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ABSTRACT
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1 Intr oduction

Theaimof particlephysicsis tounderstandthefundamentallawsof nature.Theprimary

tools in this endeavor have beenand continueto be acceleratorexperimentswhich

provide controlledenvironmentsfor preciseexperiments.However, this avenuemay

have limitations,especiallyconsideringthatmany of themostpromisingideasfor new

physicsbeyondthestandardmodel—e.g.,grandunificationandquantumgravity—can

be testedonly at energiesmany ordersof magnitudegreaterthanthoseaccessibleby

currentandplannedaccelerators.

Wehaverecentlyseenanincreasedeffort to developcosmologicalandastrophysical

tools to searchfor and/orconstrainnew physics beyond the standardmodel. These

efforts do have precedents:Newton’s law of universalgravitation wasmotivatedby

planetaryorbits. Helium was first discoveredin the solar spectrum. Positronsand

muonswerebothdiscoveredin cosmic-rayexperiments.For several yearsbeforethe

adventof LEP, big-bangnucleosynthesisprovidedtheonly boundto thenumberof light

neutrinos(e.g.,Ref. 1). Cosmologyfor a long time providedby far themoststringent

upperlimits to stable-neutrinomasses.

Thepromiseof usingastrophysicsto studyfundamentalphysicshasalsobeenre-

alized more recently, most notably with the evidencefor inflation from the cosmic

microwave background(CMB), evidencefor an acceleratedcosmologicalexpansion,

andatmosphericandsolarneutrinos.

At the Snowmass2001 workshopon the future of high-energy physics, a work-

ing group(P4)wasconvenedto identify opportunitiesfor advancesat the interfaceof

particlephysics,astrophysics,andcosmology.2 This working groupcovereda broad

rangeof topics,subdivided into eight topical groups: (1) dark matterandrelic parti-

cles;(2) gammaraysandX-rays;(3) theCMB andinflation;(4) structureformationand

cosmologicalparameters;(5)cosmicrays;(6)gravitationalradiation;(7)neutrinoastro-

physics;and(8) theearlyUniverseandtestsof fundamentalphysics.Recentadvances

in theseareasincludethefollowing:

(1) CMB measurementshave now mappedthelocationof thefirst acousticpeakin

the CMB power spectrum,which determinesthe geometry,3 andfound that the total

energy densityof the Universe(in units of the critical density)is Ωtot = 1.00+0.03
−0.02,

providing for the very first time strongevidencethat of the threepossibilities(open,

closed,or flat), thespatialgeometryof theUniverseis flat.4–9 TheseCMB experiments

moreoversupportthehypothesisthatlarge-scalestructuregrew from primordialdensity
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fluctuationsthatlook muchlike thosepredictedby inflation.

(2) Thediscrepancy betweena matterdensityΩm ' 0.3 andΩtot ' 1 providesin-

dependentcorroborationof theremarkablerecentsupernovaevidence10,11 thatsuggests

that∼ 70% of theenergy densityof theUniverseis in theform of somemysteriousand

theoreticallyunanticipatednegative-pressure“dark energy”.

(3) CMB dataverify, througha completelyindependentavenue,the big-bangnu-

cleosynthesispredictionthatbaryonsmake up only ∼5% of thecritical density. When

combinedwith dynamicalandCMB evidencefor anonrelativistic-matterdensityof 30%

of critical, we infer that25%of thetotaldensityof theUniversemustbein theform of

nonbaryonicdarkmatter(thebestbetbeingsupersymmetricparticlesor axions).

(4) The sensitivities of experimentsto directly detectsupersymmetricand axion

darkmatterhave beenimprovedby severalordersof magnitudeandarenow probing

thecosmologically-relevantregionsof parameterspace.

(5) Neutrinosfrom astrophysical sources(atmosphericand solar neutrinos)have

providedconvincing evidencefor neutrinooscillationsandthusdemonstratethatvery

concreteadvancesin fundamentalphysicscanoccurwith astrophysicalsources.

HereI summarizea few of thetopicsof theSnowmassP4workinggroup,focusing

on severalsubjectsthat I find particularlyinterestingandproviding updatesin several

caseswheretherehasbeenprogressduringthepastyear.

2 Particle Dark Matter

Almostall astronomerswill agreethatmostof themassin theUniverseis nonluminous.

Dynamicsof clustersof galaxieshave longsuggestedauniversalnonrelativistic-matter

densityΩm ' 0.1−0.3 (in unitsof thecritical density).It hasalsobeenappreciatedfor

alongtimethatif therewerenomatterbeyondtheluminousmatterwesee,theduration

of theepochof structureformationwould bevery short,therebyrequiringfluctuations

in theCMB considerablylargerthanthoseobserved.12

However, the mostrobust observationalevidencefor the existenceof dark matter

hasalwaysinvolved galacticdynamics.Thereis simply not enoughluminousmatter

observedin spiralgalaxiestoaccountfor theirobservedrotationcurves(for example,that

for NGC6503shown in Fig.1; from Ref.13). Theserotationcurvesimply theexistence

of adiffusehaloof darkmatterthatvastlyoutweighsandextendsmuchfurtherthanthe

luminouscomponent.Summingthecontributionsfrom all galaxies,we infer thatdark

matterassociatedwith galaxiescontributesΩhalo >∼ 0.1. On theotherhand,big-bang
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Fig. 1. Rotationcurve for the spiral galaxy NGC6503. The pointsarethe measured

circularrotationvelocitiesasa functionof distancefrom thecenterof thegalaxy. The

dashedanddottedcurvesarethecontribution to the rotationalvelocity dueto theob-

served disk andgas,respectively, andthe dot-dashcurve is the contribution from the

darkhalo. FromRef.13.
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nucleosynthesissuggestsabaryondensityΩb <∼ 0.1 (Ref.14). Thus,thebulk of thehalo

mustbenonbaryonic.In thepastfew years,theexistenceof nonbaryonicdarkmatter

hasreceived independentandpreciseconfirmationwith new CMB resultsalludedto

above. Thereis simply no goodfit to theCMB power spectrumwithout nonbaryonic

darkmatter. Thedatarequireanonbaryonic-dark-matterdensityΩdmh2 = 0.13 ± 0.04

(andh is theHubbleparameterin unitsof 100km sec−1 Mpc−1).

So, what could this dark matterbe? A neutrinospeciesof massO(10 eV) could

provide theright dark-matterdensity, but N-bodysimulationsof structureformationin

a neutrino-dominatedUniversedo a poor job of reproducingtheobservedstructure.15

Furthermore,it is difficult to see(essentiallythePauli principle)how sucha neutrino

could make up the halo dark matter.16 It appearslikely thenthat someexotic particle

darkmatteris required.

For thepasttwo decades,thetwo leadingcandidatesfrom particletheoryhavebeen

weakly-interactingmassive particles(WIMPs),suchasthelightestsuperpartner(LSP)

in supersymmetricextensionsof thestandardmodel,17,18 andaxions.19

2.1 Weakly-Interacting MassiveParticles

Supposethatin additionto theknown particlesof thestandardmodel,thereexistsanew

stableweakly-interactingmassive particle(WIMP), χ. At sufficiently earlytimesafter

thebig bang,whenthetemperaturesaregreaterthanthemassof theparticle,T � mχ,

theequilibriumnumberdensityof suchparticlesisnχ ∝ T 3, but for lowertemperatures,

T � mχ, the equilibrium abundanceis exponentiallysuppressed,nχ ∝ e−mχ/T . If

theexpansionof theUniversewereslow enoughthatthermalequilibriumwerealways

maintained,thenumberof WIMPstodaywouldbeinfinitesimal.However, theUniverse

is not static,soequilibriumthermodynamicsis not theentirestory.

At high temperatures(T � mχ), χ’sareabundantandrapidlyconvertingto lighter

particlesandvice versa (χχ̄ ↔ ll̄, wherell̄ arequark-antiquarkandlepton-antilepton

pairs,andif mχ is greaterthanthemassof thegaugeand/orHiggsbosons,ll̄ couldbe

gauge-and/orHiggs-bosonpairsaswell). ShortlyafterT dropsbelow mχ thenumber

densityof χ’s dropsexponentially, andtheratefor annihilationof χ’s,Γ = 〈σv〉 nχ—

where〈σv〉 is the thermallyaveragedtotal crosssectionσ for annihilationof χχ̄ into

lighter particlestimesrelative velocity v—dropsbelow theexpansionrate,Γ <∼ H. At

thispoint, theχ’sceaseto annihilateefficiently, they fall outof equilibrium,andarelic

cosmologicalabundanceremains. The equilibrium (solid curve) and actual(dashed
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Fig. 2. Comoving numberdensityof WIMPs in theearlyUniverse.Thedashedcurves

aretheactualabundancesfor differentannihilationcrosssections,andthesolid curve

is theequilibriumabundance.
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curve) abundancesof WIMPs percomoving volumeareplottedin Fig. 2 asa function

of x ≡ mχ/T (which increaseswith increasingtime). As theannihilationcrosssection

is increasedtheWIMPs stayin equilibrium longer, sowe areleft with a smallerrelic

abundancewhenthey do finally freezeout. An approximatesolutionto theBoltzmann

equationyieldsthecosmologicalWIMP abundance(in unitsof thecritical densityρc),

Ωχ =
mχnχ

ρch2
'
(

3 × 10−27 cm3 sec−1

〈σAv〉

)
h−2. (1)

Theresultistoafirstapproximationindependentof theWIMP massandisfixedprimarily

by theannihilationcrosssection.

The WIMP velocitiesat freeze-outare typically someappreciablefraction of the

speedof light. Therefore,from Eq.(1), theWIMP will haveacosmologicalabundance

of orderunity todayif theannihilationcrosssectionis roughly10−9 GeV−2. Curiously,

thisis theorderof magnitudeonewouldexpectfromatypicalelectroweakcrosssection,

σweak ' α2

m2
weak

, (2)

whereα ' O(0.01) andmweak ' O(100 GeV). The numericalconstantin Eq. (1)

neededto provide Ωχ ∼ 1 comesessentiallyfrom the ageof the Universe. But why

shouldtheageof theUniversehave anything to do with theageof theUniverse?This

unanticipatedcoincidencesuggeststhat if a new, asyet undiscovered,stablemassive

particlewith electroweakinteractionsexists,thenit shouldhavearelic densityof order

unity and is thereforea naturaldark-mattercandidate. This hasbeenthe argument

driving themassiveexperimentaleffort to detectWIMPs.

ThefirstWIMPsconsideredweremassiveDiracor Majorananeutrinoswith masses

in the rangeof a few GeV to a few TeV. (Due to theYukawa couplingwhich givesa

neutrinoits mass,theneutrinointeractionsbecomestrongabove a few TeV, andit no

longerremainsasuitableWIMP candidate.20) LEPruledoutneutrinomassesbelow half

theZ0 mass.Furthermore,heavier Dirac neutrinoshave beenruledout astheprimary

componentof theGalactichalobydirect-detectionexperiments(describedbelow),21 and

heavier Majorananeutrinoshave beenruledout by indirect-detectionexperiments22–27

(alsodescribedbelow) overmuchof theirmassrange.Therefore,Diracneutrinoscannot

comprisethehalodarkmatter;28 Majorananeutrinoscan,but only over a small range

of fairly largemasses.

A muchmorepromisingWIMP candidatecomesfrom electroweak-scalesupersym-

metry(SUSY).17,18,29 SUSYwashypothesizedin particlephysicstocurethenaturalness
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problemwith fundamentalHiggsbosonsat theelectroweakscale. Coupling-constant

unificationattheGUTscaleseemstobeimprovedwith SUSY, andSUSYisanessential

ingredientin theoriesthatunify gravity with theotherthreefundamentalforces.

Theexistenceof a new symmetry, R-parity, in SUSY theoriesguaranteesthat the

lightestsupersymmetricparticle(LSP)is stable.In theminimalsupersymmetricexten-

sionof thestandardmodel(MSSM), theLSPis usuallytheneutralino,a linearcombi-

nationof thesupersymmetricpartnersof thephoton,Z0, andHiggsbosons.Another

possibilityaresneutrinos,but theseparticlesinteractlikeneutrinosandhavebeenruled

outovermostof theavailablemassrange.30 GivenaSUSYmodel,thecrosssectionfor

neutralinoannihilationto lighterparticles,andthustherelic density, canbecalculated.

Themassscaleof supersymmetrymustbeof ordertheweakscaletocurethenaturalness

problem,andtheneutralinowill have only electroweakinteractions.Therefore,it is to

beexpectedthatthecosmologicalneutralinoabundanceis of orderunity. In fact,with

detailedcalculations,onefinds that theneutralinoabundancein a very broadclassof

supersymmetricextensionsof thestandardmodelisnearunityandcanthereforeaccount

for thedarkmatterin ourhalo.31

Thisis illustratedin Fig.3wherethecosmologicalabundanceΩχ (timesh2) isplotted

versusthe neutralinomassmχ. Eachpoint representsonesupersymmetricmodel,or

equivalently, onechoiceof theMSSMparameters.Modelswith Ωχh2 >∼ 1 areexcluded

if theUniverseis atleast10Gyr old,while thosewith Ωχh2 <∼ 0.025 arecosmologically

consistent,butprobablygivetoofew neutralinostoaccountfor thedarkmatterin galactic

halos. Thenumerousmodelsin which theneutralinoabundanceis betweenthesetwo

limits provideexcellentdark-mattercandidates.

2.2 Dir ectDetectionof WIMPs

SUSYparticlesarenow theprimarytargetsof thenext generationof acceleratorexper-

iments. However, onecanalsotry to detectneutralinosin theGalactichalo. In order

to accountfor the dynamicsof the Milk y Way, the local dark-matterdensitymustbe

ρ0 ' 0.4 GeV/cm3, andwhatever particlesor objectsmake up the dark-matterhalo

mustbemoving with avelocitydispersionof 270km/sec.

PerhapsthemostpromisingtechniquetodetectWIMPsisdetectionof theO(30 keV)

nuclearrecoilproducedbyelasticscatteringof neutralinosfromnucleiin low-background

detectors.32–34 A particlewith massmχ ∼ 100 GeVandelectroweak-scaleinteractions

will have a crosssectionfor elasticscatteringfrom a nucleuswhich is σ ∼ 10−38 cm2.
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Fig. 3. Cosmologicalabundanceof a WIMP versusthe WIMP mass. Eachpoint

representsthe result for a given choiceof the MSSM parameters.The spikes arise

simplyasaconsequenceof ourmethodof tiling theSUSYparameterspace—they have

nophysicalsignificance.FromRef.17.
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If thelocal halodensityis ρ0 ' 0.4 GeV cm−3, andtheparticlesmove with velocities

v ∼ 300 kmsec−1, thentheratefor elasticscatteringof theseparticlesfrom,e.g.,germa-

niumwhichhasamassmN ∼ 70 GeV, will beR ∼ ρ0σv/mχ/mN ∼ 1 eventkg−1 yr−1.

If a100-GeVWIMP moving atv/c ∼ 10−3 elasticallyscatterswith anucleusof similar

mass,it will imparta recoilenergy up to 100keV to thenucleus.Therefore,if wehave

1 kg of germanium,weexpectto seeroughlyonenucleusperyearspontaneouslyrecoil

with anenergy of O(30keV).

More precisecalculationsof thedetectionrateincludetheproperneutralino-quark

interaction,theQCD andnuclearphysicsthat turn a neutralino-quarkinteractioninto

a neutralino-nucleusinteraction,anda full integrationover theWIMP velocity distri-

bution. Even if all of thesephysical effectsareincludedproperly, thereis still some

uncertaintyin the predictedevent ratesthat arisesfrom currentlimitations in our un-

derstandingof, e.g., squark,slepton,chargino, and neutralinomassesand mixings.

Therefore,ratherthanmake a singlepreciseprediction,theoristsgenerallysurvey the

availableSUSYparameterspace.Doing so,onefindsevent ratesbetween10−4 to 10

eventskg−1 day−1 (Ref. 17), asshown in Fig. 55 of Ref. 17, althoughtheremay be

modelswith ratesthatareabit higheror lower.

2.3 EnergeticNeutrinos fr om WIMP Annihilation

Energeticneutrinosfrom WIMP annihilationin theSunand/orEarthprovide analter-

native avenuefor indirect detectionof WIMPs.35 If, uponpassingthroughthe Sun,a

WIMP scatterselasticallyfromanucleusthereintoavelocitylessthantheescapeveloc-

ity, it will begravitationally boundto theSun.This leadsto a significantenhancement

in thedensityof WIMPsin thecenterof theSun—orby asimilarmechanism,theEarth.

TheseWIMPs will annihilateto, e.g.,c, b, and/ort quarks,and/orgaugeandHiggs

bosons.Amongthedecayproductsof theseparticleswill beenergeticmuonneutrinos

which canescapefrom thecenterof theSunand/orEarthandbedetectedin neutrino

telescopessuchasIMB, Baksan,Kamiokande,MACRO, or AMANDA. Theenergies

of thesemuonswill betypically1/3to 1/2theneutralinomass(e.g.,10sto 100sof GeV)

sothey will bemuchmoreenergeticthanordinarysolarneutrinos(andthereforecannot

beconfusedwith them).36 Thesignatureof sucha neutrinowould betheCerenkov ra-

diationemittedby anupwardmuonproducedby acharged-currentinteractionbetween

theneutrinoandanucleusin therockbelow thedetector.

Theannihilationrateof theseWIMPsequalstheratefor captureof theseparticlesin
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theSun,which canbecalculated.37 Theflux of neutrinosat theEarthdependsalsoon

theEarth-Sundistance,WIMP annihilationbranchingratios,andthedecaybranching

ratiosof theannihilationproducts.Theflux of upwardmuonsdependson theflux of

neutrinosandthecrosssectionfor productionof muons,which dependson thesquare

of theneutrinoenergy.

As in thecaseof directdetection,theprecisepredictioninvolvesnumerousfactors

fromparticleandnuclearphysicsandastrophysics,andontheSUSYparameters.When

all thesefactorsaretakenintoaccount,predictionsfor thefluxesof suchmuonsin SUSY

modelsseemto fall for the mostpart between10−6 and1 event m−2 yr−1 (Ref. 17),

asshown in Fig. 57 of Ref. 17, althoughthenumbersmaybea bit higheror lower in

somemodels.Presently, IMB, Kamiokande,Baksan,andMACRO constraintheflux of

energeticneutrinosfrom theSunto be<∼ 0.02 m−2 yr−1 (Ref.22–25).Largerandmore

sensitive detectorssuchassuper-Kamiokande26 andAMANDA27 arenow operating,

andothersarebeingconstructed.38

2.4 RecentResults

Therehasbeensomecontroversyandexcitementamongdark-matterexperimentalistsin

recentyears.TheDAMA collaboration39 hasfor severalyearsseenanannualmodulation

in the event ratein their NaI detector, which they attribute to a WIMP. A WIMP can

interactwith nucleieitherthrougha scalarinteraction(wheretheWIMP-nucleuscross

sectionscaleswith thenuclearmass),or throughanaxial-vectorinteraction(wherethe

WIMP-nucleuscrosssectiondependson somethinglike the nuclearspin or magnetic

moment). If theDAMA modulationis attributedto a WIMP with a scalarinteraction

with nuclei,thenit impliesaWIMP massandWIMP-nucleoncrosssectionin theregion

indicatedin Fig.4. Forseveralyears,null searchesin theCDMSGedetector40 ruledout

mostof thisregion. Thispastyear, new null resultsfrom EDELWEISS41 andZEPLIN42

seemto havenow ruledout theentireDAMA parameterspace.

But what if theWIMP hasanaxial-vectorinteraction?Both Na andI have a spin

carriedprimarilybyanunpairedproton.Although73Gealsohasaspincarriedprimarily

by a proton,its isotopicabundanceis only 7%. Thus,if theDAMA modulationis due

to aWIMP with a spin-dependentinteractionwith protons,it would evadedetectionin

CDMS43 (andprobablyalsoin EDELWEISS;a carefulanalysisis now in progress44).

In Ref.43,however, we showedusingthemodel-independentanalysisof Refs.45 that

if the DAMA modulationwereattributedto a WIMP-protonaxial-vector interaction,
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Fig. 4. Theregionsof theWIMP mass–cross-sectionparameterspacefor aWIMP with

scalarinteractionswith nucleons.Theshadedareais theparameterspaceinferredfrom

theDAMA modulation,andthecurvesshow upperlimits from CDMS,EDELWEISS,
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thentheseWIMPs would accumulateefficiently in the Sun(which is madeprimarily

of protons)and annihilatetherein. The resultingflux of energetic neutrinoswould

have beenwell over anorderof magnitudelarger thanthecurrentupperboundsfrom

Kamiokande,Baksan,andMACRO,asshownin Fig.5. Alternatively, asmallfractionof

thenuclearspinsin NaandI couldbedueto neutrons,andif so,theDAMA modulation

couldbeexplainedby aWIMP with aspin-dependentinteractionwith neutrons.In this

case,however, theWIMP-neutroninteractionwould have to be quite strong,andthe

WIMP would have alreadyshown up in anotherof DAMA’s detectorsthat is madeof

Xe, asshown in Fig. 6, andprobablyalso in ZEPLIN (a detailedanalysisis now in

progress44).

2.5 WIMPs and Exotic CosmicRays

WIMPsmightalsobedetectedvia observationof exotic cosmic-raypositrons,antipro-

tons,andgammaraysproducedby WIMP annihilationin theGalactichalo. Thediffi-

culty with thesetechniquesis discriminationbetweenWIMP-inducedcosmicraysand

thosefrom traditionalastrophysical (“background”)sources.However, WIMPs may

producedistinctivecosmic-raysignatures.As illustratedin Fig.7,46 WIMP annihilation

mightproduceacosmic-ray-positronexcessathighenergies.46,47 Therearenow several

balloon(e.g.,BESS,CAPRICE,HEAT, IMAX, MASS,TS93)andsatellite(AMS and

PAMELA) experimentsthathave recentlyflown or areaboutto beflown to searchfor

cosmic-rayantimatter. In fact,theHEAT experimentmayalreadyshow someevidence

for apositronexcessathighenergies.48

WIMP annihilationwill producean antiprotonexcessat low energies,49 although

Ref. 50 claimsthat traditionalastrophysical sourcescanmimic suchanexcess.They

arguethattheantiprotonbackgroundathigherenergies(>∼few GeV)isbetterunderstood,

andthatasearchfor anexcessof thesehigher-energy antiprotonswould thusprovidea

betterWIMP signature.

Direct WIMP annihilationto two photonscanproducea gamma-rayline, which

couldnot bemimickedby a traditionalastrophysicalsource,at anenergy equalto the

WIMP mass.WIMPscouldalsoannihilatedirectlyto aphotonandaZ0 boson,51,52 and

thesephotonswill bemonoenergeticwith anenergy thatdiffersfrom thatof thephotons

from direct annihilationto two photons. Resolutionof both lines and measurement

of their relative strengthswould shedlight on thecompositionof theWIMP. Ground-
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Fig.7. Thedifferentialpositronflux dividedby thesumof thedifferentialelectron-plus-

positronflux. Shown aretheHEAT dataaswell astheoreticalmodelsof background

andthebackgroundwith asupersymmetricdark-matterannihilationsignaladded.From

Ref.46.

TF04

XXX SLAC Summer Institute (SSI2002), Stanford, CA, 5-16 August, 2002

728



basedexperimentslike STACEE or CELESTEor the GLAST satellitewill seekthis

annihilationradiation.

It wasrecentlyargued53 that theremay be a very densedark-matterspike, with a

dark-matterdensitythatscaleswith radiusr asρ(r) ∝ r−2.25 from theGalacticcenter,

aroundthe black hole at the Galacticcenter. If so, it would give rise to a hugeflux

of annihilationradiation. However, othershave questionedwhetherthis spike really

arises.54

2.6 Axions

Theotherleadingdark-mattercandidateis theaxion.19 TheQCD Lagrangianmaybe

written

LQCD = Lpert + θ
g2

32π2
GG̃, (3)

wherethefirst term is theperturbative Lagrangianresponsiblefor thenumerousphe-

nomenologicalsuccessesof QCD. However, the secondterm (whereG is the gluon

field-strengthtensorandG̃ is its dual),which is a consequenceof nonperturbative ef-

fects,violatesCP . Fromconstraintsto theneutronelectric-dipolemoment,dn <∼ 10−25

e cm, it canbeinferredthatθ <∼ 10−10. But why is θ sosmall?This is thestrong-CP

problem.

The axion arisesin the Peccei-Quinn(PQ) solution to the strong-CP problem,55

which twenty-five yearsafter it was proposedstill seemsto be the most promising

solution. A globalU(1)PQ symmetrybrokenat a scalefPQ, andθ yieldsa dynamical

field whichis theNambu-Goldstonemodeof thissymmetry. At temperaturesbelow the

QCD phasetransition,nonperturbative quantumeffectsbreakexplicitly thesymmetry

anddrive θ → 0. Theaxionis thepseudo-Nambu-Goldstonebosonof this near-global

symmetry. Its massis ma ' eV (107 GeV/fa), andits couplingto ordinarymatteris

∝ f−1
a .

ThePeccei-Quinnsolutionworksequallywell for any valueof fa. However, avariety

of astrophysical observationsandlaboratoryexperimentsconstrainthe axion massto

bema ∼ 10−4 eV. Smallermasseswould leadto anunacceptablylargecosmological

abundance.Largermassesareruledoutbyacombinationof constraintsfromsupernova

1987A,stellarevolution, laboratoryexperiments,anda searchfor two-photondecays

of relic axions.

Curiouslyenough,if theaxionmassis in therelatively smallviablerange,therelic

densityis Ωa ∼ 1 andmay thereforeaccountfor the halo dark matter. Suchaxions
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would be producedwith zeromomentumby a misalignmentmechanismin the early

Universeandthereforeactascolddarkmatter. Duringtheprocessof galaxyformation,

theseaxionswould fall into theGalacticpotentialwell andwould thereforebepresent

in ourhalowith avelocitydispersionnear270km sec−1.

If ma ∼ 10−4 eV, themagnitudeof theexplicit symmetrybreakingis incrediblytiny

comparedwith thePQscale,sotheglobalPQsymmetry, althoughbroken,mustbevery

closetoexact.Therearephysicalargumentsinvolving,for example,thenonconservation

of globalchargein evaporationof a blackholeproducedby collapseof aninitial state

with nonzeroglobalcharge, thatsuggestthatglobalsymmetriesshouldbeviolatedto

someextent in quantumgravity. In order for the PQ mechanismto work for ma ∼
10−4, thecouplingof a genericglobal-symmetry-violatingtermfrom quantum-gravity

effectsmustbeextraordinarilysmall(e.g.,<∼ 10−55).56 Of course,wehaveat thispoint

no predictive theoryof quantumgravity, andseveralmechanismsfor forbiddingthese

global-symmetryviolating termshavebeenproposed.57 Therefore,theseargumentsby

no means“rule out” theaxionsolution. Rather, discovery of anaxionwould provide

muchneededcluesto thenatureof Planck-scalephysics.

Fig. 8. Regionsof axionmass-couplingparameterspacecurrentlybeingprobedby an

ongoingsearchatLivermore.59
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Thereisaveryweakcouplingof anaxiontophotonsthroughtheanomaly. Theaxion

canthereforedecayto two photons,but thelifetime is τa→γγ ∼ 1050 s (ma/10−5 eV)−5

which is hugecomparedto the lifetime of the Universeand thereforeunobservable.

However, the aγγ term in the Lagrangianis Laγγ ∝ a ~E · ~B where ~E and ~B arethe

electricandmagneticfield strengths.Therefore,if oneimmersesa resonantcavity in a

strongmagneticfield,Galacticaxionsthatpassthroughthedetectormaybeconvertedto

fundamentalexcitationsof thecavity, andthesemaybeobservable.58 Suchanexperiment

is currently underway59 and hasalreadybegun to probepart of the cosmologically

interestingparameterspace(seeFig. 8),andit shouldcovermostof theinterestingregion

parameterspacein thenext few years.A relatedexperiment,whichlooksfor excitations

of Rydberg atoms,is alsoseekingdark-matteraxions.60 Althoughthesensitivity of this

techniqueshouldbeexcellent,it canonly coveralimited axion-massrange.TheCERN

Axion SolarTelescope(CAST)project61 issearchingfor ma ' O(eV) axionsbylooking

for resonantconversionof thermalaxionsfrom theSuninto x rays.This massrangeis

availableonly if thereareloopholesin thestellar-evolutioncalculationsthatnominally

excludethesemasses.

2.7 Self-Interacting Dark Matter?

N-body simulationsof structureformationwith collisionlessdark mattershow dark-

mattercusps,densityprofiles that fall asρ(r) ∝ 1/r with radiusr nearthe galactic

center,62 while somedwarf-galaxy rotationcurvesindicatethe existenceof a density

core in their centers.63 This haspromptedsometheoriststo considerself-interacting

dark matter.64 If dark-matterparticleselasticallyscatterfrom eachotherin a galactic

halo, thenheatcanbe transportedfrom the halo centerto the outskirts; in this way,

thecuspcanbesmoothedinto a core. In orderfor this mechanismto work, however,

the elastic-scatteringcrosssectionmustbeσel ∼ 10−(24−25)(mχ/GeV) cm2, roughly

thirteenordersof magnitudelargerthanthecrosssectionexpectedfor WIMPs,andeven

furtherfrom thatfor axions.If thecrosssectionis stronger, thehalowill undergo core

collapse,65 andif it is weaker, theheattransportis not sufficiently efficient to remove

thedwarf-galaxydark-mattercusp.

Thehugediscrepancy betweenthemagnitudeof therequiredscatteringcrosssection

andthat for WIMPs andaxionshasmadeself-interactingdark matterunappealingto

mostWIMP andaxiontheorists(butsee,e.g.,Refs.66). However, theoreticalprejudices

aside,self-interactingdarkmatternow seemsuntenableobservationally. If darkmatter
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is collisional,dark-mattercoresshouldequilibrateandbecomeround. Non-radialarcs

in the gravitational-lensingsystemMS2137-23requirea non-sphericalcoreandthus

rule out the scatteringcrosssectionsrequiredto producedwarf-galaxy cores.67 One

possibleloopholeis that the scatteringcrosssectionis inverselyproportionalto the

relativevelocityof thescatteringparticles;thiswouldlengthentheequilibrationtimein

thecoreof theclusterMS2137-23.Thispossibilityhasnow beenruledout,however, by

x-ray observationsof thegiantelliptical galaxyNGC 4636which shows a very dense

dark-mattercuspat verysmallradii.68

3 TheCosmicMicr owaveBackground,Lar ge-ScaleStruc-

tur e,and Inflation

3.1 RecentProgressin the CMB

In thepastfew years,thecosmicmicrowave background(CMB) hasbegunto provide

perhapsthe most exciting opportunityfor learningaboutnew physics at ultra-high-

energy scales(for recentreviews, see,e.g.,Refs.69–71).We have alreadyseenspec-

tacularadvancesin measurementsof temperaturefluctuationsin theCMB4–8 thathave

led to major advancesin our ability to characterizethe largest-scalestructureof the

Universe,the origin of densityperturbations,andthe early Universe. In just the past

few monthswe have seenthe first detectionof CMB polarization72 anda spectacular

measurementof fluctuationsfrom 10-degreeto sub-degreeangularscales.9 In thenext

few monthsweshouldseeevenmoreimprovementsfrom theMAP satellite,73 andeven

morewith thelaunchof thePlancksatellite74 in 2007.

Theprimaryaimof theseexperimentshasbeento determinetheCMB powerspec-

trum, C`, asa functionof multipolemoment̀ . Structure-formationtheoriespredicta

seriesof bumpsin thepowerspectrumin theregion50 <∼ ` <∼ 1000, arisingfrom oscil-

lationsin thebaryon-photonfluid beforeCMB photonslastscatter.75 Therich structure

in thesepeaksallows simultaneousdeterminationof thegeometryof theUniverse,3,76

thebaryondensity, Hubbleconstant,matterdensity, andcosmologicalconstant,aswell

asthenature(e.g.,adiabatic,isocurvature,or topologicaldefects)andspectrumof pri-

mordialperturbations.77

Within the pasttwo years,threeindependentexperimentsthat usedifferent tech-

niques,observingstrategies,andfrequencieshave eachmeasuredthepower spectrum
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Fig.9. TheCMB powerspectrummeasuredrecentlybyBOOMERanG.78 Similarresults

havebeenobtainedalsoby DASI7 andMAXIMA. 79
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Fig. 10. TheCMB power spectrummeasuredrecentlyby ARCHEOPs,aswell asby

previousexperiments.FromRef.9.
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in therange50 <∼ ` <∼ 1000 (Refs.78,79,72),andtheexistenceof thesecondandthird

peakshasnow beenconfirmed,78 asshown in Fig. 9. Theseexperimentsrepresenta

watershedevent in cosmology, as they suggestfor the first time that the Universeis

flat andthatstructuregrew from anearlyscale-invariantspectrumof primordialdensity

perturbations.Thesetwo propertiesarerobustpredictionsof inflation,80,81 a periodof

acceleratedexpansionin thevery earlyUniversedrivenby thevacuumenergy associ-

atedwith somenew, yetundetermined,ultra-high-energy physics.Thenew resultsfrom

ARCHEOPS,9 shown in Fig. 10,overlapandalsointerpolatebetweenthelargest-angle

measurementsfrom COBEandthedegree-scaleexperiments.Theagreementwith the

earlierexperimentsis stunning.

Fig. 11. Logarithmichistoryof theUniverse.

AlthoughtheserecentCMB testssuggestthatweareontheright trackwith inflation,

we still have no idea what new physics may have given rise to inflation. Plausible

theoreticalmodelsplacetheenergy scaleof inflation anywherefrom thePlanckscale

to the electroweak scale,and associatethe inflaton (the scalarfield responsiblefor

inflation)with new fieldsthatarisein stringtheory, GUTs,thePeccei-Quinnmechanism,

supersymmetrybreaking,andelectroweak-scalephysics,asshown in Fig. 11.
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3.2 Inflation, Gravitational Waves,and CMB Polarization

Perhapsthemostpromisingavenuetowardfurthertestsof inflationaswell asdetermi-

nationof theenergy scaleof inflation is thegravitational-wave background.Inflation

predictsthatquantumfluctuationsin thespacetimemetricduringinflation shouldgive

rise to a stochasticgravitational-wave backgroundwith a nearly-scale-invariantspec-

trum(definedto bethefourth rootof theinflatonpotentialduringinflation).82 Inflation

moreover predictsthat theamplitudeof this gravitational-wave backgroundshouldbe

proportionalto thesquareof theenergy scaleof inflation.

Thesegravitational waves will producetemperaturefluctuationsat large angles.

Upperlimits to theamplitudeof large-angletemperaturefluctuationsalreadyconstrain

the energy scaleof inflation to be less than 3 × 1016 GeV. However, sincedensity

perturbationscan also producesuchtemperaturefluctuations,observed temperature

fluctuationscannotalonebeusedto detectthegravitational-wavebackground.

Instead,progresscanbemadewith thepolarizationof theCMB. Bothgravitational

wavesanddensityperturbationswill producelinearpolarizationin theCMB,andthetwo

polarizationpatternsdiffer. More precisely, gravitational wavesproducepolarization

with adistinctivecurlpatternthatcannotbemimickedbydensityperturbations(atlinear

orderin perturbationtheory;seebelow).83,84 Moreover, inflation robustly predictsthat

theamplitudeof this curl dependson thesquareof theenergy scaleof inflation.

Is thissignalatall detectable?If theenergyscaleof inflationismuchbelow theGUT

scale,thenthepolarizationsignalwill likelybetoosmalltoeverbedetected.However, if

inflationhadsomethingto dowith GUTs—asmany, if notmosttheoristsbelieve—then

thesignalis conceivablydetectableby anext-generationCMB experiment.85 Although

theMAP satellite,launchedjust lastmonth,is unlikely to have sufficient sensitivity to

detectthe curl componentfrom inflationarygravitational waves, the Plancksatellite,

a EuropeanSpaceAgency experimentto be launchedin 2007,shouldhave sufficient

sensitivity to detectthe CMB curl componentaslong asthe energy scaleof inflation

is greaterthanroughly5 × 1015 GeV. However, Planckwill not betheendof theline.

An experimentthat integratesmoredeeplyon a smallerregion of sky canimprove the

sensitivity to the inflationarygravitational-wave backgroundby almosttwo ordersof

magnitude.86 Moreover, thereareseveralvery promisingideasbeingpursuednow that

couldimprovethedetectorsensitivity bymorethananorderof magnitudewithin thenext

decade.Puttingthesetwo factorstogether, it becomeslikely thata CMB polarization

experimentthatprobesinflationaryenergyscalestobelow 1015 GeV—andthusaccesses
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theentirefavoredGUT parameterspace—couldbemountedonaten-yeartimescale(if

not sooner).

3.3 CosmicShearand the CMB

Thereis, however, anothersourceof a curl component. Cosmicshear(CS)—weak

gravitational lensingof theCMB dueto large-scalestructurealongthe line of sight—

resultsin afractionalconversionof thegradientmodefrom densityperturbationsto the

curl component.87 TheCS-inducedcurl thusintroducesanoisefrom whichIGWsmust

bedistinguished.If the IGW amplitude(or Einfl) is sufficiently large, theCS-induced

curl will benoproblem.However, asEinfl is reduced,theIGW signalbecomessmaller

andwill at somepoint get lost in theCS-inducednoise. If it is not correctedfor, this

confusionleadsto aminimumdetectableIGW amplitude.88–90

In additionto producingacurl component,CSalsointroducesdistincthigher-order

correlationsin theCMB temperaturepattern.Roughlyspeaking,lensingcanstretchthe

imageof theCMB onasmallpatchof sky andthusleadtosomethingakintoanisotropic

correlationson that patchof sky, even thoughthe CMB patternat the surfaceof last

scatterhadisotropiccorrelations.By mappingtheseeffects,theCScanbemappedasa

functionof positiononthesky.91 TheobservedCMB polarizationcanthenbecorrected

for theselensingdeflectionsto reconstructtheintrinsicCMB polarizationat thesurface

of lastscatter(in which theonly curl componentwouldbethatdueto IGWs).

Refs.89,90show that if the gravitational-wave backgroundis large enoughto be

accessiblewith thePlancksatellite,thenthecosmic-shearcontributiontothecurlcompo-

nentwill notgetin theway. However, to gobeyondPlanck,thecosmic-sheardistortion

to theCMB curl will needto besubtractedby mappingthecosmic-sheardeflectionwith

higher-order temperature-polarizationcorrelations. Ultimately, if the energy scaleis

Einfl <∼ 2 × 1015 GeV, thentherewill beanirreduciblecosmic-shear-inducedcurl, even

with higher-ordercorrelations.Thus,if theenergy scaleof inflation is below thisvalue,

the gravitational-wave backgroundwill not be detectablewith the CMB polarization.

Either way, the cosmic-sheardistortionsto the CMB will be of interestin their own

right, asthey probethedistribution of darkmatterthroughouttheUniverseaswell as

the growth of densityperturbationsat early times. Thesegoalswill be importantfor

determiningthematterpower spectrumandthusfor testinginflation andconstraining

theinflatonpotential.
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Fig. 12. Minimum inflation potentialobservableat 1σ asa function of survey width

for a one-yearexperiment.The left panelshows anexperimentwith noise-equivalent

temperature(NET, the detectorsensitivity) s = 25 µK
√

sec. The solid curve shows

resultsthatcouldbeobtainedif therewerenocosmicshear. Thelong-dashcurveshows

the minimum detectableinflaton-potentialheightwith the optimal detectionstrategy.

SeeRef.89 for moredetailsanda full descriptionof theothercurves.
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3.4 CMB and Primordial Gaussianity

Anotherpredictionof inflationis thatthedistributionof massin theprimordialUniverse

shouldbea realizationof a Gaussianrandomprocess.This meansthatthedistribution

of temperatureperturbationsin theCMB shouldbeGaussianandit moreover implies

apreciserelationbetweenall of thehigher-ordertemperaturecorrelationfunctionsand

the two-point correlationfunction. Theserelationscanbe testedwith future precise

CMB temperatureandpolarizationmaps.SeeRef.92 for abrief review.

3.5 Structur eFormation and Inflation

Large-scalegalaxy surveys have becomea reality, particularlywith the advent of the

Two-DegreeField93 andSloanDigital Sky Surveys.94 Wearenow mappingthedistribu-

tion of galaxiesoverhugevolumesin theUniverse.Moreover, justover two yearsago,

four independentgroupsreporteddetectionof cosmicshearthroughtheobservationof

ellipticity correlationsin distantgalaxies.95 In the future,cosmic-shearmeasurements

will mapthedistributionof matter(ratherthanjusttheluminousmatterprobedbygalaxy

surveys) over largevolumesof space.

If the big bangis a cosmicaccelerator, subtlecorrelationsin the debrisfrom the

explosioncanprovide valuableinformationon inflation, just assubtlecorrelationsin

jetsin acceleratorexperimentscanprovideinformationaboutthecollisionsthatgiverise

to them.Theprimaryaimsof galaxysurveysandcosmic-shearmapsaredetermination

of the power spectrumP (k) of the cosmologicalmatterdistribution asa function of

wavenumber(inversedistance)k. Thesemeasurementsareimportantfor thestudyof

inflation,asinflationrelatestheamplitudeandshapeof thepowerspectrumP (k) to the

inflaton potentialV (φ) asa functionof the valueφ of the inflaton. Measurementsof

P (k) with theCMB attheverylargestscales,to intermediatescaleswith galaxysurveys,

to thesmallestscaleswith subgalacticstructure96 arenow beingpursued.Moreover, as

discussedabove,inflationpredictsverypreciserelationsbetweenall of thehigher-order

correlationfunctionsfor theprimordialmassdistribution andits two-pointcorrelation

function,andtheserelationscanalsobe testedwith theobserveddistribution of mass

in theUniversetoday. Thegrowth of densityperturbationsvia gravitationalinfall alters

the precisestructureof the correlationhierarchy from the primordial one. However,

it doesso in a calculableway so that the primordial distribution of densityperturba-

tions(Gaussianaspredictedby inflation? or otherwise?)canbedeterminedfrom the

distributionobservedin theUniversetoday.97
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Information about the primordial distribution of mattercan also be obtainedby

studyingtheabundancesandpropertiesof therarestobjectsin theUniverse:clustersof

galaxiestodayandgalaxiesat high redshift(see,e.g.,Ref. 98). Suchobjectsform at

rare(>∼ 3σ) high-densitypeaksin theprimordialdensityfield. Inflationpredictsthatthe

distributionof suchpeaksshouldbeGaussian.If thedistribution is non-Gaussian—for

example,skew-positive with anexcessof high-densitypeaks—thentheabundanceof

theseobjectscanbe considerablylarger. In suchskew-positive models,suchobjects

would alsoform over a muchwider rangeof redshiftsandthusexhibit a broaderrange

of properties(e.g.,sizes,ages,luminosities,temperatures).99

4 Dark Energy

In additionto confirmingthepredictionsof big-bangnucleosynthesisandtheexistence

of darkmatter, themeasurementof classicalcosmologicalparametershasresultedin a

startlingdiscovery over thepastfew years: roughly70%of theenergy densityof the

Universeis in theform of somemysteriousnegative-pressure“dark energy”.100 Super-

novaevidencefor anacceleratingUniverse10,11 hasnow beendramaticallybolsteredby

thediscrepancy betweenthetotalcosmologicaldensityΩtot ' 1 indicatedby theCMB

anddynamicalmeasurementsof thenonrelativistic-matterdensityΩm ' 0.3.

Asmomentousastheseresultsarefor cosmology, they maybeevenmoreremarkable

from thevantagepointof particlephysics,asthey indicatetheexistenceof new physics

beyondthestandardmodelplusgeneralrelativity. Eithergravity behavesverypeculiarly

ontheverylargestscales,and/orthereissomeformof negative-pressuredarkenergythat

contributes70%of theenergydensityof theUniverse.For thisdarkenergy toaccelerate

theexpansion,itsequation-of-stateparameterw ≡ p/ρ mustsatisfyw < −1/3, wherep

andρ arethedark-energy pressureandenergy density, respectively. Thesimplestguess

for this darkenergy is thespatiallyuniform, time-independentcosmologicalconstant,

for whichw = −1. Anotherpossibilityis quintessence101 or spintessence,102 a cosmic

scalarfield that is displacedfrom the minimum of its potential. Negative pressureis

achievedwhenthekineticenergy of therolling field is lessthanthepotentialenergy, so

that−1 ≤ w < −1/3 is possible.(In fact,equationsof statew < −1, whichviolatethe

dominant-energy conditionin generalrelativity, havenow beenconsideredaswell.103)

Although it is the simplestpossibility, a cosmologicalconstantwith this value is

strange,asquantumgravity wouldpredictits valueto be10120 timestheobservedvalue,

or perhapszeroin the presenceof somesymmetry. Oneof the appealingfeaturesof
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dynamicalmodelsfor darkenergy is that they maybecompatiblewith a truevacuum

energy which is preciselyzero,to which theUniversewill ultimatelyevolve.

Thedarkenergywasacompletesurpriseandremainsacompletemysterytotheorists,

a stumblingblock that, if confirmed,mustbe understoodbeforea consistentunified

theorycanbe formulated.This darkenergy maybea direct remnantof string theory,

andif so,it providesanexciting new window to physicsat thePlanckscale.

Theobviousfirst stepto understandthenatureof this darkenergy is to determine

whetherit is a true cosmologicalconstant,or whetherits densityevolveswith time.

Thiscanbeansweredby determiningtheexpansionrateof theUniverseasafunctionof

redshift. In principlethis canbeaccomplishedwith avarietyof cosmologicalobserva-

tions(e.g.,quasar-lensingstatistics,clusterabundancesandproperties,theLyman-alpha

forest,galaxyandcosmic-shearsurveys,etc.). However, thecurrentbestbetfor deter-

mining the expansionhistory is with supernova searches,particularly thosethat can

reachto redshiftsz >∼ 1. Here,bettersystematic-errorreduction,bettertheoreticalun-

derstandingof supernovaeandevolution effects,andgreaterstatistics,areall required.

Bothground-based(e.g.,theDMT104 orWFHRI105) andspace-based(e.g.,SNAP106) su-

pernovasearchescanbeusedtodeterminetheexpansionhistory. However, for redshifts

z >∼ 1, theprincipalopticalsupernovaemission(includingthecharacteristicsiliconab-

sorptionfeature)getsshiftedto theinfraredwhichis obscuredby theatmosphere.Thus,

a space-basedobservatory appearsto be advisableto reliably measurethe expansion

historyin thecrucialhigh-redshiftregime.

Althoughsupernovaeprovideperhapsthemostdirectprobeof theexpansionhistory,

thereareanumberof otherindirectprobesaswell. Ratherthanreview themall, I sim-

ply discuss,asanexample,oneproposalmaderecentlyby N. Weinberg andme.107,108

Wide-anglecosmic-shearsurveys of blankregionsof thesky have alreadybegun,and

muchlargersurveys will soonto beundertaken. Individual galaxyclustersshouldbe

detectablein thesecosmic-shearmaps,but it is possiblethat proto-clusters,massive

overdensitiesthatarestill in theprocessof undergoinggravitationalcollapse,will also

appearin thesesurveys. Unlikevirializedclusters(i.e.,thosethathaveundergonegrav-

itationalcollapse),which emit copiousamountsof x-ray radiation,thesenonvirialized

clustersshouldbe x-ray underluminous,or appeardark in x-ray bands. We showed

that theabundanceof bothvirialized anddarkclustersthatwill bedetectedin a given

cosmic-shearsurvey, aswell astheratioof thetwo,will dependontheequation-of-state

parameterw, asshown in Fig. 13. At least50 squaredegreeswill needto besurveyed

in orderfor this testto becarriedout.
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Fig. 13. The numberper squaredegreeof virialized (x-ray luminous)and dark(x-

ray underluminous)clustersthat shouldbedetectedin in a cosmic-shearsurvey. The

solid anddashedcurvesarefor power spectranormalizedto COBEandto thecluster

abundance.For eachvalueof w, thereis a uniquenormalizationthatfits bothCOBE

andtheclusterabundance.SeeRef.108for moredetails.
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Most discussionsof observationalprobesof darkenergy have involved theeffects

of quintessenceon the expansionhistory. However, if a quintessencefield exists, it

mayhave somecouplingsto ordinarymatter. If so, it couldgive rise to otherobserv-

able.consequences.In particular, if thecosmological“constant”evolveswith time(i.e.,

is quintessence),thenthereis a preferredframein theUniverse.Couplingsof elemen-

tary particlesto thequintessencefield may thusgive rise to small apparentviolations

of Lorentzand/orCPT symmetry(see,e.g.,Ref. 109). A variety of acceleratorand

astrophysicalexperiments109,110 canbedoneto searchfor suchexotic signatures.

5 Summary and Conclusions

Particle astrophysicsandcosmologynow representa very broadandactive research

front in non-acceleratorprobesof new physics beyond the standardmodel. Here I

have reviewed dark-mattersearches,the relationbetweenobservationsof the cosmic

microwave background,thecurrentcosmologicalmassdistribution,andtheearlyUni-

verse,andthe dark-energy problem. Therearea numberof relatedtopics that I did

not discuss,suchasneutrinoastrophysics, the cosmologyof extra large dimensions,

cosmicrays,andthegrowing connectionsbetweengamma-andx-rayastrophysicsand

particlephysics.At first, somedegreeof skepticismmaybewarrantedwhendiscussing

astrophysicsasa laboratoryfor advancesin fundamentalphysics. On theotherhand,

thereis no questionthatcosmologyis now in theprocessof makingincrediblestrides,

andshouldcontinueto do so for the foreseeablefuture. Moreover, thereareseveral

precedents,includinga very recentandvery decisive one,for discoveringnew funda-

mentalphysicswith astrophysical observationsor sources.Whethertheseprecedents

will befollowedin thefuturewill ultimatelyonly bedeterminedwith furthervigorous

cosmologicalexperimentation.
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