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Abstract. Thereis someconsensugmepging on the valuesof the basicparameter®f classical
cosmology The baryonnumberdensityestimatedrom the light elementabundanceor X-ray gas
in galaxyclusterstendstowards5% of closuredensity;the dark mattercontentbasedon a number
of independenmethodsappeardo be somavhatlessthanhalf the closuredensity;Hubbleconstant
obtainedrom local measurementgjravitationallensor Suryaer Zeldovich methodareall probably
centredaround60 km/sec/Mpcandthe ageof the Universeis generallyagreedo bearound14 Gyr -

all specifiedwith bearableerrorbars.The supernwa projectsand CMBR anisotropy togetherfavour

afinite cosmologicatonstantandgravitationallensstatisticssupportthe sameconclusion.
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1. Introduction

Generakelatiity providesaframework to studythe globalfeaturesof theUniverse.Some
of thewell establishedonstraintsvhich any successfumodelof thelargescalestructures
andgeometryof the Universeshouldsatisfyare:

1. Cosmic microwave backgroundradiation with a temperatureof T, = 2.728 +
0.002 K
2. Obsenationof light elementswith abundancelecreasingisfunctionof time:

(a) deuterium~ 6 x 10~ by massfractionin hydrogencloudsat high redshifts,

(b) lithium” ~ 10~? by masdfractionin the atmospheresf metalpoorstars,

(c) obsenedhelium~ 24%of baryonswith aslow increaseasafunctionof metal
abundance.

3. Expansiorof thespace-time.

Theabove constraintgogetheipointtowardsa hot pastphaseof theUniverse.Theremark-
ableisotropy of

1. microwave andotherbackgroundadiations,
2. distribution of faint galaxiesn the sky and
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cosmologicabprinciple indicatespatialhomogeneityandisotropy of the Universeat least
duringthe hot phasesincebaryogenesiandpossiblyuptowhenthe large scalestructures
startedforming.

Probesto large scalegeometryof the Universe

1. Classicalcosmology: Direct measuremenof basic parametergHubble constant,
baryonalundancemeanmassdensityof the Universe deceleratiomparameteetc.)

2. Backgroundadiationfields(e.g.cosmicmicrowave radiation;if arelic gravitational
wave backgrounds detectedit could starta new pathbreakindield of cosmology).

3. Dynamicsandevolution of structurege.g.galaxiesn formation,clustersor AGNSs;
distribution of galaxiesasfunctionof redshift).

4. Windowsto view the structurege.g. gravitationallens,Lya systems).

Variousstepsinvolvedin the above analysisfall broadlyinto two types:

Geometricamethod Determinatiorof certaindistancesisafunctionof redshiftandinver-
sionto obtainthecosmologicamodel(e.g.standarcdcandleto measuralistanceor ratio of
distances)Relative distancemeasuremerdver a limited rangeof redshiftcannotreliably
distinguishbetweenvariouscosmologicamodels andin view of thecontinuingdebateon
theHubbleconstantt is mostdesirableio usetwo complementarynethodsvhichmeasure
distancest low redshiftaswell asvery high redshift. (e.g. superneala couldtracerela-
tive distancest redshiftsof aroundl while the cosmicmicrowave backgroundanisotrofy
canrelibaly indicatethe horizonscaleat thelastscatteringsurface.)

Physicalmodel Detectionof theimprint of cosmologicakvolutiononanobsenable.(e.g.
Light elementabundancers. the matterdensity;CMBR anisotropy). Themodelnecessar
ily requiresknowledgeof all the physicalprocessesperatve. Consequentlymostoften
themethodreducedo testingspecificmodel. It shouldbenotedthata singlemethodgener
ally cannotprovide goodlimits onthe cosmologicaparametersi-or example thedistance
vs. redshiftrelationhasvery similar shapefor Q;, = 0.2 openUniverseandQ,, = 0.3,
Qa = 0.7 flat Universeupto redshiftof 1, andtaking into accountthe uncertaintyin the
Hubble constantevenwider rangeof redshiftand cosmologicabarametespacebehae
thesame.Consequentlytheidealtechniqueto probethe large scalegeometryof the Uni-
verseinvolvesonelow redshiftmethodlik e the supern@a and anotheroperatve at very
high redshiftlik e the CMBR fingerprintsat the lastscatteringsurface.

Only recently cosmologistdeel they have realisticerrorbarsin the basicparametersf
cosmologyandsomehopethataphysicallyconsistenpicturehasstartedemeging. In this
talk, anideaof the acceptedraluesfor the variouscosmologicabarametersvill be given
andtwo of the methodsbeing now usedextensiely to studythe global geometryof the
Universe hamely the supern@ala andgravitationallenswill bediscussed.

2. Governing equations

The FRW metricis the naturalchoiceto describea spatiallyhomogeneoussotropicUni-
verse,in which the expansionof the spacetime is manifestedthroughthe scalefactor
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a(t), which relatesthe co-ordinatedistanceto the true physicaldistance.For a Universe
filled with baryonicanddark matteraswell asa vacuumenegy representedhroughthe
cosmologicatonstantthetime evolution of the scalefactoris givenby

a 4 A

Thematterdensityevolvesaccordingto the equationfor enegy conseration,

Qe

pm = =3 (pm + Pn) =, 2)
pm is the contribution to densityand P, to pressurdrom radiationandordinary matter;
P, is believedto be nggligible at present.However, if the dark matter which constitues
mostof the gravitating masshassubstantiallydifferentequationof state,P,, coulddecide
the geometryaswell asfate of the Universe. A is the cosmologicalconstantwhich is
treatedby the astroparticlgphysicistsasvaccuumeneny, following anequationof stateof
P, = —p, sothatp, is constantith time.
Theboundaryconditionsto be specifiedat the presenepoch:

1. A, thecosmologicatonstant.
2. Thepresentensityof theUniverse gxpressedsaratioto theclosuredensity (2,,, =
PM/Pc

3. The logarithmic rate of changeof the scalefactorat present,a/a, known asthe
HubbleconstantTheabsolutevalueof a is irrelevant.

4. Thetime interval from the big bangto the presentj.e. the ageof the Universe.

3. Supernova laasastandard candle

Supernea la is amongthe brightesttransienteventsand occursin all galaxieswith old
populationof stars.CO or Ne White Dwarf at Chandrasekhdimit detonatesdieflagrates/
slowly detonatesiueto slow/ fastaccretionresultingin a fast/normal/ slow supernoa
producingl/ 0.7/0.4M® Ni whichradioactve decayswith characteristicime scaleof 77
daysinto Co andFe. For a fixed rate of decayof the light curve, the B bandmagnitude
Mg of local SN la hasintrinsic scatterof lessthan 0.2 magnitudeandthe light curve is
fairly the same which makesit anideal standarccandle.However, dueto possibleheary
extinctionin agasrich hostgalaxy SN la eventsarepreferentiallysearchedn monitoring
programmesn elliptical galaxiesfor cosmologicaktudies.Two hallmarksof SN la are

1. Characteristidecaylight curve poweredby theradioactivity of Ni andCo.
2. SiandS absorptiorlinesattheinitial stageturningto emissionater.

The controversy still remainson the peak luminosity value; Tammanrelatesthis dis-
crepeng to the ongoingbattle on the value of Hubble constantthroughthe relation be-
tweenthe peak B magnitudeandthe Hubbleconstant:

Hy
M ~—18.2+5log — 0 3
b (max) %8 100kms * @)
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for normal SN la [1,2]. In spite of this debate,SN la is a powerful probetracing the
distancescalefrom lessthan10 Mpc to upwardsof redshift1. However, a few questions
shouldbe consideredseriously while using SN la to make definitive conclusionson the
globalgeometryof the Universe:

1. Canthe peakbe determinedfrom the obsened light curve? This dependson the
timing, extinction correctionandsamplingwith multiple bandsto take into account
K correction.

2. Canwe identify SN 1a? (if we obsere Si absorptioriine, yes).

3. Will awhite dwarf typically 10 billion yearsold anda 1 billion yearold oneshav
the sameintrinsic light curve? Notice that someof the very bright SN Il have light
curvessimilarto SN la thoughspectroscopicallyhey arenotthe same.

Therehad beenmary SN la monitorsover the last few years. Indeed,Narasimhaand
Chitrehadbeenarguingthat SN la in giantarcsin thefield of rich clusterscouldbecome
powerful probesof cosmologyin mary ways|[3].

3.1 HubbleconstanffromSNIa

Sandagendcolleaguegalibratedafew galaxiesvhere~ 20 SN lawereobsenedoverthe
last 70 years[4], from the Cepheidperiod—luminosityrelationusingthe HST andderived
Hy rangingfrom 42 to 60 km/sec/Mpcassuminghat

1. MBmax ~ —19.6 + 0.2 magand My;ss ~ 0.6 M® for normalSN Ia,
2. MBmax ~ —20.2 magfor fastSNla.

vandenBergh defineda color corrected bandmaximafor SN la [5]
My (max) = My (max) — 3.1(B — V)max = —19.6 £ 0.05 (4)

with a scatterof 0.29 mag. Usingthe Calan/Dlolo data[6] he estimatedH, = 60 + 3
kms~! Mpc~!. However, Reisset al [7], usingthe shapeof light curvesarrivedatavalue
of Hy =67+ 7kms ! Mpc—1.

3.2 Large scalegeometryof the Universefrom SNla

Currently two long term projectsinvolving multiple telescopesncluding the HST and
Keck (supern@acosmologyproject[8], high-zsupern@asearchteam[9] arein progress;
the preliminary resultsfrom the first is givenin figure 1. Upto March 1998, the total

numberof SN la detecteds 64, thoughit is non-trivial to combinethe resultsfrom these
two projects.The salientfeaturesof theanalysisare:

1. K correctionusingmultiwavelengthobsenations.

2. Extinctioncorrectionusingmulti-wavelengthband.(In our galaxy, stellarextinction
computecthis way generallyagreeswith estimatedrom spectroscop of hot stars;
but occasionallywide variationis seendependingon the sourceof extinction[10].
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3. Stretchfactordependingipondecaytime correctedor redshift.

4. Malmquistbiasestimationgo correctfor systematidossof fainterSN la at larger
distances.
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Figure 1. Hubblediagramfor the SN la from Calan/Dlolo [23] and supernga cos-
mology project[8], after correctionsdescribedn thetext. The continuouscurvescor-
respondo thetheoreticalexpectationfor variouscosmologicaparametersvith A = 0
while the dashedonearefor flat Universe. The low redshiftpoints have error dueto
peculiarvelocity aswell asintrinsic scatter The pointsmarked with opencirclesare
notincludedin thefinal analysiseitherdueto excessie extinction or deviation from the
mean.The scatterof the pointsaboutthe meanvaluesis shavn in absolutenagnitude
aswell asin unitsof thestandardleviation in thelower two graphs.Thefigureis taken
from Perlmutteretal [8].
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Figure2. Thebestfit confidenceegionsin theQ,, — A planeobtainediy thesupernga
cosmologygroup[8]. Themp of figurelis adirectmeasuref the effective luminos-
ity distanceandthe redshiftof the SN canbe corvertedinto a theoreticalluminosity
distanceor asetof (27, 24) andthe bestfit comparisorprovidesthe confidencdim-
its. The 68% and 95% confidencdimits are boundedby shadedegion. (Notice that
essentiallythereis a lower limit on the cosmologicalconstantjf SN aloneareused.)
Also shavn in solid curvesareisochrone®f constantHpto (Wherety is the ageof the
Universe)for Ho = 63 kms~! Mpc™! (anaverageof the valuesin this review based
on SN la andgravitationallens),which alsoagreesith our resultson Cepheiddistance
to Virgo[24,25]. (However, seeHST key projectreports,for instancethe review [26]
for discussiondavouring higher Hy.) The straightline is the flat Universe. The ac-
celeration/deceleratigpartition (dashedine) correspondso the presenepochonly; as
discussedn thetext, the equationof stateof the dark matteris essentiato determine
thefateof the Universe.This diagramis basedbon [8].

Analysiscarriedout togethemwith low redshiftSN suney of Calan/Dlolo [6] indicatethat
the SN la at low redshiftare similar to the high redshiftonesand the datagive strong
supportfor afinite positive cosmologicatonstancf: figure 2.

Theresultcanbe summarizedsfollows:

1. In isolation, either2 ~ 0.2 openUniverseor 2 ~ 0.3 andA ~ 0.7 flat Uni-
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verse. In effect, 0.8Qy — 0.6A = —0.2 + 0.1. Efsthathiouet al [11] suggest,
0.780x — 0.62A ~ —0.25+0.13. If someof the SN weresubjecto magnification
biasdueto lensing,the bestfit resultremainsthe same thoughthe confidencdimit
worsens.
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2. Along with CMBR anisotroy (estimationof the power spectrumand specifically
thefirst positionof the acousticpeak),A ~ 0.7 modelstronglysuggestie [12], as
canbeseenfrom figure 3.

Using theseanalysesHy x to ~ 0.9070-07 hasbeenargued,wheret, is the ageof the
Universe. Consequentlyif the ageof the Universeis greaterthan 14 Gyr and Hubble
constantis larger than 60 km/sec/Mpc,cosmologicalconstantshould be non-zero! In
effect,the SN la projectsprovide alowerlimit andthe CMBR anisotrojy, anupperonefor
thecosmologicaktonstantsevidentin figure 3.

Fromthetwo figures2 and3 noticethatthereexistsa narrav intersectiorcorresponding
to afinite cosmologicatonstanaindthe estimatednatterdensity allowedvalueof theage
of the Universeetc agreewell with otherindependenimeasurementsf the cosmological
parameters.
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Figure 3. Thevariouslik elihoodregionsin theQ2; — A planeobtainedrom theCMBR
power spectruni27], SN la projects,ageof the Universeandconstraintgelatingto the
obsered power spectrunof matterdensity[12]. As notedearlier SN la projectsmea-
sureluminosity distanceover limited redshiftrangeand provide constraintson certain
differencebetweerf);, andA, therebygiving possiblelower limit on A. The position
of thefirst peakin CMBR spectrumvariesinverselyasv/Qar + Qa, therebyindicating
anupperlimit to A. Furtherconstraintsare provided by the productof the ageof the
UniverseandHubble constant(in the figure, Hoto < 0.6 region is ruled out), the in-
fraredmatterdensityat variousscalelengths(usuallyexpressedn termsof os, therms
dimensionlesslensityfluctuationwhensmoothecbver a sphereof radius8h~" Mpc)
andpeculiarvelocity. Furtherlimits areinferredfor specificmodelsof structureforma-
tion (e.g. 7 in thefigurerefersto opticaldepthfor reionizationandr, contrikution from
relic backgroundyravitationalwaves). This diagramis takenfrom [12].
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Table 1. Estimatef Hubbleconstanfrom time delayin gravitationallensesfor two
combinationf the parameter§) andA (givenin braclets).

System Redshift Time delay Dest Hubbleconstant
(2s,2L) days (Mpc)
(0.2,0) (0.3,0.7)
0957+561  (1.4,0.36) 423 1870 57+ 10 66+ 11
1115+080 (1.72,0.31) 25%3% 1550 56+ (?) 64+(?)
(timedelay  ratio ZA< revised  from0.7 t01.137913
TBA .
1830-211 (0.89,2.5) 26 3300 67 80
old value: 46t0 54 6000 38 45
0218+357 (0.68,0.95) 11.7+0.9 9900 45+ 9 53+10

4. Gravitational lens

Gravitational lens offers an unbiasedestimateof the massdistribution in the Universe
sincethe sourceandthe lenslocationsareindependent.Thereare considerableamount
of analyse®f theimageseparatiorandredshiftdistribution of the sourcesor lensedrom
which casehasbeenmadefor non-zerocosmologicakonstant.However, the systematics
relatingto (1) magnificationbias, (2) crosssectionfor multicomponentenses(3) dark
massshouldbe worked out beforewe have a reliablehandleon the large scalegeometry
of theUniversebasedn gravitationallens. It took half adecaddo detectsignaturewf the
lensfor 2345+ 007 and 2016+112 after the dark lenswas predicted[13]. Whatis more
bothersomes that,amongthe galaxyscalelensesasmary asfive shawv stronginfluence
of proximity neara cuspcausticandconsequenfarge magnificationor arc/ringformation.
The galaxyclustersoffer betterprospectsthe method,presenstatusandwhatwe expect
in the nearfuture is detailedby Mellier [14]. The bottomline is: Clusterlenscantell us
the geometry but will take sometime. Possibly the estimationof Hubble constanfrom
time delaymeasurementsouldbe mademorerobust.

4.1 Timedelayin gravitationallenssystems

Multiple imagescover different pathsand seedifferent gravitational potential. Conse-
quently intrinsic variability is seerat variedtime in theimages.Thetime interval between
theoccurencesf thevariability in theimagesis thetimedelaybetweertheimages.

Time delayhasbeenmeasuredn 4 systemssofar, for which thereis alsoconsiderable
amountof obsenationalresultson the imagesandthe lens. Our modelsof thesesystems
suggestthe following effective distances:Unfortunately all thesesystemshave one or
otherdrawback,eitherobsenational(lik e the valueof thetime delay) or modeling.

1. 0957+561: Only two imagesandoneor moregalaxycluster Narasimhaetal [15]
pointedout after detailedmodelsincorporatingthe VLBI featuresthat, depending
uponthepositionof theclustercentrethe productof time delayandHubbleconstant
will vary considerably Detailedanalysisof a possiblegiantarcin thefield will be
requiredto narraw thelimits.
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2. 1115+080: Obsened that certainratio of time delaysis incompatiblewith single
componeniens; the problemwas circumwventedby a reanalysisof the data. The
magnificatiorratio betweerthe brightimageswvasredeterminedecently[16].

3. 1830-211: Two valueshave beenreportedfor thetime delayin thelastthreeyears.

4. 0218+357: Two images- cannotfix the bulge componenbf thelensspiral. Since
the brightimageis nearthe minor axis of the lens,a smalltime delayis expected
andwill cruciallydependonthebulgemass.

In spiteof theseshortcomingsthetrendappearso be definitive, namely

1. OpenUniversewith zerocosmologicatonstanend ;s = 0.2: Hubbleconstanis
Hy=56+6kms ! Mpc—?!
2. At thepresenepochaflat Universewith Q; = 0.3: Hy = 66 =6 kms~! Mpc—'.

4.2 Large scalegeometry

Gravitationallenscanprobethe large scalegeometryof the Universein threeways:

1. Massdistribution at scalef galaxyandgalaxyclusterscanbe probedeffectively, if
thebiaseanentionecearlierareadequatelyansweredlt is possibleto traceevensu-
perclustergl?7], andevidenceis mountingthatby redshiftof 0.5, groupsof clusters
existed. The massreconstructions basedon the imagedistortionandmodification
of sourcenumberdensitydueto gravitationallensing. The backgroundsourcesn
thefield of aclusterlensaredistortedandtheellipticity of thesourcesswell astheir
orientationis a function of the sheardueto lens. Consequentlya mapof the shear
canbeusedwith appropriateclosureconditionsto determinghemasdistributionin
thelenscluster if theredshiftinformationof the sourcess availablethroughmulti-
bandobsenations. This will be a major projectin the comingyears,with cameras
capableof imagingsquaredegreeregionsbecomingoperational.

2. Thenumberdensityof backgroundsourcesasa function of redshiftandpositionin
thefield of arich galaxyclusterat intermediateredshift providesa usefulmethod
to determinghelarge scalegeometryof the Universe.The obsenedspatialnumber
densityof backgroundmagesat a known redshiftinterval is inverselyproportional
to the magnification. Consequentlythe expectednumberdensity of background
sourcesn afixedfield of alensclusterasafunctionof redshiftshovsacharacteristic
peak,if the unlensechumberdensityis not significantlymodifieddueto evolution.
Thepeakredshiftandthe shapeof thefunctionis anindicatorof thegeometryof the
Universe.

3. Time delay as function of redshiftcombinations. This is a geometricalmethod
similarto theSN la. However, dueto smallnumberstatisticsjt mightbedesirableo
combingenswith the Suryaev—Zeldovich effectto derive cosmologicaparameters.

Oneof the major efforts is towardsgettingthe os from clusterlenses.The recentcon-
sensuds that variousmeasure®f the massor gravitational potentialof galaxy—clusters
match.Theresultsaregivenby Singh[18]. In summarythe massgo light ratio of clusters,
determinedrom lensingaswell asothermethodsgenerallysuggest valuein the range
of 200to 400 hM /L, for the centralparts. Using the typical value of 250h, compared
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to 1200h for closureof the Universe,it is arguedthatQ; ~ 0.2. Only somel0% of the
galaxiesareassociateavith galaxyclustersbut sincetheclustershave gatherednassdrom
acomoving volumeof ~ 10 Mpc size, it is believedthatthe obsenedclustermassto light
ratio canbe usedfor estimationof the power.

Thoughthereis no universalagreemenbn the ageof the Universe,two developments
in thelastfew yearshave madethe stellarmodelsmorerobust:

1. Hipparcoddistanceo calibrateluminosity of starsin globular clusters.

2. ORAL opacitiesandequationof statefor betterreliability of stellarevolution com-
putations.

Result:moderatesaythe ageof the Universeis 14 Gyr [19].

5. Whereismatter distributed?

The estimationof the massof hot gasfrom the X-ray flux measurementiavoursbaryon
fraction of ~ 15% of the total massof the cluster If this ratio holds at larger scales
too, it would support§2, ~ 0.05, within 50% errorlimits. The deuteriumalbundancein

Lymar systemsat high redshiftin front of quasarss acceptedobe D/H ~ 3.4 x 107>

[20] andlithium” in the atmospheresf old stars,~ 21071 [21]; hencethe primordial

nucleosynthesismplies Qa2 ~ 0.019, or Q, ~ 0.05. The luminous matterin field

galaxiesjncludingdeadstarsconstitutel % of the closuredensityand~ similaramounts

presenin galaxyclusters.

Dark matter. Non-baryonianatterprovidesatleast20%, (possiblymorethan40%)of the
massin the Universe.lt is presenin:

1. Galaxieg(possiblydark halo) asseenfrom (a) Rotationcurve of spiralgalaxies(b)
X-ray emissionfrom giantelliptical galaxies.

2. Galaxyclusters:lt is tracedby the gravitational potentialestimatedrom (a) dynam-
ics of membergalaxies,(b) temperaturef the X-ray emitting gasand(c) gravita-
tionallensmassreconstruction.

Themassstimatesittheclusterscalendicatethatthereis moremasghanwhatbaryons
can contritute. At larger scales,argumentshave beengiven for even more dark matter
[22]. Whatis this mattef? Its equationof state? Equationfor its massconservatiof?
If the equationof statefor the bulk of the gravitating, dark massof the Universefol-
lows P < —p/3, (violation of strongenegy condition)large scalegeometryof the Uni-
versewill betime-dependentwithout the equationof state the presentday massdensity
and Hubble constantalonecannotdeterminethe spatialcurvatureor the ultimate fate of
the Universe. So shouldwe worry that the obsened evolution of galaxiesat redshift of
the orderof 1 to 2 throughstarhurst activities, and changein their numberdensitydue
to vanishingof faint blue objectsby redshiftof 0.3, which are not adequatelyexplained
by our modelsshon up as an equivalent masscomponentimportantat redshift of upto
lor2?
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