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ABSTRACT

We presentfull sky microwave mapsin � ve frequency bands(23 to 94 GHz) from theWMAP �rst
yearsky survey. Calibrationerrorsare � 0 � 5% andthe low systematicerror level is well speci�ed. The
cosmicmicrowavebackground(CMB) is separatedfrom theforegroundsusingmultifrequency data.The
sky mapsareconsistentwith the7 � full-width at half-maximum(FWHM) CosmicBackgroundExplorer
(COBE)maps.We reportmoreprecise,but consistent,dipoleandquadrupolevalues.

The CMB anisotropy obeys Gaussianstatisticswith - 58 � fNL
� 134 (95% CL). The 2 � l � 900

anisotropy power spectrumis cosmicvariancelimited for l � 354 with a signal-to-noiseratio � 1 per
modeto l = 658. Thetemperature-polarizationcross-power spectrumrevealsbothacousticfeaturesand
a largeanglecorrelationfrom reionization. The optical depthof reionizationis � = 0 � 17 � 0 � 04, which
impliesa reionizationepochof tr = 180+220

- 80 Myr (95%CL) after theBig Bangat a redshiftof zr = 20+10
- 9

(95%CL) for arangeof ionizationscenarios.Thisearlyreionizationis incompatiblewith thepresenceof
asigni�cant warmdarkmatterdensity.

A best-�t cosmologicalmodel to the CMB and other measuresof large scalestructureworks re-
markablywell with only a few parameters.The ageof the best-�t universeis t0 = 13� 7 � 0 � 2 Gyr old.
Decouplingwastdec = 379+8

- 7 kyr after theBig Bangat a redshiftof zdec = 1089� 1. Thethicknessof the
decouplingsurfacewas � zdec = 195 � 2. The matterdensityof the universeis 	 mh2 = 0 � 135+0 
 008

- 0 
 009, the
baryondensityis 	 bh2 = 0 � 0224� 0 � 0009,andthetotalmass-energy of theuniverseis 	 tot = 1 � 02 � 0 � 02.
It appearsthat theremaybeprogressively less�uctuation power on smallerscales,from WMAP to �ne
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scaleCMB measurementsto galaxiesand �nally to the Ly- � forest. This may be accountedfor with
a runningspectralindex of scalar�uctuations, �t asns = 0 � 93 � 0 � 03 at wavenumberk0 = 0 � 05 Mpc- 1

(lef f
� 700), with a slopeof dns

�

d lnk = - 0 � 031+0 
 016
- 0 
 018 in the best-�t model. (For WMAP dataalone,

ns = 0 � 99 � 0 � 04.) This �at universemodelis composedof 4.4%baryons,22%darkmatterand73%dark
energy. Thedarkenergy equationof stateis limited to w � - 0 � 78(95%CL).

In�ation theoryis supportedwith ns
� 1, 	 tot

� 1, Gaussianrandomphasesof theCMB anisotropy,
andsuperhorizon�uctuations implied by theTE anticorrelationsat decoupling.An admixtureof isocur-
vaturemodesdoesnot improvethe�t. Thetensor-to-scalarratio is r(k0 = 0 � 002Mpc- 1) � 0 � 90(95%CL).
The lack of CMB �uctuation power on the largestangularscalesreportedby COBE andcon�rmed by
WMAP is intriguing. WMAP continuesto operate,soresultswill improve.

Subjectheadings:cosmicmicrowavebackground,cosmology:observations,earlyuniverse,darkmatter,
spacevehicles,spacevehicles:instruments,instrumentation:detectors,telescopes

1. INTRODUCTION

The cosmicmicrowave background(CMB) radiationwas�rst detectedby Penzias& Wilson (1965). After its
discovery, a small numberof experimentalistsworked for yearsto bettercharacterizetheCMB asthey searchedfor
temperature�uctuations. A leaderof this effort, and of the WMAP effort, was our recentlydeceasedcolleague,
ProfessorDavid T. Wilkinson of PrincetonUniversity. He wasalsoa leadingmemberof the CosmicBackground
Explorer(COBE)missionteam,which accuratelycharacterizedthespectrumof theCMB (Matheret al. 1990,1999)
and�rst discoveredanisotropy (Smootet al. 1992;Bennettet al. 1992;Kogutet al. 1992;Wright et al. 1992). The
MAP wasrecentlyrenamedWMAP in hishonor.

ThegeneralrecognitionthattheCMB is aprimarytool for determiningtheglobalproperties,content,andhistory
of the universehasled to the tremendousinterestandgrowth of the �eld. In additionto the characterizationof the
large-scaleanisotropy resultsfrom COBE(Bennettetal. 1996;Hinshaw etal. 1996a,b;Kogutetal. 1996b,c,a;Górski
et al. 1996;Wright et al. 1996a),a hostof experimentshave measuredthe�ner scaleanisotropy (Benoitet al. 2003;
Graingeet al. 2003;Pearsonetal. 2002;Ruhlet al. 2003;Kuoet al. 2002;Dawsonet al. 2001;Halversonetal. 2002;
Hanany et al. 2000;Leitch et al. 2000;Wilson et al. 2000;Padinet al. 2001;Romeoet al. 2001;Harrisonet al. 2000;
Petersonet al. 2000;Baker et al. 1999;Cobleet al. 1999;Dicker et al. 1999;Miller et al. 1999;de Oliverira-Costa
et al. 1998;Chenget al. 1997;Hancocket al. 1997;Netter�eld et al. 1997;Piccirillo et al. 1997;Tucker et al. 1997;
Gundersenet al. 1995;de Bernardiset al. 1994;Gangaet al. 1993;Myers et al. 1993;Tucker et al. 1993). As a
resultof thesetremendousefforts, the �rst acousticpeakof theanisotropy power spectrumhasbeenunambiguously
detected(Knox & Page2000;Mauskopf et al. 2000;Miller et al. 1999)andCMB observationshaveplacedimportant
constraintson cosmologicalmodels.Recently, Kovacet al. (2002)reportedthe �rst detectionof CMB polarization
arisingfrom the anisotropicscatteringof CMB photonsat decoupling,usheringin a new eraof CMB polarization
measurements.

The WMAP missionwas designedto advanceobservationalcosmologyby making full sky CMB mapswith
accuracy, precision,andreliability, asdescribedby Bennettet al. (2003a).The instrumentobservesthe temperature
differencebetweentwo directions(asdid COBE) usingtwo nearlyidenticalsetsof optics(Pageetal. 2003c,a).These
opticsfocusradiationinto horns(Barnesetal.2002)thatfeeddifferentialmicrowaveradiometers(Jarosiketal.2003a).
We producefull sky mapsin � ve frequency bandsfrom theradiometerdataof temperaturedifferencesmeasuredover
thefull sky. A CMB mapis themostcompactrepresentationof CMB anisotropy without lossof information.

In this paperwe presentthemaps,their properties,anda synopsisof thebasicresultsof the �rst-year of obser-
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vations.In §2wegiveabrief overview of theWMAP mission.In §3wesummarizethedataanalysis,calibration,and
systematicerrorsof theexperiment,which arediscussedin muchgreaterdetail in thecompanionpapersby Hinshaw
etal. (2003a),Pageetal. (2003a),Jarosiket al. (2003b),andBarnesetal. (2003).In §4wepresentthemapsandtheir
samplingproperties,andwe comparetheWMAP andCOBEmaps.In §5 we summarizetheforegroundanalysesof
Bennettetal. (2003a).In §6weestablishtheGaussiannatureof theWMAP anisotropy, determinedin thecompanion
paperof Komatsuet al. (2003). In §7 we presentthe dipole andquadrupolemomentsandsummarizeanalysesof
the angularpower spectrum(Hinshaw et al. 2003b;Verdeet al. 2003). In §8 we highlight the WMAP polarization
results,includinga detectionof thereionizationof theuniverse(Kogutet al. 2003). In §9we summarizesomeof the
cosmologicalimplicationsof theWMAP results(Pageet al. 2003c;Spergelet al. 2003;Peiriset al. 2003).Finally, in
§10we discusstheavailability of theWMAP dataproducts.

2. OBSERVATIONS

The840kg WMAP ObservatorywaslaunchedaboardaDeltaII 7425-10rocket(Deltalaunchnumber286)on30
June2001at3:46:46.183EDT from CapeCanaveral.WMAP executedthreephasingloopsin theEarth-Moonsystem
beforea lunar-gravity-assistswing-by, amonthafterlaunch,catapultedWMAP to anorbit aboutthesecondLagrange
point of the Sun-Earthsystem,L2. Station-keepingis performedapproximatelyfour timesper yearto maintainthe
Observatoryin a Lissajousorbit abouttheL2 point with theEarth-WMAP vectorwithin about � 1 � - 10� of theSun-
Earthvector. Thephasingloop maneuversandstation-keepingareexecutedusingtheWMAP propulsionsystemof
blow-down hydrazineandeightthrusters.

Thecentraldesignphilosophyof theWMAP missionwasto minimizesourcesof systematicmeasurementerrors
(Bennettet al. 2003a).TheCOBEmissionprovedtheeffectivenessof a differentialdesignin minimizing systematic
errors.Therefore,theWMAP instrumentwasdesignedwith aback-to-backopticalsystemwith 1.4m � 1.6m primary
re�ectors to provide for differentialmeasurementsof thesky. Theprimaryandsecondaryre�ectors direct radiation
into two focalplanes,with tenfeedhornsin each,asdescribedby Pageetal. (2003c).

Thebeamshave a gainpattern,G, which is neithersymmetricnor Gaussian.We de�ne thebeamsolid angleas
�

G( 	 )
�

Gmax d 	 . Thebeamsizecanbe expressedasthesquareroot of thebeamsolid angles,giving 0.22� , 0.35� ,
0.51� , 0.66� , and0.88� for W-bandthoughK-band,respectively. Alternately, thebeamscanbeexpressedin termsof
a full-width at half-maximum(FWHM) for eachband,givenin Table1. Detailedanalysesof theWMAP beamsare
discussedby Pageetal. (2003a,c).

Thefeedhornsareattachedto orthomodetransducers(OMTs) thatsplit thepolarizationof the incomingsignal
into a differentialcorrelationradiometersystemwith High ElectronMobility Transistor(HEMT) ampli�ers. There
areten“dif ferencingassemblies”eachconsistingof two “radiometers”with two “channels”each(Jarosiketal. 2003a;
Bennettetal. 2003a).Therearefour W-band( � 94GHz), two V-band( � 61GHz), two Q-band( � 41GHz),oneKa-
band( � 33GHz),andoneK-band( � 23GHz)differencingassemblies.Weusuallyreferto thesebandsby thegeneric
designationsK, Ka, Q, V, andW becausetherearemultiple radiometersin eachband,whoseprecisefrequenciesare
not identical.Also, theeffectivefrequency of a radiometerdependson thespectrumof theemissionit detects.Precise
frequenciesfor the radiometersfor a CMB anisotropy spectrumaregivenby Jarosiket al. (2003a).Polynomialsare
given to determinethe effective frequency of the radiometersdependingon the emissionfrequency spectrum.See
Table1 for a summaryof radiometerproperties.
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Table1. ApproximateObservationalPropertiesby Band

Item K-Band Ka-Band Q-Band V-Band W-Band

Wavelength,� (mm) 13 9.1 7.3 4.9 3.2
Frequency, � (GHz) 22.8 33.0 40.7 60.8 93.5
Ant./therm.conversionfactor, � T

�

� TA 1.014 1.029 1.044 1.100 1.251
Noise, � 0 (mK) � = � 0N- 1� 2

obs 1.424 1.449 2.211 3.112 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

Category K-Band Ka-Band Q-Band V-Band W-Band

Rejectedor Lost Data

LostData(%) 0.27 0.27 0.27 0.27 0.27
Spacecraftthermalchange(%) 0.87 0.87 0.87 0.87 0.87
Gainor baselinestep(%) 0.00 0.13 0.12 0.00 0.22

—— —— —— —— ——
TotalLost or BadData(%) 1.04 1.27 1.26 1.14 1.36

DataNot Usedin Maps

Planet�ag (%) 0.11 0.11 0.11 0.11 0.11
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Undesirable1
�

f noiseis minimizedby thedesignof theWMAP radiometers(Jarosiketal. 2003a).All radiome-
tershave 1

�

f kneesbelow 50 mHz; 18 of 20 arebelow 10 mHz; and10 of the 20 arebelow 1 mHz Jarosiket al.
(2003b). (The1

�

f kneeis de�ned asthe frequency wherethenoisepower spectraldensityis � 2 timeshigherthan
its high frequency value.) Jarosiket al. (2003a)demonstratethatall radiometeroutputshave Gaussiannoise,which
“integratesdown” with timeasexpected.

Theradiometersarepassively cooledto � 90K with nomechanicalrefrigerators.In addition,noactively cycling
heaterswerepermittedanywhereon theWMAP spacecraft.Thesedesignfeatureshelpedto ensurea mechanically,
thermally, andelectronicallyquietplatformthatminimizesthedriving forcesof systematicmeasurementerrors.

In addition to the differentialdesign,the COBE missionalso demonstratedthe importanceof scanninglarge
areasof the sky in a shortperiodof time with a complex scanpattern. WMAP follows the COBE examplewith a
three-axis(threereactionwheel)control systemthatmaintainstheObservatory in a nearlyconstantsurvey modeof
operations.(The Observatory is in constantsurvey mode,except for only � 1 hr for eachof � 4 station-keeping
maneuversperyear.) In survey mode,theoptical boresightsweepsout a complex patternon thesky (Bennettet al.
2003a).Approximately30%of thesky is observedeachhour. TheObservatoryspinsat 0.464rpm ( � 7.57mHz)and
precessesat 1 rev hr- 1 ( � 0.3mHz).

Six monthsarerequiredfor L2 to orbit half wayaroundtheSun,allowing for full sky coverage.Theobservations
presentedin this andcompanionpapersincludea full orbit abouttheSun,thuscontainingtwo setsof full sky obser-
vations.By 10 August2001,WMAP wassuf�ciently stablein its L2 orbit for CMB data-takingto commence.One
yearof observations,completedon 9 August2002,wereanalyzed.Datatakenbeyondthis datewill bethesubjectof
futureanalyses.

3. DATA PROCESSING,CALIBRA TION, & SYSTEMATIC ERRORS

Time-orderedtelemetrydatafrom theObservatoryaredown-linkedvia NASA's DeepSpaceNetwork (DSN) to
theWMAP ScienceandMissionOperationsCenter(SMOC)at theGoddardSpaceFlight Center. Thedataarethen
transferredto theWMAP ScienceTeamfor analysis.All of theinstrumentdataaredown-linkedto thegroundwithout
any on-board�ight dataprocessing,thusallowing full insightinto potentialsystematiceffects.

Only a fractionof a percentof datawaslost in the �o w from theObservatory to the SMOC.About 1% of the
receiveddatawerenotuseddueto systematicerrorconcerns(e.g.,datatakenduringnearstation-keepingmaneuvers).
Of the � 99%gooddata,theprocessingpipeline�agged observationswherebright planetswerein thebeamssothat
thesedatawould notusedbeusedin makingmaps.Thestatisticson lost,bad,and�agged dataaregivenin Table2.

An overview of the data�o w is shown in Figure 1. The heartof the dataanalysisefforts centeron studies
of systematicmeasurementerrors(Hinshaw et al. 2003b). Componentsof spurioussignalsat the spin period are
the mostdif�cult to distinguishfrom true sky signals. The Observatory wasdesignedto minimize all thermaland
voltagevariationsandall susceptibilitiesto thesevariations,especiallyat thespinperiod,asdiscussedin §2 andby
Bennettet al. (2003a).In addition,high precisiontemperaturemonitorson theObservatoryprovide thedataneeded
to verify thatsystematicerrorsfrom thermalvariationsarenegligible. Jarosiket al. (2003b)reportthatin-�ight spin-
synchronouseffectsfrom theradiometersare � 0 � 17 � K rmsin thetime-ordered-data(TOD), basedon �ight thermal
variationsmultipliedby upperlimits oncomponentsusceptibilitiesmeasuredin groundtesting.Analysisof �ight data
without useof characterizationsderivedfrom ground-basedtestinggive � 0 � 14 � K rmsfrom all sources(not just the
radiometers).This is a factorof � 50 timessmallerthantherequirementthatwassetin themission'ssystematicerror
budget.Thus,nocorrectionsto the�r st yearWMAP dataare requiredfor spin-synchronoussystematicerrors.
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Fig. 1.— An overview of theWMAP data�o w. Thereferencesare:(1) Barnesetal. (2003)(2) Bennettet al. (2003b)
(3) Bennettet al. (2003c)(4) Hinshaw et al. (2003b)(5) Hinshaw et al. (2003a)(6) Jarosiket al. (2003b)(7) Kogut
et al. (2003)(8) Komatsuet al. (2003)(9) Pageet al. (2003a)(10) Pageet al. (2003b)(11) Peiriset al. (2003)(12)
Verdeet al. (2003).
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Thecoreof theprocessingpipelinecalibratesthedataandconvertsthedifferentialtemperaturesinto maps.The
dataare calibratedbasedon the Earth-velocity modulationof the CMB dipole. A gain model of the radiometers
wasderived and�t by Jarosiket al. (2003b). The model is basedon the constancy of the dipole signalon the sky,
themeasuredphysicaltemperatureof thefront-endradiometercomponents,andon the time-averagedRF-bias(total
power) of the radiometeroutputs. This relatively simplemodelcloselymatchesthe gainsderived from the hourly
measurementsof theamplitudeof thedipoleandis usedin WMAP dataprocessing.Calibrationis achievedwithin
0.5%accuracy, dominatedby thestatisticaluncertaintyin theabsolutecalibration.

Low levels of 1
�

f noisecreatestripesin the mapsthat affect the angularpower spectrumandotherstatistics
derivedfrom themaps.A pre-whitening�lter is appliedto theTOD to minimize theseartifacts.An estimateof the
magnitudeof thestripingis givenin Hinshaw etal. (2003b)for themaps,andby Hinshaw etal. (2003a)for thepower
spectrum.

The differential temperaturedataare formed into mapsbasedon the techniqueintroducedby Wright et al.
(1996b). HEALPix11 is usedto de�ne mappixels on the sky in Galacticcoordinates.Variouslevels of resolution
arespeci�ed by a “resolutionlevel” with an integer (r = 0 � 1 � 2 � � � � ). With Nside = 2r , thenumberof pixels in themap
is Npix = 12N2

side. Theareaperpixel is 	 pix = 4�

�

Npix andtheseparationbetweenpixel centersis � pix = 	

1� 2
pix . For ex-

ample,HEALPix resolutionlevel r = 9 (usedin WMAP map-making)correspondswith Nside = 512,Npix = 3145728,
	 pix = 3 � 99 � 10- 6 sr, and � pix = 0.� 115= 6 � 87arc-min.

WMAP observesthesky convolvedwith thebeampattern.This is equivalentto thethespatialtransformof the
sky multipliedby theinstrument's “window function.” Thebeampatternsaremeasuredin-�ight from observationsof
Jupiter(Pageetal.2003a).Uncertaintiesin ourknowledgeof thebeampattern,althoughsmall,areasigni�cant source
of uncertaintyfor WMAP sincethey imply imperfectknowledgeof thewindow function.A smalldifferencebetween
the A-side andB-sideoptical losseswasderivedbasedon dipole observationsandcorrectedin the processing.Far
sidelobesof thebeampatterns,determinedby groundmeasurementsandin-�ight usingtheMoon,havebeencarefully
examined(Barneset al. 2003). A small far-sidelobecorrectionis appliedonly to theK-bandmap. We now describe
themaps.

4. THE MAPS

We combinethe radiometerresultswithin eachband and presentthe � ve full sky mapsat effective CMB
anisotropy frequencies23,33,41,61,and94GHzin Figures2a,2b,2c,2d,2e.Themapsareshown in theMollweide
projectionin unitsof CMB thermodynamictemperature.Thenumberof independentobservationsthatcontributeto
eachpixel form thesky patternin Figure3. Figure4 providesanoverallguideto someof themoreprominentfeatures
of themapsaswell aspointsourcesdetectedby WMAP, asdescribedby Bennettet al. (2003b).

Figure5 shows the K-bandandKa-bandmaps,with the Ka-bandmapsmoothedto K-bandresolution. Note
boththesigni�cant decreasein Galacticsignalfrom K-bandto Ka-bandandthehigh Galacticlatitudesimilaritiesof
the CMB betweenthe maps. Likewise, Figure6 shows the Q-band,V-band,andW-bandmapswith the latter two
smoothedto Q-bandresolution.HigherGalacticcontaminationin Q-bandis apparent.BothFigures5 and6 highlight
theconsistency of thehigh GalacticlatitudeCMB anisotropy patternfrom bandto band.

Comparisonsof databetweenWMAP radiometers,andbetweenWMAP andCOBE, areimportantindicatorsof
systematicerror levels. Figure7 illustratestheenormousimprovementin angularresolutionfrom COBEto WMAP.

11http://www.eso.org/science/healpix/
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Fig. 2a.—WMAP K-bandsky mapin Mollweideprojectionin Galacticcoordinates.
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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.



– 12–

Fig. 2e.—WMAP W-bandsky mapin Mollweideprojectionin Galacticcoordinates.
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Fig. 3.— The numberof independentobservationsper pixel in Galacticcoordinates.The numberof observations
is greatestat theecliptic polesandin ringsaroundtheecliptic poleswith diameterscorrespondingto theseparation
angleof thetwo opticalboresightdirections(approximately141� ). Theobservationsarethemostsparsein theecliptic
plane. Small areacutsareapparentwhereMars,Saturn,Jupiter, Uranus,andNeptunedataaremaskedsoasnot to
contaminateCMB analyses.Jupiterdataareusedfor beammapping.Thehistogramof thesky samplingshows the
departuresfrom uniformsky coverage.
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Fig. 4.—A guideto themicrowavesky for reference.Thispictureshowsthelarge-scaleemissionfrom theMilk y Way
galaxy, includingsomeof its notablecomponentssuchastheCygnuscomplex, theNorthPolarSpur, theGumregion,
etc. Thesmallcirclesshow positionsof themicrowavepoint sourcesdetectedby WMAP (Bennettet al. 2003c).The
brightersourcesarelabeledfor reference.



– 15–

Fig. 5.— A comparisonof theK-bandmapwith theKa-bandmapsmoothedto K-bandresolution,bothin thermody-
namictemperature,showsthedramaticreductionof Galacticcontaminationwith increasedfrequency. Thecomparison
alsoshowsthesimilarity of theCMB �uctuation featuresat highGalacticlatitude.
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Fig. 6.— A comparisonof theQ-band,V-band,andW-bandmaps.All threemapsaresmoothedto Q-bandresolu-
tion andarein thermodynamictemperature.Thereductionof Galacticcontaminationrelative to K-bandandKa-band
(Figure5) is apparent.Themapsshow thattheconstantfeaturesacrossbandsareCMB anisotropy while thethermo-
dynamictemperatureof theforegroundsdependson theband(frequency).
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Fig. 7.— A comparisonof theCOBE53 GHz map(Bennettet al. 1996)with theW-bandWMAP map.TheWMAP
maphas30 times�ner resolutionthantheCOBEmap.
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Featuresin themapsappearto begenerallyconsistent,but theconsistency is betteraddressedby amoredirectcompar-
ison.To dothiswetakeacombinationof theWMAP Q-bandandV-bandmapsandsmoothit to mimic aCOBE-DMR
53 GHz map(seeFigure8). We thenexaminethedifferencebetweentheCOBEandWMAP pseudo-map.Figure9
shows the differencemapalongwith a simulatedmapof the noise. With the exceptionof a featurein the Galactic
plane,theagreementis clearlyat thenoiselevel. TheGalacticplanefeatureis likely to bearesultof thespectralindex
uncertaintyof combiningtheQ-bandandV-bandmapsto makea 53GHzequivalentmap.

5. FOREGROUND ANALYSES

An understandingof diffuseGalacticemissionandextragalacticpoint sourcesis necessaryfor CMB analyses.
The WMAP missioncarriesradiometersat � ve frequenciesfor thepurposeof separatingtheCMB anisotropy from
foregroundemissionbasedon their differentspectra.Figure10 illustratesthespectraldifferencebetweentheCMB
andforegrounds.TheWMAP bandswereselectedto benearthefrequency wheretheratioof theCMB anisotropy to
thecontaminatingforegroundis ata maximum.

5.1. Masks

For CMB analysesit is necessaryto maskout regionsof bright foregroundemission. Bennettet al. (2003c)
presenta recipefor foregroundmasksbasedon K-bandtemperaturelevels. Sinceforegroundcontaminationis most
severein K-band, it is usedasthe besttracerof contamination.The contaminationmorphologyis similar enough
acrossall � ve WMAP bandsthat masksbasedon the temperaturelevels in other bandswould be redundantand
unnecessary. Standardnamesaregiven for the masklevels. For example,the Kp0 maskcuts21.4%of sky pixels
while theKp2 maskcuts13.1%. SeeBennettet al. (2003c)for furtherdetail. An extragalacticpoint sourcemaskis
alsoconstructedbasedonselectionsfrom sourcecatalogs.An additional2% of pixelsaremaskeddueto these� 700
sources.

5.2. Diffuse Galactic emission

Beyond theuseof masks,onetechniquefor reducingthe level of foregroundcontaminationis to form a linear
combinationof themultifrequency WMAP datathat retainsunity responsefor only theemissioncomponentwith a
CMB spectrum.This techniquewasintroducedfor COBEby Bennettet al. (1992). With � ve WMAP bandsinstead
of thethreeon COBE, andwith a somewhatmoreelaborateapproachfor WMAP, Bennettet al. (2003c)arriveat the
internal(WMAP dataonly) linearcombinationmapseenin Figure11 of this paper. Theforegroundsareremovedto
a remarkabledegree;however, thestatisticsof this internallinearcombinationmaparecomplex andinappropriatefor
mostCMB analyses.

Below, weusethenotationconventionthat�ux densityis S � �

�

andantennatemperatureis TA � �

�

, wherethe
spectralindicesarerelatedby � = � - 2. In general,theCMB is expressedin termsof thermodynamictemperature,
while Galacticand extragalacticforegroundsare expressedin antennatemperature.Thermodynamictemperature
differencesaregiven by � T = � TA[(ex - 1)2

�

x2ex], wherex = h�

�

kT0, h is thePlanckconstant,� is frequency, k is
theBoltzmannconstant,andT0 = 2 � 725K is theCMB temperature(Matheret al. 1999). Valuesof � T

�

� TA for the
WMAP bandsaregivenby Jarosiket al. (2003b)andcanbefoundin Table1.

Bennettet al. (2003c)identify the amplitudesandspectralindicesof the individual emissioncomponents.A
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Fig. 8.— TheCOBE-DMR 53 GHz map(Bennettet al. 1996)is shown alongwith a mapmadewith a linearcombi-
nationof theQ-bandandV-bandWMAP mapsto mimic a53GHzmap.Notethestrongsimilarity of themaps.
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Fig. 9.— Thedifferencemapis shown betweentheCOBE-DMR 53 GHz mapandthecombinationQ-band/V-band
mapsfrom Figure8. This is comparedwith a mapof thenoiselevel. Themapsareconsistentwith oneanotherwith
theexceptionof afeaturein thegalaticplane.Thisdiscrepancy is likely to bedueto aspectralindex thatis suf�ciently
differentfrom theassumedCMB spectrumusedto combinetheWMAP Q-bandandV-bandmapsto mimic a53GHz
map.
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Fig. 10.—Falsecolor imagesrepresentthespectralinformationfrom mutliple WMAP bands.Q-bandis red,V-band
is green,andW-bandis blue. A CMB thermodynamicspectrumis grey. (top) A threecolor combinationimagefrom
the Q-, V-, andW-bandmaps. The dipole andhigh Galacticlatitudeanisotropy areseen. (bottom) A similar false
color imagebut with thedipolesubtracted.
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Fig. 11.— This “internal linearcombination”mapcombinesthe � ve bandmapsin suchasway asto maintainunity
responseto the CMB while minimizing foregroundforegroundcontamination.For a moredetaileddescriptionsee
Bennettet al. (2003c). For the region that coversthe full sky outsideof the inner Galacticplane,the weightsare
0 � 109� - 0 � 684� - 0 � 096� 1 � 921 � - 0 � 250for K, Ka, Q, V, andW bands,respectively. Notethatthereis achancealignment
of a particularlywarmfeatureanda cool featureneartheGalacticplane.As discussedin Bennettet al. (2003c),the
noisepropertiesof thismaparecomplex, soit shouldnotgenerallybeusedfor cosmologicalanalyses.



– 23–

maximumentropy method(MEM) approachis adoptedwherepriorsareusedfor componentamplitudesandspectral
indices,exceptfor free-freeemission,which hasa �x edspectralindex ( � = - 2 � 15 in theWMAP bands).An iterative
�t is performed,wherethe pixel-by-pixel amplitudesareupdatedin accordancewith the MEM residualsuntil low
( � 1%) residualsareachieved.Theprocessresultsin a mapof eachemissioncomponentfor eachof the� ve WMAP
bands.Thederivedmapsof thermalemissionfrom dustgivea uniformspectralindex acrossthesky of � d

� 2 � 2. The
derivedmapof free-freeemissionis reasonablegiventheamplitudeandmorphologyof H � measurements.Theother
radiocomponent�t shouldincludethecombinedemissionof synchrotronandspinningdust.It showsthesynchrotron
spectrumsteepeningwith increasingfrequency, aswould beexpectedfor a spectralbreakdueto synchrotronlosses
at � 20 GHz. Thereis no indicationof thelesssteepor �attening spectralindex thatwould resultfrom spinningdust
emission.Thespinningdustemissionis limited to � 5% of thetotal Ka-bandforeground.Reportsof dust-correlated
microwaveemissionfrom COBEdataanalysesareunderstoodasanadmixtureof thefractionof synchrotronemission
(with �

� - 3) thatis tracedby adusttemplate,andthermaldustemission( �

� 2 � 2), giving acombinedspectralindex
of �

� - 2 � 2 betweentheWMAP Ka-bandandV-band,approximatingtheCOBE31GHz and53GHz bands.

While the MEM methodis useful for understandingthe natureof the foregroundemissioncomponents,these
resultscan not be directly usedin CMB analysesdue to the complex noisepropertiesthat result from the MEM
processandits simultaneoususeof multifrequency maps. This is becausethe multifrequency mapsaresmoothed,
differentweightsareusedin differentregionsof the sky andtheseweightsaresmoothed,all of which complicates
thenoisecorrelations.For theCMB analyseswe usea maskto excludepixelswheretheGalacticemissionis strong,
combinedwith template�tting (usingexternaldataonly) wherethe foregroundscanbe adequatelycorrected.This
approachdoesnot complicatethenoisepropertiesof themaps.TheKp2 cut is usedfor all analysesexceptfor limits
onnon-Gaussianityandthetemperature-polarizationcorrelationfunction,wherethemoresevereKp0 cut is used.

Bennettet al. (2003c)describethe template�tting in detail. Thermaldustemissionhasbeenmappedover the
full sky in several infraredbands,mostnotablyby theCOBEandIRASmissions.A full sky templateis providedby
Schlegel et al. (1998),andis extrapolatedin frequency by Finkbeineret al. (1999).Themostlysynchrotronemission
mapof Haslamet al. (1981)at 408MHz is usedasa radio template.The free-freeionizedgasis tracedby theH �

mapassembledby Finkbeiner(2003)from theWisconsinH-AlphaMapper(WHAM), theVirginiaTechSpectral-Line
Survey (VTSS),andtheSouthernH-Alpha Sky Survey Atlas (SHASSA)(Dennisonet al. 1998;Haffner et al. 2002;
Reynoldset al. 2002;Gaustadet al. 2001). The Haslammapresolutionis not ashigh asthat of the WMAP maps,
andtheHaslammaphasartifactsfrom experimentaleffectssuchasstriping from spatialcalibrationvariations.The
stripingin theHaslammapis alongthesurvey scanlinesandwascorrectedto �rst orderby theapplicationof aWiener
�lter . (The�ltered versionof theHaslammapis publicly availableontheLAMBDA website.)Theremainingadverse
effectsof theHaslammaparemitigatedby two effects.First, thetemplate�t callsonly for asmallHaslamcorrelation
(see§6 of Bennettet al. (2003c)). Sincethe correctionis small, the error on the correctionis negligible. Second,
theforegroundcontaminationis mostsigni�cant only on thelargestangularscalessotheHaslamresolutionlimit and
small-scalemapartifactsarenot signi�cant sourcesof error. TheMEM solutiononly usestheHaslammapasa prior
andthespinningdustlimit only usesthefull sky medianof theHaslammap.Thusthespinningdustlimit is insensitive
to residualstripingin theHaslammap.

TheMEM resultsareusedto assessthedegreeof foregroundemissionremainingafterthetemplatesubtraction.
The result is � 7 � K rms at Q-bandand � 3 � K rms at both V-bandandat W-bandfor l � 15. This remaining
foregroundemissionconstitutes� 2%of theCMB variance(upto l = 200)in Q-band,and �

�

1%of theCMB variance
in V- andW-bands.Figures3 and4 of Hinshaw et al. (2003b)demonstratethat this small residualforegroundlevel
hasa negligible effecton thecosmologicalresults.
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5.3. Point sources

A searchwasmadefor pointsourcesin theWMAP data.A catalogof 208detectedsources(with 98%reliability)
is providedby Bennettet al. (2003c). Statistically, � ve sourcesareexpectedto be falsedetections.Five of the208
sourcesdo not have low frequency radiocounterparts;thesesourcesarelikely to bethefalsedetections.We include

� 700 sourcesin our mask,despitehaving only detected� 200 sourcesat the 5� level, becausesourcesbelow this
detectionlevel still contributean undesirablestatisticalcontaminationto the maps. Even beyond maskingthe 700
sources,westill needtomakeastatisticalcorrectionto thepowerspectrumfor residualsourcecontamination(Hinshaw
etal. 2003b).Thederivedsourcecountsgiveapowerspectrumlevel of Csrc = (15 � 3) � 10- 3

� K2sratQ-band.This is
consistentwith thelevel foundin thebispectrumanalysisof themaps(Komatsuetal. 2003)andthelevel foundin �ts
to themappower spectra(Hinshaw et al. 2003b).We have con�dencethat thepoint sourcelevel is understoodsince
it is independentlyderivedusingthreedifferentmethods.

5.4. Sunyaev-Zeldovich (SZ) effect

Hot gasin clustersof galaxiesimpartsenergy to the CMB photons,causinga temperaturedecrementin the
WMAP bands(theSunyaev-Zeldovich Effect). TheComaclusteris expectedto have themostpronouncedsignature.
For thehighestresolutionmaps,Bennettet al. (2003c)get - 0 � 34 � 0 � 18 mK in W-bandand- 0 � 24 � 0 � 18 mK in V-
bandin thedirectionof Coma.Useof theXBACScatalogof X-ray clustersasatemplateresultsin - 0 � 36 � 0 � 14.This
veri�es that theSunyaev-Zeldovich Effect is barelydetectablein evena matchedsearchof theWMAP sky mapsand
thereforeit is nota signi�cant “contaminant”to theWMAP data.

6. LIMITS ON NON-GAUSSIANITY

Mapsof thesky arethemostcompleteandcompactrepresentationof theCMB anisotropy. Cosmologicalanalyses
arebasedonstatisticalpropertiesof themapswith thepowerspectrumasoneof themostcommonlyderivedstatistics.
Thepower spectrumis a completerepresentationof thedataonly if theCMB anisotropy is Gaussian.Also, themost
commoncosmologicalmodelspredictthattheCMB anisotropy shouldbeconsistentwith a Gaussianrandom�eld (at
leastat levels that arecurrentlypossibleto measure).Therefore,we testthe Gaussianityof the anisotropy, both to
interpretthepowerspectrum(andotherstatisticalderivativesof themaps)andto testcosmologicalparadigms.

Thereis nosinglebesttestfor Gaussianity. Speci�c testscanbemoreor lesssensitiveto differentassumedforms
of non-Gaussianity. Komatsuet al. (2003), in a companionpaper, searchfor non-Gaussianityin the WMAP CMB
anisotropy mapsusingMinkowski functionalsandabispectrumestimator.

Minkowski functionals(Minkowski 1903; Gott et al. 1990) quantify topologicalaspectsof the CMB maps.
Anisotropy is examinedvia contoursat differenttemperaturelevels, andthe numberandareasof regionsenclosed
by thesecontoursarecomputed.ThreeMinkowski functionalsare the arearepresentedby hot andcold spots,the
contourlengtharoundtheseareas,andthedifferencebetweenthenumberof theseareas(the“genus”).

It is widely believed that the CMB anisotropy arisesfrom Gaussianlinear �uctuations in the gravitational po-
tential. Komatsu& Spergel (2001) suggestthat non-Gaussiananisotropy be consideredin termsof the curvature
perturbation.Thesimplestexpressionfor theoverallprimordialgravitationalcurvatureperturbation,

�

(x), is asumof
a linear

�

L(x) andweaknonlinearcomponents:
�

(x) =
�

L(x)+ fNL[
� 2

L(x) - �

�

L(x) �

2] where
�

L is thelinearGaussian
portionof thecurvatureperturbationand fNL is anonlinearcouplingconstant.Then, fNL = 0 correspondsto thepurely
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linearGaussiancase.SincetheCMB bispectrummeasuresthephasecorrelationsof theanisotropy, it canbeusedto
solve for fNL. TheMinkowski functionalresultscanalsobeexpressedin termsof fNL.

For theMinkowski functionals,Komatsuet al. (2003)�nd fNL
� 139(95%CL). Fromthebispectrum,Komatsu

etal. (2003)�nd - 58 � fNL
� 134(95%CL). Thetwo resultsareconsistent.TheCMB anisotropy is thusdemonstrated

to follow Gaussianstatistics.This is a signi�cant resultfor modelsof theearlyuniverse.It alsomeansthatwe can
constructandinterpretCMB statistics(e.g.theangularpowerspectrum)from themapsin astraightforwardmanner.

7. MULTIPOLES

Thetemperatureanisotropy, T(n), is naturallyexpandedin asphericalharmonicbasis,Ylm, as

T(n) = �

l � m

almYlm(n) � (1)

Theangularpowerspectrum,Cl , is acosmologicalensembleaveragegivenby

Cl = ��� alm �

2
� (2)

andis observedfor ouractualsky as

Csky
l =

1
2l +1

�

m

� alm �

2
� (3)

Assumingrandomphases,the temperatureanisotropy for eachmultipole moment, � Tl , canbe associatedwith the
angularspectrum,Cl , as

� Tl = � Csky
l l (l +1)

�

2�

� (4)

Thecorrelationfunctionis

C( � ) =
1

4�

�

l

+l

�

m=- l

Cl Pl (cos � ) (5)

=
1

4�

�

l

(2l +1)Cl Pl (cos � ) (6)

wherePl is theLegendrepolynomialor orderl .

In practice,aninstrumentaddsnoiseandspatially�lters thesky signaldueto thebeampatternandany otherex-
perimentallimitationsonthesamplingof all angularscales.Theexperimentaltransferfunction,bl , for eachmultipole
momentdependsuponthespeci�c beampatternof theexperiment.WMAP samplesall angularscaleslimited only by
thebeampattern.Thewindow functionfor thesignalpowerbetweenchannelsi and j is

wi j
l = bi

lb
j
l p2

l � (7)

wherep2
l is thepixel window function.Theangularpowerspectrumthenbecomes

Cl = Ci j
l bi

lb
j
l p2

l +Ni
l �

i j (8)

whereNi
l is the power spectrumnoisethat resultsfrom the instrumentnoise,which is assumedto be uncorrelated

betweenchannelsi and j.
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Notethatanauto-powerspectrumhastwicethenoisevarianceasacross-powerspectrumwith thecorresponding

noisein eachmap. This follows from thepropertyof Gaussiannoisethat � Ni 2
l N j 2

l �

= 2 � Ni 2
l �

2
�

i j + � Ni 2
l �

� N j 2
l �

,

with � Ni
l N

j
l �

2
= � Ni 2

l �

2
�

i j , and � Ni 4
l �

= 3 � Ni 2
l �

2
.

Theuseof asky maskfor foregroundsuppressionbreakstheorthogonalityof thesphericalharmonicson thesky
andleadsto modecoupling.Hinshaw et al. (2003b)discusshow WMAP handlesthis,andothercomplexities.

7.1. l = 1 dipole

COBEdeterminedthedipoleamplitudeis 3 � 353 � 0 � 024mK in thedirection(l � b) = (264� 26� � 0 � 33� � 48� 22� �

0 � 13� ), wherel is Galacticlongitudeandb is Galacticlatitude(Bennettet al. 1996).This dipolewassubtractedfrom
theWMAP dataduringprocessing.Examinationof theWMAP mapsallow for thedeterminationof a residualdipole,
andthusanimprovementover theCOBEvalue.Notethatthis doesnothaveany effect onWMAP calibration,which
is basedon theEarth'svelocitymodulationof thedipole,andnoton thedipoleitself. TheWMAP -determineddipole
is 3 � 346 � 0 � 017mK in thedirection(l , b)= (263.� 85 � 0.� 1, 48.� 25 � 0.� 04). Theuncertaintyof thedipoleamplitudeis
limited by theWMAP 0.5%calibrationuncertainty, whichwill improvewith time.

7.2. l = 2 quadrupole

The quadrupoleis the l = 2 term of thespectrum� T2
l = l(l +1)Cl

�

2� , i.e. � T2
l=2 = (3

�

� )Cl=2. Alternately, the
quadrupoleamplitudecanbe expressedasQrms = � (5

�

4� ) Cl=2 = � 5
�

12 � Tl=2. The 4-yearCOBE quadrupoleis
Qrms= 10+7

- 4 � K with thepeakof thelikelihoodin therange6 � 9 � K � Qrms
� 10 � K, asshown in Figure1 of Hinshaw

et al. (1996a).

The WMAP quadrupole,Qrms = 8 � 2 � K or � T2
2 = 154 � 70 � K2, is consistentwith COBE but with tighter

limits becauseof bettermeasurementsand understandingof foregrounds. We determinethe quadrupolevalue by
computingthepowerspectrumof theinternallinearcombinationmapandindividualchannelmaps,with andwithout
foregroundcorrections,for a rangeof Galacticcuts. The�nal l = 2 valuecorrespondsto a full sky estimatewith an
uncertaintythatencompassesa rangeof foreground-maskedor foreground-correctedsolutions."Theforegroundlevel
is still the leadinguncertainty. (Thesmallkinematicquadrupoleis not removedfrom themapsnor accountedfor in
this analysis.)Thequadrupolevalueis low comparedwith valuespredictedby � CDM modelsthat �t therestof the
power spectrum.� CDM models,in particular, tendto predictrelatively high quadrupolevaluesdueto theenhanced,

� -driven,integratedSachs-Wolfe effect.

7.3. n-poles

A centralpartof the taskof computingmultipole informationfrom themapsis theevaluationandpropagation
of errorsanduncertainties.This largely involvesarriving at anadequaterepresentationof theFishermatrix,which is
theinversecovariancematrix of thedata.TheFishermatrix musttake into accountmode-couplingfrom thesky cut,
beam(window function)uncertainties,andnoiseproperties.The fact that theWMAP datausea nearlyazimuthally
symmetriccut,andhaveanearlydiagonalpixel-pixelcovariance,greatlysimpli�es theevaluationof theFishermatrix.

Two approachesto computingtheangularpowerspectrumhavebeenusedby Hinshaw etal. (2003b):aquadratic
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estimationbasedonHivonet al. (2002);andamaximumlikelihoodestimatebasedonOhet al. (1999).Thequadratic
estimatoris usedin the�nal WMAP spectrumanalyses,while themaximumlikelihoodtechniqueis usedasa cross-
check.

The K-bandandKa-bandbeamsizesare large enoughthat thesebandsarenot usedfor CMB analysissince
they have themostforegroundcontaminationandprobethe region in l -spacethat is cosmicvariancelimited by the
measurementsat theotherbands.Thesebandsareinvaluable,however, asmonitorsof Galacticemission.The two
Q-band,two V-band,andfour W-banddifferencingassembliesarethesourceof theprimeCMB data.Thematrix of
auto-andcross-correlationsbetweentheeightQ-, V-, andW-banddifferencingassemblieshaseightdiagonal(auto-
correlations)and28 uniqueoff-diagonalelements(cross-correlations).Sinceauto-correlationsaredif�cult to assess
dueto thenoisebias(seeequation8), we includedonly the28uniqueoff-diagonal(cross-correlations)in theWMAP
power spectrumanalysis. In droppingthe auto-correlations,eachof which hastwice the noisevarianceof a cross-
correlation,we loseonly 1- � 56

�

(56+8) = 6% of the ideally achievablesignal-to-noiseratio. In Hinshaw et al.
(2003b),we show that the power spectrumcomputedfrom the auto-correlationdatais consistentwith the angular
powerspectrumfrom thecross-correlationdata.We anticipateusingtheauto-correlationdatain futureanalyses.

The cross-power spectrumfrom the28 pairsis consideredin four l ranges.For l � 100 we useuniform pixel
weightingof only V- andW-banddata.This reducestheGalacticcontaminationwheremeasurementerrorsarewell
below thecosmicvariance.For 100 � l � 200weuseuniformpixelweightingof thecombined28pairs.For 200 � l �

450all 28cross-powerpairsareusedwith a transitionalpixel weighting.Thetransitionalpixel weighting,de�nedand
discussedin detailin AppendixA of Hinshaw etal. (2003b),smoothlytransitionstheweightingfrom theuniformpixel
weightsin thesignal-dominatedl � 200multipoleregimeto inverse-noise-varianceweightingin thenoise-dominated
l � 450multipoleregime.For l � 450all 28pairsareusedwith inversenoiseweighting.OurMonteCarlosimulations
show thatthis approachis a nearlyoptimalscheme.

The angularpower spectrumis shown for the WMAP datain Figure12. The WMAP power spectrumagrees
closelywith COBEatthelargestangularscales,andwith CBI andACBAR atthe�ner angularscales.Wehighlightthe
CBI andACBAR resultsbecausethey area usefulcomplementto WMAP at thesmallerangularscales.Theacoustic
patternis obvious. Pageet al. (2003b)�nd thatthe�rst acousticpeakis � Tl = 74� 7 � 0 � 5 � K at l = 220� 1 � 0 � 8. The
troughfollowing this peakis 41� 0 � 0 � 5 � K at l = 411� 7 � 3 � 5 andthesecondpeakis 48� 8 � 0 � 9 � K at l = 546 � 10.

� CDM modelspredictenhancedlarge anglepower dueto the integratedSachs-Wolfe effect. The WMAP and
COBEdata,on theotherhand,have theoppositetrend. Thecon�ict is alsoseenclearly in thecorrelationfunction,
C( � ), shown in Figure13. TheWMAP correlationfunctionis computedusingtheKp0 cutonacombinationof theQ-
band,V-band,andW-bandmapswith theMEM Galacticmodelremoved.TheCOBEcorrelationfunctionis computed
on the “customcut” sky (Bennettet al. 1996). Thebest-�t � CDM modelis shown with a grey bandindicatingone
standarddeviationasdeterminedby MonteCarlosimulations.

The lower two plots in Figure13 display the correlationfunction of the differencebetweenthe COBE-DMR
andWMAP mapswith a � b � = 10� Galacticplanecut. A synthesisof the WMAP Q- andV-bandmapswasmade
to approximatea 53 GHz mapto comparewith the COBE-DMR 53 GHz map. The COBE-DMR 90 GHz mapis
compareddirectly, without corrections,to the WMAP W-bandmap. Theseplots emphasizethe consistency of the
WMAP andCOBE measurements.The slightly higher thanexpecteddeviationsat 53 GHz are likely to be dueto
Galacticcontamination,arisingfrom outsidethecut regionsandfrom theconstructionof thesynthesizedWMAP 53
GHz map.

The model is an excellent �t to the WMAP full power spectrumexcept,perhaps,at l �

� 6. Sinceonly a small
fractionof thetotal numberof measuredmultipolesareinvolved,thestatisticalcontribution of the l

�

� 6 pointsto the
overall power spectrum�t is small anddoesnot greatlydrive the overall best-�t model. The correlationfunction
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Fig. 12.—TheWMAP angularpower spectrum.(top:) TheWMAP temperature(TT) resultsareconsistentwith the
ACBAR andCBI measurements,asshown. TheTT angularpower spectrumis now highly constrained.Our best�t
runningindex � CDM modelis shown. Thegrey bandrepresentsthecosmicvarianceexpectedfor thatmodel. The
quadrupolehasa surprisinglylow amplitude.Also, thereareexcursionsfrom a smoothspectrum(e.g.,at

�

� 40 and
�

� 210)thatareonly slightly largerthanexpectedstatistically. While intriguing, they mayresultfrom acombination
of cosmicvariance,subdominantastrophysicalprocesses,andsmall effectsfrom approximationsmadefor this �rst
yeardataanalysis(Hinshaw et al. 2003b). We do not attachcosmologicalsigni�cance to themat present. More
integrationtime andmoredetailedanalysesareneeded.(bottom:) The temperature-polarization(TE) cross-power
spectrum,(l +1)Cl

�

2� . (Note that this is not multiplied by theadditionalfactorof l .) Thepeakin theTE spectrum
nearl � 300is outof phasewith theTT powerspectrum,aspredictedfor adiabaticinitial conditions.Theantipeakin
theTE spectrumnearl � 150is evidencefor superhorizonmodesatdecoupling,aspredictedby in�ationary models.
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Fig. 13.— (top): CMB temperaturecorrelationfunction of the WMAP andCOBE data. The WMAP correlation
function is computedusinga combinationof the Q-band,V-band,andW-bandmapswith the Kp0 cut sky andthe
MEM Galacticmodel subtracted.The COBE correlationfunction is computedusing the “custom cut” sky. The
running index � CDM model that is �t to the power spectrumis shown with a Monte Carlo determinedgrey band
indicatingonestandarddeviation. The modelis, overall, an excellent�t to the WMAP power spectrum.However,
a correlationplot emphasizesthe low l power. The discrepancy betweenthemodelanddataillustratesthat thereis
surprisinglylittle anisotropy power in theWMAP andCOBEmapsat largeangles.(bottom): The lower two plots
displaythecorrelationfunctionof thedifferencebetweentheCOBE-DMR andWMAP mapswith a � b � = 10� Galactic
planecut. A synthesisof theWMAP Q andV bandmapswasmadeto approximatea 53 GHz-like mapto compare
with theCOBE-DMR 53 GHz map.TheCOBE-DMR 90 GHz mapis compareddirectly, without corrections,to the
WMAP W-bandmap. Theseplot emphasizetheconsistency of theWMAP andCOBE measurements.Theslightly
higherthanexpecteddeviationsat53GHzarelikely to bedueto Galacticcontamination,arisingfrom outsidethecut
regionsandfrom theconstructionof thesynthesizedWMAP 53GHz map.
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emphasizesthe low l signalbecausethesemodescontribute to C( � ) at all angularseparations.The discrepancy at
� �

� 30� re�ects the averagelack of power in the datarelative to the modelat l � 6. More signi�cantly, the lack of
powerat ���

� 60� relative to themodelre�ects thespecialshapeof thepowerspectrumfrom 2 � l � 5 seenin boththe
WMAP (andCOBE) maps.This resultis genericallytruefor � CDM models,independentof theexactparametersof
themodel.Thereis verylittle largescaleCMBanisotropypowerin our sky. Thisfact,�r stseenbyCOBEis con�rmed
by WMAP. Theprobabilityof so little C( � � 60� ) anisotropy power is � 2 � 10- 3, giventhebest-�t � CDM model.
Thelackof power is seenbothin C( � ) andthebehavior of thelow order(l = 2 � 3 � 4 � and5) multipoles.

8. CMB POLARIZA TION & THE DETECTION OF REIONIZA TION

Eachdifferencingassemblymeasuresthesky in two orthogonallinearpolarizations.As theObservatoryspins,
precesses,andorbitstheSun,theinstrumentobservesthesky overa rangeof polarizationangles.Therangeof angles
observedis neithercompletenoruniform,but it is suf�cient to providevaluablenew CMB polarizationresults.

We expresspolarizationin term of the standardI , Q, andU Stokes parameters,in units of thermodynamic
temperature.Polarizationcoordinatesarenot rotationallyinvariantsoa coordinatesystemis de�ned by Kogutet al.
(2003)for expressinginformation.By appropriatesumminganddifferencingof thetime-ordered-datafrom thepairs
of correspondingradiometers,we iteratively makemapsin unpolarizedintensity, I , andin eachpolarizedcomponent,
Q andU (Hinshaw et al. 2003b).TheQ andU mapsnot only have muchlower signal-to-noisethanthe I maps,but
they aremoresusceptibleto systematicerrorssincethedifferencingbetweenradiometeroutputsoccursontheground,
not in thefront-endof theradiometers.

TheU polarizationmapsareexpectedto bemostaffectedby systematicerrors.This is dueto theorientationof
theobservedpolarizationanglesrelative to thespinaxisof theObservatory, causingsystematicsnot �x edon thesky
to preferentiallygo into theU map.

TaurusA, an extremelystrongsourcein the WMAP bands,is polarizedandits polarizationamplitudeanddi-
rectionareknown (Flett & Henderson1979). Polarizationmeasurementsfrom WMAP areconsistentwith previous
observationsof TaurusA, providing a usefulcheckon theoperationof theWMAP hardwareandsoftware.However,
thepolarizationsystematicerrorshavenotyetbeenfully quanti�ed. We choseto releasetheI dataandresultsassoon
aspossible,ratherthanpostponetheir publicationandreleaseuntil thesystematicmeasurementerrorsof theQ andU
dataarefully assessed.All data,including theQ andU mapswill bereleasedwhenthecharacterizationof their in-
strumentalsignaturesarecomplete.Thedominantsystematiceffect in thelow signal-to-noisepolarizationdataarises
from correlatednoisein theradiometers.By usingonly crosscorrelationsof temperaturemapswith polarizationmaps,
generatedfrom independentradiometercombinationsthathaveuncorrelatednoise,wemitigatetheleadingsystematic
error. For this reason,resultsof temperature-polarizationcorrelationsbetweentheI andQ maps,i.e. TE correlations,
aremuchlesssensitive to systematiceffectsthanpolarizationsignalsalone,soweareableto reportthoseresults.

Figure12showsthetemperature-polarization(TE)crosspowerspectrum.Kogutetal. (2003)reportadetectionof
TE correlationson bothlargeangularscales(from reionization)andonsmallscales(from theadiabatic�uctuations).
TheTE power spectrum,shown in Figure12, is discussedin detailby Kogutet al. (2003). In theTE angularpower
spectrumtheantipeakis - 35 � 9 � K2 at l = 137 � 9 andthepeakis 105 � 18 � K2 at l = 329 � 19(Pageet al. 2003b).

Thedetectionof thereionizationof theuniversecorrespondsto anopticaldepth� = 0 � 17 � 0 � 04(0 � 09 � � � 0 � 28
at 95% con�dence). AlthoughWMAP measuresthe integratedopticaldepth,theepochandredshiftof reionization
canbe derived from the integral optical depthwithin the context of a modelof the reionizationprocess.A single
instantaneousstepfunctionin theionizationfractionfrom zeroto asteady�x edvalueis physicallyunlikely. For more
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likely models,Kogutet al. (2003)concludethattheredshiftof reionizationis zr = 20+10
- 9 (95%CL), correspondingto

anepochof reionizationof tr = 180+220
- 80 Myr (95%CL) aftertheBig Bang.Cen(2002)presentsa detailedmodelof a

reionizationprocessandpredictsanintegralvalueof theopticaldepth,� = 0 � 10 � 0 � 03.This is low comparedwith the
newly measuredvalue,but wouldbehigherandconsistentif theassumedcosmologicalparametersin themodelwere
adjustedto thevaluesof thenew WMAP best-�t parameters(see§9.1).

Themeasuredopticaldepthmeansthatreionizationsuppressedtheacousticpeakamplitudesby 1- e- 2�

� 30%.
While accountedfor in ourmodel�ts (§9,below), thissuppressionwasnotaccountedfor in previousCMB parameter
determinations.Theanticorrelationsobservedin theTE power spectrumdirectly imply superhorizon�uctuations,a
new resultin supportof in�ation-lik e theories,asdiscussedin §9.3.

9. COSMOLOGICAL INTERPRETATION

In this sectionwe summarizethecosmologicalintepretationof WMAP �rst yearresults,which arediscussedin
moredetailby Spergeletal. (2003),Peirisetal. (2003),Pageetal. (2003b),andKogutetal. (2003).Themethodology
usedin themodel�ts is describedby Verdeet al. (2003).

Spergeletal. (2003)show thatacosmologicalmodelwith a �at universe,seededwith ascale-invariantspectrum
of adiabaticGaussian�uctuations,with reionization,is anacceptable�t notonly to theWMAP databut alsoto a host
of astronomicaldata.Thesedataare:smallerangularscaleCMB anisotropy datafrom ACBAR (Kuoet al. 2002)and
CBI (Pearsonet al. 2002);theHST key projectvalueof H0 (Freedmanet al. 2001);theacceleratingUniverseseenin
TypeIa SNe(Riesset al. 2001);theshapeandamplitudeof thelargescalestructureseenin clustersandsuperclusters
of galaxies(Percival et al. 2001;Verdeet al. 2003);andthelinearmatterpower spectrumseenin theLyman � forest
(Croft et al. 2002).Therehasbeenmountingevidencein thedirectionof this modelfor years(Peebles1984;Bahcall
et al. 1999). Theopticaldepthsincereionizationis a new, but not surprisingcomponentof themodel. TheWMAP
dataestablishthis modelasthe standardmodelof cosmologyby testingthe key assumptionsof the modelandby
enablingaprecisedeterminationof its parameters.

The WMAP datatestseveral of the key tenetsof the standardmodel. The WMAP detectionof temperature-
polarizationcorrelations(Kogutet al. 2003)andthecleardetectionof acousticpeaks(Pageet al. 2003b)impliesthat
the primordial �uctuations wereprimarily adiabatic:the primordial ratio of dark matter/photonsandtheprimordial
ratioof baryons/photonsdonotvaryspatially. Theanalysisof theWMAP temperaturedatademonstratesGaussianity
(Komatsuet al. 2003).TheWMAP data,whencombinedwith any oneof thefollowing threeexternaldatasets:HST
Key Projectmeasurementof H0 (Freedmanetal. 2001),the2dFGRSmeasurementof thematterdensity(Percival etal.
2001;Verdeet al. 2003)or theTypeIa supernovameasurements(Riesset al. 2001)imply thattheradiusof curvature
of theuniverse,R= cH- 1

0 � 1- 	 tot �

- 1� 2, mustbeverylarge, 	 tot = 1 � 02 � 0 � 02 and0 � 99 �

	 tot
� 1 � 05 (95%CL). These

measurementsalsorequirethat thedarkenergy bethedominantconstituentof 	 tot . TheWMAP dataalonerule out
thestandard	 m = 1 CDM modelby � 7� .

9.1. BestFit CosmologicalModel

While an acceptable�t, the modeldescribedabove is not our best�t model. In the discussionbelow we con-
centrateon our best�t model,which addsa scale-dependentprimordialspectralindex. This cosmologicalmodelis a
�at universewith a baryonfractionof 	 b = 0 � 044 � 0 � 004,a matterfractionof 	 m = 0 � 27 � 0 � 04,anda darkenergy
fractionof 	�� = 0 � 73 � 0 � 04,seededwith a scale-dependentspectrumof adiabaticGaussian�uctuations. This model
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hasCl=10 = 46� 0 � K2, consistentwith theCOBEmeasurementof Cl=10 = 44� 4 � K2.

The WMAP dataaloneenableaccuratedeterminationsof many of the key cosmologicalparameters(Spergel
et al. 2003). But a combinationof theWMAP datawith theCOBEdeterminationof theCMB temperature(Mather
et al. 1999),theCBI (Pearsonet al. 2002)andtheACBAR (Kuo et al. 2002)CMB measurements,andthe2dFGRS
survey determinationof the power spectrumof the local galaxy �uctuations (Percival et al. 2001), yields the best
�t cosmologicalparameterslisted in Table3. Verdeet al. (2003)describesour methodologyfor determiningthese
parametersandSpergelet al. (2003)describesthebest�t modelsfor differentcombinationsof datasets.

[h]

A power spectrumof primordial mass�uctuations with a scaleinvariantspectralindex is givenby P(k) = Akns

with ns = dlnP
�

d lnk. In�ationary modelspredicta runningspectralindex (Kosowsky & Turner1995),andour best
�t modelusesa powerspectrumof primordialmass�uctuationswith a scale-dependentspectralindex:

P(k) = P(k0)

�

k
k0 �

ns(k0)+(1� 2)(dns � d lnk) ln(k � k0)

� (9)

As in thescale-independentcase,we de�ne

ns(k) �

d lnP
dlnk

� (10)

so

ns(k) = ns(k0) +
dns

d lnk
ln

�

k
k0 �

(11)

(with d2ns
�

d lnk2 = 0). The de�nition for ns usedhereincludesa factorof (1
�

2) differencefrom the Kosowsky &
Turner (1995) de�nition. Peiris et al. (2003) explore the implicationsof this running spectralindex for in�ation.
The best�t valuesof A, ns anddns

�

d lnk are in Table3 for k0 = 0 � 05 Mpc- 1. A is the normalizationparameterin
CMBFAST version4.1 with option UNNORM. The amplitudeof curvature�uctuations at the horizoncrossingis

� � R(k0) �

2 = 2 � 95 � 10- 9A. Wediscusstheimplicationsof themeasuredvaluesof theseparametersin §9.3andin Peiris
et al. (2003).

TheWMAP dataconstrainsthepropertiesof boththedarkmatterandthedarkenergy in thefollowing ways:

(a) TheWMAP detectionof reionizationatz � 20is incompatiblewith thepresenceof signi�cant warmdarkmatter
density. Sincethewarmdarkmattermovestoo fastto clusterin smallobjects,the �rst objectsdo not form in
thisscenariountil z � 8 (Barkanaetal. 2001).

(b) The runningspectralindex implies a lower amplitudefor mass�uctuations on the dwarf galaxyscale. Dark
mattersimulationsof models(Ricotti 2002)�nd that the dark mattermasspro�les dependuponthe spectral
index ontherelevantmassscale.Thus,theshallowerspectralindex impliedby ourbest�t modelmaysolve the
CDM darkmatterhalopro�le problem(Mooreet al. 1998;Spergel& Steinhardt2000).

(c) While theWMAP dataalonearecompatiblewith a wide rangeof possiblepropertiesfor thedarkenergy, the
combinationof theWMAP datawith eithertheHSTkey projectmeasurementof H0, the2dFGRSmeasurements
of thegalaxypower spectrumor theTypeIa supernovameasurementsrequiresthat thedarkenergy be73%of
thetotaldensityof theUniverse,andthattheequationof stateof thedarkenergy satisfyw � - 0 � 78(95%CL).
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Table3. “Best” CosmologicalParameters

Description Symbol Value + uncertainty - uncertainty

Totaldensity � tot 1� 02 0 � 02 0 � 02
Equationof stateof quintessence w � - 0� 78 95%CL Ð
Darkenergy density ��� 0� 73 0 � 04 0 � 04
Baryondensity � bh2 0 � 0224 0� 0009 0� 0009
Baryondensity � b 0 � 044 0 � 004 0 � 004
Baryondensity(cm- 3) nb 2 � 5 � 10- 7 0 � 1 � 10- 7 0 � 1 � 10- 7

Matterdensity � mh2 0 � 135 0 � 008 0 � 009
Matterdensity � m 0� 27 0 � 04 0 � 04
Light neutrinodensity ��� h2

� 0 � 0076 95%CL Ð
CMB temperature(K)a Tcmb 2.725 0.002 0.002
CMB photondensity(cm- 3)b n� 410.4 0.9 0.9
Baryon-to-photonratio 	 6 � 1 � 10- 10 0� 3 � 10- 10 0 � 2 � 10- 10

Baryon-to-matterratio � b �

- 1
m 0� 17 0 � 01 0 � 01

Fluctuationamplitudein 8h- 1 Mpc spheres 
 8 0� 84 0 � 04 0 � 04
Low-z clusterabundancescaling 
 8 �

0 � 5
m 0� 44 0 � 04 0 � 05

Power spectrumnormalization(at k0 = 0� 05 Mpc- 1)c A 0.833 0.086 0.083
Scalarspectralindex (at k0 = 0 � 05 Mpc- 1)c ns 0� 93 0 � 03 0 � 03
Runningindex slope(atk0 = 0 � 05Mpc- 1)c dns

�

d lnk - 0 � 031 0� 016 0� 018
Tensor-to-scalarratio (at k0 = 0 � 002Mpc- 1) r � 0 � 90 95%CL Ð
Redshiftof decoupling zdec 1089 1 1
Thicknessof decoupling(FWHM) 
 zdec 195 2 2
Hubbleconstant h 0 � 71 0� 04 0� 03
Ageof universe(Gyr) t0 13� 7 0� 2 0 � 2
Ageat decoupling(kyr) tdec 379 8 7
Ageat reionization(Myr, 95%CL)) tr 180 220 80
Decouplingtime interval (kyr) 
 tdec 118 3 2
Redshiftof matter-energy equality zeq 3233 194 210
Reionizationopticaldepth � 0� 17 0 � 04 0� 04
Redshiftof reionization(95%CL) zr 20 10 9
Soundhorizonat decoupling( � ) � A 0 � 598 0 � 002 0 � 002
Angularsizedistance(Gpc) dA 14� 0 0� 2 0 � 3
Acousticscaled �

A 301 1 1
Soundhorizonat decoupling(Mpc)d rs 147 2 2

afrom COBE(Matheret al. 1999)

bderivedfrom COBE(Matheretal. 1999)

clef f �

700

d �

A ���

�

- 1
A � A �

rs d- 1
a
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9.2. BestFit Parameters

WMAP's measurementsof thebaryondensity, Hubbleconstant,andageof theuniversestrengthenthecosmic
consistency thatunderliestheBig Bangmodel.

ATOMIC DENSITY ( 	 bh2): WMAP measurestheatomicdensityatrecombinationto anaccuracy of 4%through
theshapeof theangularpower spectrum,andparticularlythroughtheratio of theheightsof the �rst to secondpeak
(Pageetal.2003b;Spergeletal.2003).Ourbest�t valueis 	 bh2 = 0 � 0224� 0 � 0009.Thebaryondensityis alsoprobed
via abundancemeasurementsof [D]/[H] (O'Mearaet al. 2001;Pettini& Bowen 2001;D'Odorico et al. 2001). It is
impressivethat 	 bh2 is thesameatz= 1089asmeasuredvia theCMB asit is atz= 109 from Big Bangnucleosynthesis.
Thuswe �nd cosmicconsistency of thebaryondensitythroughoutcosmictime andmeasurementtechnique.

HUBBLE CONSTANT (H0): The WMAP measurementsof the ageand 	 mh2 yield a measurementof H0 =
71+4

- 3 km s- 1 Mpc- 1 that is remarkablyconsistentwith the HST Key Projectvalueof H0 = 72 � 3 � 7 km s- 1 Mpc- 1

(Freedmanet al. 2001),but with smalleruncertainty. Recentmeasurementsof theHubbleconstantfrom gravitational
lenstiming andtheSunyaev-Zeldovicheffectyield independentestimatesthataregenerallyconsistent,but with larger
uncertaintiesatpresent.Throughavarietyof measurementtechniquesthatsampledifferentcosmictimesanddistances
we �nd cosmicconsistency onH0.

AGEOFTHE UNIVERSE(t0): The�rst acousticpeakin theCMB powerspectrumrepresentsaknown acoustic
size(rs = 147 � 2 Mpc) at a known redshift(zdec = 1089� 1). Fromthese,WMAP measurestheageof theuniverse
(t0 = 13� 7 � 0 � 2 Gyr) to anaccuracy of � 1% by determiningtheCMB light travel time over thedistancedetermined
by thedecouplingsurface(dA = 14� 0+0 
 2

- 0 
 3 Gpc) andthegeometryof theuniverse(i.e., �at). Theageof theuniverseis
alsoestimatedvia starsin threeways:

(i) themainsequenceturn-off in globularclustersyieldinga clusterageof 12 � 1 Gyr (Reid1997);

(ii) thetemperatureof thecoldestwhitedwarfsin globularclustersyieldingaclusterageof 12� 7 � 0 � 7 Gyr (Hansen
etal. 2002),and

(iii) nucleosynthesisagedatingyieldinganageof 15� 6 � 4 � 6 Gyr (Cowanetal. 1999).

Thesestellaragesareall consistentwith ageof theuniversefoundby WMAP.

MATTERDENSITY ( 	 mh2): Thematterdensityaffectstheheightandshapeof theacousticpeaks.Thebaryon-
to-matterratio determinestheamplitudeof theacousticwave signalandthematter-to-radiationratio determinesthe
epoch,zeq, when the energy densityof matterequalsthe energy densityof radiation. The amplitudeof the early
integratedSachs-Wolfe effect signal is sensitive to the matter-radiationequalityepoch. From theseeffectsWMAP
measuresthematterdensity, 	 mh2,to anaccuracy of � 5%. Largescalestructureobservationsmeasure	 mh through
the shapeof the power spectrum.Whencombinedwith estimatesof h, this yields 	 mh2. Largescalevelocity �eld
measurementsyield 	

0 
 6
m b- 1, whereb is thebiasin how thegalaxypower spectrumtracesthematterpower spectrum

(Pgal = b2P(k)). Galaxybispectrummeasurementsyield b, allowing for estimatesof 	 m. Fromthegalaxydata,Verde
et al. (2002)�nd 	 m = 0 � 27 � 0 � 06,which is consistentwith theWMAP resultof 	 m = 0 � 27 � 0 � 04.

Clusterlensingobservationsyield measurementsof thetotal massin thecluster. X-ray measurementsgive both
thebaryonicmassandthetotal massthroughthegravitationalpotential.Sunyaev-Zeldovich effect observationsgive
a differentdeterminationof thebaryonicmassin clusters.ThecombinedX-ray andSZ measurementsgivea valueof

	 b 	

- 1
m = 0 � 081+0 
 009

- 0 
 011h
- 1 (Gregoet al. 2001),which is reasonablyconsistentwith 0 � 17 � 0 � 01from WMAP.
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9.3. Implications for In�ation

WMAP datatestsseveral of thekey predictionsof the in�ationary scenario(seePeiriset al. (2003)for further
discussion):

(a) In�ation predictsthat theuniverseis �at. As notedin §9.1anddiscussedin detail in Spergel et al. (2003),the
combinationof WMAP datawith eitherH0, TypeIaSNe,or largescalestructuredataconstrains� 1- 	 tot �

� 0 � 03.

(b) In�ation predictsGaussianrandomphase�uctuations. Komatsuet al. (2003)shows that theCMB �uctuations
havenodetectableskewnessandplacestrongconstraintsonprimordialnon-Gaussianity. Komatsuetal. (2003)
alsoshows that the Minkowski functionalsof the WMAP dataareconsistentwith the predictionsof a model
with Gaussianrandomphase�uctuations.

(c) In�ation predicts�uctuationson scalesthatappearto besuperhorizonscalesin a Friedman-Robertson-Walker
(FRW) cosmology. The WMAP detectionof an anti-correlationbetweenpolarizationand temperature�uc-
tuationson scalesof � 1� - 2� (Kogut et al. 2003)con�rms this predictionandrules out subhorizoncausal
mechanismsfor generatingCMB �uctuations(Peirisetal. 2003).

(d) In�ation predictsa nearlyscaleinvariantspectrumof �uctuations,asseenby WMAP.

The WMAP data,in combinationwith complementarycosmologicaldata,not only test the basicideasof the
in�ationary scenariobut alsorule out broadclassesof in�ationary models,andthereforethedataguideustowardsa
speci�c workablein�ationary scenario.TheWMAP dataplacesigni�cant constraintson r, thetensor-to-scalarratio,
ns, theslopeof thescalar�uctuations anddns

�

d lnk, thescaledependenceof these�uctuations. Theadditionof an
admixtureof isocurvaturemodesdoesnot improvetheWMAP model�ts.

Thebest�t modelto thecombinationof theWMAP, ACBAR, CBI, 2dFGRSandtheLyman-� forestdatahas
a spectralindex that runsfrom n � 1 on the largescalesprobedby WMAP to n � 1 on thesmall scalesprobedby
the2dFGRSandtheLyman-� forestdata.Only a handfulof in�ationary modelspredictthis behavior. TheLinde &
Riotto (1997)hybrid in�ationary modelis oneexample.Thedata,however, do not yet requiren � 1 on largescales:
ourbest�t modelhasns = 1 � 03 � 0 � 04at k = 0 � 002Mpc- 1.

Ouranalysisof in�ationary models(Peirisetal.2003)marksthebeginningof precisionexperimentaltestsof spe-
ci�c in�ationary models.With theadditionof on-goingWMAP observationsandfuture improvedanalyses,WMAP
will beableto moreaccuratelyconstrain� andhencens on largescales.WhenotherCMB experimentsarecalibrated
directly to theWMAP sky maps,they will provide improvedmeasurementsof the temperatureangularpower spec-
trum for l � 700. The upcomingreleaseof the SloanDigital Sky Survey (SDSS)power spectrumwill provide an
improvedmeasurementof thegalaxypowerspectrum.TheSDSSLyman-� forestdataareexpectedto beasigni�cant
improvementoverthedatausedin ourcurrentanalysis.Lookingfurthertowardsthefuture,ESA'sPlanckmissionwill
provideimprovedmeasurementsontheCMB angularpowerspectrumonsmallerangularscalesandshouldbeableto
improveconstraintson r.

10. DATA PRODUCTS

All of theWMAP datawill bereleased.In addition,severalancillaryandanalyzeddatasetsarereleased.These
include beampatterns,angularspectra,etc. Somesoftware tools are also provided. An ExplanatorySupplement
providesdetailedinformationabouttheWMAP in-�ight operationsanddataproducts(Limon etal. 2003).All WMAP
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dataproductsaredistributedthroughtheLegacy Archive for Microwave BackgroundDataAnalysis(LAMBDA) at
http://lambda.gsfc.nasa.gov. This is a new NASA datacenterdedicatedto the rapidly growing �eld of microwave
backgrounddataarchiving andanalysis.

11. SUMMARY AND CONCLUSIONS

(1) WMAP hasproducedhigh quality full sky mapsin � ve widely separatedfrequency bands.Thesemapscan
beusedto testcosmologicalmodelsandserveastheprimarylegacy of themission.

(2) Wehavecharacterizedandplacedstringentlimits onsystematicmeasurementerrors.Thecalibrationis based
on themodulationof theCMB dipole,andis accurateto betterthan0.5%.

(3)Wehavedemonstratedtheability to separatetheCMB anisotropy fromGalacticandextragalacticforegrounds.
Weprovidemasksfor thispurpose.In addition,wehaveproducedCMB mapswheretheGalacticsignalis minimized.

(4) We have a new determinationof thedipole. It is 3 � 346 � 0 � 017mK in the direction(l , b)= (263.� 85 � 0.� 1,
48.� 25 � 0.� 04).

(5) We haveanew determinationof thequadrupoleamplitude.It is Qrms= 8 � 2 � K or � T2
2 = 154 � 70 � K2.

(6) We have placedtight new limits on non-Gaussianityof theCMB anisotropy. The couplingcoef�cient of a
quadraticnon-Gaussiantermis limited to - 58 � fNL

� 134(95%CL) (Komatsuet al. 2003).

(7) We have producedanangularpower spectrumof theanisotropy with unprecedentedaccuracy andprecision.
Thepowerspectrumis cosmicvariancelimited for l � 354with a signal-to-noiseratio � 1 permodeto l = 658.

(8) We have,for the�rst time,observedtheangularpowerspectrumof TE temperature-polarizationcorrelations
with suf�cient accuracy andprecisionto placemeaningfullimits oncosmology.

(9)Wehavedetectedtheepochof reionizationwith anopticaldepthof � = 0 � 17 � 0 � 04.Thisimpliesareionization
epochof tr = 180+220

- 80 Myr (95%CL) after theBig Bangat a redshiftof zr = 20+10
- 9 (95%CL) for a rangeof ionization

scenarios.This earlyreionizationis incompatiblewith thepresenceof a signi�cant warmdarkmatterdensity.

(10)Wehave�t cosmologicalparametersto thedata.We �nd resultsthatareconsistentwith theBig Bangtheory
andin�ation. We �nd that theadditionof a runningspectralindex, while not required,improvesthe �t at the � 2�

level. We provide valuesanduncertaintiesfor a hostof parametersbasedon this non-power-law in�ationary model.
Our “best” valuesfor cosmicparametersaregivenin Table3.

(11) WMAP continuesto collectdataandis currentlyapprovedfor 4 yearsof operationsat L2. Theadditional
data,and more elaborateanalyses,will help to further constrainmodels. The addition of other continuouslyim-
proving CMB andlargescalestructureobservationsis essentialfor progresstowardstheultimategoalof a complete
understandingof theglobalpropertiesof theuniverse.

TheWMAP missionis madepossibleby thesupportof theOf�ce of SpaceSciencesat NASA Headquartersand
by thehardandcapablework of scoresof scientists,engineers,technicians,machinists,dataanalysts,budgetanalysts,
managers,administrative staff, andreviewers. We aregratefulto theNationalRadioAstronomyObservatory, which
designedandproducedtheHEMT ampli�ers thatmadeWMAP possible.We aregratefulto A. Riessfor providing
the likelihoodsurfacesfor the supernova data. D. Finkbeinersuppliedus with his full sky compositemapof H �

emissionin advanceof publication.LV is supportedby NASA througha ChandraFellowshipissuedby theChandra
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X-ray ObservatoryCenter, operatedby theSmithsonianAstrophysicalObservatory. ML andGT aresupportedby the
NationalResearchCouncil.
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