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Abstract. In this review, we discussvariouscosmologicalissuesrelatedto our Universefrom a
stringtheoreticperspective. We analysethepre-bigbangcosmologicalscenariowhich appearsnat-
urally in this context due to the existenceof scalefactor duality symmetryin string theory. We
thendiscusssomeof theattractive andproblematicfeaturesof this scenario.Finally, we introducea
methodwhich is powerful enoughto searchfor cosmologicalsolutionsin variouslow energy limits
of stringtheories.
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1. Introduction

Quantumgravitational interactionsplay an insignificantrole at low energies. However,
sincethegravitationalcouplingincreaseswith energy, at higherenergiesgravitational in-
teractionsbecomesignificant. In particular, at an energy ���	��

� ������� , the gravitational
perturbationtheorybreaksdown – leadingto the problemof nonrenormalizability. Un-
fortunately, this is preciselythe region which needsto be betterunderstoodin order to
answervariouscosmologicalquestions.Theexperimentalobservationsof theredshift of
thecosmicmicrowave backgroundleadsus to theconclusionthataswe go backin time,
we encounterepochsof high temperature,energy andcurvature. It is thusclear that in
orderto understandthis region,weneedto haveabetterunderstandingof thegravitational
interactionat high energiesor equivalently at shortdistancescale. Onepossibleway is
modify the theoryby smearingout the interactionin spacetimewhich controlsthe short
distancedivergences.Until now, thereis only oneway to achievesuchbehaviour which is
stringtheory[1]. In stringtheory, thereis a naturalshortdistancescalewhich is setby the
lengthof thestring itself. This theorycutsoff all ultraviolet divergenceswithout spoiling
consistency. Wewill havemoreto sayonthis in thecosmologicalcontext laterin thisnote.
Beforepassingover to string cosmology, let usfirst mentionbriefly a few aspectsof the
standardmodelof cosmologywhich is basedon generalrelativity.

The standardmodelof cosmologyassumesthat the Universestartsfrom a singularity
(big bang)whenit is very hot, highly curvedandinitial conditionsareratherrandom.As
we go forward in time, we encountera periodof superluminalexpansionwhich is com-
monly known asinflation. A certainperiodof inflation is absolutelyrequiredin orderto
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solve thesocalledhorizonandflatnessproblemamongothers.Theseissuesarediscussed
in detail elsewhere[2] andwe will have nothingmuchto sayon these.However, let us
mentionthat in all themodelsof inflation, thebasicstructureis asfollows. Here,onein-
vokesa certainscalarfield calledthe inflation. After thebig bangphase,this scalarfinds
itself away from theminimumof thepotential.Thus,while rolling down to theminimum
of the potentialslowly, it releasesenergy. This energy, in turn, drives the Universeto
expandquasi-exponentially.

Severalauthors,however, haveput forwardcriticismsabouttheimplementationof infla-
tion. This is mainly dueto thefact that thereis a lack of a convincing modelfor whatthe
inflatonoughtto be. It is alsohardto justify theinitial conditionsthatcanprovidea suffi-
ciently long inflationaryperiod. Theconditionfor theonsetof inflation thushasto come
from the physicsof very early times. However, at this time, generalrelativity certainly
doesnot makesense.Hence,we hardlyhaveany handleon thetheory.

A naturalquestionthusarises:How canstring theoryhelp us in this context? This is
a difficult questionto answerat this stage.The reasonis mainly dueto the fact that we
donotyetunderstandthenon-perturbativenatureof stringtheoryandtherefore,wedonot
know of a reliableactionin the strongcouplingregime. However, it is well known that,
given the perturbative knowledgeof string theory, it is extremelyhard to get a working
inflationarymodel out of string theory. In the low energy string effective action, there
arevariousscalars(dilaton,axion,stringmoduli etc.). However, they arealwayscoupled
with otherdegreesof freedomin the theoryandhenceevolve in time. The evolution of
thesescalarsthusgenericallyslows down the growth of the horizon. This makesit very
difficult to getout of thehorizonandflatnessproblems.Thusit wasclearthat if inflation
hadto takeplacein stringtheory, it hadto comein averydifferentway. A stepforwardin
this directionwasmadeby Veneziano[3] andis furtherdevelopedin [4]. We will discuss
certainaspectsof it in this review. A completeoverall understandingof thesubjectcanbe
foundin [5].

Beforewe go to thediscussionof pre-bigbangcosmologylet usfirst list few important
propertiesof stringtheory. Eachof thesepropertieshaveno analoguein generalrelativity
andwill playcrucialrolesin our discussion.

1. Thereis a naturallengthscalein thetheory, asdiscussedbefore.This is thesizeof
a stringandit worksasanultraviolet cut off in thetheory. We will denoteit as ��� in
thefollowing.

2. Ratherthan being pre-determined,all the couplingsare dynamicallydetermined.
Thesecouplingsarecontrolledby theexpectationvalueof a scalar(dilaton)andis
presentin all versionsof stringtheory.

3. String theoryhasvariousperturbative symmetries.Oneof themwhich will be of
specialinterestto us is known asscalefactorduality (SFD). This, in its simplest
form, invertstheradiusof theUniverseandshiftsthedilaton.Wewill haveoccasion
to discussthissymmetryin detail in thenext section.

4. There are strong evidences that string theory is endowed with certain non-
perturbative symmetries.A specialclassof suchsymmetrytransformationinverts
the string coupling – leadingto strong-weakcoupling duality; this is part of the
S-dualitygroup ������� �"!$# . We will discusssomeaspectsof it in thelastsection.

In thenext section,wefirst discussVeneziano’sproposalin thesimplestsetting.Wethen
review, in brief, someof the interestingfeaturesof theproposal.We alsodiscussa major
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unsolvedproblemwith thisscenario.In thelastsection,weconcentrateonanalgorithmto
find cosmologicalsolutionsin a largeclassmodelswhich areparticularlyinterestingafter
therecentdevelopmentson non-perturbativesymmetriesin stringtheory.

2. The pre-big bang cosmology

Thepre-bigbangscenariopostulatesthattheUniverseatearlytimesis empty, cold,flat and
freeandhencedescribedby perturbativestring theory. Let us thusstartwith thesimplest
andtheuniversalpartof thestringeffectiveactionwhich containsall thebasicflavoursof
pre-bigbangcosmology.�&% ')( *�+-, .0/2143-5� ��76 8:9<;>=@?A;@BC?ED�F (1)

Here, 8 is thecurvature,? is thedilatonand,asmentionedbefore,
/HGJI % 1K5ML � is thestring

coupling. This actionis only valid descriptionof the modelwhen
/HGJIONPNRQ

or ,in turn,
whendilatonis very largeandnegative. We will beinterested,in thefollowing, whenthe
Universeis governedby Friedmann–Robertson–Walker(FRW) metric.This is givenby(ES � % .T(@U � 9<V � U # �XW ( Y �QZ.\[>Y � 9 Y � (E] �_^ � (2)

where
[ %a` � Q � .PQ for flat, closedor openUniverse.In this section,we will concentrate

on
[ %b` case.However,

[ % .PQ
metricandits cosmologicalbehaviour will bediscussed

in thelastsectionin a moregeneralsetting.
Usingthemetric(2) in (1), it is easyto write down thefield equationsfor V � U # and ? � U # .We do notdisplaythemhereexceptmentioningacrucialpropertythatthey aresymmetric

underthefollowing transformations:V � U #�c V 3 � � .ZU #_� ? � U #dc ? � .ZU # .&egfihCj V � .ZU # F (3)

This is thesocalledSFDtransformationsaswe mentionedearlier. This symmetryof the
equationsof motion leadsto variousinterestingcosmologicalconsequences.Moreover,
we defineHubbleparameterandtheshifteddilatonrespectively as,theHubbleparameterk %mlV@nMV and o? % ? .qpCfrh4j V � U # , (3). Onecanseefrom the equationof motion for the
scaleparameterandthedilatonthat therearefour solutions:two in theregime

U$N ` and
othertwo in thepositive

U
side.In thenegative

U
rangethereis asolutionfor which

k �q`
and lk �b` suchthat theUniversestartsfrom zerosizewith zerocouplingandundergoes
acceleratedexpansion. This solution is called the pre-bigbang(PBB) solution. On the
otherhand,for

U �s` , thereis a solutionwhich correspondsto expandingUniversewith
deceleration,i.e. lk N ` . This couldbe identifiedwith theFRW solution. Onecanshow
that PBB solutiongetsrelatedto the FRW type solution throughSFD andtime reversal
transformations.This is a specialattributeof string theory. Thusit is evident thatdueto
the presenceSFD, inflation appearsnaturally in string theory. Furthermore,the inflation
is drivenby thekinetic termof thedilaton. Therefore,in this scenario,thereis no needto
invokea fine–tunedpotentialfor inflation.

However a questionnaturally arises: Can we put togetherthe
U �t` and the

UuN `
regionsasa singleevolution? This will leadto a dilatondrivenpre-bigbanginflation for
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U �)` . In this scenario,since

the Hubbleparameterhasa maximumat
U %�` , this instantcan thereforebe identified

with the emergenceof thebig bangof standardcosmology. However, it turnsout thatas
we approach

U %	` , theHubbleparameter
k

becomeslargeandwe proceedtowardsthe
high curvatureregime. Much beforewe reachthe singularityat

U %w` , whentheHubble
parameter,

kyx � 3 �� , the tree level effective equations(1) do not provide an adequate
descriptionof cosmology, sincewealreadyreachhighcurvatureandstrongcoupling(note
that ? approachesinfinity as

U cz` ). Therefore,onemust take into accountthe effects
of higherpowersof curvatureandhigherordercontributionsin stringperturbationtheory.
Dueto theseproblems,thereis asyet no concreteanswerto thequestionthat is posedin
thebeginningof thisparagraph.

Thusoneof the centralissuesin PBB stringcosmologyis to understandthe transition
from theacceleratedexpandingsolutionto thedeceleratingandexpandingsolution;known
asthegracefulexit problem.In otherwords,we would like to understandthemechanism
for transitionof theUniversefrom PBB to FRW branch.Of course,gracefulexit problem
needsto beresolvedin any cosmologicalmodelwhich incorporatesinflation. In thePBB
context theevolution equationshave beenstudiedin thepresenceof a dilatonicpotential.
Although,it is not possibleto derive thedilatonpotentialin thestringperturbationtheory,
however, oneexpectsthateventuallya dilatonpotentialwill appearsincethereis no evi-
dencefor a long rangeweakforce(comparableto gravitational force). It hasbeenshown
that [6] thatsucha branchchangefrom PBB (inflationary)to postbig bang(FRW) is not
possiblein thepresenceof any realisticdilatonpotentialif wedealwith thetreelevel string
effective action. It is quitepossiblethata satisfactoryanswerto thequestionneedsbetter
understandingof non-perturbativestringtheory. Oneof theway to understandthegraceful
exit problemis to considerhigherorderstringeffective actiontaking into accounthigher
powersof curvatureandanalysethe possibility of overcomingthe no go theorems.An-
otherproposalis to invoke ideasof quantumcosmologyin orderto resolve theproblemof
gracefulexit [7,8]. Let usdiscuss,qualitatively, theproposalof Gasperini,Maharanaand
Venezianoto understandgracefulexit in quantumstringcosmology. Recallthat theclas-
sical string cosmologicalequations,whenanalysedin the presenceof a dilatonpotential
do not allow transitionfrom thePBB phaseto theFRW regime. Thereis animpenetrable
regimein thephasespacewheretheHubbleparameterbecomeunphysicalandthetrajec-
toriesrepresentingclassicalsolutionsmustendon a surfacecharacterizedby theHubble
parameterandthedilatonon a two dimensionalplane.Theseconditionsareknown asthe
egg equations.If onestartswith quantumevolution equations,i.e. WheelerdeWitt equa-
tion for thegraviton-dilatonsystem,thenit might bepossibleto circumventthe classical
nogo theorem.Indeedthisapproachwasfollowed[7] to illustratehow gracefulexit could
occurin stringcosmologythrougha simpletoy model. In this model,in thepresenceof a
shifteddilatonicpotential,onefindsthatthereis a wave functionwhich in theremotepast
correspondsto thebackgroundconfigurationsof accelerating,expandingUniverse.Then
onefindsthatthetransitionprobabilityfor finding theUniversecorrespondingto theFRW
configurationof thebackgroundgoeslike {_|@} .~Q n / �GJI�� . Thisresultis quiteencouragingal-
thoughobtainedfor atoy model.Subsequently, theissueof gracefulexit in quantumstring
cosmologywasstudiedfor thegraviton, dilatonandaxionsystemandtheamplitudeswere
calculated[8].
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3. Various cosmological solutions

As it is mentionedin theintroduction,investigationof explicit cosmologicalsolutionsal-
wayshelpusasa guidepost.With this in mind, in this sectionwe give a generalanalysis
constructingvarioussolutionsthatfollowsfrom stringtheory. In particular, wefirst discuss
amodelwhichappearsin variousstringtheoriesin their low energy limits. Thismodelbe-
comesparticularlyinterestingwhenwe take into accountvariousnon-perturbativeduality
symmetriesof string theory– a directionwhich activatedmuchof interestsin the recent
past. Variousothercomplicatedmodelscanbe analysedalongthe similar line. For that
we refer thereadersto theoriginal papers.We will thengo on to discussthesolutionsto
WDW equationsfor our modelas,we expect,thesolutionof WDW equations(governing
thequantumdescriptionof ourUniverse)is likely to giveimportanthintsfor theresolution
of gracefulexit problemin pre-bigbangcosmology.

3.1An illustrativeexample

The simplestcosmologicalmodel in � dimensioninvolvesthe metric, a dilaton andan� -rankfield strength��� . Theactionis givenby�&% ')(E�0+ , .T��� 8 . Q� � ;�? # � . Q� �g� 1M� 5 � ��A� � (4)

wheretheconstantV canbeparametrisedas

V � %b� . �E� � .qQ #_��� . � .qQ #� . � F (5)

Here,theaction(4) is written in Einsteinframe.Thestringmetric
/ =HB of previoussection

is relatedto theEinsteinmetric
� =HB by� =HB % 1��C���� �C� / =HB>F (6)� in (5) is a dimensiondependentconstantthatcanbefoundin [9]. We will assumethat

all thefieldsdependonly on time. Thebackgroundmetricis assumedto have theform(ES � % . 1 ��� (@U � 9 1 ��� ( oS � 9 1 ��� ( �>��(@�@� � (7)

where
( oS � representsthe � -dimensionalmetric on the spatialsectionof a � -dimensional

spacetime,with
( %<� 9 Q

. We shallconsiderspatialmetricsof themaximally-symmetric
form ( oS � % (@Y �QZ.\[>Y � 9 Y � (E] � � (8)

where� ] � is themetriconaunit ��� .OQ # -sphereandtheconstant
[

hasbeendefinedearlier.
In (7), � runsover   dimensionssothat �¡% Q 9 � 9   .

In thegauge¢£%��¥¤ 9  M¦ , theaction(4) reducesto
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�\% '§( U�¨ � l© # � 9 �H @��� . �4# V �� .qQ lª � . ���A�� .«Q l¬ �. �®­ � 1K¯ 9 � [ �-�°��� .«Q # 1 ��±Z² F (9)

In writing down this action,onecanuseeitherof thetwo ans̈atzefor thefield strength� �
thatarecompatiblewith thesymmetriesof themetric(7),giving riseto electricormagnetic
cosmologicalsolutions.In theelectricsolutions,theansatzfor theantisymmetrictensoris
givenin termsof its potential,andin acoordinateframe,takestheform¤ �T³´� �_µ¶µ¶µ �0· %¹¸-º �Z³»� ��µ¶µ¶µ �Z· � (10)

andhence �½¼ � ³ � � µ¶µ¶µ � · % l¸Aº � ³ � � µ¶µ¶µ � · � (11)

where ¸ dependson
U

only. For theelectricsolutions,wehave �~%¹� . � �� ¾% � .<Q
. For

themagneticcosmologicalsolutions,theansatzfor thetangent-spacecomponentsfor the
antisymmetrictensoris� � ³ � ��µ¶µ¶µ ��¿ %À­ 1 3EÁ � º � ³ � ��µ¶µ¶µ ��¿ � (12)

where ­ is aconstant.Thuswe have �~% � �Â P%b� . � .qQ
. In theaction(9),

¬ � ª and
©

arerelatedto ¤Ã��¦ and ? in thefollowing way:¬tÄ  M¦ 9 ��� .«Q #Å¤Ã� ªaÄ ¦ 9 � .«Qº V ��� . �C# ? � ©«Ä . º V@?Æ9 �H M¦ F (13)

Here ºZ% Q
is for electriccaseand ºT% .PQ

for themagneticcase.Notethatin theelectric
case,theconstant­ arisesastheintegrationconstantfor thefunction ¸ in (11).

Theequationsof motionfor
¬ � © and

ª
areÇ¬ 9 [ ��� .«Q # � 1 ��± %:`E� Ç© 9 Q� �v­ � 1K¯ %b`E� Çª %¹` F (14)

Thevariationof theaction(4) with respectto thelapsefunction È / ¼Â¼ providesthecanon-
ical constraint:l© � 9 �v­ � 1K¯ 9 �H @��� . �C# V �� .«Q lª � % �_�A�� .«Q l¬ � 9 � [ �-�~�É� .qQ # 1 ��± F (15)

Since
¬

and
©

bothsatisfyLiouville equations,it is straightforwardto solve theseequa-
tionsdirectly:1 3 ± %§Ê ÁM3 �ËÌCÍÏÎ h4ÐÂÑ ��ÒÓ ± U #�� if

[ % Q
;ÁM3 �ËÌCÍ ÐÅÔiÕ Ñ ��ÒÓ ± U #d� if

[ % .PQ
;¬ % . ÒÓ ± U � if

[ %¹` � (16)
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where ÒÓ ± is anarbitraryconstant.Similarly thesolutionfor
©

is1 3�Ö � % ­ , ���ÒÓ ¯ Î h4ÐÂÑ ��ÒÓ ¯ U #d� (17)

where ÒÓ ¯ is againconstant.Thesolutionfor
ª

maybetakento besimplyª % . ÒÓ2× U F (18)

Theconstraint(15) thereforeimpliesthatÒÓ �¯ % �A�sÒÓ �± .  @��� . �C# V �0ÒÓ �×� ��� .«Q # F (19)

TheHamiltoniansfor thefields
¬

,
©

and
ª

aregivenbyk ± % Q� Ó �± 9 Q� [ ��� .qQ # � 1 ��± �k ¯ % Q� Ó �¯ 9 Q� �®­ � 1Ø¯ �k × % Q� Ó �× � (20)

where
Ó ± � Ó ¯ and

Ó ×
correspondto momentaconjugateto

¬ � © and
ª

coordinates.No-
tice that the solutionsfor

¬ � © and
ª

can be cast in a different form in termsof their
phase-spacevariables.For example,when

[ % Q
, thesolutionfor

¬
canbewrittenas1 3 ± % � .qQÒÓ ± Î h4ÐÂÑ Ò¬ � Ó ± % . ÒÓ ±uÙ�Ú Õ Ñ Ò¬ � (21)

where Ò¬ %ÛÒÓ ± U . In fact,theseequationscanbeviewedasacanonicaltransformationfrom
the interactingLiouville system,with phase-spacecoordinates� ¬ � Ó ± # , to a freesystem
with phase-spacecoordinates Ò¬ �gÒÓ ± with theHamiltonian Òk ± % �� ÒÓ �± , by re-writing(21)
as Ó ± %a�É� .qQ # 1 ± ÐÂÔrÕEÑ Ò¬ � ÒÓ ± %s��� .«Q # 1 ± Î hÜÐÅÑ Ò¬ � (22)

Thegeneratingfunction �O� ¬ � Ò¬ # hasthefollowing form�O� ¬ � Ò¬ #�%a�É� .qQ # 1 ± ÐÂÔiÕ Ñ Ò¬ � (23)

suchthat Ó ± % ; �; ¬Ý� ÒÓ ± % ; �; Ò¬ F (24)

Thesearethesameequationsasin (22). Obviously, since
k ¯ hasalsothesamestructure,a

similarsetof canonicaltransformationswill alsobring it to a freeHamiltonianform. Thus
by solving a setof free systemsandusingthe canonicalmapping(21), we cangenerate
thesolutionsof theinteractingtheorygivenby theaction(4). As we shalldiscussin next
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subsection,thesetransformationscanbeimplementedin thequantumversionof themodel.
This,in turn,will allow usto solvethecorrespondingWDW equationsin astraightforward
manner.

Though,here,we have discusseda simpleclassof models,we would like to point out
that themethodemployedhereis quitepowerful. Variouscomplicatedcosmologicalsys-
temsleadexactsolutionsbothin theclassicalandquantumlevel throughthismethod.For
moredetails,wereferto theoriginalpapers[10,11].

3.2TheWheeler-DeWitt equation

The canonicaltransformationbetweenthe classicalLiouville andfree theoriesthat have
beendiscussedabovecanbeimplementedatthequantumlevel. Thisisdoneby introducing
intertwiningoperatorswhichgeneratecanonicaltransformationsonthequantumoperators
and on the wave functions. In order to constructsuchoperatorswe first focus on the
cosmologicalmodeldiscussedin theprevioussubsection.

Let us first concentrateon
k ± given in (20). It is known that thereexistsan operatorÞ ± which transformstheLiouville Hamiltonianto a freeone[12]. In particular,Þ ± k ± Þ 3 �± %ßÒk ± F (25)

As aresult,thewavefunctionsà ± and Òà ± of theLiouville andfreetheoriesarerelatedbyàq% Þ 3 �± Òà . Theoperator
Þ ± hasbeenconstructedin [12], andtakesthefollowing form:Þ ± %âá�ã ÁM3 �Åä G�å �
æ ± Ó 3 �±¡ç á � � ± � (26)

whereeachof theconstituentpieceshasthefollowing action:á0� � ±éè ¬ c frÕ ¬ � Ó ± c ¬êÓ ± �ç ± è ¬ c Ó ± � Ó ± c . ¬ �Ó 3 �± è ¬ c Ó 3 �± ¬êÓ ± � Ó ± c Ó ± �á�ã ÁM3 �Åä G�å �
æ ± è ¬ cÝ��� .«Q # ÐÂÔrÕEÑ ¬ �Ó ± c Ó ± Î hÜÐÅÑ 3 � ¬� .«Q F (27)

Taking into accountthe commutationrelation 6 Ó ± � ¬ D % .Zë
, it is immediatethat the

combinedactionof (27) is to maptheLiouville Hamiltonian
k ± to thefreeHamiltonianÒk ± % �� ÒÓ �± . Similarly, the operator

Þ ± hasthe following actionon the wave function
[12]: Þ 3 �± è 1Kìií ± cïî í2ðñìií � 1 ± #d� (28)

where ðñìòí is a modifiedBesselfunction. Owing to the fact that the canonicaltransfor-
mationdescribedby

Þ ± is non-unitary(as it mustbe, sincethe Liouville theory is not
simply equivalentto thefree theory),thenormalisationof the transformedwave function
is not just thesameasthenormalisationof thefreewavefunction. It canbedeterminedby
calculatingtheeffect of thetransformationon theHilbert-spaceinnerproduct,leadingto
theresult

1112 Pramana– J. Phys.,Vol. 53, No. 6, December 1999



Stringcosmologyî í % Qó È � [~ÐÅÔiÕ Ñ � ó [ # F (29)

Now considertheWDW equation,which is simplykêô � ¬ � © � ª #õ%:` F (30)

Herethetotal Hamiltonianof thesystemis givenbyk % k ¯ 9 �C @��� . �C# V �� .«Q kv× . �_�A�� .«Q k ± F (31)

It is clearnow from the structureof the Hamiltonianthat the wave function
ô � ¬ � © � ª #

will have thefollowing form:ô � ¬ � © � ª #d% ô ± ô ¯ 1 ì ÌCö × � (32)

where
ô ± and

ô ¯ dependon
¬

and
©

respectively. Following our previousdiscussion,
thereis anintertwiningoperatorwhichwill converttheinteractingHamiltonian

k
to asum

of freeHamiltonians.It is givenbyÞ %âá$ã ÁK3 �»ä G�å ��æ ± Ó 3 �±¡ç ± á � � ± áT÷ øgù G�å ��æ ¯ Ó 3 �¯ ç ¯ á � � ¯ F (33)

Its actionon theHamiltonianisÞ k Þ 3 � %ßÒk ¯ 9 �C @��� . �C# V �� .«Q kv× . �_�A�� .«Q Òk ± F (34)

It is now easyto readoff theactionof
Þ

on thewave functions:ô � ¬ � ª � © #g% Q, � ó î í Í î í Ö ð ì ã ÁM3 �Åä í Í � 1 ± # ð ì ÷ ø�ù í Ö � 1K¯ # 1Kìòí ö × � (35)

where î í Í and î í Ö aremomentum-dependentnormalisationconstantswhich canbede-
terminedfrom (29).

So far, we have beendiscussingthecase
[ % Q

. Following similar arguments,we can
also study the WDW wave function for an openuniverse(

[ % .PQ
). In this case,the

analogueof (27) is á0� � ±éè ¬ c fiÕ ¬ � Ó ± c ¬úÓ ± �ç ±éè ¬ c Ó ± � Ó ± c . ¬ �Ó 3 �± è ¬ c Ó 3 �± ¬úÓ ± � Ó ± c Ó ± �á�ã ÁM3 �Åä �´û G æ ± è ¬ cm�É� .qQ # Î hÜÐÅÑ ¬ �Ó ± c Ó ± ÐÂÔiÕ Ñ 3 � ¬� .qQ F (36)

Theoperator
Þ

is nowÞ ± %âá�ã ÁM3 �Åä �´û G æ ± Ó 3 �±¡ç á0� � ± � (37)

whoseactionon the wave functionscanbe evaluatedusingmethodssimilar to the ones
usedabove in the

[ % Q
case.We shallnot discussthe

[ %¹` casein detail.Following the
abovediscussion,thestructureof thewave functionis alsoeasilyobtainedin this case.
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4. Conclusion

In thisbrief review, wehavediscussedapossiblecosmologicalscenariowhichappearsnat-
urally in string theory. We pointedout severalattractive featuresof themodel. However,
gracefulexit remainsa major problemin this context. Thoughtherearevery encourag-
ing hints to overcomethis problemfrom quantumstring cosmology, thereis still lack of
progressin this direction.Besidetheexit problem,questionsareraisedaboutwhetherthe
PBB scenariosolves the homogeneityandflatnessproblems[13,14]. We have not dis-
cussedtheseissuesin this review. In ü 3, we analysedcertainclassicalsolutionsandthe
correspondingWDW equationsof a largeclassof models,from thepre-bigbangprospec-
tive. Webelievethatthesesolutionsprovidevariousclueswhichcanhelpin implementing
thePBB scenariosuccessfully.
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