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Abstract. Thereis someconsensusemerging on the valuesof the basicparametersof classical
cosmology. The baryonnumberdensityestimatedfrom the light elementabundanceor X-ray gas
in galaxyclusterstendstowards5% of closuredensity;thedarkmattercontentbasedon a number
of independentmethodsappearsto besomewhat lessthanhalf theclosuredensity;Hubbleconstant
obtainedfrom localmeasurements,gravitationallensor Sunyaev Zeldovich methodareall probably
centredaround60km/sec/Mpcandtheageof theUniverseis generallyagreedto bearound14Gyr -
all specifiedwith bearableerrorbars.Thesupernova projectsandCMBR anisotropy togetherfavour
a finite cosmologicalconstant,andgravitationallensstatisticssupportthesameconclusion.
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1. Introduction

Generalrelativity providesaframework to studytheglobalfeaturesof theUniverse.Some
of thewell establishedconstraintswhichany successfulmodelof thelargescalestructures
andgeometryof theUniverseshouldsatisfyare:

1. Cosmic microwave backgroundradiation with a temperatureof �������	��
���
��� � ��� � K
2. Observationof light elementswith abundancedecreasingasfunctionof time:

(a) deuterium������� �	��� by massfractionin hydrogencloudsat high redshifts,
(b) lithium ����� �	��� by massfractionin theatmospheresof metalpoorstars,
(c) observedhelium � 24%of baryons,with aslow increaseasafunctionof metal

abundance.

3. Expansionof thespace-time.

Theaboveconstraintstogetherpointtowardsahotpastphaseof theUniverse.Theremark-
ableisotropy of

1. microwaveandotherbackgroundradiations,
2. distributionof faint galaxiesin thesky and
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cosmologicalprinciple indicatespatialhomogeneityandisotropy of theUniverseat least
duringthehot phasesincebaryogenesisandpossiblyuptowhenthelargescalestructures
startedforming.

Probesto largescalegeometryof theUniverse:

1. Classicalcosmology: Direct measurementof basicparameters(Hubble constant,
baryonabundance,meanmassdensityof theUniverse,decelerationparameteretc.)

2. Backgroundradiationfields(e.g.cosmicmicrowaveradiation;if arelic gravitational
wavebackgroundis detected,it couldstartanew pathbreakingfield of cosmology).

3. Dynamicsandevolutionof structures(e.g.galaxiesin formation,clustersor AGNs;
distributionof galaxiesasfunctionof redshift).

4. Windowsto view thestructures(e.g.gravitationallens,Ly  systems).

Variousstepsinvolvedin theaboveanalysisfall broadlyinto two types:

Geometricalmethod: Determinationof certaindistancesasafunctionof redshiftandinver-
sionto obtainthecosmologicalmodel(e.g.standardcandleto measuredistanceor ratioof
distances).Relative distancemeasurementovera limited rangeof redshiftcannotreliably
distinguishbetweenvariouscosmologicalmodels,andin view of thecontinuingdebateon
theHubbleconstantit is mostdesirableto usetwo complementarymethodswhichmeasure
distancesat low redshiftaswell asvery high redshift. (e.g. supernovaIa couldtracerela-
tivedistancesat redshiftsof around1 while thecosmicmicrowavebackgroundanisotropy
canrelibaly indicatethehorizonscaleat thelastscatteringsurface.)

Physicalmodel: Detectionof theimprint of cosmologicalevolutiononanobservable.(e.g.
Light elementabundancevs. thematterdensity;CMBR anisotropy). Themodelnecessar-
ily requiresknowledgeof all the physicalprocessesoperative. Consequently, mostoften
themethodreducesto testingspecificmodel.It shouldbenotedthatasinglemethodgener-
ally cannotprovidegoodlimits onthecosmologicalparameters.For example,thedistance
vs. redshiftrelationhasvery similar shapefor !#"$� � �%� openUniverseand !#"&� � � ' ,!)(*� � �%
 flat Universeupto redshiftof 1, andtaking into accountthe uncertaintyin the
Hubbleconstant,evenwider rangeof redshiftandcosmologicalparameterspacebehave
thesame.Consequently, theideal techniqueto probethelargescalegeometryof theUni-
verseinvolvesonelow redshiftmethodlike the supernova andanotheroperative at very
high redshiftlike theCMBR fingerprintsat thelastscatteringsurface.

Only recently, cosmologistsfeel they haverealisticerrorbarsin thebasicparametersof
cosmologyandsomehopethataphysicallyconsistentpicturehasstartedemerging. In this
talk, anideaof theacceptedvaluesfor thevariouscosmologicalparameterswill begiven
andtwo of the methodsbeingnow usedextensively to studythe global geometryof the
Universe,namely, thesupernovaIa andgravitationallenswill bediscussed.

2. Governing equations

TheFRW metric is thenaturalchoiceto describea spatiallyhomogeneous,isotropicUni-
verse,in which the expansionof the spacetime is manifestedthroughthe scalefactor
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+�,.-0/ , which relatesthe co-ordinatedistanceto the true physicaldistance.For a Universe
filled with baryonicanddarkmatteraswell asa vacuumenergy representedthroughthe
cosmologicalconstant,thetimeevolutionof thescalefactoris givenby

1+
+ �32

4
'65
7 ,98;:=< '�> :?/@<�A ' � (1)

Thematterdensityevolvesaccordingto theequationfor energy conservation,

B8 : �C2D' ,E8 : < > : /
B+
+)F (2)

8 : is thecontribution to densityand > : to pressurefrom radiationandordinarymatter;> : is believedto benegligible at present.However, if thedarkmatter, which constitues
mostof thegravitatingmasshassubstantiallydifferentequationof state,> : coulddecide
the geometryaswell as fateof the Universe. A is the cosmologicalconstant,which is
treatedby theastroparticlephysicistsasvaccuumenergy, following anequationof stateof>HGI��2 8 G sothat 8 G is constantwith time.

Theboundaryconditionsto bespecifiedat thepresentepoch:

1. A F thecosmologicalconstant.

2. Thepresentdensityof theUniverse,expressedasaratioto theclosuredensity, ! : �8 "KJ 8	L .
3. The logarithmic rate of changeof the scalefactor at present,

B+ J + , known as the
Hubbleconstant.Theabsolutevalueof + is irrelevant.

4. Thetime interval from thebig bangto thepresent,i.e. theageof theUniverse.

3. Supernova Ia as a standard candle

Supernova Ia is amongthe brightesttransienteventsandoccursin all galaxieswith old
populationof stars.CO or Ne White Dwarf at Chandrasekharlimit detonates/deflagrates/
slowly detonatesdue to slow/ fastaccretionresultingin a fast/ normal/ slow supernova
producing1/ 0.7/0.4M M Ni which radioactivedecayswith characteristictimescaleof 77
daysinto Co andFe. For a fixedrateof decayof the light curve, the N bandmagnitudeOQP

of local SN Ia hasintrinsic scatterof lessthan0.2 magnitudeandthe light curve is
fairly thesame,which makesit anidealstandardcandle.However, dueto possibleheavy
extinction in a gasrich hostgalaxy, SNIa eventsarepreferentiallysearchedin monitoring
programmesin elliptical galaxiesfor cosmologicalstudies.Two hallmarksof SNIa are

1. Characteristicdecaylight curvepoweredby theradioactivity of Ni andCo.

2. Si andS absorptionlinesat theinitial stageturningto emissionlater.

The controversy still remainson the peak luminosity value; Tammanrelatesthis dis-
crepency to the ongoingbattleon the valueof Hubbleconstant,throughthe relationbe-
tweenthepeak N magnitudeandtheHubbleconstant:

O P ,9R�S�TU/ ��2V�W
X�%� <=Y[Z]\�^ _ �
� ���a` Rcb �6d (3)
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for normal SN Ia [1,2]. In spite of this debate,SN Ia is a powerful probetracing the
distancescalefrom lessthan10 Mpc to upwardsof redshift1. However, a few questions
shouldbe consideredseriously, while usingSN Ia to make definitive conclusionson the
globalgeometryof theUniverse:

1. Canthe peakbe determinedfrom the observed light curve? This dependson the
timing, extinction correctionandsamplingwith multiple bandsto take into accounte

correction.

2. Canwe identify SN Ia? (if weobserveSi absorptionline, yes).

3. Will a white dwarf typically 10 billion yearsold anda 1 billion yearold oneshow
thesameintrinsic light curve? Notice thatsomeof thevery bright SN II have light
curvessimilar to SN Ia thoughspectroscopicallythey arenot thesame.

Therehad beenmany SN Ia monitorsover the last few years. Indeed,Narasimhaand
ChitrehadbeenarguingthatSN Ia in giantarcsin thefield of rich clusterscouldbecome
powerful probesof cosmologyin many ways[3].

3.1 HubbleconstantfromSNIa

Sandageandcolleaguescalibratedafew galaxieswhere�f� � SNIa wereobservedoverthe
last70 years[4], from theCepheidperiod–luminosityrelationusingtheHST andderived
_ � rangingfrom 42to 60km/sec/Mpcassumingthat

1.
O Phgaikj �32V�mlU� �#� � �%� magand

Oon�p qsr � � � � M M for normalSN Ia,

2.
O Phgaikj �32h� � � � magfor fastSN Ia.

vandenBerghdefinedacolor correctedt bandmaximafor SN Ia [5]

O3uv ,9RwSxTU/ � O v ,.RwS�T	/ 2o'X�]� , NC2ot / gaikj �32V�mlU� �#� � � � Y (4)

with a scatterof 0.29mag. Using the Calan/Tololo data[6] he estimated_ � �y� � ��'
kms

�6d
Mpc

�zd
. However, Reisset al [7], usingtheshapeof light curvesarrivedat a value

of _ � �{�;
��=
 kms
�6d

Mpc
�6d

.

3.2 Largescalegeometryof theUniversefromSNIa

Currently, two long term projectsinvolving multiple telescopesincluding the HST and
Keck(supernovacosmologyproject[8], high-zsupernovasearchteam[9] arein progress;
the preliminary resultsfrom the first is given in figure 1. Upto March 1998, the total
numberof SN Ia detectedis 64, thoughit is non-trivial to combinetheresultsfrom these
two projects.Thesalientfeaturesof theanalysisare:

1.
e

correctionusingmultiwavelengthobservations.
2. Extinctioncorrectionusingmulti-wavelengthband.(In ourgalaxy, stellarextinction

computedthis way generallyagreeswith estimatesfrom spectroscopy of hot stars;
but occasionallywidevariationis seendependingon thesourceof extinction [10].
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3. Stretchfactordependingupondecaytimecorrectedfor redshift.
4. Malmquistbiasestimationsto correctfor systematiclossof fainterSN Ia at larger

distances.

Calan/Tololo

(Hamuy et al, 

A.J. 1996)
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Figure 1. Hubblediagramfor the SN Ia from Calan/Tololo [23] andsupernova cos-
mologyproject[8], aftercorrectionsdescribedin thetext. Thecontinuouscurvescor-
respondto thetheoreticalexpectationfor variouscosmologicalparameterswith ~����
while the dashedonearefor flat Universe. The low redshiftpointshave error dueto
peculiarvelocity aswell asintrinsic scatter. The pointsmarked with opencirclesare
not includedin thefinal analysiseitherdueto excessiveextinctionor deviation from the
mean.Thescatterof thepointsaboutthemeanvaluesis shown in absolutemagnitude
aswell asin unitsof thestandarddeviation in thelower two graphs.Thefigureis taken
from Perlmutteret al [8].
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Figure 2. Thebestfit confidenceregionsin the ������~ planeobtainedby thesupernova
cosmologygroup[8]. The �w� of figure1 is a directmeasureof theeffective luminos-
ity distanceandthe redshiftof the SN canbe convertedinto a theoreticalluminosity
distancefor asetof ( �������a� ) andthebestfit comparisonprovidestheconfidencelim-
its. The 68% and95% confidencelimits areboundedby shadedregion. (Notice that
essentiallythereis a lower limit on the cosmologicalconstant,if SN aloneareused.)
Also shown in solid curvesareisochronesof constant�I�k��� (where��� is theageof the
Universe)for �I�h�f�m� km s��� Mpc ��� (anaverageof thevaluesin this review based
onSNIa andgravitationallens),whichalsoagreeswith ourresultsonCepheiddistance
to Virgo [24,25]. (However, seeHST key projectreports,for instancethe review [26]
for discussionsfavouring higher � � .) The straightline is the flat Universe. The ac-
celeration/decelerationpartition(dashedline) correspondsto thepresentepochonly; as
discussedin the text, theequationof stateof thedarkmatteris essentialto determine
thefateof theUniverse.Thisdiagramis basedon [8].

Analysiscarriedout togetherwith low redshiftSNsurvey of Calan/Tololo [6] indicatethat
the SN Ia at low redshift are similar to the high redshift onesand the datagive strong
supportfor a finite positivecosmologicalconstantcf: figure2.

Theresultcanbesummarizedasfollows:

1. In isolation, either !�� � �%� openUniverseor !�� � � ' and A � � ��
 flat Uni-
verse. In effect,

� � 
�! " 2 � � � A � 2 � �%�¡� � �¢� . Efsthathiouet al [11] suggest,� ��
x
�! " 2 � � ��� A �C2 � � � Y � � �]�m' . If someof theSNweresubjectto magnification
biasdueto lensing,thebestfit resultremainsthesame,thoughtheconfidencelimit
worsens.
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2. Along with CMBR anisotropy (estimationof the power spectrumandspecifically
thefirst positionof theacousticpeak), A � � ��
 modelstronglysuggestive [12], as
canbeseenfrom figure3.

Using theseanalyses,_ � � - � � � � l ��£ �m¤ � �� �m¤ � � hasbeenargued,where - � is the ageof the
Universe. Consequently, if the ageof the Universeis greaterthan 14 Gyr andHubble
constantis larger than 60 km/sec/Mpc,cosmologicalconstantshouldbe non-zero! In
effect,theSNIa projectsprovidealower limit andtheCMBR anisotropy, anupperonefor
thecosmologicalconstantasevidentin figure3.

Fromthetwo figures2 and3 noticethatthereexistsanarrow intersectioncorresponding
to afinite cosmologicalconstantandtheestimatedmatterdensity, allowedvalueof theage
of theUniverseetcagreewell with otherindependentmeasurementsof thecosmological
parameters.
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Figure 3. Thevariouslikelihoodregionsin the � � �D~ planeobtainedfrom theCMBR
power spectrum[27], SN Ia projects,ageof theUniverseandconstraintsrelatingto the
observedpower spectrumof matterdensity[12]. As notedearlier, SN Ia projectsmea-
sureluminositydistanceover limited redshiftrangeandprovide constraintson certain
differencebetween��� and ~ , therebygiving possiblelower limit on ~ . Theposition
of thefirst peakin CMBR spectrumvariesinverselyas « ����¬­�a� , therebyindicating
an upperlimit to ~ . Furtherconstraintsareprovidedby the productof theageof the
UniverseandHubbleconstant(in thefigure, � � � �¡® ��¯ � region is ruled out), the in-
fraredmatterdensityatvariousscalelengths(usuallyexpressedin termsof °	± , therms
dimensionlessdensityfluctuationwhensmoothedover a sphereof radius8h ��� Mpc)
andpeculiarvelocity. Furtherlimits areinferredfor specificmodelsof structureforma-
tion (e.g. ² in thefigurerefersto opticaldepthfor reionizationand ³ , contribution from
relic backgroundgravitationalwaves).This diagramis takenfrom [12].
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Table 1. Estimatesof Hubbleconstantfrom time delayin gravitational lensesfor two
combinationsof theparameters� and ~ (givenin brackets).

System Redshift
( ´¶µU��´¶· )

Time delay
days

D ¸.¹
(Mpc)

Hubbleconstant

(0.2,0) (0.3,0.7)

0957+561 (1.4,0.36) 423 1870 57º 10 66 º 11

1115+080 (1.72,0.31) 25»U¼¾½ ¼� ¼¾½ ± 1550 56º (?) 64 º (?)
(timedelay ratio ¿�ÀÂÁ¿�Ã	À revised from 0.7 to ÄW¯�ÄÅ� » � ½ � ±� � ½ �sÆ

1830� 211 (0.89,2.5) 26 3300 67 80
old value: 46 to 54 6000 38 45

0218+357 (0.68,0.95) 11.7 º���¯ Ç 9900 45º 9 53º 10

4. Gravitational lens

Gravitational lens offers an unbiasedestimateof the massdistribution in the Universe
sincethe sourceandthe lens locationsare independent.Thereareconsiderableamount
of analysesof theimageseparationandredshiftdistribution of thesourcesor lensesfrom
which casehasbeenmadefor non-zerocosmologicalconstant.However, thesystematics
relating to (1) magnificationbias, (2) crosssectionfor multicomponentlenses(3) dark
massshouldbeworkedout beforewe have a reliablehandleon the largescalegeometry
of theUniversebasedongravitationallens.It tookhalf adecadeto detectsignaturesof the
lensfor 2345< 007and2016< 112after the dark lenswaspredicted[13]. What is more
bothersomeis that,amongthegalaxyscalelenses,asmany asfive show stronginfluence
of proximity nearacuspcausticandconsequentlargemagnificationor arc/ringformation.
Thegalaxyclustersoffer betterprospects;themethod,presentstatusandwhatwe expect
in thenearfuture is detailedby Mellier [14]. Thebottomline is: Clusterlenscantell us
the geometry, but will take sometime. Possibly, the estimationof Hubbleconstantfrom
timedelaymeasurementscouldbemademorerobust.

4.1 Timedelayin gravitationallenssystems

Multiple imagescover different pathsand seedifferent gravitational potential. Conse-
quently, intrinsicvariability is seenatvariedtime in theimages.Thetime interval between
theoccurencesof thevariability in theimagesis the timedelaybetweentheimages.

Time delayhasbeenmeasuredin 4 systemssofar, for which thereis alsoconsiderable
amountof observationalresultson the imagesandthe lens. Our modelsof thesesystems
suggestthe following effective distances:Unfortunately, all thesesystemshave one or
otherdrawback,eitherobservational(like thevalueof thetimedelay) or modeling.

1. 0957< 561: Only two imagesandoneor moregalaxycluster. Narasimhaet al [15]
pointedout after detailedmodelsincorporatingthe VLBI featuresthat, depending
uponthepositionof theclustercentretheproductof timedelayandHubbleconstant
will vary considerably. Detailedanalysisof a possiblegiantarc in thefield will be
requiredto narrow thelimits.
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2. 1115< 080: Observed that certainratio of time delaysis incompatiblewith single
componentlens; the problemwascircumventedby a reanalysisof the data. The
magnificationratiobetweenthebright imageswasredeterminedrecently[16].

3. 18302 211:Two valueshavebeenreportedfor thetimedelayin thelastthreeyears.
4. 0218< 357: Two images– cannotfix thebulgecomponentof the lensspiral. Since

the bright imageis nearthe minor axis of the lens,a small time delayis expected
andwill cruciallydependon thebulgemass.

In spiteof theseshortcomings,thetrendappearsto bedefinitive,namely,

1. OpenUniversewith zerocosmologicalconstantand ! " � � � � : Hubbleconstantis
_ � � Y �D�È� km s

�6d
Mpc

�6d
2. At thepresentepocha flat Universewith !#"y� � � ' : _ �?�{���h�È� km s

�6d
Mpc

�6d
.

4.2 Largescalegeometry

Gravitationallenscanprobethelargescalegeometryof theUniversein threeways:

1. Massdistributionatscalesof galaxyandgalaxyclusterscanbeprobedeffectively, if
thebiasesmentionedearlierareadequatelyanswered.It is possibleto traceevensu-
perclusters[17], andevidenceis mountingthatby redshiftof 0.5,groupsof clusters
existed. Themassreconstructionis basedon the imagedistortionandmodification
of sourcenumberdensitydueto gravitational lensing. The backgroundsourcesin
thefield of aclusterlensaredistortedandtheellipticity of thesourcesaswell astheir
orientationis a functionof thesheardueto lens. Consequently, a mapof theshear
canbeusedwith appropriateclosureconditionsto determinethemassdistributionin
thelenscluster, if theredshiftinformationof thesourcesis availablethroughmulti-
bandobservations.This will bea majorprojectin thecomingyears,with cameras
capableof imagingsquaredegreeregionsbecomingoperational.

2. Thenumberdensityof backgroundsourcesasa functionof redshiftandpositionin
the field of a rich galaxyclusterat intermediateredshiftprovidesa usefulmethod
to determinethelargescalegeometryof theUniverse.Theobservedspatialnumber
densityof backgroundimagesat a known redshiftinterval is inverselyproportional
to the magnification. Consequently, the expectednumberdensityof background
sourcesin afixedfield of alensclusterasafunctionof redshiftshowsacharacteristic
peak,if theunlensednumberdensityis not significantlymodifieddueto evolution.
Thepeakredshiftandtheshapeof thefunctionis anindicatorof thegeometryof the
Universe.

3. Time delay as function of redshift combinations. This is a geometricalmethod
similarto theSNIa. However, dueto smallnumberstatistics,it mightbedesirableto
combinelenswith theSunyaev–Zeldovicheffect to derivecosmologicalparameters.

Oneof themajorefforts is towardsgettingthe ÉUÊ from clusterlenses.Therecentcon-
sensusis that variousmeasuresof the massor gravitational potentialof galaxy–clusters
match.Theresultsaregivenby Singh[18]. In summary, themassto light ratioof clusters,
determinedfrom lensingaswell asothermethodsgenerallysuggesta valuein the range
of 200 to 400 Ë M Ì /L Ì for thecentralparts. Using the typical valueof 250h, compared
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to 1200h for closureof theUniverse,it is arguedthat !#"Í� � � � . Only some10%of the
galaxiesareassociatedwith galaxyclusters,but sincetheclustershavegatheredmassfrom
acomoving volumeof �3� � Mpc size,it is believedthattheobservedclustermassto light
ratiocanbeusedfor estimationof thepower.

Thoughthereis no universalagreementon the ageof the Universe,two developments
in thelastfew yearshavemadethestellarmodelsmorerobust:

1. Hipparcosdistanceto calibrateluminosityof starsin globularclusters.

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

Result:moderatessaytheageof theUniverseis 14 Gyr [19].

5. Where is matter distributed?

Theestimationof the massof hot gasfrom the X-ray flux measurementsfavoursbaryon
fraction of �Î� Y % of the total massof the cluster. If this ratio holds at larger scales
too, it would support !#Ï¡� � � � Y , within 50% error limits. The deuteriumabundancein
Lyman systemsat high redshiftin front of quasarsis acceptedto be ÐÑJ _ �{'X� 4 ��� �	���
[20] and lithium � in the atmospheresof old stars, �Ò�	� �	�6d � [21]; hencethe primordial
nucleosynthesisimplies !#Ï¾ËUÓc� � � � �Wl , or !#Ïo� � � � Y . The luminousmatter in field
galaxies,includingdeadstarsconstitute1%of theclosuredensityand � similaramountis
presentin galaxyclusters.

Dark matter: Non-baryonicmatterprovidesat least20%,(possiblymorethan40%)of the
massin theUniverse.It is presentin:

1. Galaxies(possiblydarkhalo)asseenfrom (a) Rotationcurveof spiralgalaxies,(b)
X-ray emissionfrom giantelliptical galaxies.

2. Galaxyclusters:It is tracedby thegravitationalpotentialestimatedfrom (a)dynam-
ics of membergalaxies,(b) temperatureof the X-ray emitting gasand(c) gravita-
tional lensmassreconstruction.

Themassestimatesattheclusterscaleindicatethatthereis moremassthanwhatbaryons
cancontribute. At larger scales,argumentshave beengiven for even moredark matter
[22]. What is this matter? Its equationof state? Equationfor its massconservation?
If the equationof statefor the bulk of the gravitating, dark massof the Universefol-
lows >ÕÔÖ2 8 Jx' , (violation of strongenergy condition) large scalegeometryof the Uni-
versewill be time-dependent. Without theequationof state,thepresentdaymassdensity
andHubbleconstantalonecannotdeterminethe spatialcurvatureor the ultimatefateof
the Universe. So shouldwe worry that the observed evolution of galaxiesat redshiftof
the orderof 1 to 2 throughstarburst activities, andchangein their numberdensitydue
to vanishingof faint blue objectsby redshiftof 0.3, which arenot adequatelyexplained
by our modelsshow up as an equivalentmasscomponentimportantat redshift of upto
1 or 2?
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