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Abstract

Westudytwosymmetriesofasymmetricorbifbldmodels.Oneisasymmetrybetween

untwistedandtwistedstringstatesandtheotherisspace-timesupersymmetry.Ⅰnboth

thecases,carefulanalysisofmasslessstatesisrequiredf♭raspecialclassofasymmetric

orbifbldmodels.Twist-untwistintertwiningcurrentswhichconvertuntwistedstatesto

twistedonesandviceversamayappearintwistedsectorsforthemodelsand"enhance''

thesymmetries･Gaugesymmetriesofthemodelsareanalyzedandlistsforthemare

glVen･WealsoinvestigatesupersymmetryofE8XE8heteroticstringcompactifiedon

asymmetricorbifolds･Itispointedoutthatunexpectedsupercurrentsmayemergeina

specialtypeofasymmetricorbifoldsandenlargethespace-timesupersymmetry.Finally

weglVeanexampleofN-1space-timesupersymmetricmodels.
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1 Introduction

Stringtheorywasorlglnallyintroducedtoexplaintheenormousproliferationofhadrons

instronginteractionphysics.ThetheoryIncludessomeattractiveideas,anddualityis

themostremarkableone.ThisrequlreSthatthewholesumofscatteringamplitudesin

thes-channelisglVenbythesameanalyticfunctionasthatinthet-channel･In1968,

Venezianol1]foundthatsuchanamplitudeiswrittenbyBetafunctions･Inthosedays,

thistheorydidnotyethavestringpicturesanddevelopedasthedualresonancemodel

describingstronginteractions.NambuandSusskind【2】【3】noticedthatthedualresonance

modelisequlValenttothestringtheorywhichtreatsone-dimensionalobjectsinsteadof

pointparticles.AstringpropagatinglnSpace-timesweepsoutatwo-dimensionalsurface

knownasaworldsheet,whichisageneralizationofaworldlineinthecaseofthepoint

particle.Theworldsheetisparametrizedbytwoparameters,Tandq,andsostring

coordinatesXP(T,q)giveamapfromtheworldsheettospace-time･Theactionisgiven

bytheareaoftheworldsheetwithanappropriatecoe侃cient[2】[4]･

Thedevelopmentofthestringtheoryasacandidateforauni丘edtheorywasmade

after1972.1nthisyear,NeveuandScherk【5】discoveredthatthedualresonancemodel

hasspin1masslessgaugebosonsininfinitelimitofthestringtension･Soontheexistence

ofspin2gravitonwasshownbyYoneya,ScherkandSchwarz[6】.Sincethen,thestring

theoryhasbeenregardedasahopefulcandidateforauni丘edtheoryofallinteractions

includinggravity.Ofcourse,thestringtheoryhassomedifBculties.Goddard,Goldstone,

RebbiandThorn[7】pointedoutthatthecriticaldimensionofthebosonicstringtheory

is26inviewofquantumanomaly.Inordertorealizeourfour-dimensionalspace-time,

theextra22-dimensionalspacehastobecurleduptosuchascaleaswecannever

observe(～10~33cm).

Inourworld,matterisconstructedwithfermionicparticles.Weshouldmakethe

stringtheorytopossessfermionicdegreesoffreedom.SuchastringtheorylSCalled

asuperstringtheory.SupersymmetrylSaSymmetrybetweenfermionsandbosoms,by

whichtheactionisinvariantundertheexchangeofthesetwotypesofparticles.The

supersymmetryhasgoodpropertiesinseveralrespects.Itcancelsalotofdivergent

Feynmangraphs.Moreover,itmightsolvethegaugehierarchyandcosmologlCalconstant



problems･Historically,fermionicstringswereconstructedbyRamondl8],andsoonthe

bosonicpartnersweregivenbyNeveuandSchwarz【91.However,thistheoryhasno

supersymmetryandhasanundesirableparticle,Calledtachyon.Tomakethismodel

consistent,GSOprojection【10】hadtobeintroduced.

ThediscoveryoftheanomalycancellationbyGreenandSchwarzwasdonein1984.

TheyshowedthatthetypeIsuperstringtheorylSanomaly-freeandfinitewhenithas

SO(32)uncompactifiedinternalsymmetry.Theyalsopointedoutthatthesamesitu-

ationwillappearwhenthesuperstringtheoryhasE8×E8internalsymmetry.Using

thisfact,Gross,Harvey,MartinecandRohm proposeda"heteroticstring''【11】pos-

sesslngleft-rightasymmetricdegreesoffreedom.Sincethecriticaldimensionofsu-

perstringis10,theextra6-dimensionalspacehastobecompacti£ed.Variousmethods

havebeenproposed;toroidalcompactiAcation,orbifoldcompactificationl121,Calabi-Yau

compactificationl13],Gepnerl14]andKazama-Suzukiconstructionl15]andsoon.These

methodshavesomeadvantagesandarerelatedwitheachother.F♭rexample,Orbifolds

arethoughttobeaslngularlimitofsomeCalabi-Yaumanifold.

HeteroticstringtheorymaybeoneofthemostpromlSlngtheoriestodescribeour

realworld.Variousmethodshavebeenproposedforthecompactificationtorealizeour

4-dimensionalspace-time.Orbifoldcompactificationisoneofthem.Toroidalorbifoldis

ageneralizationofatorusandisglVenaSaquotientspaceofthetoruswithitsisome-

tries･Alotofclassificationshavebeenproposedbymanygroupsl16]andsome"realistic"

modelswhichpreserveN-1space-timesupersymmetryandpossess"standard-1ike''or

"GUTs-like"gaugegroupandthreegenerationshavebeenobtained.Theyo鮎redmany

consistentcandidatesandinformationaboutthestructureofclassicalstringvacua.How-

ever,Wehavenotyetfoundacluetothesolutionoftheproblemwhichthetruevacuum

isandwhythesixextradimensionsarecompactified.Forthepresent,allwecan do

istoconstruct4dstringtheoriesconsistentlyandtoanalyzethevacuum structures

thoroughly.

Asymmetricorbifoldmodels[171seemtobeanintriguingtheory.Infact,wedonot

seetheinevitabilityfortreatingtheleft-andright-movlngStringcoordinatessymmetri-

callyinspiteoftheleft-rightasymmetricnatureoftheheteroticstringtheory･However,
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classificationofasymmetricorbifoldmodelshavenotbeenachievedsufhciently,probably

becauseofagreatnumberoftheirpossibilities･Weneedsomerulesofmodelbuilding.

Ⅰnthispaper,wewillinvestigategaugesymmetryandspace-timesupersymmetryof

asymmetricorbifoldmodels･Thegaugesymmetryisanaly2;edforbosonicstringtheories

andthesupersymmetryisforE8XE8heteroticstringtheories.

Throughoutthispaper,wewillimposethefollowingtwoCOnditionsforZN-Orbifold

models.

(i)MomentaintheinternalspaceareonaLorentzianevenself-duallatticeassociated

withsemi-simplesimply-lacedLiealgebraa.

(ii)Z〃-twists♂actasanautomorphismofthelatticeandtheactionofβJ(∫-

i,･･･,NI1)doesnothaveanyfixeddirectionsI

Thecondition(i)ensurestheinvarianceoftheone-looppartitionfunction.

Aswestatedbefore,listsoftheorbifbldmodelswhichhave"standard-like"or

"GUTs-like"gaugesymmetryandpreserveN-1space-timesupersymmetryalready

existl18].However,foraspecialclassofasymmetricorbifoldmodels,wefoundun-

expectedphenomenatooccurandtheclassi丘Cationofthisclassoforbifbldmodelshave

notyetbeencompleted･Inpreviouspapers【19】,Weinvestigatedtheclassicalvacuum

configurationsofsuchasymmetricorbifo1dmodels.Themodelsconsistofleft-moving

stringcoordinatesontoriandright-movlngOneSOnOrbifolds.Wewillcallthisclass

oforbifo1dmodels"chiral"asymmetricorbifoldmodels･Inthecaseofbosonicstring

compactification,modularinvarianceseverelyrestrictstheallowedmodels.Weana-

lyzedtheirgaugesymmetryandfoundthatextraconservedcurrentswhichconcernthe

gaugesymmetryappearfromthetwistedsectorsandhencethesymmetryofthetotal

Hilbertspacebecomeslargerthanweexpected.Itisnoteworthythatthe"symmetryen-

hancement"occursaccidentallyforspecificdimensionsoftheorbifolds.Theconserved

currentsarecalled"twist-untwistintertwiningcurrents"【20】,whichconvertuntwisted

stringstatestotwistedonesandviceversa.Moreoverweanalyzedthesupersymmetry

ofE8×E8heteroticstringtheorycompactifiedonasymmetricorbifolds,whoseleft-
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movlngbosonicstringcoordinatesareontoriandright-movlngSuperStringcoordinates

areonorbifolds･Orbifoldsaredefinedbydividingtoriwithdiscreterotations(0).In

thecomplexbasis,therotationsaregeneratedby

O-exp【2m'(vIJ12+V2J34+V3J56)】, (1.1)

whereJijaretheSO(6)Caftangeneratorsandvt'satisfyNvi∈Z.Insymmetricorbifold

models,theconditionf♭rthepreservationofN-1space-timesupersymmetrylSglVen

by

士 vl士 V2土V3-0, (1.2)

forsomechoiceofsignsl12].ThenthesupersymmetrywillbebrokenandtheZN-

invariantpartwillsurviveiftheyaresymmetricorbifoldmodels.However,wehaveto

emphasizethatthisconditionholdsforsymmetricorbifoldmodelsbutnotforasymmet-

ricones.Ⅰntheasymmetriccase,unexpectedsupercurrentsmayappearinthetwisted

sectorsandplayaroleoftwist-untwistintertwiningcurrentsto"enhance"thesupersym一

metryofthetotalHilbertspace.WefわundthatthesemodelspreservemorethanN-1

supersymmetryinthechiralasymmetriccase.Thisimpliesthattheconditionforthe

conservationofN-1supersymmetry(1･2)istoorestrictivefortheasymmetricorbifold

models.

Theclassificationofthe"enhanced"modelsforthechiralasymmetricorbifoldswas

completedundertherestrictions(i)and(ii)[19】･However,classificationforgeneral

asymmetricorbifoldshasnotyetbeencompleted.Weattempttoconstructunexpected,

consistentasymmetricorbifoldmodelswithN-1space-timesupersymmetrybyuslngthe

"enhancement"mechanism,becausesuchmodelshavehithertobeenruledoutbythe

reasonthattheydonotsatisfythecondition(1･2)･Wewillconsiderleft-rightasymmetric

orbifoldmodelsl17]withdifferentleft-righttwistsOL,ORandshowanexamplewhich

preservesN-lsupersymmetrywithoutsatisfyingthecondition(1.2)[21].

Theoutlineofthispaperisasfollows.Insect.2Weprovideareviewofsymmetric

orbifoldmodels.Thenotationsofthissectionareusedthroughoutthispaper.The

classificationsoflatticesandautomorphismssatisfyingtheconditions(i)and(ii)are

givenneartheendofthissection･Sect･3isdevotedtoexplainingtheresultsofref.【19】.

Wedescribechiralasymmetricorbifoldmodelsandpointoutthattwist-untwistinter-
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twiningcurrentsmayappearinthosemodelsand"enhance"thesymmetry.Thelist

ofsuchmodelsareglVenintable2-6.Insect･4weconsiderE8×E8heteroticstring

compactifiedonasymmetricorbifolds.As waspointedoutinref.[19],thesymmetry"en-

hancement''mayoccurinthecaseofsupersymmetry.Weshowfourchiralasymmetric

orbifoldmodels.Finally,weglVea"realistic"superstringtheorywithN-1space-time

supersymmetrybyusingthefactthatE6-1atticeallowstwodifferenttwists.
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2 0rbifoldcompactificationofbosonicstrings

lnthissection,wereviewclosedbosonicstringsonatorusandasymmetricorbifbld.

Thebosonicstringtheoryisformulatedin26-dimensions.Forsimplicityofthequan-

tization,wewilltakethelight-conegauge.ThenthestringcoordinatesareglVen

byXt'(T,q),(i- 1,…,24).WewillconsiderthemodelswhoseD-dimensionalspace

(D≦24)iscompactifiedonatorusandaorbifold.Inordertorealizeour4-dimensional

world,weshouldsetD-22Sothatthetransversetwodimensionaldirectionsremain

uncompactified.Here,forthesakeofapplications,weweaklyrestrictDtobeeven.

2.1 TOROIDALCOMPACTIFICATION

WewillconsiderastringtheorycompactifiedonaD-dimensionaltorusTD･Thetorus

isdefinedbyidentifyingpointsintheD-dimensionalspace,Xi～xi+,TWi,where(wi)

arevectorsonaか-dimensionallatticeAandrepresentthewindingnumberofthestrings

aroundthetorus.Thus,thetorusisobtainedbydividingtheEuclideanD-dimensional

spaceby7TA:

TD -RD/,TA. (2.1)

Wewillstartwiththeactionoftheinternalpart,

slx]-/dT/:克 くりaPaaxiapxiIeαβBijaaxiapxj), (2･2)

whereTandqaretheworldsheetcoordinatesand71αβisaflatmetricontheworld

sheetandCol - -flo- 1.Bid,(i,i- 1,...,D)isaconstantantisymmetricback-

groundfieldintroducedbyNarain,SarmadiandWittenl22]toexplainNaraintorus

compactificationl23].Notethatthesecondtermisatotalderivativewhichdoesnot

a仔ecttheHamiltonian〟orequationsofmotion.

Ontori,thestringcoordinatesXi(T,q)obeythefollowingbounda･ryconditions,

xi(T,J+,T)-Xi(T,J)+,rWi. (2.3)

Thus,solutionstotheequationsofmotionareglVenbythefらrm,

xt''T,J'-XiI'pi-Bijwj'T+-iJI;n? .;(Dine-2t-n','q'･克 e-2in'T-q'),'2･4'
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whereplarethecanonicalmomentaconjugatetOthecenter-of-masscoordinatesxt.The

existenceoftheanti-symmetricbackgroundfieldBt'jaffectsthecanonicalmomentum

conjugatetoXi(T,q)asfollows:

n･'-三(a,xt'(,,q)･Bt-,'aqxj(T,q))･ (2･5)

Notethatthecanonicalmomentapttakediscretevaluesaccordingtotheperiodicityof

㌔.WeassumethefollowingcommutationrelationsintroducedbySakamoto【24】,

[瑚 - i61:'.I,
lQi,wJl- i61',

lxi,Qj]--i芸61'',

匝m,αもn]- m6ij6m.n,0-極m,α'J, (2.6)

whereQiarethecanonical"coordinates"conjugatetowiandallothercommutation

relationsofoperatorsvanish.Undertheseassumptions,Wecangetcorrectcommutation

relationsofvertexoperatorswithoutputtingcocyclefactorsbyhand.

Wecansepara･tethestringcoordinatesintoleft-andright一movlngOneS:

xi(T,J)- 喜(xL(T･q)･XL(T IC)),

xL'T･q'- XIL･2pi'T･小 in? . ; α Lne1 21'n州 ,

xL'T -q'- か 2pk'T 一恒 in? .;αkne-2in''-q', (2･7'

wherewehaveputtherelationsbetweenxi,pi,Qi,wiand亮,克 pi,pk asfollows:

･互

･滝

･苑

･滝

- (1-B)i3'xj+Qi,

1+B )ijx3'- Qi,U

l
12
1
12

㍗/

T

T＼

P HH
nul
U

l

一
2+ -B)t'Jlw j ,

pt'-去 (1+B)ijw j

xi - 吉(xh xtL ),

7
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吉(IIB)i3'x,L-去(1-B)癌R,
- (1+B)ijp乞+(1-B)ijpも,

-pL-ph･

Thenthecommutationrelationsarerewrittenintotheforms

匿,di]- i6i''‥- 匝 di],
匿 ,x'L]- i汀Bり- 匝 司 ,

匝司 - in(1-B)'''',
[αim,α'Ln] - mSij6m'n,O - 極m,α局,
匡m,α局-o･

(2･9)

(2.10)

From theeq.(2.9),theleft-andright-movingmomenta(pL,pk)havetolieona

(D+D)-dimensionalLorenzianevenself-duallatticerD･Dl25],whichwewillexplainat
thelastofthissection.Notethatthischoiceoflatticesguaranteesmodularinvariance

oftheone-looppartitionfunction.

ThemassformulaearethenglVenby

吉-i -妄童(ptL,2･去af.(pi,2･NL-1,
吉-芸 -喜童(pk,2.;af1(pA,2･NR-1,

(2･11)

wherepa(a-1,2)areuncompactifiedexternalspace-timemomentainthelight-cone

gaugeand-1isduetothecontributionfromtheoscillatorstothezero-pointenergy

andNLandNRarethenumberoperatorsdefinedby

D ∞ 2 ∝)

NL - ∑∑ 範 _naLn+∑∑α呈_nain,
i=1n=l a=1n=l
D oo 2 oo

NR - ∑∑竜一n克n+∑∑α完_nα完n･t'=1n=1 a=1n=1

Letuscalculatetheone-looppartitionfunctiondefinedby

z(●T)-TrqHLq-HR, q- e2m'T,

8
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whereTisthemodularparameterandHL(HR)istheleft-(right-)Hamiltonian･Aone-

loopdiagram isa2-dimensionaltorus.ThemodularparameterTCharacterizesthis

torus.UsingthezeromodeofVirasorooperators,Wecanrewritethepartitionfunction

int,ot.heform

z(')-TrqL0-%q-L0-A, q-e2m',, (2.15)

whereDisadimensionofthetorusinwhichthestringsareembeddedandthetraceis

takenovertheHilbertspace･Inthetorusmodels,VirasorooperatorsareglVenby

Lo-童{;(ptL,2･= αLnain},
00

n=1

Lo-童{喜(ptL,2･

l77(T)LD

00

∑ 克_n克n)In=1
Substitutingthemintoeq.(2･15),weget

z(T)-=7k ∑ ei-(pL,2e-iqf(ph,2,
(PIL,紘)∈rD･D

where71(T)istheDedekind771functiondefinedby
(>〇

q(T)-ql/24n (1-qn)･n=1

(2.16)

(2.17)

(2･18)

Stringtheoryhasaglobalsymmetrycalledmodularinvariance.Thissymmetryre-

flectstheinvarianceofthecomplexstructureoftheworldsheettorusunderthefollowlng

transfわrmation,

H 崇 言,a,b,C,d∈Z,ad-bc-1･ (2･19)

ThistransformationiscalledmodulartransformationandmakesagrouplSOmOrphicto

SL(2,Z)/Z2.Themodulartransformationisgeneratedbythefollowingtwotransfor-

mations,

r : T一丁+1,

S : T-ll/T･ (2.20)

Itiseasytochecktheinvarianceofthepartitionfunctionunderthesetransformations

foreachmodel.Wemayusethefollowingformulae:

q(T+1)- eiq /127(T),

り(-1/T)-√二言q(T),

9
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andthefactthatr上),刀isanevenandself_duallattice.Ⅰnvarianceunderthe71-transfわrmation

istrivial.NotethatthemomentumsumistransformedundertheS-transformationas

follows:

∑ eヂ (pL)2e苧(p'R)2-
トiT)D/2(iテ)D/2

vol(rD･D)
∑ em (p'L)2e-I'qf(pk)2,(2･22)

(ptL,PtR)∈rD･D I〉̀＼▲ / (pL,pk)∈rD7D'
whereweusedthePoissonresummationfわrmulatoderivetheright-handside.Since

thelatticerD･Diseven,(PLR)2-even,andself-dual,vol(rD･D)- 1,thepartition
functionis,togetherwiththeoscillatorpartandzero-pointenergy,lnVariantunderthe

5-transformation.

2.2 SYMMETRICORBIFOLDMODELS

AnorbifoldODisdefinedasaqt10tientspaceoftheEuclideanD-dimensionalspaceRD

withaspacegroupSspecifiedbydiscreterotations(0)anddiscretetranslations(W);

S-(0,W).ThisimpliesthatanorbifoldisdefinedbydividingatorusTDwithits

isometriescalledpointgroupP,

08-筈 (2･23)

Inthispaper,wewillconsiderZⅣ-orbifoldmodels,β〃-1,with[β,β〕-0anddet(1-

0)≠0forsimplicity･Ifitisnotthecase,theZN-transformationpropertiesofthezero

modeofthestringcoordinatearenontrivialandsometopologlCaleqectsmayappear･

Therearetwotypesofstringsonorbifolds.Oneisintheuntwistedsectorandfollows

theboundaryconditionoftheform,

xi(T,q+,T)-Xi(T,J)+,TWi, i-1,...,D.

Theothersareintwistedsectorsandtheboundaryconditionstaketheform,

xi(T,J+,T)-Oijxj(T,q)+,TWl', i-1,…,D.

Thenthestringcoordinatesareexpandedintheuntwistedsectoras

xi(T,J)-Xi+(pi-Bijw')T+wig+X三sc(T,J),

andinthetwistedsectorsas

xi(T,q)-XlfiT+X三sc(T,Cr),

10
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where坊xsatisfythefixedpointequation,

xlfic-0りxJfiC+7TWtl

andX三aC(T,q)denotestheoscillatorpartofthestringcoordinatessatisfying

x三sc(',q+7r)- Ot'jxZlsc(,,q).

(2･28)

(2.29)

Itisconvenienttointroduceacomplexbasiswhichmakes♂diagonal.Theorthogonal

matrix♂Canalwaysbediagonalizedbyaunitarymatrix〟,

〟Iβ〟 - βdiag)〟 I〟 -1'

βdiag-

and

(2.30)

W: w r2 W?D ) , (2･31,

where0<ri≦N-1(ri∈Z)andLJ-e2m'/N.Thesetofeigenvalues(urt)isidentical

totheseti〟~rt)because♂isanorthogonalmatrix.Thus,wemaywritetheeigenvalues
ofβas

(LJrt and LJ-rl,i-1,･･･,D/2). (2.32)

ThenthestringcoordinatestransformasMti3lxj･wecanrewritethecoordinatesinto

Xiew(,,q)andg£ew(T,q),(i-1,…,D/2)suchastheyfollowtheboundaryconditions,

xエew(T,q+7T)- LJr.X£ew(T,q)+(torus shift),

Xまew(T,q+7r)- LJ-r･Xまew(T,Cr)+(torus shift), (2.33)

Hereafter,weusethesenewcoordinatesandomittheindexnew.Wewillintroduce

adescriptiondevelopedin2dconformalfieldtheory(CFT)[26]･Inthenewbasis,the

stringcool･dinatesonorbifoldsareexpandedoftheform,

xL'Z'-か iptLlnz+in,｡Z≡ ′N,｡吉(MijTi,I-n,-M甥 zn,),

xL'Z'-か 如 +in,｡zE ′N,｡吉 〈Mijli,I-n,-M甥Z-n,),(2･34'
11



withpL- ptR-0forthetwistedsectors.Thenthequantizationconditionforthe

oscillatorsareglVenby

lT招｣- mi6i塩 .,n, formt･∈Z一芸,oandnj∈Z-
軋,兎]- mi6i'-6-.,n, formt･∈Z･岩,oandn,･∈Z+
lTL̀寓】- o･

0

0
>
>

i.1I〃
L.,It (2.35)

ThemassformulaeforOt-twistedsector(I-0,foruntwistedsector)aregivenby

吉 (-LEI,2-をg(ptL,26l･0･喜套(pi,2･NLL'+EiE'- 1,
吉 (-9 ,2 - 吉童(pk,26l･0+;af1(pA,2+NLL'+EiL'- 1, (2･36,

whereNLL)andNil)arethenumberoperatorsandEiE)isthecontributionfromtwisted

oscillatorstothezero-pointenergy,andtheyareglVenby

D

∑ ∑
i=1n,EZ-r,/N>O
D

∑ ∑
i=1ni∈Z+r./N>0

去Dgi2

2 ∞

7浩 三.+∑∑ α呈_nα呈n,
a=1n=1

2 oo

ヤ弐克 +∑∑ α完_nα完n,
a=1n=1

(.(I)(トイi(I)),dり-lC.(1)modュ,0<CIE)<1, (2.39)

whereEi(1)-ri/N.Inthesymmetricorbifoldmodels,theeigenvaluesofthezeromode
oftheVirasorooperatorsinOE-twistedsectorareglVenby

LLL'- 三重(ptL,26L･0･NLL'･EiL',

LLL'-接 pk,26L･0.NLL'+EiL'･ (2.40)

Notethattheenergyofthegroundstatesiszerointheuntwistedsector･However,ln

thetwistedsectorstheenergylSnOn-Zero.

Tbconstructthemodelsexplicitlywehavetoselectthemomentumlattice.We

choosetheLorentzianevenself_duallatticer上),pintroducedinthetorusmodels.Let

12



usconsidertheone-looppartitionfunctionhere.Becauseofthenontrivialboundary

conditionsoftheorbifoldmodels,modularinvarianceofthepartitionfunctionisnot

manifest.ModularinvariancemayglVeconstraintsonthemodels･

InZ〃-orbifbldmodels,theone-looppartitionfunctionintheoperatorfわrmalismwill

beoftheform,

Z(T, - 妄:;=1.Z(gt,9-;,,,
Z(gt,9m;T)- TrlgT'qL0-%q-Lo-鼻]9Lse｡t｡,, (2.41)

whereglSageneratorOfZNandg(I)1SatwistoperatorinthegL-sector･Thenthe

partitionfunctionofthegEISeCtOriswrittenintermsoftheprojectionoperator7〉as

z(T)9L-sector - TrlpqLo-差q-Lo一基]9._SeCt｡,,

ァ - 諾 9(7,, (2･42,

wherethetraceistakenovertheHilbertspaceofthegL-sector.Theprojectionoperator

intheuntwistedsectoriswellknown.However,inthetwistedsectors,itisnotobvi-

ous.Wecandeterminetheprojectionoperatorsinthetwistedsectorsbymeansofthe

requlrementOfmodularinvariance.Ingeneral,amodularinvariantone-looppartition

functionsatis丘estherelations:

Z(gL,gm;T+l)- Z(gt,gL+m;T),

Z(gL,gm;-1/T)- Z(9-m,gL;T). (2･43)

UsingtheserelationsasaguidingprlnCiple,Wecanconstructamodularinvariantpar-

titionfunction.

2.3 ⅠJATTICESANDAUTOMORPHISMS

Wewillconsiderthemodelswhoseleft-andright-movingmomenta(pL,紘)lieona

(D+D)-dimensionalLorenzianevenself-duallatticerZ･Dassociatedwithasemi-simple
simply-lacedLiealgebraG

r雷,D-((読,pk)lpi,pk∈Aw(G)and 哀ノーpk∈AR(G)), (2.44)

13



whereAw(G)(AR(a))istheweight(root)latticeofaandtherootvectorsarenor-

malizedsothattheirsquaredlengthistwo.Onthislattice,theinnerproductofthe

㍗ (pi,pk)andP′≡(p'i,p.A)?recalculated-ithLorentziansignature【(+1)D,(-1)D];
1.e.P･P′-∑?=1(pLpIL-pkpB)andP･P'∈ZforallP,P′∈r雷･D.Alllatticevec-
torshaveeven(length)2.Thisimpliesthatthislatticeisevenintegral.Furthermore

thislatticeisself-dual,i･e･rぎ･D*-r雷,D,inotherwords,vol(r雷,D)-1･Thenthese
choicesofthelatticeslimitthetwiststβ)becausetheyhavetobeautomorphismsof

thelattices.

TheautomorphismsofLiealgebrasarewellknown【27】.Let◎bearootsystemof

thesemi-simplesimply-lacedLiealgebraG.Theautomorphismsof◎makeagroup

AutO･ItisknownthatAut◎isasemi-directproductoftwogroups【27】【28】,

Aut◎ - W 叫Aut(◎,△),

W nÅut(申,△)-(1), (2.45)

whereW istheWeylgroupof◎and△isafiXedbasisof中.Aut(申,A)isdefinedas

Aut(◎,△)-tp∈Aut◎座(△)-△), (2･46)

andcorrespondstothesymmetriesoftheDynkindiagramofa.Thissymmetryiscalled

outerautomorphismsof◎.

Inthispaper,werestrictourconsiderationtothemodelswhoseautomorphisms

OL,(I-1,...,N-1)areinneronesanddonothaveanyfixeddirections.Forthesemi-

simplesimply-lacedLiealgebras,i.C.SU(n+1),SO(2n),E6,E7,EBanddirectproducts

ofthem,theallowedautomorphismsareclassi丘edbyMyhill[29】.

sU(n+1) 【2(n+1)ト 【n+1】- [5] for n+1-prime

le] for n+1≠prime

so(2n) [仝N+1]- [2N]-- - 【2】for n-2Np,n>4

le] for n-p,(p:odd)

so(8) 【1'2]-【6]-【4】-【含】-【2】

:画一[41-【2]

E6 : llA8]-【9]-[6]-[3]-le]

14



E7:[2]

E8 :[30】-【15】-【10]-【6】-【5】-【3】-【2]

【241-【121-【8】-【6】-【4】-【3】-【2】

【20】-【10】-【5】-【4】-【21, (2･47)

wherethenumbersdenotetheorderoftheautomorphismsand∧denotesanouteraut0-

morphism.SupposethatAisamatrixwhichgeneratesthehighestorderautomorphisms

intheaboverowsofnumbers,loweronesareinducedfromitspowers.R)∫example,

order18OuterautomorphismofE6isgeneratedbyamatrix,

1

2

2

1

1

1

一

一

一

一

一

一

l
1
2
1
0
1

1

0
0
一

〇
O
0

0
1

I

0

0

0

0

0

1

1

1

1

1

2

2
1

1

0
一

一

一
一

一

(2･48)

whereweadoptedabasisofsimpleroot.ThentheautomorphismsofE6aregivenby

thefollowlngmatrices,

A A2 A3 A6 A9

E6: [1̂8] - 【9] - 【6] - 【3】 - le]

OUTER INNER OUTER INNER OUTER.
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3 Asymmetricorbifoldmodels

Inthissection,wewilldescribeleft-rightasymmetricorbifoldmodelswithdifferent

left-righttwistsOL,OR.Inthiscase,thetwistsactonthestringcoordinatesasfollows:

9: (XL,XR)-(OLXL,ORXR), (3.1)

whereglSanelementofZN.Inthecomplexbasis,thesetwistsarespecifiedbyelgen-

valuesofOL,A,Viandvi"(i- 1,…,D/2).Wewillconsiderthemomentumlattice･
weconsiderthefollowingtheLorentzianevenself-duallatticer吉･Dl25】associatedwith

semi-simplesimply-lacedLiealgebrasGwithrank上),

r吉,D-((pL,PIL)南,pk∈Aw(a) and pi-pit∈AR(a)), (3.2)

ThentheactionofZ〃onthemomentais

g: (読,ptL)-(硬pも,紹pも). (3.3)

SinceZN-transformationhastoactasanautomorphismofthemomentumlattice;

(oijp'L,Oi3'pIR)∈rぎ･D foral1 (鼓,pk)∈I沼,D. (3.4)

Varietyofmodelscanbeconsidered.Herewerestrictourselvestothemodelswhose

twistsOL(I-1,...,N-1)havetheoriginastheonlyfixedpoint.

3.1 CHIRAIJASYMMETRICORBIFOLDMODELS

Therearealotofcandidatesf♭rasymmetrictwists.ThefollowlngZ〃-twistswillbethe

simplestones.

g: (XL,XR)-(XL,OXR), (3･5)

Wewillcallthisclassoforbifoldmodels"chiral''type.Wefoundthatthesemodels

haveparticularproperties【19トAswediscussedintheprevioussection,theconformal

weightofthegroundstateinthetwistedsectorsispositive,whilethatintheuntwisted

sectoriszero.Thus,inthesechiralasymmetricmodels,thereisapossibilitythat(0,1)

statesmayappearinthetwistedsectors.Ingeneral,thestateswithconformalweight

(1,0)and(0,1)Correspondtoconservedcurrentsandtheyensuretheexistenceofsome

16



Symmetries.Inthiscase,theappearanceofthe(0,1)Stateswillimplyasymmetry

betweenuntwistedandtwistedsectors.Thesecurrentsconvertuntwistedstringstates

intotwistedonesandviceversa.Therefわrewewillcallthesecurrentsutwist-untwist

intertwiningcurrents".Becauseoftheexistenceoftheseextracurrents,thesymmetry

ofthetotalHilbertspacewillbecomegreaterthanthatofeach(untwistedandtwisted)

sectors.Itshouldbeemphasizedthatthese(1,0)or(0,1)currentscannotappearinthe

symmetricorbifoldmodelsbecausetheleft-andright-conformalweightsoftheground

statesinthetwistedsectorsarebothpositiveandequal.

Letusfirstconsidertheuntwistedsector.Sincetheboundaryconditionofthestring

coordinatesisthesameasinthetoruscase,theleft-andright-movlngStringcoordinates

willbeexpandedas

xHz'- か iptLlnz･inSz三αinz-n,

xL(I-)- xk-iptLlnz-+inSz謳 nz-ln･

Wewillintroduceatwistoperatorg(o)whichinduceaZN-tranSformation71･e･

(3･6)

g: 9(0)(XL(I),xL(I-))9(-.巨(XL(I),oijx去(zl)･ (3･7)

Usingthesamenotationswiththesymmetricorbifoldmodels,theoperatorg(o)lSgiven

by

g(o)- wKko' ∑ lpi,露 '<pL,oijpJLl,
(p'L,PtR)∈rD,D

KLo' - 童n$1芝舶 n, (3.8)

where宛n≡ MIijαJRn (n∈Z,n>0)andLJ- C2qi/N. Thentheone-looppartition

functionintheuntwistedsectorisgivenbyI

Z(0,(T,-諾 Z(1,9-;,,･ (3･9)

where

Z(1,9m;T)-Trlgro)qLo~%q-Lo諸],q-e2m'', (3･10)
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Lo- 童{喜(pi,2･= αLnain,,
(>〇

n=1

Lo-童{去(pk,2･= 克Inakn}･
OO

n=1
(3･11)

Forthemodelbuilding,wemustbecarefulinthattheZN-transformation(3･5)should

actasanautomorphismofthemomentumlatticerZ,D,i.e.

(克,oijpも)∈r雷,D forall(滋,pも). (3･12)

ThisimpliesthattheZN-transformationmustnotchangetheconJugaCyClassandwe

havetoexcludetheotlterautOmOrphisms,whichchangetheconJugaCyClass.

LetusconsiderthegE-twistedsector･Inthiscase,thestringcoordinateswillobey

thefbllowlngboundaryconditions,

xL(C2mz)- xL(I)+(torusshift),

xh(e-2"iz-)- oijx畠(I-)+(torusshift),

Thusthestringcoordinateswillbeexpandedasfollows:

xL'Z)- 右 ipLhz･in;Z三αLnz-n,

xL'Z'- 扇 in,∈Z.B N,. 吉 (Mi3',i,I-n,-M甥 2-n,) ･

(3･13)

Inthesemodels,tilemassfol･mulaeforgLISeCtOr(I-0fortlleuntWistedsector)aregiven

bytheform,

吉 (-LL',2 -喜套(pi,2･去ail(pL,2+NL-1, (3･16,

吉 (-9 ,2 -請 (pk,26L･0.去ail(pA,2･NLL'+EBA-1, (3･17,

whereNLandNil)arethenumberoperatorsdefinedineqs.(2.12)and(2.38),and塊
isthecontributionfromtwistedoscillatorstothezero-pointenergyandisgivenby

EBA-喜;2Ci'L'(1-d｡,,くさ｡-i(i(., -Od上,0<(I"<1･ (3118)
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ThenthepartitionfunctioninthegL-twistedsectorwinbegivenby

z'L'(,,-指 Z(gL,9-;,,, I- 1,2,･･･,N-1, (3･19,

where

Z(gL,9m;T)-Trlg(7)qLo一基q-L0-%]9･-SeCtO: (3･20)
As inthesymmetricorbifoldcase,WecanconstructamodularlnVariantpartitionfunc-

tionbymakinguseoftherelationeq.(2.43).

WecannowexpecttheformofthetwistoperatorintheI-twistedsector.Letus

constructthepartitionfunctionwiththetraceformulaintheoperatorformalism:

Lo- 童{喜(pi,2･= αLnain},
∞

n=1

D

L｡-∑ ∑ ‰ 番nl+EEL,
i=1n.∈Z-rl/N>O

gil)- e2mp(Lo-Lo) (3.21)

Notethatthetraceofthemomenta(pi,pk)istakenovertheduallatticeofr.PnlDdefined

by

Il.PnlD-((滋,pit-0)∈IID,D),

andthedegeneracyofthegroundstatesinthegL-twistedsectorisgivenby

d=Jdet(1-OE)

vol(riDnlD)

(3･22)

(3.23)

Wecanmakeamodularinvariantpartitionfunctionbyuslngthetransformationprop-

ertieswhichitshouldobey.IfwedenotebyNtthegreatestcommondivisor(N,I)ofN

andI,apartitionfunctionZ(gL,9m;T)hastobeinvariantunderthemodulartransfor-

mation,T-T+N/NL,becauseON-1.Wegetanecessaryconditionforthemodular

lnVarlanCe)

芸(Lo-Lo)-0 -odl･ (3･24)
Thisiscalledtheleft-rightleveトmatchingcondition[17][301andisthenecessaryand

sufBcientconditionformodularinvariance.Inthechiralasymmetricorbifoldmodels,
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thisconditionreducesto

AE0-0 -odュ,
芸(pi)2- 0 -od2 forallpL∈F.PnlD･･ (3･25)

3.2 TWISTIUNTWISTINTERTWININGCURRENTS

Solutionstotheclassicalfieldequationsofstringtheoryaredescribedby2dconformal
fieldtheories(CFT'S)[26]･CFT'sareconstructedbythevacuum t0>andprimary
fields◎(W,tb),whichshowthefo110wingshortdistancebehaviorwiththeholomorphic

andanti-holomorphicstress-energytensors,

･(I)o(-,a)- お o(-,a)王 立∂-o(-,a)I(nonsingular),

f(I-)o(-,a)-お o (W,a)･去 aa･(-,a)I(nonsingular), (3･26)

wherehandAareconformalweightsof◎(W,tb)andwetakethedescription(h,A).The

infinitesimalconformaltransformationaregeneratedbytheFouriercomponentsofT(I)

andテ(I-),

Ln - fZ zn･1T(I),

∞

T(I)- ∑ Lnz-n~2,
n=-∞

Ln- メ意 打 1f(2), i(I-)-

00

∑Ln乏~n-2
n=-∞

(3･27)

andtheLnandLnarecalledVirasorooperators.Inthestringtheory,weadopttheradial

quantization.ThuswewillinterpretthedilatationoperatorLo+LoastheHamiltonian.

WewilldefineFouriercomponentsofageneralholomorphicprimaryfield¢(I)with

conformalweighthasfollows:

¢乃-メ意zn･h
00

14(I), ¢(I)-∑¢nz~n-h
-∞

(3･28)

Anti-holomorphicfieldsmaybedefinedinananalogousway･Letuscomputethecom-

mutatoroftheprimaryfield¢(I)andLo,

lLo,i(I)]-メ意wT(W)4(I)
20



-眩-[お "I,･よ ∂zM ]
- h¢(I)+2824･(I). (3･29)

Notethatthiscommutatorisatotalderivativewhentheconformalweightof¢(I)is

h4-1.SincetheL｡alwayscommuteswiththeholomorphicfieldi(I),thefollowing

relationissatisfiedforthe(1,0)field,

lLo,¢(I)]- totalderivative･ (3･30)

Thisimpliesthat¢(I)isaconservedcurrent.Thesamediscussionwillbemadeforthe

anti-holomorphicfield6(I-)and(0,1)Stateswillbecomeconservedcurrentsfortheright

Hamiltoniansystem.

Inthechiralasymmetricorbifoldmodels,wefoundthatsuchcurrentsappearin

twistedsectors.Aswediscussedintheprevioussubsection,thegroundstatesofthe

twistedsectorshavenon-zeroandpositiveenergy.Inotherwords,A-塊 >0,(I-
1,...,N-i).InCFT'S,suchgE-twistedgroundstatesareconstructedbythetwistfields

de丘nedby

A(L)(o)lO>-lA(I)>, (3.31)

wherel0>isthegroundstateofuntwiStedsector.Thetwistfieldsconverttheuntwisted

sectortotwistedsectors.Thentheconformalweightofthetwistfieldisgivenby

塊 -瀞 ｡(1-°｡),
ぐさり -lぐ.(1) modュ,0<dL)<1. (3.32)

Weareinterestedin(1,0)or(0,1)statesinthetwistedones･Thesestatesmaybe

physicalbecausetheymanifestlysatisfythelevel-matchingconditionl30].

Lo-LO-0modl, (3.33)

andcorrespondto"gauge"symmetriccurrentsinthecaseofbosonicstringtheory･In

thecasethatthereexiststateswiththeconformalweight(0,1)inthetwistedsectors,

thefbllowlngStatesWillrepresentmassless"gauge"bosoms,

α呈_1JO>L⑳lT>R,

21
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whereaisanuncompactifiedspace-timeindexandlT>Risatwistedstatewiththe

conformalweight-hT-1createdfromthetwistedvacuumlA(I)>Randoscillatorsinthe
twistedsectors.Startingwithatorusmodelwithgaugesymmetrya,wewillexpectthat

theresultingZN-OrbifoldmodelwillpossesstheZN-invariantgaugesymmetrya/ZN.

Infact,thisistrueforthesymmetricorbifoldmodels.However,theaboveextra(0,1)

currentsappearintheasymmetricorbifoldmodelsandunexpectedsymmetriesmaybe

realized.Herewerepeatthatthese(0,1)StateswillneverappearinthecaseOfthe

Symmetricorbifoldmodels･These(0,1)or(1,0)statesareconstructedby(0,1)or

(1,0)currentsandthesecurrentsarecalled"twist-untwistintertwiningcurrents''･The

twist-untwistintertwiningcurrentsconvertuntwistedstringstatestotwistedonesand

viceversaand"enhance"thegaugesymmetryofthetotalHilbertspace.

Letusconsidertheconditionf♭rthetwist-untwistintertwinlngCurrentstOexist.

Ingeneral,theconformalweightsofthegroundstatesinthetwistedsectorsEAL)≡h,

dependontheorderNandthedimensionDoftheorbifolds.Wehavetotakecarein

thecasethatNisnotprime.TheweighthLisgivenbytheformula:

hL-A i (mS=l
m=1･-"NL-1
荒(l一芸) , (3135)

whereNListheminimumpositiveintegerwhichsatisfies(gE)N'- 1andp(NL)isthe

numberoftheprimitiveNLthrootsofunityamongLJm,(m - 1,･･･,N-1),where

LJ- e2m'/N andmismutuallyprimetON･Sincewehaveassumedthattherotation

matricesOt,(I-i,...,N-1)havenofixeddirection,LJrt,(I-1,...,Nll)arenotequal
tounity･ThereforewefindthateachprimitiveNthrootofunityappearsD/P(N)

times･Thisimpliesthatthedimensionoftheorbifoldshastobeamultipleofや(〟),i･e･

D-0modp(N)･ (3･36)

Togetherwiththeconditionformodularinvarianceeq.(3.25),wegetaconditionforthe

dimensionD,whichgivesconsistentasymmetricorbifoldmodels,

0 -od等 forl-1,-,N-1 ,

左(ms=1荒m=1,-lⅣl-1
22
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Sinceweareinterestedinthemodelswhichpossess(0,1)statesinthetwistedsectors,

modelsareseverelyrestricted.Wegivealistofsuchmodelsintable1.Inthesecond

column,welistedEulerfunctions.Thethirdcolumnisdevotedtoalistofallowed

dimensionsoforbifolds.Intheforthcolumn,alistofthedimensionsoforbifoldmodels

whichmightpossessphysical(0,1)statesinthetwistedsectors･Thislistisshownup

to〟-30f♭rourpurposeofconsideringtheLielattice.

3.3 TORUS-ORBIFOIJDEQUIVAIJENCE

Inordertoanalyzethesymmetriesofasymmetricorbifoldmodelswithtwist-untwist

intertwiningcurrents,wewilluseatrickcalled"torus-orbifbldequivalence"【31】.Any

closedbosonicstringtheorycompactiAedonaZN-Orbifoldisequivalenttoaclosed

bosonicstringtheoryonatorusifthedimensionoftheorbifoldisequaltotherankof

agaugesymmetryofstringsineachoftheuntwistedandtwistedsectorsoftheorbifbld

model.Wehavediscussedsuchmodelsinthispaper.

LetusstartwithaD-dimensionaltorusmodelassociatedwithasemi-simplesimply-

1acedLiealgebraa.UsingthestringcoordinatesXL(I)andXh(I-)(i-1,...,D),wecan

constructanafnneKae-Moodyalgebraa⑳Gl321,

pL(I)≡ iazXL(I),

VL(α;I)≡ :eXp(iα･XL(I)):,

pL(I-)≡ iaz-X去(I-),

VR(α;乏)≡ :expiiα･XR(I-)):,

and

(3･38)

(3.39)

whereαisarootvectorofaanditssquaredlengthisnormaJlizedtotwo.Anorbifold

modelisglVenbynoddingouttiletOruSWithitsautomorphisms･Sincethephysical

operatorshavetobeinvarianttlndertheZⅣ-transfわrmation,theremainlngSymmetry

shouldbecometheZN-invariantsubgroupGoofG.IftherankofGoequalstoD,

wecanalwaysconstructZN-invariantoperators,P'ti(I)andP′it(乏)bytakingsuitable

linearcombinationsofPL(I),vL(α;I)andPL(I-),vR(α;I-),respectively.Inthisbasis,a
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vertexoperatortransformsundertheZN-transformationasfollows:

gV′(ki,転 Z)9-1-eI'2q(kL'VL~kR'VR)V′(ki,塩 Z), (3.40)

forsomeconstantvector(vi,Vも).kL(kR)representseigenvaluesofthemomentumop-

erator苑(FR)inthenewbasis･Thus,wecanexpectthatgisgivenbytheform,

9-p(I)eXpfi27T(FL･VL-j3'R･VR)), (3.41)

wherep(I)isaconstantphasewith(p(I))N- 1･Underthistransformation,thestring
coordinatesinthenewbasistransformsas

g(XLi(I),x去(I-))9-1-(xLi(I)+27TVと,x去(I-)-27T滝). (3.42)

Thisimpliesthatthestringcoordinate(XLi(I),xB(I-))inthegL-sectorobeysthefollow一

mgboundarycondition:

(xLi(e2m'Z),x去(e-2qiz-))-(xLi(I)+27TIvi,xB(乏)-27'l滝)+(torusshift), (3.43)

andhencethemomentumelgenValuesinthegL-sectorwillbeincludedinthefollowlng

lattice,

(p'1,p/i)∈rD･D+I(vi,滝).

Inthenewbasis,gil)inthegLISeCtOrWillbeglVenby

g(El)-ei2T(LムーLL),

where

L乙-童{;(PILI,2･= α,LnaLIn,,

t)〇

n=1

L乙- gl{去(p,折 E a,Lna,in,,

00

n=1

and

la'im,α′JL n] - m6ij6m'n,0-la'km,α′局 ,
匿 m,α ′局 - o･

24

(3･44)

(3.45)

(3.46)

(3.47)



Comparingeq･(3Al)witheq･(3･45),wecangettheformofthephasefactorp(i),

p(I)-eXp(-iql((vi)2-(vi)2))･ (3･48)

Thisphasefactorplaysanimportantroleintakingoutthephysicalstates･SincegN-I,

theshiftvector(vi,Vも)mustsatisfythefo1lowingconditions,

N((vi)2-(vi)2)-omod2,
N(vi,Vも)∈ FD･D (3.49)

WerequirethateveryphysicalstateShouldbeinvariantundertheZⅣ-transfわrmation.

Thentheoperatorghastoactasanidentityforthephysicalstates.Thustheallowed

momentumeigenvalues(pi,p'i)ofthephysicalstatesinthegL-sectorarerestrictedto

(舶 )∈rD7D+I(vi,vL) withpL･vL-Pk･vR一芸l((vi)2-(vL)2)-0 -odl･(3･50)

ThetotalphysicalHilbertspaceTtoftheZN-OrbifoldmodelisglVel"Sadirectsumof

thephysicalspaces71(I)Ofallthesectors:

71- 71(o)⑳71(1)0 - 071(N-1)･ (3･51)

TheaboveconsiderationsimplythatthetotalphysicalHilbertspaceoftheZN10rbifold

modelisequlValenttothatofthetorusmodelassociatedwiththelatticer′叩 )
〟-1

r′D･D-((p't,露 )∈∪ [rD･D+I(vi,滝)
J=0 pL･vLIP,R･VR-;I((vi)2-(vL)2)∈Z)･

(3.52)

Notethatr'D･DisaLorentzianevenself_duallatticeifIID･Disso.

Withthismethod,Wecaneasilyanalyzethesymmetriesoftheorbifbldmodels.In

thechiralasymmetriccase,allwehavetodoistosetvL-0.Thentheabovelatticeis

reducedtothefollowlngOne,
〟-1

F,D･D-((轟 亮)∈∪ 【rD,D･l(0,滝)]lp,R･VR一言l(vL)2∈Z)･ (3･53)J=O

wheretheshiftvectorvhmustsatisfy

N滝 ∈ A,

l克 gA (I-1,.‥,N-1).
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Theshiftvectorcanalwaysbechosentosatisfythefollowingcondition:

喜(vi)2-hl, (3･55)

wherehlistheconformalweightofthegroundstateoftheright-movingStringstwisted

bygandisdeterminedbyeq.(3.35).Weinvestigatethemasslessspectrumofthese

models.Theresultsaresummarizedintable2-6.Thea.denotestheZN-invariant

subalgebraofaandisthesymmetryofeachright-movingHilbertspace.Notethatthe

symmetryoftheuntwistedleft-movlngHilbertspaceremainstobea.TheG′denotes

thesymmetryofthefullHilbertspace.Thetwist-untwistintertwinlngCurrentsappear

inthetwistedsectorsandbuildthephysical(0,1)statesinthesemodels･Wecan

constructanadjointrepresentationofG'bytheZN-invariantoperatorswhichbelongto

Go,togetherwiththeintertwiningCurrents.
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4 Heteroticstringsonasymmetricorbifolds

Heteroticstringconsistsofaleft-moving26-dimensionalbosonicstringandaright-

movlng10-dimensionalsuperstring.Inordertoobtaina4dstringtheory,22left-movlng

and6right-movingStringcoordinateshavetobecompactifiedonacompactspacesuch

astorus,orbifoldorsomemanifolds.Inthissection,wewillconsiderasymmetricorbifold

compactificationof10-dimensionalE8XE8heteroticstring.Itseemsnaturaltostudy

theasymmetricorbifoldmodelsbecauseoftheasymmetricnatureoftheheteroticstring

theory.Thentheleft-movingSixteenbosoniccoordinatesoutof260nesarecompactified

ona16-dimensionaltorusandthemomentaoftheextrabosomstakediscretevalues

becauseoftheperiodicityofthecenter-of-masscoordinates.TheyspanaE8XE8-

1atticeI'君8XE8.Sincethistheoryisformulatedin10dimensions,theextra6-dimensional

spacehastobecompactified.WewillanalyzethesupersymmetryofE8×E8heterotic

stringtheorywhoseextra6-dimensionalspaceiscompacti丘edonasymmetricorbifblds.

4.1 HETEROTICSTRINGANDASYMMETRICTWISTS

Westartbydescribingtheingredientsoftheheteroticstringinthelight-conegauge.

Theheteroticstringconsistsofeightleft-movingbosonicfieldsXL(q+T),(i-1,…,8)

andextrasixteenfieldsXL(0-+T),(I-1,…,16).Right-moversincludeeightbosonic

fieldsXil(q- T),(i-1,…,8)andNeveu-Schwarz-Ramond(NSR)fermions入i(01- T).

WewillintroducebosonizedfieldsHt(i-1,…,4)insteadoftheNSRfermions,whose

momentalieontheweightlatticeofSO(8).ThentheNSsectorcorrespondstovectorial

weightsandthe氏sectorcorrespondstospinorialweightsof5-0(8),respectively.

Orbifolds0aredefinedasquotientspacesoftoriTbytheactionofdiscreterotations

(0).Nowwewillconsiderthefollowingmodels,

O-篭 旦xTE8×E8, (4･1)

whereZ〃isadiscretegroupandactsasisometriesofthe6-dimensionallatticewith

orderN;ZN- iOE,I-0,...,N-1)andON- 1.Inordertospecifyanorbifold,

wewillchooseatorusT6L+Aandrotations(01･Itisconvenienttointroducecomplex

coordinatesYi-義(x2i~1+ix2i),Yt'- 義(x2t'-1- ix2i),(i-1,-,3)･Inthisbasis,
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theZN-rotationsaregeneratedby

O-expl27ri(vIJ12+V2J34+V3J56)), (4.2)

whereJillaretheSO(6)CaftangeneratorsandvisatisfyNvi∈zandtheeigenvalues

canbediagonalizedtotheforme2m'vl.whenwedividetheleft-andright-moversin

thesamemanner,weobtainsymmetricorbifbldmodels.Ifthisisnotthecase,wewill

obtainasymmetricorbifoldmodels.

WewillinvestigatethefollowlngasymmetricZN-transformationdenotedbyg:

9: (XL,X去)- (OL'xL,昭XL),t,3-1,…,6,

with OLML-1,ORMR-1

xL- xL, I-1,...,16,

pt- pt+vt, l-1,2,3, (4.3)

wherepiaremomentaofthebosonizedfieldsHiandthentheSO(8)weightlatticeis

dividedbytheshiftsvt･TheremainingfieldsXL.A(i-7,8)andH4areuncompactified

coordinatesintransversedirections.NotethatN istheleastcommonmultipleofML

andMRandvtisaZNIShift.

Inordertoconstructthemodelsexplicitly,Wewillrestrictourselvestothedefining

toriT6L+RSuchthattheyarespannedbyrootorweightvectorsassociatedwithsemi-

simplesimply-lacedLiealgebrasawithrank6･Letusconsiderthe(6+6)-dimensional

momentum latticer6d6･Toensuremodularinvarianceoftheone-looppartitionfunction,
thelatticehastobeaLorentzianevenself-duallatticel25],

r6d6-((滋,pk)Lpi,pit∈AⅥ′(G) and 哀′一元 ∈AR(G)), (4.4)

whereAw(G)(AR(a))istheweight(root)latticeofGandtherootvectorsarenor-

malizedsuchthattheirsquaredlengthistwo. G maybegivenbyallthepossi-

blecombinationsofthefollowlnggroupsallowlngthemultiplicitywithtotalrank6:

(SU(2),SU(3),SU(4),SU(5),SU(6),SU(7),SO(8),SO(10),SO(12),E6 ).Thenthese

choicesofthelatticeslimitthetwists(♂)becausetheyhavetobeautomorphismsof

thelattices.Weselectthemodelssuchthattheautomorphismsareinnerones.More-

over,throughoutthispaper,werestrictourattentiontotheZ〃-orbifoldmodelswhose
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ZN-twistsOL(I-1,...,N-i)leaveonlytheoriginfixed.TheseallowedinnerautO-

morphismsareclassifiedinref.[29]･Undertheserestrictions,wefindthattherearefour

candidates,i.e.,

ト
ナ

L
T

トナ
J
N,

(vl,V2,V3)

(vl,V2,V3)

(vl,V2,V3)

(vl,V2,V3)

Jヽ

ー
ー

ー

2
一3
2

f33
17
5
一9

1
一3
1

一32
一7
2
一9

1
一3
1

一31
一7
1
一9

(

(
(

′t
､

Tl

⇒
串

T (4.5)

ThuswewillconsiderZ3-Z7-andZ9-asymmetricorbifoldmodels.Wewillanalyzethe

space一七imesupersymmetryoftheasymmetricorbifbldmodelswiththesefわurtwists.

4.2 HETEROTIC STRING ON CHIRAIJASYMMETRIC
ORBIFOIJDS

Letusconsidertheheteroticstringsonchiralasymmetricorbifoldmodelswhosetwists

actasfollows:

9: (XL,x去)- (xL,ot'jx去),

xL- xL,
pl- pt+vt, (4.6)

where0isaZN-rotationmatrixandvlaZNIShift,andtheyhavetosatisfythecondi-

tions,
4

0N-1,Nvt∈Z with N∑ vl-o mod2･ (4･7)
t=1

Thistransfわrmationimpliesthattheleft-movlngbosonicstringlSOnatOruSandthe

right-movlngSuperStringlSOnanOrbifold.

If10-dimensionalheteroticstringlSCOmPaCtifiedona6-dimensionaltorus,theresult-

ing4-dimensionaltheorypossessesN-4space-timesupersymmetry.Inorbifoldmodels,

thesupersymmetrymaybebrokenbythetwists.Inthecaseofsymmetricorbifold

models,itisknownthatforthepreservationof4dN-1space-timesupersymmetry,vt'

mustsatisfythecondition,

士vlj=V2士V3-0,
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forsomechoiceofsignsl12]･Thereforethesefourmodels(4･5)willhaveN-1,I,1

and0space-timesupersymmetry,respe.ctively,iftheyaresymmetricorbifoldmodels.

However,forasymmetricorbifoldmodels,theaboveconditionforthepreservationof

4dN-1space-timesupersymmetryistoorestrictive.Inref.【19],Weinvestigatedthe

supersymmetryoftheE8XE8heteroticstringtheoriesonasymmetricorbifoldsof"chi-

ral''type;ZN:(XL,XR)- (XL,OXR)andfoundthatthefourmodels(4･5)possess

N-2,4,4and4space-timesupersymmetry,respectively.Wewillshowthedetailsofthe

supersymmetry"enhancement''inthecaseoftheasymmetricZ9(E6)-Orbifoldmodel.

WewillconsidertheZ9(E6)-asymmetricorbifoldmodelasanillustrativeexample.

Inthismodel,themomentalieonthefollowlng6-dimensionallattice:

I16i66-((pL,ptL)lpL,ptL∈Aw(E6) and pL-pti∈AR(E6)), (4･9)

wherethesquaredlengthoftherootvectorsofE6isnormalizedtotwo.Inthecomplex

basis,therotationmatricescanalwaysbediagonalizedas

O-diag【exp27Ti(C1(1),で≦l),dl))].
ThisasymmetricZ9-0rbifoldmodelhascomponents

E'1'-(吉,言,言)･

(4.10)

(4･11)

Notethatthegaugesectordoesnothaveanyeffectsbytherigh七一movlngtwistsinthis

model･Therefore,the"gauge"symmetryisstillunbroken,i･e･E6×E8×E8.However,

supersymmetrymaybebroken.Ⅰnordertoseethat,Wehavetoanalyzethemassless

fermionicstat,es.

Beforeanalyzlngthesestates,wewillconsidertheone-looppartitionfunctionofthe

OL-twistedsectortwistedbygminordertoconfirmtheconsistencyofthismodel･As in

thebosoniccase,thenecessaryandsufncientconditionformodularinvarianceareglVen

bytheleveトmatching.

芸(Eo-Eo)-0 -odl, (4･12)

whereE｡(Eo)isaneigenvalueoftheleft-(right-)Ham iltonian,i.e.energy.Forour

purpose,itissu氏cienttocheckthelevel-matchingforthemasslessstateswhichconcern
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thesymmetries.ThemassformulaeforgL-twistedsector(I-0,foruntwistedsector)are

glVenby

吉(-Lt',2-妄童(pi,2･緩l(pL,2･NL-1, (4･13,

吉 (-S')2-喜套(pk,26L･0十をg(pt･lvt,2･NLL'.塊一芸, (4･14)
whereNL andNil)arethenumberoperatorsand塊 isthecontributionfrom the
twistedoscillatorstothezero-pointenergy.TheyareglVenby

6oo 2(x)
∑∑aLnatLn+∑∑α呈_nain,i=1n=1 a=1n=1
6 2(x)
∑ ∑ 千丈兎+∑∑α完_nα完n,
i=1n.∈Z+r./N>O a=1n-1

妄童C1"(1-d｡,,(.(I)-ldl) modュ,0<dL)<1. (4.17)
Ifwesolvethecondition

Eo-吉(-P)2-0, Eo-吉(-皆)2-0, (4･18)

Wegetcandidatesofthephysicalmasslessstates･Ⅰntheuntwistedsector,allthe

masslessfermionicstatescannotsurviveunderthegeneralizedGSOprojectionintro-

ducedf♭rthesakeofmodularinvariance.Sincetheprojectionoperatorhasaformof

P-exp27Ti(∑:=1釣t)withv4-0,where∧denotestheoperators,wefindthatthe
physicalmasslessstatesintheuntwistedsectorareobtainedasfollows:

lpi-(0,0,0,土1)>Bnt⑳α呈_llO>L,a-1,2, (4･19)

whereaisauncompactifiedspace-timeindexinthelight-conegauge.Thesestates

correspondtograviton,antisymmetricbackground丘eldandascalar丘eld,and

lpt- (0,0,0,士 1)>Ant㊨

( 鷺鑑 三 (4･20)

correspondtoE6XE8X E8Yang-Millsfields.Itshouldbeemphasizedthatthereare

nofermionicstatesinthissector.Thisfactiscoincidentwiththeexpectationfromthe
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condition(4.8)inthecaseofsymmetricorbifoldmodels.Ⅰnthesymmetriccase,this

resultofnon-supersymmetryreflectsthesymmetryofthetotalHilbertspaceincluding

thetwistedanduntwistedsectors.Supersymmetricorbifbldmodelsshouldhavetheir

supermultipletsineachsector.However,inthechiralasymmetricmodels,unexpected

conservedcurrentsappearinthetwistedsectors.Wewillinvestigatethemasslessstates

inthetwistedsectorsasintheuntwistedsectors.Inthiscase,thecontributionsfrom

thetwistedoscillatorstothezero-pointenergyaregivenbyEEL-慕(I≠3,6)and
塊 -圭(I-3,6).Fromthemassformulae(4.13)and(4.14)theremayexist(0,1)
physicalstatesinthesetwistedsectorsandhencesymmetry"enhancement"mayoccur.

Afteranalyzingtheone-looppartitionfunction,WehavefoundthatthefollowlngStates

arephysicalandmasslessinthetwistedsectors:

9-sector:

且 iLpt-(0,0,-1,0),DR
Ipt-(一書,一書,一書,一書)>gR

忠 ;lpt-(0,0,-1,0),9R
Ipt-(｣ ,一書,一書,一書)>gR

鶴 Ipi-(0,0,-1,0),gR2
lpi-(一書,｣,一書,喜)>gR2

鶴 Ipt-(0,0,-1,0),9R2
lpt-(一書,1,-普,圭)>9R2

921SeCtOr:

93lSeCtOr:

)
㊤ α呈ーll0>L, a-1,2

㊤ αL1lO>L,a-1,2

αLllO>L
I(pL)2-2>L
αLllO>L
l(pL)2-2>L

lpf- (圭 去,一言,去),gR3 ㊨ α呈-1lO,L,a-1,2
αLllO>L

lpl- (圭 を,一芸,妄),gR3 ㊨
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(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)



94lSeCtOr:

95-sector:

96-sector:

97-sector:

981SeCtOr:

lpt-(-吉,一書,一書,-喜)>gR4
鶴 Ipt-(0,-1,-2,0)

乱 押 -(0,-1,-2,0)

lpt-(1,｣,弓,-i)>9R4

7Lilpt-(ll,-1,-3,0)
lpl-(一書,一書,一書,喜)>gRS

鶴 Ipt-(-1,ll,-3,0)

lpt-(一書,一書,一書,吉)>9R5

lpt-(弓 ,一言,一芸,一言),gR6

lpt-(-去,三 ･一言,一芸),gR6

鶴 Ipt-(-1,-2,14,0),9RT

tpt-(一書,一書,一言,一書)>9RT

鶴 Ipi-(-1,-2,-4,0),9RT
lpt-(一書,一書,一言,一書)>gR7

鶴 Ipi-(-1･-2,-4,0)
lpl-(一書,一書,一号,吉)>gR8

且 ilpt-(-1,-2,-4,0)
lpt-(一書,一書,一号,喜)>gRB

⑳ αL1lO>L,a-1,2 (4.27)

αとー1lO>L
l(pL)2-2>L
αL1lO>L
l(pL)2-2>L

(4.28)

㊨ αLllO>L,a-1,2 (4.29)

αとー1lO>L
I(pi)2-2>L
αL1lO>L
l(pL)2-2>L

(4･30)

⑳ α呈_1lO>L,a-1,2 (4･31)
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⑳ α呈ー1lO>L, a-1,2 (4.33)

αLllO>L
l(pL)2-2>L
αL1lO>L
J(pL)2-2>L

(4.34)

⑳ αL1lO>L, a-1,2 (4･35)

αLllO>L
I(pi)2-2>L
αi_1lO>L
I(pL)2-2>L

(4･36)



HerewehavetomentionthatthedegeneracyofthegroundstatesinthegL-twisted

sectorsisglVenby

n=Jdet(1-OL)_/1 1≠3,6
(日 当 :: (4･37,拓 三石 ｢ ~=13I-3,6

whereV̂R(E6)isthevolumeofaunitcellofAR(E6)･Inordertoevaluatethephysical

states,adetailedanalysisoftheone-looppartitionfunctionisrequired.ForZN10rbifolds

withnon-prlmeN,afurthernon-trivialprojectionmayappear.

Z(T,'3'- ;mS.Z(93,9-;,,, (4･38,

Z(T,'6'-;mf.Z(96,9-;T,･ (4･39,

Itiseasytoexpandthesepartitionfunctionsinpowersofq-C2打iTandq--e-2m'テand

toshowthatoneofthethreedegeneracystatessurvive･

IntheasymmetricZ9-0rbifoldmodel,theshiftvector(vl,V2,V3)-(吉,蓋,豊)does
notsatisfythecondition(4.8)andinfactthisshiftbreaksthesupersymmetryinthe

untwistedsector.However,Supercurrentsappearfromthetwistedsectorsbecausethe

groundstateoftheuntwistedleft-movershaselgenValuezerowithrespecttothezerO-

modeoftheVirasorooperatorLoand(0,1)conservedcurrentsexist･Thesecurrentsplay

aroleof"twist-untwistintertwiningcurrents''.Thetwist-untwistintertwinlngCurrents

convertuntwistedsectortotwistedonesandviceversa,andpossessaconformalweight

(1,0)or(0,1)[20]･Owingtotheexistenceofthecurrents,thefermioniccurrentsbecome

tothesupercurrentsofthetotalHilbertspace.Thus,togetherwiththestates(4･19)-

(4.36),WecanconcludethatthismodelhasN-4supergravityandsuperYang-Mills

multipletandrealizestheN-4supersymmetry.

Itiseasytoapplythesameanalysistotheotherthreemodelsin(4.5).Wegetone

N-2SupersymmetricmodelandthreeN-4models.Thesemodelsareinterestingln

itselfbutnotrealistic.Ⅰnordertoobtainmore"realistic"models,Wehavetoseekother

constructions.

4.3 ANEXAMPLEOFN=1SUSYMODEIJ

Weattempttoconstruct4dN-1space-timesupersymmetricmodels.Letusconsiderthe

E6-modelwhoseleft-movingbosonicstringislivingonaZ3-Orbifoldandtheright-movlng
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superstringonaZ910rbifold.TheE6-latticehasorder3and9innerautomorphisms.

Thenthetwistsactasfollows.

9: (XL,XR) - (OL'xL,昭XL),with Oi-1,鴫 -1,
xL- xL,
pl→ pt+vt,9vi∈Z.

Inthecomplexbasis,therotationmatricescanalwaysbediagonalized

oL - diag【exp27Ti(E皇1),E皇1),fit))],

oR- diag【exp27ri(C1(1),dl),dl))].

Thisleft-Z3andright-Z9modelhascomponents

E(1'-(吉,吉,言), ((1'-(吉,言,言)･

(4.40)

(4･43)

Becauseofourchoiceofthetwists,wecanexpectthat(0,1)statesappearonlyfrom

g3-and96-twistedsectorsandsupercurrentsappearfromthesesectors･

Letusconsidertheone-looppartitionfunctionofthismodel.Itconsistsofthe

followlngparts,unCOmpaCti丘edspace-timepart,bosonparts,NSRfermionpartand

zero-pointenergypart,

Z (T)-Z (T )S,ace- timeZ(T )xL,XもZ(T)XLZ (T)NSRqE LOq-ERO, (4 ･4 4 )

whereEL0--1andER0--!･Theexplicitformoforbifoldizedpartsintheuntwisted
sectorisasfollows:

Z(T,(0,- 諾 Z(1,9-;T,,
Z(1,9m;T)- Z(1,9m',T)xi,X去Z(1,gm;T)xiZ(1,9'n;T)NSR,

m≠3,6

3

Z(1,9m;T)xi,Xも-rI
i=1

m-3,6

Z(1,9m;,)xi,Xも-

-2sin(WE,(m))q(T)
W.(i.(m)lT)

-2sin(7rcfm))有朽
輿(dm)lT) ], (4･47,

-2sin(7TE.(m))百両
明(dm)t,)
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(pL,ptR)∈ri崇 D



Z(1,9-;T)xL-定 評 糎 ).o:(orT)･0:(OIT)]2･ (4･49)

Z(1･9-;T,NSR-爾 [垣o;(-vt･T,-tBlW=(-vtlT,-tBlW;(-vl.T,せ "-vt･,,]･
1

(4.50)

Thetwistedpartscanbeconstructedbyusingmodulartransformationproperties.As

inthemodeldescribedintheprevioussubsection,thelevel-matchingconditioneq.(4.12)

isthenecessaryandsufEcientconditionformodularinvariance.Weanalyzetheleve1-

matchingforthemasslessstateswhichconcernthesymmetries.Themassformulaefor

thegL-twistedsector(I-0,foruntwistedsector)aregivenby

; (-t,,2 - ( ……喜=11'(PpiL',22':N芸}6-.1';Li'2::LL'ー1':::≡:;;;; (4･51)

吉(捕 ,2 -妄i(pk,26L･0+妄畠(pt･lvt,2+NLL'･船 主, (4･52,

whereNLL)andNit)arethenumberoperators.ELLiand塊 arethecontributionsfrom
twistedoscillatorstothethezero-pointenergy,

ELti-三重EI"(i-°｡),Ef｡-lEfl' -odl, 0<Eさ｡<1 (4･53,

塊 -去童｡L'(1-｡｡,, <i'L'-lEfl' -od1, 0<くさ｡<1･ (4･54)
Sincetheright-moversareontheZ9-Orbifold,allmasslessfermionicfieldswillnotsurvive

underthegeneralizedGSOprojection.Theremalnlngphysicalmasslessstatesareas

follows:

lpl-(0,0,0,j=1)>Bnt㊤α呈_1[0>L, a-1,2. (4･55)

Thesestatescorrespondtograviton,antisymmetricbackgroundfieldandascalarfield,
and

lpt- (0,0,0,士 1)>uRnt㊨
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l(pi)2-2>L
αLllO>L
I(pL)2-2>L

(4.56)



correspondtoSU(3)3× E8× E8Yang-MillsEelds.Here,SU(3)3isaZ3-invariant

subgroupofE6 undertheZ3-twist(4･42).Sincetherearenosuperpartnersinthe

untwiStedsector,wewillsearchintothetwistedsectorsforthem.Becauseofourchoice

ofthemodel,thecontributionsfromthetwistedoscillatorstothezero-pointenergyare

givenby(EiLi,塊)-(圭,慕)(ii3,6),andwefindthattherearenomasslessfermionic
statesinthesesectorssincemasslessstatescannothavespace-timeindices.However,

forthe93-andg6-sectors,theorbifoldbecomeschiraltypewith(EiE3,EBA)-(0,吉),(I-

3,6),andthemasslessstatesaregivenasfollows:

93-sector:

lpt- (-;,一芸,一芸,妄),DR3弼 - 1lO,L, a-1,2

･pi- (-;,-;,-; ,;,,9R3購 -;ll,,2?0-享,22:,,:

lpt- (弓 ,一芸,-;,一芸 ),gR6⑭ailO,L, a-1,2

lpt- (一 芸,-2,一言,一芸)
上
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(4･58)

(4.59)

(4.60)

96-sector:

Thestates(4･57)(4･59)aresuperpartnersofgraviton,antisymmetricbackground丘eld

andascalarfield(4･55)･(4･58)(4･60)correspondtoYang-Millsfields(4･56)･Usually,

thesupersymmetrylSrealizedineachsector.Inthismodel,notethateachsectordoes

nothaveN-1SuperYang-Millsandsupergravitymultipletsbuthassomeparts･The

existenceofthetwist-untwistintertwiningcurrentswhichconvertuntwistedstringstates

totwistedonesandviceversamakeitpossibletopossessN-1space-timesupersymmetry

inthismodel.Thetwist-untwistintertwiningCurrentsal･econstructedfromfieldswith
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totalconformalweight(1,0)or(0,1).Wewillsoondiscusssuchcurrentsthathavea

conformalweight(0,1).Byanalyzingthemasslessspectrumexplicitly,Wecanconclude

thatthismodelhasN-1supergravityandsuperYang-Millsmultipletandrealizesthe

N-1space-timesupersymmetry.

Inthismodel,wehavetomentionthatthedegeneracyofthegroundstatesinthe

g3-andg6-twistedsectorsasinthechiralmodeldiscussedintheprevioussubsection.

Afterthedetailedanalysis,wefindthatoneofthethreedegeneracystatessurviveasin

thechiralasymmetricZ9-0rbifoldmodel.

4.4 SUPERCURRENTSONORBIFOLDS

Thesupercurrentsareconstructedfromfermionvertexoperatorsl33].Inthecovariant

formalism,theyareconstructedbyintroducingaspinfielde-¢/2andfivefreescalar

fieldsHq(C,-1,…,5)representingtheNSRfermionsthrough bosonization.Thefermion

vertexoperatorsf♭rtheuntwistedsectorareglVenby

V_i- e-¢/2eiα一Het'kX,2 (4.61)

andforthegL-twistedsector

v_を- e一哩 (a,'V̀L')HeikXA, (4162)

wheree-め/2isaspinfieldwithconformaldimension豊forthe(β,7)superconformal

ghostsystem･αsarespinorialvectorsofSO(10),α8-(士吉,-,土吉)withevennumber

of+signsmodulorootvectorsandv(I)- (vfL),vy),viL),0,0),V.(I)- lvi. Theforth
andfifthcomponentscorrespondtotransverseandlongitudinaldirectionsinthefour

dimensionalspace-timeandkPisafourdimensionalmomentum.Wehavereplaced

SO(8)bySO(10)inordertofollowthecovariantformalism.Aisatwistfieldwhich

createsatwistedvacuumoutoftheuntwistedoneandisde丘nedby

A(0)(0>-lA>.

Theconformaldimensionofthetwistfieldiseasilycalculatedby

ĥ-妄童(."(1-dL',･
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Theconformalweightofthecurrentsiscontributedadditively.Forthesupercurrents

intheuntwistedsector,thespinfieldcontributesbyiandthevertexoperatorwith

spinorialweightscontributesbyきiftheyexist･Asaresult,wecanget(1,0)or(0,1)

conservedfermioniccurrents.However,inourmodel,thereisnosuchsplnOrialfields

becauseofthephysicalstatecondition.Asintheuntwistedsector,thesupercurrents

inthetwistedsectorshaveaconformalweight豊+(α8+V(L))2/2+ĥ forOL-twisted
sector.Itiseasytoconfirmthatthetotalconformalweightofthecurrentsislwhenwe

substitutethevaluesofpt,whichwegaveineqs.(4.57),(4.58),(4･59)and(4･60),into

α8-(pl,p2,p3,p4,土喜)withappropriatesignandv(I)andĥ･Thenthestates(4･55)

aretransformedtothestates(4.57)(4.59)andthestates(4･56)aretransformedtothe

states(4･58)(4･60)bythesupercurrentsrespectively･Iftheconfbrmalweightofthe

supercurrentsis(0,1)andthesecurrentswillplayaroleoftwist-untwistintertwining

currentsandthetotalHilbertspacebecomestopossessN-1space-timesupersymmetry.

Wewillemphasizeagainthatthesupercurrentsappearfromthetwistedsectorsbutnot

theuntwistedsectorandhencethemasslessfermionicmattersareallinthetwisted

Sectors.

Itisconvenienttorewritethefermionvertexoperatorsintotheformthat4dspace-

timesupersymmetrylSmanifest,

V-Oを(I-)- e-¢/2S α∑(I-),

V-ai(I-)- e-¢/2S&El(I-), (4･65)

whereSαarethespinfieldsglVenaStheexponentialsoftwofreebosonsHl,2with

conformaldimension皇and∑(∑I)aredimensiongfieldsconstructedfromexponential

ofthreefreebosomsH3,4,5andA･The4dsuperchargesaregivenbyQ｡-idW_al/2(zI),

Q'-idzIV_01/2(I-),Whereα-(士吉,土吉),a-(士吉,〒吉)･

4.5 STANDARDEMBEDDING

Finallywewilldiscussgaugesectorofthisleft-Z3andright-Z9asymmetricorbifold

model.Weconsiderstandardembeddingthatthegaugetwistinggroupactsonthe

gaugesectorwiththesameactionasonthesixdimensionalcompacti丘eddimensions.

ThegaugetwistinggroupcanberealizedbyashiftV-(V1,...,V8)x(vl1,...,vl8)
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andthenstandardembeddingisgivenbysettingV- (vl,V2,V3,0,...,0)x(0,...,0).In

thismodel,ifweassumethattheleftZ3-twistisembeddedinthegaugesector,the

gaugegroupwillreducetoE6×SU(3)×E8.ThentheN-1space-timesupersymmetry

ispreserved.However,thegaugetwistsshouldbethesametwiststhatacttotheNSR

fermions.Ⅰnthiscase,thegaugegroupisbrokentoSO(10)×U(1)3×E8bytheZ9l
twist.Sincethegaugetwistcontributestotheleftmassspectrum,pL- pL+W tin
eq.(4.51),thelevelmatchingconditiontellsusthatthegaugebreakingeffectalsobreaks

thespace-timesupersymmetryofthismodelabovetheGUTenergyscale.
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5 Conclusions

Inthefirsthalfofthispaper,weexplainedasymmetricZN-Orbifoldmodelswithphysical

(0,1)statesinthetwistedsectors･Thesestatescorrespondtotwist-untwistintertwining

currentswhichconvertuntwistedstatestotwistedonesandviceversa.Aswementioned

insect.3,theexistenceofsuch(0,1)statesrestrictsthemodelstoasymmetricones･

Startingwiththetorusmodelswithgaugesymmetrya,weconstructedZN-asymmetric

orbifoldmodels.Weinvestigatedthegaugesymmetryoftheasymmetricorbifoldmod-

elsandfoundthatthesymmetryhasbecomelargerthanweexpected.Inthelatter

half,wediscussedE8×E8heteroticstringcompactifiedonasymmetricorbifolds.Mod-

ularinvarianceandtheconditionsfortilelatticeandautomorphismsseverelyrestrict

themodels･Wefoundfourmodels,i･e･TsU(3)3/Z3,TE6/Z3,TsU(7)/Z7,TE6/Z9,tO

beallowed.Weconsideredthespace一七imesupersymmetryofthesemodels.Detailed

analysisofmasslessstatestellsusthatthesefourmodels(4･5)haveN-1,1,1and0
space-timesupersymmetry,respectively,iftheyaresymmetricorbifoldmodels.How-

ever,forchiralasymmetricorbifoldmodels,ZN :(XL,XR)- (XL,OXR),Wefound

thatthefourmodelspossessN-2,4,4and4space-timesupersymmetry,respectively.

TheyImplythattheconditionforthepreservationofN-1space-timesupersymmetry

j=vlj=V2士V3-0foranychoiceofsignsistoorestrictivefortheasymmetricorbifold

models.Lastly,wegaveanew4dN-1space-timesupersymmetricmodelcompactified

onanasymmetricorbifoldassociatedwiththeI,iealgebraE6･Here,wealsorestricted

themodelswhoseZ〃-twistsβJ(∫-1,…,〟-1)actasinnerautomorphismsanddo

nothavefixeddirection.Undertheseconditions,Z3-andZ91tWistsareallowedforthe

E6-mOdel･Wedividedthebosonicleft-movingStringcoordinateswiththeZ3-twistand

theright-movingSuPerStringcoordinateswiththeZ9-tWist･TheZ9-twistdoesnotsat-

isfytheconditionforthepreservationofN-1space-timesupersymmetry.Infactthis

modelhasnofermionicmasslessstateintheuntwistedsector.However,supercurrents

appearfrom93-andg6-twistedsectorsandN-1space-timesupersymmetrylSrealized

inthetotalHilbertspace･Thenthesupercurrentisgivenbytheformofeqs･(4.65)and

playsaroleofintertwinerbetweentheuntwistedandtwistedsectors.Itisremarkable

thatallmasslessmatterfieldsappearfromthetwistedsectors.
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Theremaybesomeotherexampleswhichpossess4dN-isupersymmetryinthesame

way.Itispossibletomakethecondition(ii)loosebecauseitmaybetoorestrictive.In

thispaper,werestrictedourconsiderationtonon-embeddingandstandardembedding

models.Otherapproaches,suchasnon-standardembeddingorWilson-linemechanism,

mayglVemorerealisticmodels.
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6 Appendix

lnthisappendixweglVetheshiftvectorsv去introducedinrewritingtheasymmetric

ZN-OrbifoldmodelsintotheequlValenttorusmodels.Intheorthonormalbasis,theroot

latticesA月OfthesimpleLiealgebrasarespannedby

SU(n+1):

SO(2n):

E6 :

ei- eJ.(i≠j,1≦i≦n+1,1≦j≦n+1),

土ei土ej (1≦i<j≦n),

j=e.･士e, (1≦i<j≦5),

士去(e8- e7-e6.童(-i,V'i'ei) -ith
E8 : 士ei士 eJ･(1≦i<j≦8),

8

妄童(-1)V'i'ei-ithEu(i)-even,i=1

5
∑ V(i)-even,
i=1

wherewehavenormalizedthesquaredlengthoftherootvectorstotwo.

Theshiftvectorsv去fortheasymmetricZN-Orbifoldssatisfyingtheconditions(3.53),

(3･54)and(3･55)aregivenintheusualorthonormalbasis:

(a)AsymmetricZ2-0rbifolds

v£(E8)-吉(2,0,0,0,0,0,0,0),
V去(SO(32))-吉(1,1,1,1,1,1,1,1,0,0,0,0,0,0,0,0),
V去(SO(24))-書(1,1,1,1,1,1,0,0,0,0,0,0),

V去(SO(16))-吉(1,1,1,1,0,0,0,0),

vL(SO(8))-圭(1,1,0,0),
(b)AsymmetricZ3-0rbifolds

v£(E8)-吉(0,2,1,0,-1,1,0,1),
vL(E6)-吉(0,1,2,0,1,0,0,0),

vL(SU(3))-圭(1,0,-1),

(C)AsymmetricZ4-Orbifold

v去(E8)-吉(0,-1,2,1,0,-1,2,1),

V£(SO(32))-吉(0,-1,2,1,0,-1,2,1,0,-1,2,1,0,-1,2,1),

vL(SO(24))-吉(0,-1,2,1,0,-1,2,1,0,-1,2,1),
vL(SO(16))-皇(0,-1,2,1,0,-1,2,1),

44



vL(SO(8))-吉(0,ll,2,1),

(d)AsymmetricZ5-Orbifold

v去(E8)-吉(0,-1,3,2,1,0,-1,2),
vL(SU(5))-喜(2,1,0,-1,12),

(e)AsymmetricZ6-0rbifold

vL(E8)-蓋(0,-1,-2,3,2,1,0,1),

(f)AsymmetricZ7-0rbifblds

vL(SU(7))-喜(3,2,1,0,-1,-2,-3),
(g)AsymmetricZ9-Orbifold

v去(E6)-吉(0,-1,-2,-3,-4,-2,-2,2),

(h)AsymmetricZ10-0rbifolds

vL(E8)-志(0,-3,4,1,-2,5,2,1),
(i)AsymmetricZl1-0rbifolds

vL(sU(ll))-吉(5,4,3,2,1,0,-1,-2,-3,-4,-5),
(j)AsymmetricZ13-0rbifolds

v去(sU(13))-去(6,5,4,3,2,1,0,ll,12,-3,-4,-5,-6),
(k)AsymmetricZ15-0rbifolds

vL(E8)-去(0,-1,-2,-3,-4,-5,-6,7),
(1)AsymmetricZ17-0rbifold

vL(SU(17))-封8,7,6,5,4,3,2,1,0,-1,-2,-3,-4,15,-6,-7,-8),
(m)AsymmetricZ19-Orbifbld

v£(SU(19))

-志(9,8,7,6,5,4,3,2,1,0,-1,-2,-3,14,-5,-6,-7,-8,-9),

(n)AsymmetricZ20-0rbifold

vL(E8)-志(0,1,1,2,2,3,4,15),
(o)AsymmetricZ2310rbifold

vL(SU(23))

-a(ll,10,9,8,7,6,5,4,3,2,1,0,-i,-2,-3,-4,-5,-6,17,-8,-9,Ilo,-ll),
(p)AsymmetricZ30-0rbifold

vL(E8)-志(0,-1,-2,-3,-4,-5,-6,-23)･
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Table1.

Table2.

Table3.

Table4.

Table5.

Table6.

TableCaptions

pdenotestheEulerfunction.InthethirdcolumnallowedvaluesofD,

whichareconsistentwiththeconstraints(3･37),aregiven･Inthefわurth

columnthedimensionsdinwhich(1,0)statesmightappearintwisted

sectorsareglVen･

GodenotestheZ2-invariantsubgroupofa,whichisthesymmetryln

eachsectorandG'denotesthefullsymmetryofthetotalHilbertspace.

GodenotestheZ3-invariantsubgroupofG,whichisthesymmetryln

eachsectorandC′denotesthefullsymmetryofthetotalHilbertspace.

GodenotestheZ4-invariantsubgroupofa,whichisthesymmetryin

eachsectorandG'denotesthefullsymmetryofthetotalHilbertspace.

GodenotestheZ5-invariantsubgroupofG,whichisthesymmetryin

eachsectorandG'denotesthefullsymmetryofthetotalHilbertspace.

GodenotestheZN-invariantsubgroupofG,whichisthesymmetryln

eachsectorandG'denotesthefullsymmetryofthetotalHilbertspace.
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Table1.

ZN p(N) D d

Z2 1 8Z 8,16
Z3 2 6Z 6,12,18
Z4 2 16Z 16
Z5 4 4Z 4,8,12,16,20
Z6 2 24Z 24
Z7 6 6Z 6,12,18
Z8 4 32Z nOn
Z9 6 18Z 18
Z10 4 8Z 8,16,24
Zll 10 lo∑ 10,20
Z12 4 48Z nOn

Z13 12 12Z 12
Z14 6 24Z 24
Z15 8 24Z 24
Z16 8 64Z nOn
Z17 16 16Z 16
Z18 6 72Z nOn
Z19 18 18Z 18
Z20 8 16Z 16
Z21 12 12Z 12,24
Z22 10 40Z nOn

Z23 22 22Z 22
Z24 8 96Z nOn
Z25 20 20Z 20
Z26 12 24Z 24
Z27 18 54Z nOn

Z28 12 48Z nOn
Z29 28 28Z nOn
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Table2.

AsymmetricZ2-0rbifoldmodelswith(1,0)twistedstates･

a Go a/

D=8 E8 SO(16) E8
∫0(16) (∫0(8))2 ∫0(16)

(∫0(8))28=16(E8)2 (SU(2))8 (∫0(8))2(50(16))2 SO(32)
SO(32) (∫0(16))2 E8×SO(16)
SO(24)XSO(8) (SO(12))2x(sU(2))4 E7×SO(12)×(SU(2))3
E8XSO(16) 50(16)×(∫0(8))2 ∫0(24)×∫0(8)
(∫0(16))2 (SO(8))4 SO(16)x(SO(8))2
E8X(SO(8))2 SO(16)x(SU(2))8 SO(20)×(SU(2))6
SO(16)x(SO(8))2 (SO(8))2×(sU(2))8 SO(12)×SO(8)×(SU(2))6

51



Table3.

AsymmetricZ3-0rbifbldmodelswith(1,0)twistedstates･

a Go Gl

β=6 E6 (SU(3))3 E6

(SU(3))3D=12(E6)2 (〟(1))6 (SU(3))3(SU(3))6 (E6)2
E6X(SU(3))3 (SU(3))3x(U(1))6 SU(6)×SO(8)×(U(1))3
(SU(3))6 (U(1))12 (SU(2))6×(U(1))6

E8X(SU(3))28=18(E6)3 SU(9)x(U(1))4 SO(20)x(U(1))2(gU(3))9 E6×(SU(3))6
(E6)2×(sU(3))3 (SU(3))6x(U(1))6 SU(6)x(SU(3))4x(U(1))5
E6×(SU(3))6 (SU(3))3×(U(1))12 SU(4)×(SU(3))2×(U(1))ll
(SU(3))9 (U(1))18 SU(2)x(U(1))17

E8XE6X(SU(3))2 SU(9)x(SU(3))3x(U(1))4 SU(12)x(SU(3))2x(U(1))3
E8X(SU(3))5 SU(9)x(U(i))10 SU(lO)x(U(1))9
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Table4.

AsymmetricZ4-0rbifbldmodelswith(1,0)twistedstates･

a Go a/

D=16(E8)2 (SO(10))2×(sU(4))2 (E8)2
SO(32) SU(8)x(SO(8))2xU(1) SO(24)XSO(8)

SO(24)XSO(8) SU(6)x(SU(4))2×SU(2)×(U(1))4SO(10)x(SU(4))2×(SU(2))4×U(1)(SU(4))2×(sU(2))8×(U(1))2 SU(12)×SU(4)×(U(1))2

E8XSO(16) (E7)2x(sU(2))2

(SO(16))2 (SO(12))2×(sU(2))4

E8X(SO(8))2 SO(10)XSU(4)x(SU(2))2x(U(1))6SU(4)x(SU(2))6x(U(1))7 (E6)2x(U(l))4SO(16)x(SO(8))2 (SU(6))2x(sU(2))2x(U(1))4
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Table5.

AsymmetricZ5-0rbifoldmodelswith(1,0)twistedstates.

G Go a,

β=4SU(5)D=8E8 (U(1))4 SU(5)(gU(5))2 E8

(SU(5))28=12E8×SU(5) (U(1))8 (SU(5))2(SU(5))2×(U(1))4 SO(22)×U(1)

(SU(5))38=16(E8)2 (U(1))12 (SU(4))3x(U(1))3(SU(5))4 (E8)2
E8X(SU(5))2 (SU(5))2x(U(1))8 (SO(12))2×(U(1))4

(SU(5))4β=20(E8)2xsU(5) (U(1))16 (SU(2))8x(U(1))8(SU(5))4x(U(1))4 (SU(10))2x(U(I))2
E8X(SU(5))3 (SU(5))2×(U(1))12 (SU(6))2x(U(I))10
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Table6.

AsymmetricZN-Orbifoldmodelswith(1,0)twistedstates.

ZN a Go a,

Z6Z7Z9Z10ZllZ13Z15Z17Z19Z20Z23Z30 D=24(E8)3D=6SU(7)D=12(SU(7))2D=18(SU(7))3D=18(E6)3D=8E8D=16(E8)2D=24(E8)3上)=10SU(ll)か=20(SU(ll))2D=12SU(13)∫)=24(E8)38=16SU(17)D=18SU(19)D=16(E8)2D=22SU(23)D=24(E8)3 (SU(5))3×(sU(4))3×(U(1))3 (SU(5))6

(U(1))6 gU(7)

(U(l))12 (SU(6))2×(U(1))2

(U (1))18 (SU(2))9×(U(1))9

(SU(2))3×(U(1))15 (SO(8))3x(U(1))6

(SU(3))2×(sU(2))2×(U(1))2 E8

(SU(3))4×(sU(2))4×(U(1))4 SO(32)

(SU(3))6×(sU(2))6×(U(1))6 (SU(3))12

(U (1)) 1 0 SU(ll)

(U(1))20 (SU(2))lox(U(1))10

(U(1))12 SU(12)×U(1)

(SU(2))12x(U(I))12 (SU(2))24

(U(1))16 (SU(8))2x(U(1))2

(U (1))18 (SU(6))3x(U(1))3

(SU(2))4x(U(1))12 (E8)2

(U(1))22 (SU(2))llx(U(1))ll
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