrurhave beenusedby Hinshaw etal. (2003b):aquadratic
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estimatiorbasedon Hivon etal. (2002);anda maximumlik elihoodestimatebasedn Oh et al. (1999). Thequadratic
estimatoris usedin the nal WMAP spectrumanalyseswhile the maximumlik elihoodtechniques usedasa cross-
check.

The K-band and Ka-bandbeamsizesare large enoughthat thesebandsare not usedfor CMB analysissince
they have the mostforegroundcontaminatiorand probethe region in I-spacethatis cosmicvariancelimited by the
measurementat the otherbands. Thesebandsareinvaluable,however, asmonitorsof Galacticemission. The two
Q-band,two V-band,andfour W-banddifferencingassembliesrethe sourceof the prime CMB data. The matrix of
auto-andcross-correlationbetweerthe eight Q-, V-, andW-banddifferencingassembliesiaseight diagonal(auto-
correlations)and 28 uniqueoff-diagonalelementqcross-correlations)Sinceauto-correlationsredif cult to assess
dueto the noisebias(seeequation8), we includedonly the 28 uniqueoff-diagonal(cross-correlationsh the WMAP
power spectrumanalysis. In droppingthe auto-correlationsgachof which hastwice the noisevarianceof a cross-
correlation,we loseonly 1- 56 (56+8) = 6% of the ideally achievable signal-to-noiseratio. In Hinshawv et al.
(2003b),we shav that the power spectrumcomputedfrom the auto-correlatiordatais consistentwith the angular
power spectrurmfrom the cross-correlationlata.We anticipateusingthe auto-correlatiordatain futureanalyses.

The cross-paver spectrumfrom the 28 pairsis consideredn four | ranges.Forl 100 we useuniform pixel
weightingof only V- andW-banddata. This reduceghe Galacticcontaminatiorwheremeasuremergrrorsarewell
belov thecosmicvarianceFor 100 | 200we useuniform pixel weightingof thecombined28 pairs.For 200 |
450all 28 cross-pwver pairsareusedwith atransitionalpixel weighting. Thetransitionalpixel weighting,de ned and
discussedh detailin AppendixA of Hinshaw etal. (2003b),smoothlytransitiongheweightingfrom the uniform pixel
weightsin thesignal-dominatetl 200multipoleregimeto inverse-noise-arianceneightingin the noise-dominated
| 450multipoleregime.Forl  450all 28 pairsareusedwith inversenoiseweighting.Our Monte Carlosimulations
shaw thatthis approachs a nearlyoptimalscheme.

The angularpower spectrumis shavn for the WMAP datain Figure 12. The WMAP power spectrumagrees
closelywith COBEatthelargestangularscalesandwith CBl andACBAR atthe ner angularscalesWe highlightthe
CBIl andACBAR resultsbecauséhey area usefulcomplemento WMAP at the smallerangularscales.Theacoustic
patternis obvious. Pageetal. (2003b) nd thatthe rst acousticpeakis T,=747 05 Katl=2201 08.The
troughfollowing thispeakis410 05 Katl=4117 35andtheseconcheakis488 09 K atl =546 10.

CDM modelspredictenhancedarge anglepower dueto the integratedSachs-\lfe effect. The WMAP and
COBEdata,on the otherhand,have the oppositetrend. The con ict is alsoseenclearlyin the correlationfunction,
C( ), shawvnin Figure13. The WMAP correlationfunctionis computedusingthe Kp0O cuton a combinationof the Q-
band,V-band,andw-bandmapswith theMEM Galacticmodelremoved. The COBEcorrelationfunctionis computed
on the “customcut” sky (Bennettet al. 1996). Thebest-t CDM modelis shavn with a grey bandindicatingone
standardieviation asdeterminedy Monte Carlosimulations.

The lower two plots in Figure 13 displaythe correlationfunction of the differencebetweenthe COBEDMR
and WMAP mapswith a b =10 Galacticplanecut. A synthesisof the WMAP Q- andV-bandmapswas made
to approximatea 53 GHz mapto comparewith the COBEDMR 53 GHz map. The COBEDMR 90 GHz mapis
comparedlirectly, without correctionsto the WMAP W-bandmap. Theseplots emphasizehe consisteng of the
WMAP and COBE measurementsThe slightly higherthan expecteddeviationsat 53 GHz arelikely to be dueto
Galacticcontaminationarisingfrom outsidethe cut regionsandfrom the constructiorof the synthesizedVMAP 53
GHz map.

The modelis an excellent t to the WMAP full power spectrumexcept, perhapsat! 6. Sinceonly a small
fraction of the total numberof measureanultipolesareinvolved, the statisticalcontribution of thel 6 pointsto the
overall power spectrumt is small and doesnot greatly drive the overall best- t model. The correlationfunction
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Fig. 12.— The WMAP angularpower spectrum (top) The WMAP temperatur€TT) resultsareconsistentvith the
ACBAR andCBI measurementgsshovn. The TT angularpower spectrums now highly constrained Our best t
runningindex CDM modelis shavn. The grey bandrepresentshe cosmicvarianceexpectedfor thatmodel. The
guadrupoléhasa surprisinglylow amplitude.Also, thereareexcursionsfrom a smoothspectrumle.g.,at  40and
210)thatareonly slightly largerthanexpectedstatistically While intriguing, they mayresultfrom acombination
of cosmicvariance subdominanastrophysicaprocessesandsmall effectsfrom approximationsnadefor this rst
year dataanalysis(Hinshav et al. 2003b). We do not attachcosmologicalsigni cance to them at present. More
integrationtime and more detailedanalysesare needed. (bottom) The temperature-polarizatio(TE) cross-paver
spectrum(l +1)C; 2 . (Notethatthisis not multiplied by the additionalfactorof I.) The peakin the TE spectrum
nearl 300is out of phasewith the TT power spectrumaspredictedfor adiabatidnitial conditions.Theantipeakin
theTE spectrummearl  150is evidencefor superhorizomodesat decouplingaspredictedby in ationary models.
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Fig. 13.— (top): CMB temperaturecorrelationfunction of the WMAP and COBE data. The WMAP correlation
functionis computedusinga combinationof the Q-band,V-band,and W-bandmapswith the KpO cut sky andthe
MEM Galacticmodel subtracted. The COBE correlationfunction is computedusing the “custom cut” sky. The
runningindex CDM modelthatis t to the power spectrumis shovn with a Monte Carlo determinedgrey band
indicatingone standarddeviation. The modelis, overall, an excellent t to the WMAP power spectrum.However,

a correlationplot emphasizeshe low | power. The discrepang betweernthe modelanddataillustratesthat thereis

surprisinglylittle anisotropy power in the WMAP and COBE mapsat large angles.(bottom): The lower two plots
displaythe correlationfunctionof thedifferencebetweerthe COBEDMR andWMAP mapswith a b =10 Galactic
planecut. A synthesiof the WMAP Q andV bandmapswasmadeto approximatea 53 GHz-like mapto compare
with the COBEDMR 53 GHz map. The COBEDMR 90 GHz mapis comparedlirectly, without correctionsto the

WMAP W-bandmap. Theseplot emphasizehe consisteng of the WMAP and COBE measurementsThe slightly

higherthanexpecteddeviationsat 53 GHz arelik ely to be dueto Galacticcontaminationarisingfrom outsidethe cut

regionsandfrom the constructiorof the synthesizedVMAP 53 GHz map.
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emphasizeshe low | signalbecausehesemodescontribute to C( ) at all angularseparations.The discrepang at

30 re ects the averagelack of power in the datarelative to the modelat] 6. More signi cantly, the lack of
powerat 60 relativetothemodelre ectsthe specialshapeof thepowerspectrunfrom2 | 5 seenin boththe
WMAP (and COBE) maps.This resultis genericallytruefor CDM models,independentf the exactparametersf
themodel.Theris verylittle large scaleCMB anisotiopypowerin our sky. Thisfact, r stseerby COBEis con rmed
by WMAP. The probability of solittle C( 60 ) anisotroly poweris 2 103, giventhebest-t CDM model.
Thelack of poweris seerbothin C( ) andthebehaior of thelow order(l =2 3 4 and5) multipoles.

8. CMB POLARIZATION & THE DETECTION OF REIONIZA TION

Eachdifferencingassemblymeasureshe sky in two orthogonalinear polarizations.As the Obsenatory spins,
precessesndorbitsthe Sun,theinstrumenbbsenesthe sky overarangeof polarizationangles. Therangeof angles
obsenedis neithercompletenor uniform, but it is sufcient to provide valuablenew CMB polarizationresults.

We expresspolarizationin term of the standardl, Q, andU Stokes parametersin units of thermodynamic
temperaturePolarizationcoordinatesare not rotationallyinvariantso a coordinatesystemis de ned by Kogutetal.
(2003)for expressingnformation. By appropriatesumminganddifferencingof the time-ordered-datidom the pairs
of correspondingadiometerswe iteratively make mapsin unpolarizedntensity |, andin eachpolarizedcomponent,
Q andU (Hinshaw etal. 2003b). The Q andU mapsnot only have muchlower signal-to-noisg¢hanthe | maps,but
they aremoresusceptibléo systemati@rrorssincethedifferencingoetweenradiometenutputsoccursontheground,
notin thefront-endof theradiometers.

TheU polarizationmapsare expectedto be mostaffectedby systematierrors. This is dueto the orientationof
the obsened polarizationanglesrelative to the spin axis of the Obsenatory, causingsystematicsiot x edon the sky
to preferentiallygo into theU map.

TaurusA, an extremelystrongsourcein the WMAP bands,is polarizedandits polarizationamplitudeand di-
rectionareknown (Flett & Hendersorll979). Polarizationmeasurementsom WMAP are consistentvith previous
obsenationsof TaurusA, providing a usefulcheckon the operationof the WMAP hardwareandsoftware. However,
thepolarizationsystematie@rrorshave notyetbeenfully quanti ed. We choseto releasehel dataandresultsassoon
aspossibleratherthanpostponeheir publicationandreleaseauntil the systematieneasuremergrrorsof the Q anduU
dataarefully assessedAll data,includingthe Q andU mapswill bereleasedvhenthe characterizatiomf their in-
strumentakignaturesarecomplete The dominantsystematieffectin thelow signal-to-noisgolarizationdataarises
from correlatechoisein theradiometersBy usingonly crosscorrelationof temperaturenapswith polarizationrmaps,
generatedrom independentadiometeicombinationghathave uncorrelatedhoise, we mitigatetheleadingsystematic
error. For this reasonyesultsof temperature-polarizatiororrelationsbetweerthel andQ maps,i.e. TE correlations,
aremuchlesssensitve to systematieffectsthanpolarizationsignalsalone,sowe areableto reportthoseresults.

Figurel2 shavsthetemperature-polarizatiqff E) crosspower spectrumKogutetal. (2003)reportadetectiorof
TE correlationson bothlarge angularscaleqfrom reionization)andon small scalegfrom the adiabatic uctuations).
The TE power spectrumshowvn in Figure12,is discussedn detail by Kogutet al. (2003). In the TE angularpower
spectrunmtheantipeakis-35 9 K2 atl =137 9andthepeakis105 18 KZ?atl =329 19(Pageetal.2003b).

Thedetectionof thereionizationof theuniversecorrespondso anopticaldepth =017 004(0 09 028
at 95% con dence). Although WMAP measureshe integratedoptical depth,the epochandredshiftof reionization
canbe derived from the integral optical depthwithin the context of a model of the reionizationprocess.A single
instantaneoustepfunctionin theionizationfractionfrom zeroto asteadyx edvalueis physicallyunlikely. For more
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likely models Kogutet al. (2003)concludethatthe redshiftof reionizationis z = 20*3° (95% CL), correspondingo
anepochof reionizationof t, = 180'32° Myr (95%CL) afterthe Big Bang. Cen(2002)presentsa detailedmodelof a
reionizationprocessandpredictsanintegral valueof theopticaldepth, =010 0 03.Thisis low comparedvith the
newly measuredalue,but would be higherandconsistentf theassumeaosmologicaparameters themodelwere
adjustedo thevaluesof thenew WMAP best- t parametergsee8§9.1).

The measureaptical depthmeanghatreionizationsuppressethe acoustigpeakamplitudesby 1- €2 30%.
While accountedor in ourmodel ts (89, below), this suppressiomasnotaccountedor in previousCMB parameter
determinationsThe anticorrelation®obsenedin the TE power spectrumdirectly imply superhorizonuctuations, a
new resultin supportof in ation-lik e theoriesasdiscussedh §9.3.

9. COSMOLOGICAL INTERPRETATION

In this sectionwe summarizehe cosmologicaintepretatiorof WMAP rst yearresults which arediscussedn
moredetailby Spegeletal. (2003),Peirisetal. (2003),Pageetal. (2003b),andKogutetal. (2003). Themethodology
usedin themodel ts is describedy Verdeetal. (2003).

Spegeletal. (2003)shov thata cosmologicamodelwith a at universe seededvith ascale-itvariantspectrum
of adiabaticGaussianuctuations, with reionization,is anacceptablet notonly to the WMAP databut alsoto a host
of astronomicatiata. Thesedataare: smallerangularscaleCMB anisotroy datafrom ACBAR (Kuoetal. 2002)and
CBI (Pearsoretal. 2002);the HST key projectvalueof Hqy (Freedmaretal. 2001);theacceleratindgJniverseseenn
Typela SNe(Riessetal. 2001);the shapeandamplitudeof the large scalestructureseenin clustersandsuperclusters
of galaxies(Percival etal. 2001;Verdeet al. 2003);andthe linearmatterpower spectrurmseenin theLyman  forest
(Croft etal. 2002). Therehasbeenmountingevidencein thedirectionof this modelfor years(Peebles984;Bahcall
etal. 1999). The optical depthsincereionizationis a new, but not surprisingcomponenbf the model. The WMAP
dataestablishthis modelasthe standardnodel of cosmologyby testingthe key assumption®f the modeland by
enablinga precisedeterminatiorof its parameters.

The WMAP datatestseveral of the key tenetsof the standardmodel. The WMAP detectionof temperature-
polarizationcorrelationgdKogutet al. 2003)andthe cleardetectionof acoustigpeaks(Pageet al. 2003b)impliesthat
the primordial uctuations were primarily adiabatic:the primordial ratio of dark matter/photongndthe primordial
ratio of baryons/photondo notvary spatially Theanalysisof the WMAP temperaturelatademonstrate&aussianity
(Komatsuetal. 2003). The WMAP data,whencombinedwith any oneof thefollowing threeexternaldatasets:HST
Key Projectmeasuremertf Hy (Freedmaretal. 2001),the2dFGRSmeasuremerdf thematterdensity(Percial etal.
2001;Verdeetal. 2003)or the Typela superneameasurementdRiessetal. 2001)imply thattheradiusof curvature
of theuniverseR=cHy! 1- o "1 2, mustbeverylarge, =102 002 and099 x 105(95%CL). These
measurementslsorequirethatthe dark enegy be the dominantconstituenof . The WMAP dataalonerule out
thestandard ,=1CDM modelby 7 .

9.1. BestFit CosmologicalModel

While anacceptablet, the modeldescribedabore is not our bestt model. In the discussiorbelon we con-
centrateon our bestt model,which addsa scale-dependeiprimordial spectraindex. This cosmologicamodelis a
at universewith abaryonfractionof ,=0044 0004,amatterfractionof ,,=027 004,andadarkenegy
fractionof =073 004,seededvith ascale-dependespectrunof adiabaticGaussianuctuations. This model
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hasCi-10=460 K2, consistentvith the COBEmeasuremerdf Ci-1o=444 K2,

The WMAP dataalone enableaccuratedeterminationf mary of the key cosmologicalparameter¢Spegel
etal. 2003). But a combinationof the WMAP datawith the COBE determinatiorof the CMB temperaturéMather
etal. 1999),the CBI (Pearsoret al. 2002)andthe ACBAR (Kuo etal. 2002) CMB measurementsndthe 2dFGRS
suney determinationof the power spectrumof the local galaxy uctuations (Percial et al. 2001), yields the best
t cosmologicalparameterdistedin Table3. Verdeet al. (2003) describesour methodologyfor determiningthese
parameterandSpegeletal. (2003)describeshebestt modelsfor differentcombination®f datasets.

(h]

A power spectrumof primordial mass uctuations with a scaleinvariantspectralindex is given by P(k) = Ak™
with ng=dInP dink. In ationary modelspredicta runningspectralindex (Kosavsky & Turner1995),andour best
t modelusesa power spectrunof primordialmass uctuationswith a scale-dependespectraindex:

ns(ko)*+(1 2)(dns dink)In(k ko)

P(k) =P — 9
(k) = P(ko) K C)
As in thescale-independerasewe de ne
dinP
ns(K) dink (10)
S0 q ‘
= ans K
o) = neflo) + g in (- (11)

(with d?ns dInk? = 0). Thede nition for ns usedhereincludesa factorof (1 2) differencefrom the Kosovsky &
Turner (1995) de nition. Peiris et al. (2003) explore the implicationsof this running spectralindex for in ation.
Thebest t valuesof A, ng anddns dink arein Table3 for ko = 0 05 Mpc . A is the normalizationparametein
CMBFAST version4.1 with option UNNORM. The amplitudeof curvature uctuations at the horizon crossingis

r(ko) =295 10°A We discusgheimplicationsof themeasuredaluesof theseparameterin §9.3andin Peiris
etal. (2003).

The WMAP dataconstrainghe propertiesof boththedarkmatterandthe darkenegy in thefollowing ways:

(a) The WMAP detectiorof reionizationatz  20isincompatiblewith thepresencef signi cant warmdarkmatter
density Sincethe warm dark mattermovestoo fastto clusterin small objects,the rst objectsdo not form in
thisscenariauntil z 8 (Barkanaetal. 2001).

(b) Therunningspectralindex implies a lower amplitudefor mass uctuations on the dwarf galaxy scale. Dark
mattersimulationsof models(Ricotti 2002) nd that the dark mattermasspro les dependuponthe spectral
index ontherelevantmassscale.Thus,the shallover spectraindex implied by ourbestt modelmaysolve the
CDM darkmatterhalopro le problem(Mooreetal. 1998;Spegel & Steinhard2000).

(c) While the WMAP dataaloneare compatiblewith a wide rangeof possiblepropertiesfor the dark eneny, the
combinatiorof the WMAP datawith eithertheHST key projectmeasuremerdf Ho, the2dFGRSmeasurements
of the galaxypower spectrumor the Type la supernga measurementequiresthatthe dark enegy be 73% of
thetotal densityof the Universe andthatthe equationof stateof the darkenegy satisfyw - 0 78(95%CL).
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Table3. “Best” CosmologicaParameters

Description Symbol Value +uncertainty - uncertainty
Total density tot 102 002 002
Equationof stateof quintessence w -078 95%CL b
Dark enegy density 073 004 004
Baryondensity ph? 00224 00009 00009
Baryondensity b 0044 0004 0004
Baryondensity(cn 3) Mo 25 107 01 107 01 107
Matterdensity mh? 0135 0008 0009
Matterdensity m 027 004 004
Light neutrinodensity h? 00076 95%CL 1)
CMB temperaturgK)?@ Temb 2.725 0.002 0.002
CMB photondensity(cn 3)° n 410.4 0.9 0.9
Baryon-to-photonatio 61 1010 03 1010 02 1010
Baryon-to-matteratio - 017 001 001
Fluctuationamplitudein 8h-1 Mpc spheres 8 084 004 004
Low-z clusterabundancescaling g 2° 044 004 005
Power spectrunmormalization(atky = 0 05 Mpc 1)¢ A 0.833 0.086 0.083
Scalarspectraindex (atkg = 0 05 Mpc 1)° N 093 003 003
Runningindex slope(atky = 0 05 Mpc 1)¢ dns dink -0031 0016 0018
Tensorto-scalarratio (atkg = 0 002Mpc 1) r 090 95%CL b
Redshiftof decoupling Zdec 1089 1 1
Thicknessof decoupling(FWHM) Zdec 195 2 2
Hubbleconstant h 071 004 003
Age of universe(Gyr) to 137 02 02
Age atdecoupling(kyr) tdec 379 8 7
Age atreionization(Myr, 95%CL)) tr 180 220 80
Decouplingtime intenal (kyr) tdec 118 3 2
Redshiftof matterenegy equality Zeq 3233 194 210
Reionizationopticaldepth 017 004 004
Redshiftof reionization(95%CL) Z 20 10 9
Soundhorizonatdecoupling ) A 0598 0002 0002
AngularsizedistancegGpc) da 140 02 03
Acousticscald A 301 1 1
Soundhorizonat decoupling(Mpc)? rs 147 2 2

2from COBE(Matheretal. 1999)

bderivedfrom COBE(Matheretal. 1999)
Cles 700

d A ;Al A rs d-al
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9.2. BestFit Parameters

WMAP's measurementsf the baryondensity Hubble constantandageof the universestrengtherthe cosmic
consisteng thatunderliesthe Big Bangmodel.

ATOMIC DENSITY ( ,h?): WMAP measuretheatomicdensityatrecombinatiorto anaccurag of 4%through
the shapeof the angularpower spectrumand particularlythroughthe ratio of the heightsof the rst to secondoeak
(Pageetal. 2003b;Spegeletal. 2003).Ourbestt valueis ph?=00224 0 0009.Thebaryondensityis alsoprobed
via abundancemeasurementsf [D]/[H] (O'Mearaet al. 2001; Pettini& Bowen 2001;D'Odorico etal. 2001). It is
impressiethat ph? isthesameatz=1089asmeasurediathe CMB asit is atz= 10° from Big Bangnucleosynthesis.
Thuswe nd cosmicconsisteng of the baryondensitythroughoutcosmictime andmeasuremertechnique.

HUBBLE CONSTANT (Ho): The WMAP measurementsf the ageand ,h? yield a measuremendf Hy =
714 km s Mpc ! thatis remarkablyconsistenwith the HST Key Projectvalueof Ho=72 3 7kms?! Mpc?
(Freedmaretal. 2001),but with smalleruncertainty Recentmeasurementsf the Hubbleconstanfrom gravitational
lenstiming andthe Suryaer-Zeldovich effectyield independenéstimateshataregenerallyconsistentbut with larger
uncertaintieatpresent.Throughavarietyof measuremeriechniqueshatsampledifferentcosmictimesanddistances
we nd cosmicconsisteng on Ho.

AGE OF THE UNIVERSE (tp): The rst acoustigpeakin the CMB power spectrunrepresents known acoustic
size(rs =147 2Mpc) at a known redshift(Zgec = 1089 1). Fromthese WMAP measureshe ageof the universe
(to=137 02Gyr) toanaccuray of 1% by determiningthe CMB light travel time over the distancedetermined
by the decouplingsurface(da = 14 0'32 Gpg andthe geometryof the universe(i.e., at). Theageof the universeis
alsoestimatedria starsin threeways:

(i) themainsequencéurn-off in globular clustersyieldingaclusterageof 12 1 Gyr (Reid1997);

(i) thetemperaturef the coldestwhite dwarfsin globular clustersyielding aclusterageof 127 0 7 Gyr (Hansen
etal. 2002),and

(iii) nucleosynthesiagedatingyieldinganageof 156 4 6 Gyr (Cowanetal. 1999).

Thesestellaragesareall consistentvith ageof theuniversefoundby WMARP.

MATTERDENSITY ( wh?): Thematterdensityaffectsthe heightandshapeof the acoustiqpeaks.The baryon-
to-matterratio determineghe amplitudeof the acousticwave signalandthe matterto-radiationratio determineghe
epoch,z.q, whenthe enegy densityof matterequalsthe enegy densityof radiation. The amplitudeof the early
integratedSachs-Vglfe effect signalis sensitve to the matterradiationequality epoch. From theseeffects WMAP
measureshe matterdensity nh?toanaccurag of 5%. Large scalestructureobsenationsmeasure mh through
the shapeof the power spectrum.Whencombinedwith estimatesf h, this yields ,h?. Large scalevelocity eld
measurementgeld 2°b-1, whereb is the biasin how the galaxypower spectruntracesthe matterpower spectrum
(Pyal = b?P(K)). Galaxybispectrunmeasurementgeld b, allowing for estimatef . Fromthegalaxydata,Verde
etal. (2002) nd =027 006,whichis consistentvith the WMAP resultof =027 004.

Clusterlensingobsenationsyield measurementsf thetotal massin the cluster X-ray measurementgive both
the baryonicmassandthetotal massthroughthe gravitational potential. Suryaer-Zeldovich effect obsenationsgive
adifferentdeterminatiorof thebaryonicmassin clusters.ThecombinedX-ray andSZ measurementgive a valueof

b =00813%%N ! (Gregoetal. 2001),whichis reasonablygonsistentvith 0 17 0 01from WMAP.
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9.3. Implications for In ation

WMAP datatestsseveral of the key predictionsof thein ationary scenario(seePeiriset al. (2003)for further
discussion):

(a) In ation predictsthatthe universeis at. As notedin §9.1anddiscussedn detailin Spegel etal. (2003),the
combinatiorof WMAP datawith eitherHp, Typela SNe,or largescalestructuredataconstrainsl- y 003.

(b) In ation predictsGaussiamandomphase uctuations. Komatsuet al. (2003)shaws thatthe CMB uctuations
have no detectableskewnessandplacestrongconstrainton primordialnon-GaussianityKomatsuet al. (2003)
alsoshaws that the Minkowski functionalsof the WMAP dataare consistentwith the predictionsof a model
with Gaussiamandomphaseuctuations.

(c) In ation predicts uctuations on scaleshatappearo be superhorizorscalesn a Friedman-Robertson-siker
(FRW) cosmology The WMAP detectionof an anti-correlationbetweenpolarizationand temperatureuc-
tuationson scalesof 1 - 2 (Kogutetal. 2003) con rms this predictionand rules out subhorizoncausal
mechanism$or generatingCMB uctuations (Peirisetal. 2003).

(d) In ation predictsa nearlyscaleinvariantspectrunof uctuations,asseenby WMAP.

The WMAP data,in combinationwith complementarycosmologicaldata, not only testthe basicideasof the
in ationary scenaridout alsorule out broadclassef in ationary models,andthereforethe dataguideustowardsa
speci ¢ workablein ationary scenario.The WMAP dataplacesigni cant constraintonr, thetensorto-scalarratio,
ns, the slopeof the scalar uctuations anddns dInk, the scaledependencef these uctuations. The additionof an
admixtureof isocunaturemodesdoesnotimprove the WMAP model ts.

Thebestt modelto the combinationof the WMAP, ACBAR, CBI, 2dFGRSandthe Lyman- forestdatahas
a spectralindex thatrunsfrom n 1 onthelarge scalesprobedby WMAP to n 1 on the small scalesprobedby
the 2dFGRSandtheLyman- forestdata.Only a handfulof in ationary modelspredictthis behaior. The Linde &
Riotto (1997)hybrid in ationary modelis oneexample. The data,however, do notyetrequiren 1 onlarge scales:
ourbestt modelhasns=103 004atk=0002Mpc .

Ouranalysisof in ationary models(Peirisetal. 2003)marksthebeginningof precisionexperimentatestsof spe-
ci ¢ in ationary models.With the additionof on-goingWMAP obsenationsandfutureimprovedanalysesWMAP
will beableto moreaccuratelyconstrain andhencens on large scalesWhenotherCMB experimentsarecalibrated
directly to the WMAP sky maps,they will provide improved measurementsf the temperaturengularpower spec-
trumfor |  700. The upcomingreleaseof the SloanDigital Sky Surwey (SDSS)power spectrumwill provide an
improvedmeasuremerdf thegalaxypowerspectrum.The SDSSLyman- forestdataareexpectedo beasigni cant
improvementverthedatausedin our currentanalysis.Looking furthertowardsthefuture, ESAs Planckmissionwill
provideimprovedmeasurementsn the CMB angulampower spectrunon smallerangularscalesandshouldbeableto
improve constraintonr.

10. DATA PRODUCTS

All of the WMAP datawill bereleasedIn addition,severalancillaryandanalyzeddatasetsarereleasedThese
include beampatterns,angularspectra,etc. Somesoftwaretools are also provided. An ExplanatorySupplement
providesdetailedinformationaboutthe WMAP in- ight operationanddataproductgLimon etal. 2003).All WMAP
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dataproductsaredistributedthroughthe Legagy Archive for Microwave BackgroundDataAnalysis (LAMBD A) at
http://lambda.gsfc.nasa.goThis is a nev NASA datacenterdedicatedo the rapidly growing eld of microwave
backgroundiataarchiving andanalysis.

11. SUMMARY AND CONCLUSIONS

(1) WMAP hasproducechigh quality full sky mapsin ve widely separatedrequeng bands.Thesemapscan
be usedto testcosmologicamodelsandsene asthe primarylegacgy of the mission.

(2) We have characterizedndplacedstringentlimits on systematianeasuremergrrors.Thecalibrationis based
onthemodulationof the CMB dipole,andis accurateo betterthan0.5%.

(3) We havedemonstratetheability to separatéhe CMB anisotrojy from Galacticandextragalactidoregrounds.
We provide maskdor this purposeln addition,we have producedCMB mapswherethe Galacticsignalis minimized.

(4) We have a new determinatiorof thedipole. It is 3346 0017mK in thedirection(l, b)=(263.85 0.1,
48.25 0.04).

(5) We have anew determinatiorof the quadrupoleamplitude.lt isQms=8 2 Kor T2=154 70 K2

(6) We have placedtight new limits on non-Gaussianitpf the CMB anisotroy. The couplingcoefcient of a
guadratinon-Gaussiatermis limitedto-58 fy.  134(95%CL) (Komatsuetal. 2003).

(7) We have producedan angularpower spectrunmof the anisotrofy with unprecedentedccuray andprecision.
The power spectrumis cosmicvarianceimited for | 354 with a signal-to-noiseatio 1 permodeto | = 658.

(8) We have, for the rst time, obsenedthe angularmpower spectrunof TE temperature-polarizatiororrelations
with sufcient accurag andprecisionto placemeaningfullimits on cosmology

(9) We havedetectedheepochof reionizationwith anopticaldepthof =017 0 04. Thisimpliesareionization
epochof t, = 18023° Myr (95% CL) afterthe Big Bangata redshiftof z = 20"1° (95% CL) for arangeof ionization
scenariosThis earlyreionizationis incompatiblewith the presencef a signi cant warmdarkmatterdensity

(10)We have t cosmologicaparameterso thedata.We nd resultsthatareconsistenwith the Big Bangtheory
andin ation. We nd thatthe additionof a runningspectralindex, while not required,improvesthe t atthe 2
level. We provide valuesanduncertaintiedor a hostof parameterdasedon this non-paverlaw in ationary model.
Our “best” valuesfor cosmicparametergregivenin Table3.

(11) WMAP continuego collectdataandis currentlyapprovedfor 4 yearsof operationsat L,. The additional
data,and more elaborateanalyseswill help to further constrainmodels. The addition of other continuouslyim-
proving CMB andlarge scalestructureobsenationsis essentiafor progressowardsthe ultimategoal of a complete
understandingf the global propertief the universe.

The WMAP missionis madepossibleby the supportof the Of ce of SpaceSciencesat NASA Headquarterand
by thehardandcapablevork of scoresof scientistsengineerstechniciansmnachinistsdataanalystshudgetanalysts,
managersadministratve staf, andreviewers. We aregratefulto the NationalRadio AstronomyObsenatory, which
designecandproducedthe HEMT ampli ers that madeWMAP possible.We aregratefulto A. Riessfor providing
the likelihood surfacesfor the supernea data. D. Finkbeinersuppliedus with his full sky compositemap of H
emissionin advanceof publication.LV is supportedy NASA througha ChandraFellowshipissuedby the Chandra
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X-ray Obsenatory Center operatedyy the SmithsoniamAstrophysicalObsenatory. ML andGT aresupportedy the
NationalResearcltCouncil.
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