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ABSTRACT

We review the conceptandoperationof the Differential MicrowaveRadiometers(DMR) instrument
aboardNASA’s Cosmic BackgroundExplorer (COBE) satellite,with emphasison the software
identification andsubtractionof potentialsystematiceffects.We presentpreliminary resultsobtained
from thefirst six monthsof DMR dataanddiscussimplicationsfor cosmology.

1l~ffRODUCflON

The cosmicmicrowavebackground(CMB) is the mostaccessiblerelic from the eraover which the
universehasevolvedfrom arelativelystructurelessplasmato thehighly-orderedstateobservedtoday. In
standardmodels of cosmology,CMB photonshave travelled unhinderedfrom the surfaceof last
scatteringin the earlyuniverseto thepresentera;as such,theCMB mapsthe largescalestructureof
space-timein theearlyuniverse.Despiteaquarter-centuryof effort, no intrinsic anisotropyin theCMB
hasbeendetected.

The Differential Microwave Radiometers(DMR) instrumentaboardNASA’s Cosmic Background
Explorer(COBE) satellite is intendedto provideprecisemapsof themicrowavesky on largeangular
scales, limited only by instrumentsensitivity and integrationtime. It consistsof six differential
microwaveradiometers,two independentradiometersateachof threefrequencies:31.5, 53, and90 GHz
(wavelengths9.5, 5.7, and 3.3 mm). Thesefrequenciesencompassa window in which the CMB
dominatesforegroundgalacticemissionby atleasta factorof roughly 1000.The multiple frequencies
allow subtractionof galacticemissionusingits spectralsignature,yielding mapsof theCMB andthus
the distributionof matterandenergyin theearlyuniverse.Eachradiometermeasuresthedifferencein
microwavepowerbetweentwo regionsof thesky separatedby 60’. Thecombinedmotionsof spacecraft
spin (75 s period),orbit (103minuteperiod),andorbitalprecession(—1 degreeperday) allow eachsky
position to be comparedto all othersthrougha massivelyredundantset of all possibledifference
measurementsspaced60’ apart.

* TheNationalAeronauticsandSpaceAdministration/GoddardSpaceFlight Centerisresponsiblefor the

design,development,andoperationof theCosmicBackgroundExplorer. GSFCis alsoresponsiblefor
the softwaredevelopmentthrough to the final processingof the spacedata. TheCOBE programis
supportedby theAstrophysicsdivision of NASA’sOffice of SpaceScienceandApplications.
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A softwareanalysissystemreceivesdata telemeteredfrom the satellite,determinesthe instrument
calibration,andinverts the differencemeasurementsto map the microwavesky in eachchannel.
Althoughtheexperimenthasbeendesignedto minimizeoravoid sourcesof systematicuncertainty,both
the instrumentandthe softwarecan potentiallyintroducesystematiceffects correlatedwith antenna
pointing, which would createor maskfeaturesin the final sky maps.In the following sectionswe
discussthe ability of the DMR to distinguishsystematicartifactsfrom cosmologicalsignals,present
preliminaryresultsfrom thefirst six monthsof operation,anddiscusssomeimplicationsof theseresults
forcosmology.

INSTRUMENTDESCRIPTIONAND OPERATION
Eachradiometerconsistsof a superheterodynereceiverswitchedat 100 Hz betweentwo identical
corrugatedhornantennas.Theantennas,designedfor low sidelobesandcompactsize,haveamain lobe
well describedby aGaussianprofile with 7’ FWHM andarepointed60’ apart,30’ to eithersideof the
spacecraftspin axis /1/. The two channelsat31.5GHzsharea singleantennapair with anorthomode
transducersplitting the input into oppositecircularpolarizations.A singlelocal oscillatorprovidesa
commonreferencesignal to independentmixer-preampassembliesfor the two channelsat each
frequency.The signals in each channel undergofurther amplification, detection, synchronous
demodulation,and0.5 s integrationbeforebeing digitized andstoredin an on-boardrecorder.Both
channelsshareacommonenclosureandthermalregulationsystem.The53 and90 0Hzradiometersare
similar buthavetwo antennapairs ateachfrequency,eachwith identicallinearpolarizationresponse.A
detaileddescriptionof theDMR instrumentmaybefoundin Smootetal. /2/.

Small imbalancesbetweenthe two armsof eachradiometergeneratean instrumentalbaselineeven
whenthetwo antennasreceive identical amountsof powerfrom the sky. Changesin theradiometer
(e.g.,amplifier temperatureor local oscillatorfrequencydrifts) canmodulatethis instrumentalsignature.
In addition,the on-boarddigitizationstorestheoulput voltageasa 12-bit positiveinteger,mapping±4
K instrumentsignalto therange[0,4095]andin effectaddingaconstantof 2048digital units(du) to the
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Figure1. Uncalibrateddifferential temperaturefrom the imbalances, which do not. The
53B radiometerfor six monthsfollowing launch.Each switching at spin, orbital, and longer
datum is the averageof the radiometeroutput over a periods provides a powerful tool to
103-minuteorbit. The insetshowsdetailsof the short- separatesky signals from instrumental
termstructureovera4-minuteperiod, effects.

Solid-statenoisesourcesprovidein-flight calibrationby injectingbroad-bandmicrowavepowerinto the
front endof eachradiometerat regularintervals(every two hours).All radiometersare calibrated
simultaneously.Therearetwo noisesourcesfor eachfrequency;eachnoisesourceis coupledto both
channels.One noisesourceinjectsbroad-bandmicrowavepower into thepositivearm andthe otherto
thenegativearm.Firedsequentially,theyprovideanapproximatesquare-wavereferencepulse(Figure2).
Details of pulseshapeareunimportantprovidedthepulsesarerepeatableandreceiveidenticalanalysis
duringgroundtestsandin orbit.
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Figure 2. Uncalibrateddifferential temperature Figure3. Noisesource signalamplitudeand
from the 53B radiometerduring a noise source derived calibration factor for the 53B
calibrationsequence. radiometerfor six monthsfollowing launch.

Laboratorytestsprior to launchdeterminedthepoweremittedby eachnoisesource by comparingthe
noisesourcesignal to the signal producedby coveringthe antennaapertureswith targets of known,
dissimilar temperatures(approximately300K and77 K). A seriesof suchtestsatdifferentnoisediode
temperaturesestablishedthe thermaldependenceof the noisesourcepower; the effect is generally
negligible.Thenoisesourcesprovideatransferstandardof groundteststo flight conditionsprovidedthe
noisesourcesremainstablein orbit. By comparingasinglenoisesourceobservedin bothchannelsto
bothnoisesourcesobservedin asinglechannel,changesin radiometercalibrationcan be distinguished
from changesinnoisesourceperformance.

Figure3 showsthenoisesourcesquare-waveamplitudesandcorrespondingderivedcalibrationfactorfor
the53B channelfor six monthsfollowing launch.Thenoisesourcesquare-waveamplitudeis theproduct
of themicrowavepowerandtheradiometercalibration;therapiddrift immediatelyafter launchreflects
theexpectedlargetemperaturechangesascomponentsstabilizedto flight conditions.

2000 ___________________________________Severalcelestialsourcesprovidean independent
determinationof the calibration factor. The

2500 DMR observesthe Moon for a fraction of an
2400 orbit two weeks of every month. Figure 4

showsthe output of the 53B channelduring a
2300 ten-minuteobservationof the Moon. Thelunar

signal is the product of the antennabeam
2200 pattern, radiometercalibration, and lunar

2100 microwaveemission.Given knowledgeof the
antennapointing, beampattern,anda modelof

2000 lunar emission,the calibration factor can be
deduced.This methodis limited primarily by

0000 12 knowledgeof thelunaremission,but servesasa
On,. (n~nnI..) usefulcheckon the absolutecalibrationof the

DMR instrument.The Moon also servesas a
Figure4. Uncalibrateddifferential temperature precisecheckon any changesin noisesource
from the 53B radiometer.The spacecraftspin performance.The lunarsignalatconstantphase
allowsthe two antennasalternatelyto view the providesastableexternalsourceto which the
Moon, while the orbital motion sweepsthe relativeinternalnoisesourceperformancemay
antennabeampatternovertheMoon. bereferred.

TheEarth’smotionaboutthesolarsystembarycenterprovidesasecondindependentdeterminationof the
calibration factor. The —30 km ~i motion producesa Doppler-shift dipole of known magnitude
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(—0.3 mK) anddirection.Figure5 showstheeffect throughthefirst six monthsof data.Themodulation
in amplitudeanddirection is apparent,but at low signal to noise.Given sufficient observingtime
(approximatelyoneyear), this methodmay producethemostaccuratedeterminationof the absolute
calibrationof theDMR instrument.TheDMR calibrationwill bediscussedmorefully in aforthcoming
paper/3/.

COBE was launchedon November18, 1989 into a900-km circular,near-polarorbit (inclination 99’).
TheEarth’sgravitationalquadrupolemomentprecessestheorbit to follow the terminator,allowing the
instrumentsto pointawayfrom theEarthandperpendicularto theSunto avoidbothsolarandterrestrial
radiation.Throughoutmostof theyear,the satelliteorbit providesan exceptionallystableenvironment.
During thetwo monthssurroundingsummersolstice,thesatelliteis unableto shieldfrom theEarthand
Sun simultaneously,andtheEarthlimb becomesvisible overthe shieldingsurroundingthe instrument
apertureplaneasthesatellitepassesovertheNorth Pole.During thesameperiod,thesatelliteentersthe
Earth’s shadowas the orbit crossesover the SouthPole. The resultanteclipsemodulatesboth the
spacecrafttemperatures(removingtheheat input from theSun)andbus voltages(runningon batteries
while solarpanelsareinoperative).

,._, 12 iiLill I
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Figure5. Amplitude anddirection of thedipoleanisotropyobservedby the53B radiometereachdayfor
six monthsfollowing launch. Systematiceffectsandgalacticemissionhavenotbeenremovedfrom the
dataprior to fitting adipoleanisotropy.

DATA REDUCTIONAND ANALYSIS

DescriptionofDataProcessing

Data from the COBE satellite aredigitized and storedin an on-boardtaperecorderbeforebeing
telemetereddaily toagroundstation.A pre-processorstripstheDMR datafrom thetelemetrystreamand
writesarawdataarchive.A secondprocessormergestheraw DMR datawith spacecraftattitudeandorbit
informationandchecksthequality of thedata,flaggingdataknownor suspectedtobe unusable.Dataof
questionabletelemetryquality are flagged, asaredata withoutaccompanyingattitude informationor
spuriousdatawritten with theinstrumentsciencetelemetrydisabled.Thisaccountsfor lessthan 1%of
thedata.Theprocessorflagsspikesandtransientsin thedata,discardingall pointsthatlie morethanfive
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timestheRMS scatterfrom thedaily mean(<0.1%of thedata).Thereare no known celestialsources
otherthantheMoon thatwouldexceedthis limit. Finally, theprocessorflagsthedatafor thepresencein
the main beamof variouscelestialsources(e.g., the Moon) whichcould contaminatethe data. The
resultspresentedbelowdiscardall datawith theMooncloserthan25’ toanantenna.Themerged,flagged
dataarethenwritten to asecondlime-orderedarchive.

A calibrationprogramusesthe estimatednoise source emittedpowerandthe in-flight square-wave
calibrationsignal to determinetheradiometercalibration factor.The noisesourcesprovidecalibration
pulsesevery two hours;the calibrationprograminterpolatessmoothlybetweencalibrationsandwrites
theresultto thetime-orderedarchive.Themeanbaseline,smoothedovera4-hourperiod,is alsowritten
to archive. To preservedataintegrity andallow for futurerefinementsin baselineandcalibration
estimation,thetime-orderedarchivecarriesthebaselineandcalibrationfactorseparatelyanddoesnot
explicitly correctandoverwritethe raw data.A sky mapprogramthensubtractsthebaseline,calibrates
eachdatum,andcorrectsthe differential signalto the solarsystembarycenter.Theresultspresented
belowcontainno othercorrections.A sparsematrix algorithmvaries the temperaturesof 6144 map
pixels independentlytoprovidealeast-squaresfit to thedata.Thepixel sizeis approximately3, smaller
thanthe7 DMR beam;consequently,thereis somecorrelationbetweenneighboringpixels forsources
in thesky. Furtherdetailsof thedataprocessingalgorithmsmaybefoundin Torreseta!. /4/.

Limits on PotentialSystematics

Thesky mapsproducedby the sparsematrix algorithmmay in principlecontaincontaminationfrom
local sourcesor artifactsfromthedatareductionprocessitself.Effectswhicharesystematicallycorrelated
with antennapointing or orbital periodwill appearpreferentiallyin certainpixels andwill not average
down as the instrumentaccumulatesmore data. The data reduction processmust distinguish
cosmologicalsignalsfrom avarietyof potentialsystematiceffects.Thesecanbecategorizedinto several
broadclasses.

The most obvioussourceof non-cosmologicalsignals is the presencein the sky of foreground
microwavesources.Theseincludethermalemissionfrom the COBEspacecraftitself, from theEarth,
Moon, andSun,andfrom othercelestialobjects.Non-thermalradio-frequencyinterference(RFI) must
alsobeconsidered,both from groundstationsandfrom geosynchronoussatellites.Although theDMR
instrumentis largely shieldedfrom suchsources,their residualor intermittenteffectmustbeconsidered.
A secondclassof potential systematicsis the effect of the changingorbital environmenton the
instrument.Various instrumentcomponentshaveslightly different performancewith changesin
temperature,voltage,and local magneticfield, eachof which canbe modulatedby the COBEorbit.
Longer-termdrifts can alsoaffect the data.Finally, thedatareductionprocessitself mayintroduceor
maskfeaturesin the data.The DMR dataaredifferential; thesparsematrix algorithm is subjectto
concernsof both coverage(closure)andsolution stability. Otherfeaturesof thedatareductionprocess,
particularlythecalibrationandbaselinesubtraction,arealsoasourceof potentialartifacts.All potential
sourcesof systematicerrormustbe identified andtheir effectsmeasuredor limited beforemapswith
reliableuncertaintiescanbeproduced.

A varietyof techniquesexistto identify potentialsystematicsandplacelimits on their effects. For the
caseof known celestialsourcesor geosynchronousRH, themappingprogramcanproduceasky mapin
appropriateobject-centeredcoordinates.Thecontributionof thesourceat agiven distancefrom beam
centercan bereaddirectlyfrom themapsto thenoise limit. Spikedetectionanddirect inspectionof the
dataduringsatellite telemetrytransmissionlimit theeffectsof asynchronousor intermittentRH. Limits
to the effectof diffracted terrestrialradiationcan be obtainedby subtractingsky mapsproducednear
summersolstice(with the Earth limb above the shielding) from mapsof similar sky coverageand
integrationtime,obtainedwhentheEarthisbelow the shield.Thedegreeto which thesubtractedmaps
differ from Gaussiannoiseprovidesanestimateof theeffectof thedifferentialterrestrialsignal.Basedon
this analysis,the combinedlimit for local foregroundconthbutionto the six-monthmapsis ~T <0.15
mK (95%confidencelevel).
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Systematicsassociatedwith environmentaleffects (e.g., instrumentmagnetic,thermal, and voltage
susceptibilities)typically aremodulatedatorbitalor longerperiods.Althoughthesesusceptibilitieshave
beenmeasuredprior to launch,wedesireadirectcomparisonof theeffect in orbitwith thatmeasuredon
theground.Thesparsematrixmappingprogramhasthecapabilityfor simultaneousleast-squaresfitting
to boththepixelsandspecifiedmodelsfor systematics.Overasix month period,theorbital inclination
andprecessioncombineto decoupleorbit-relatedeffectsfrom large-scalestructureon thesky. Magnetic
effectsappearin themapsprimarilyaspowerin low-ordersphericalharmonics.A least-squaresfit to six
monthsof datayieldsalimit to magneticartifactsof E~T< 0.17mK.

A least-squaresanalysisis ideal for magneticsusceptibilityas thespacecraftsweepsthroughtheEarth’s
known field eachorbit. It is of only limited usefor thermalor voltagesusceptibilities,sincethenormal
orbital variationin thesesignals is belowthe digitization limit of thetemperatureand voltagesensors.
For theseeffects,thesharpincreasein variation duringseasonaleclipsesovertheSouthPoleprovidea
usefulupperlimit. Figure6 showsa time sequencebeforeandduringthe eclipseseason.The top trace
showsthetemperatureof the instrumentpowerdistributionbox,whosetemperaturewas not regulated
during flight. As the eclipsesstart, the meantemperaturefalls and developsa pronouncedorbital
modulationof nearly2 K (insets).Sincethe voltageundergoesfurtherregulationdownstreamof the
power distribution units, the differential output of each radiometeris sensitiveprimarily to the
temperaturesof the RF chaininside a thermally-controlledenclosure.The middle trace showsthe
temperatureof the53B lock-in amplifier, whosetemperaturewascontrolledby anactivesystemduring
flight. Theoverall cooling is veryslight (0.01K) andshowsminimalorbital variation.Thedifferential
outputof theradiometerhasa smallthermaldependenceupona minimally-varyingsignal. The bottom
traceof Figure6 showsthedifferential signalfrom the 53B radiometer.Thebaselineshowsnoobvious
evidenceof additionalpowerat theorbital period during theeclipseseason.We concludethatorbital
thermalandvoltagevariationsduring eclipsesperturbthe output by i~T< 0.12mK during seasonal
eclipses,andare< 0.01 mK duringtherestof theyearwhenstabilityimprovesafactorof tenor more.

I ~‘ I.., ]IOOmK
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Figure6. IPDU thermistor(top trace), lockin amplifier thermistor (middle trace)and uncalibrated
differential temperature(bottomtrace)from the53B radiometerfor four monthssurroundingtheseasonal
eclipses.Insetsshow detailsover severalorbits. The effects of orbital eclipsescan be seenas the
expectedlong-termcooling andorbitalmodulationof thespacecraft(LPDU) temperatures.The lockin
temperatureshowsonly slightmodulation;noeffectis apparentfor theradiometeroutput.
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The extentto which the datareductionprocessitself may introduceartifactsin the sky maps is not
readily susceptibleto analyticsolution. Examplesinclude the stability of the sparsematrix solutionin
thepresenceof noiseandsignalsthatdo not sumto zerooveraclosedpixel path(e.g.,drifts). Instead,
weuseMonte Carlosimulationsto testthesolution stability and its ability tocorrectly identify various
initial randompatternson thesky. Weconcludethatthesparsematrixalgorithmisrobustandcapableof
recoveringtheinputsky mapwithuncertaintiesconsistentwith theGaussianinstrumentnoiseperpixel.

A further concernis the interactionof baselineandgainestimationon different time scalesthan
downstreamprocessing.We currentlyestimatethegainandbaselinedaily,while processingmanydays
at a time throughthe sparsematrix routine. Signalssystematicallycorrelatedwith pointing andorbit
maybeableto propagatethroughthesoftwareif theeffectsarepresentdaily but attoolow asignal-to-
noiseratio to be removedin the baselineor gain estimation.Theeffectsmay not averageto zeroas
additionaldataaccumulatedandcould eventuallyproduceartifactsin the sky maps.To estimatethe
propagationof sucheffects,werun theentire softwaresystemusingsimulateddatacontainingknown
signalsatlow S/N, andcomparethe resultantmapsto mapsproducedwith inputsidenticalbut for the
signalunderinvestigation.

Table 1 summarizescurrentlimits topotentialsystematics.Theresultsin manycasesarelimited by sky
coverage,signal to noise,and availableanalysissoftware.We anticipateincreasinglytighter limits to
potentialsystematicsas coverage,integrationtime,andsoftwareimprove.

TABLE 1 95%C.L. UpperLimits to PotentialSystematicEffects

ForegroundEmission PeakMagnitude Magnitudein Maps

COBEshieldanddewar <0.04mK <0.002mK
Earth <0.3 mK <0.07
Moon(>25degrees) <0.04mK <0.02
Sun <0.03 mK <0.02
Planets <0.26mK <0.26 a
Galaxy <0.3 mK <0.13 b
Extragalactic <0.02mK <0.01

OrbitEnvironment PeakMagnitude Magnitudein Maps

Magnetic <0.3 mK/G <0.17
Thermal <20 mK/K <0.01
Voltage <20 mK/V <0.01
Cross-talk <2 mK <0.0001

SoftwareArtifacts PeakMagnitude Magnitudein Maps

SolutionStability <10-6 <0.0001
BaselineResiduals <2 mK <0.03
CalibrationResiduals <2 % <0.06
AbsoluteCalibration <5 % <0.17c
AntennaPointing <1. <0.03

Total Systematics <0.24mK

aEffectlimited to onepixel
bExcluding datawithin 10’ of galacticplane
c Dipoletermonly



(2)200 G. F. Smoot et a!.

RESULTS

Figure 7 showspreliminary maps of the microwavesky for each of the six DMR channels.The
independentmapsateachfrequencyenablecelestialsignalstobedistinguishedfrom noiseor spurious
features:acelestialsourcewill appearatidenticalamplitudein bothmaps.The threefrequenciesallow
separationof cosmologicalsignals from local (galactic)foregroundsbasedon spectralsignatures.The
mapshavebeencorrectedto solar-systembarycenteranddonot includedatatakenwith anantennacloser
than25’ to theMoon; no othersystematiccorrectionshavebeenmade.All six mapsclearly show the
dipole anisotropyand galacticemission.The dipoleappearsat similar amplitudesin all mapswhile
galacticemissiondecreasessharplyathigherfrequencies,in accordwith theexpectedspectralbehavior.

An observermoving with velocity 13 = v/c relativeto an isotropic radiationfield of temperatureT0
observesaDoppler-shiftedtemperature

(1- 2 1/2
— 1 - 13cos(0)

= T0 [1 + f3cos(O)+ ~ ~2cos(2e)+ O(13~)] (1)

The first termis themonopoleCMB temperaturewithoutaDopplershift. The secondterm,proportional
to13, is a dipoledistribution,varying asthecosineof theanglebetweenthevelocity andthe directionof
observation.The termproportionalto f32 is aquadrupole,varying with cosineof twice theanglewith
amplitudereducedby 1/213from the dipoleamplitude.TheDMR mapsclearlyshowadipoledistribution
consistentwith aDoppler-shiftedthermalspectrum,implying avelocity for thesolarsystembarycenter
of 13=0.00122±0.00003(68% CL), or v = 366±10km s

4 toward ((,5) = (264’±2,49’±2’),wherewe
assumea valueT

0=2.735 K. The solarsystemvelocity with respectto the local standardof restis
estimatedat20 km s~toward(57’,23’), while galacticrotation movesthe thelocal standardof restat
220kin s

1 toward(90’,O’) /5,6/. TheDMR resultsthus imply apeculiarvelocity for the Galaxyof Vg

= 545±10 km s1 in thedirection (266’ ±2’, 300 ±2’). This is in roughagreementwith independent
determinationsof the velocity of the local group,Vig = 507±10 km ~i toward (264 0± 2’, 31’ ±2’)
/7/.

Figure8 showsthe DMR mapswith this dipole removedfrom the data.Theonly large-scalefeature
remainingis galacticemission,confinedto theplaneof thegalaxy.This emissionis presentatroughly
thelevel expectedbeforeflight andis consistentwith emissionfrom electrons(synchrotronandHil) and
dustwithin thegalaxy.The ratio of thedipoleanisotropy(the largestcosmologicalfeaturein the maps)
to theGalacticforegroundreachesamaximumin thefrequencyrange60.—900Hz.Thereis no evidence
of any otheremissionfeatures.

We havemadea seriesof sphericalharmonicfits to the data,excludingdatawithin severalrangesof
galactic latitude.Theonly large-scaleanisotropydetectedto dateis thedipole. Quadrupoleandhigher-
order termsare limited to amplitudei~T/T< l0& Similarly, a searchfor Gaussianor non-Gaussian
fluctuationson the sky showedno featuresto limit E~T/T< 10~.The resultsare insensitiveto the
precisecut in galacticlatitude andareconsistentwith the expectedGaussianinstrumentnoise.The
reporteduncertaintiesare95% confidencelevel unlessotherwisestated,and includethe effectsof
systematicsaslistedin Table 1.

DISCUSSION
The DM.R limits to CMB anisotropiesprovide significant new limits to the dynamicsandphysical
processesin theearlyuniverse.Thedipoleanisotropyprovidesaprecisemeasureof theEarth’speculiar
velocity with respectto theco-movingframe.Limits to higher-orderanisotropieslimit globalshearand
vorticity in theearlyuniverse.If theuniversewererotating (in violation of Mach’sPrinciple), the
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Figure7. COBEDMR full sky mapsof therelativetemperatureof thesky atfrequencies31.5, 53.0,and
90.00Hz. Themapsarein galacticcoordinatesandhavebeencorrectedto solar systembarycenter.The
mapsshowvariationsin receivedpowerandare insensitiveto themeantemperatureof about2.735 K.
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shownin Figure7.
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resultantmetric causesnull geodesicsto spiral; in aflatuniversetheresultantanisotropyis dominated
by aquadrupoleterm/8,9/.Thelimit ~T[F< 10~forquadrupoleandhighersphericalharmonicslimits
the rotationrate of universeto ~ < 3 x 1024 ~ or lessthanoneten-thousandthof a turn in the last
tenbillion years.

If theexpansionof theuniversewerenotuniform, theexpansionanisotropywould leadto atemperature
anisoiropyin the CMB of similarmagnitude.The large-scaleisotropy of theDMR resultsindicatethat
the Hubbleexpansionis uniform to onepart in ~ Thisprovidesadditionalevidenceforhot big bang
modelsof cosmology,andindicatesthat thecurrentlyobservedexpansionof the universecanbetraced
backatleasttotheradiation-dominatedera.

Inhomogeneitiesin thedensityin theearlyuniversealsoleadto temperatureanisotropiesin theCMB as
theCMB photonsclimbout of varyinggravitationalpotentialwells/10,11/

~TfF_(~~)2 (2)

TheDMR resultsimply thattheuniverseatthesurfaceof lastscatteringwasisotropicandhomogeneous
tothe 10~level.The resultshaveimplicationsforstructuresbeyondthepresentHubbleradius:on large
scalestheuniverseis isotropicandhomogeneous.Thelargescalegeometryof theuniverseis thuswell-
describedbyaRobertson-Walkermetricwith onlylocal perturbations.

One suchpotentiallocal perturbationis gravitationalradiation.Long-wavelengthgravitationalwaves
propagatingthoughthisregion of theuniversedistort themetric andproduceaquadrupoledistortionin
theCMB. For asingleplanewavetheresultantCMB anisotropyis

AT/T — (Ar - A~)(1 - cos(0))cos(2~) (3)

whereAr andAe are the properstrainsat the emitterandreceiver,respectively/12/. The DMR is
sensitiveprimarily to gravitationalwaveswith scalesizes>70 atthesurfaceof lastscattering,or —200
Mpc today.The limits i~T1F< 10~for quadrupoleandhigher sphericalharmonicslimit theenergy
densityof singleplanewavesorachaoticsuperpositionto

~GW<4 x 10~~ )-2 h2 (4)

where~ is theenergydensityof theradiationrelativeto thecritical density,kw is thewavelength
atthecurrentepoch,andh is theHubbleconstantin units 100km s~Mpc4.

Cosmicstringsprovideanothermechanismfor local perturbationsin the metric.Theyarenearlyone-
dimensionaltopologicaldefectspredictedby manyparticlephysicsgaugetheoriesandarecharacterizedby
alargemassperunit length,p. /13/.The largemassandrelativistic velocity produceCMB anisotropies
through therelativisticboostandthe Sachs-Wolfeeffect (gravitationallensingalonedoesnot produce
anisoiropyin anotherwiseisotropicbackground).Manyauthorshavecalculatedtheanisotropyproduced
by variousconfigurationsof cosmicstrings , with typical values /14,15/

(5)

The DMR experimentlimits the existenceof large-scalecosmicstringsto Gp./c2< ~ Thereis no
evidencefor higher-ordertopologicaldefectssuchas domainwalls. The largescalegeometryof the
universeappearstobeuniform andwithoutdefects.
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Theobservedisotropyof theuniverseon largeangularscalespresentsamajorproblemforcosmology.
At thesurfaceof lastscatteringthehorizonsizewas—100 kpc(—2’). Regionsseparatedby morethan20
werenotin causalcontact;consequently,DMR measuressome10~causallydisconnectedregionsof the
sky. Standardmodelsof cosmologyfail to explainwhy theseregionsare observedto havethe same
temperaturetoorder unity, much lessthe 10~isotropyimpliedby theDMR observations.Inflationary
scenariosprovideonesolution. In thesemodels,the universeundergoesa spontaneousphasetransition
_1032secondsafter the Big Bang,causingaperiod of exponentialgrowth in which the scalesize
increasesby 30 to 40 ordersof magnitude.Theentire observeduniversewould thenoriginate from a
smallpre-inflationaryvolumein causalcontactwith itself, eliminatingthe problem.In the simplest
inflationarymodels,thepre-inflationarymatterandradiationfieldsaredilutedto zeroalongwith any pre-
existing anisotropies.The processof inflation, however,generatesscale-freeanisotropieswith a
Harrison-Zel’dovich spectrumwhich resultin smallbut detectableCMB anisotropiesin the present
universe/16,17/.Although currentDMR limits areanorderof magnitudeabovethepredictedspectrum,
we anticipateachievingsufficient sensitivity over the plannedmission to test the predictionsof
inflationaiymodels.

A secondmajorproblemin cosmologyis thegrowth of structurein theuniverse.The largeststructures
in thecurrentuniverse(walls andvoids)areobservedto havedensityfluctuations6pip of orderunity on
scalesizes—50 Mpc. Structuresof this size areat the horizonscaleat the surfaceof last scattering;
consequently,the primordial density fluctuationsare small and mostof the growth is in the linear
regime.Theassumptionof lineargrowth requirespeculiarvelocities— 0.Olcin orderto movethematter
therequired108 light yearsof co-movingdistancein the_1010yearsestimatedto haveelapsedsincethe
surfaceof lastscattering,an orderof magnitudegreaterthanthepeculiarvelocity inferredfrom dipole
anisotropy.To explain the observedstructurewithout violating limits on CMB anisotropy,andto
generatethe critical density requiredby inflationary models,manyastrophysicistshave turned to
cosmologicalmodelsin which most of the matterin the universe(> 90%) is composedof wealdy
interactingmassiveparticles(WIMPs). Thedynamicalpropertiesof this “dark matter”allow it toclump
fasterthanthebaryonicmatter,which laterfalls into theWIMP gravitationalpotentialwells to form the
structuresobservedtoday. The gravitationalpotentialand motion of theseparticlesproduceCMB
anisotropywhoseamplitudedependson the angularscalesize.For scalesize — 10’ mostreasonable
modelspredict L~TTF— 1—3 x 10~,dependingon the averagedensityof the universe/18/. Although
currentobservationsdo not providesignificantlimits to thesemodels,we anticipatethattheDMR will
provideastringenttestof suchmodelsasit continuesto accumulatedata.

CONCLUSIONS

Six monthsafter launch,the instrumentis working well andcontinuesto collectdata.Theresultsare
currentlylimited by instrumentnoiseandupper limits to potentialsourcesof systematicerror. The
currentdatashowthe expecteddipoleanisotropy,consistentwith a Doppler-shiftedthermalspectrum.
Galacticemissionis presentatlevelscloseto thoseexpectedprior to launch,andis largelyconfinedto
theplaneof the galaxy.Thereis no evidencefor any otherlarge-scalefeaturein themaps.The DMR
resultslimit CMB anisotropiesonall angularscales>70 to ~T/T< 10~.Theresultsareconsistentwith
a universedescribedby a Robertson-Walkermetric andshow no evidenceof anisotropicexpansion,
rotation,or localizeddefects(strings). As sky coverageimprovesandtheinstrumentnoiseper field of
view decreases,we anticipateimproved calibration,betterestimatesof potential systematics,and
increasinglysensitivelimits to potentialCMB anisotropies.In principle,theDMR is capableof testing
predictionsof bothinflationaryanddark-mattercosmologicalmodels.
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