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§ 1 	 INTRODUCT ION 

Compactification of lO-d heterotic string 
theory may provide a unified framework for al I 
fundamental interactions in 4-d. 

Compactification of 6 space dimensions 
(1) 	Calabi-Yau manifold 

tensor product of minimal N=2 GepY1fir 

superconformal theories 
(2) Orbifold 

• standard Z orbifold 

Ea XE; - E6 XSU(3) XE; 

• orbifold with Wi Ison lines 
homomorphism of the space group 
defining the torus into EaXEs 
• gauge symmetry breaking} ~ real istic 
• number of generations models 

, 
E8~ E, 

4 5U(3)c.:lC, SUC2.).t.)( U(1)'f x [U(1)]9

t-xtr<:-. 	U (1.) -7 ~ I 

Rank of the gauge group is not changed and 
many ext ra U(l)' s su rv i ve. 



Are large rank gauge groups a characteristic Orbifold with commuting Wi Ison lines 

feature of chiral string models in 4-dimensions? 


. bosonic formulation 

The purpose of this talk is 


space group
to give a powerful method to construct 
chiral string models in 4-d with lower zd._ (f) Z)« + <- 0( 0( = 1,2." 3 

rank gauge groups. 
embedding in gauge degrees of freedom 


Z orbifold 

1. I.:t

X - (eX) + v I = I • •• - .. 16

6-dimensional. torus T6 = R6/ r 6 
 e: 	automorphism of group lattice 
Weyl rotationr6: lattice defining the torus 

VI: conmut i ng Wi Ison lines (i n Cartan 
Z3invariance (point group) 

w subalgebra) corresponding to shifts 
'1 f): Z~ ~ exp(21r i/3)Z~ •00 	

<- in r 6I ex =1, 2, ~ (R6 incom pie x not a t ion) 
homomo rphi sm: . ( f) ,- <-) - (e, V) 

space group 
S: 	 ZeI. - (f) Z)~ + (fA (rotation)>«shift) noncornrnutative 

e~~/3 
~ reduction of the rank of subgroup<-E r6 

~ 

It is rather difficult to construct realisticZ orbifold 

models on purely stringy basis. 
T6/Z3 ~ R6/S ...... ~/-.~ ..~ .. -:.~ - ...-.....:~ .....- -.~ ........ -.;;... 
 ....... 


~ 	Field theory approximationtixd pOiW\ts 
IT 	 .'lC • flat direction in the potential 

( 0 .. 1." 2.) ~i' e. "1' • anomalous U(l)
~oc(3 
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§2 NONCOMMUTING WILSON LINES Fixed point on the Z orbifold is denoted by 
(p,q,r); p,q,r =0,+1 mod 3 specify locationfermionic formulation 
of the fixed point on the three complex z« 

~ unified 	treatment of both Abel ian 
planes. 	 Cf =I.. 2.. 3 

and non-Abel ian embedding 

~ systematic model building 


27r k/3 rotat i on ~ shi ft pe~+Qe~+re~'* no ,field theoty approximation 
k = 1,2 for fixed point f=(p, q, r) 

orbifold with Wilson lines 
Wi Ison I ine corresponding to this shift

(R6 with background gauge field)/S 

ef, k = exp[27r i (pak+qbk+rck)] 


A B 	 8 
x..~x. i1 A J.~ 	 11 

27rak=AIl-(elk) ,etc.. ,\((8) = ~r__~.'~ .~r" ~ CA> 
w -fi)(ed. POi",t
00 
00 

A::- B L<tf to sL;ft lAheS6'" 
l;~e 	

Internal degrees of freedom of the heterotic 
he, lcJJ:cell string is described by 

. ",,' 

fixed point ~ shift in lattice ~ Wilson line 1/1" ,1/1' (i=l, -··,16) 

which transform as vectors of SO(16)><SO(16).fixed point 	~ conjugacy class of S 

~ twisted Hi Ibert space 


Embedding of Z3 into Ea><Ea is given by
() Wilson I ines corresponding to different rQtation matrix Q for 1/1

fixed points are noncommuting. 

Q = ex p[2 7r i (t HQ], 3(L = 0 mod 1This noncommutabi I ity may reduce the rank 
of t~e gauge group. ~-1HQ : Ca rtan suba Igeb ra of Ea ><Ea 

1..=1.··· .. 1' 
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Boundary condition on orbifold 	 §3 GAUGE SYMMETRY "BREAKING 

for gauge fermions 	 Convnu tab iii t y 0 f W f, k = Q 8 f, k de pen dson 
the cho i ce of backg round gauge fie I ds AJln" k 


t/J(Ul+ X , (2) = (-1) Q 8f,kt/J(UI, (2) 

(i) Abeli~n ~mbed~ing 

m h AIL in the Cartan subalgebra 
t/J(u), U2+ X ) = (':"1) Q 8f, ht/J(ult (2) 


a I I W f,k conunu tab Ie
nondiagonal in matrix notation 
~ diagonal ized simultaneously 

')1... trt. : SPi'" 
sthActut'e.Automorphism of order 3 	 This case is equivalent to the embedding 

of the space group by shifts in the Ea>CEak 
w 
00 8k: exp[2xik!3] <=> wf,k= Q 8f,k lattice. 	 •c.o 

I 

. # (j"f automorphi sms wf = # of fixed poi nts f Qkef, k=ex p[2' ,x ik'v t H.e ] 'k=O, + 1 
=# of twisted Hi Ibert spaces 

l. L ( 	 LVf = ( + pal +q b1 + r c I ) 
.£ ':;> I. ---I 16Noncommuting wf and Wg for different fixed 


points f,g 

vf corresponds to a shift in the Ea>CEa 

[Wf' w g] ::/= 0 ~ reduct i on of the lattice in the bosonic formulation. 
rank of gauge group 

Modular invariance in the presence of back
Quantum numbers invariant under wf determine ground gauge fields 
the gauge symmetry of the subgroup. <=> the Ieve I mat chi n g con di t ion. 
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condition of modular invariance 
Massless spectra 


N l.: ~ 
Q.. = 0 mod 2 


G, (1) untwisted sector 

N l.: vl = 0 mod 2 (N=3) 
 * gauge boson
{ 

N{~ ( Vf')2- l.: (~")2} = 0 mod 2 hel icity -r1~ 8v of SO(8)

t .. .. 0

K ~ =0 mod 1
He re ~o..detemi nes the bounda ry cond it ion 

group invariant condition 
for the right-moving NSR fermions: 


::z> V
I
v f 

t. 
= 0 mod 1 


0.. n Q., Q,

).. (0"1+1C, 0"2) = (-1) exp(21Cik~»)" (0"), 0"2) * massless fermions 
m hel icity 1/2~ 8s of SO(8)

)..A,(O"), 0"2+1C) = (-1) exp(21Cih~))..A.(0"1' 0"2) KA..~Q..= 2/3 mod 1 
W 
<.0 a.o ~ = (1/3, 1/3, -2/3, 0) tl::: I~ ."" 4 t 

~ V vfII. =1/3 mod 1 


condition of group .invariance (2) twisted sector 


string states on orbifold must be invariant * massless fermion 

under Z3 


I (I. t)2 ~ 
4 t) t (~ 0..) ~ 2: V + vf + NL - 3" =0( V +. k v f /2 v f + K - k~ / 2 ~ + mk = 0 

NL: number of zL osci llationmod 1 
VI. E EsXEs lattice 
KCl.. SO (8) v e c tor 0 r s pin 0 r I a t tice Mass spectrum is the same as the one obtained 
mk: eigenvalue of the twist operator by embedding shifts in the ·EsXEs lattice. 

~ 2.'1C' ~ k A G(" -, l:W"i/J 0(.,=e .1)1' =e. ! 



(ii) 	Non-Abelian embedding 

AJ1 not restricted to Cartan subalgebra 

.. lUf k noncornmutable, 

Quantization of string states needs to 

diagonal ize the boundary conditions: 


Qkef,k 	= Uf-lexp[21Cikv~H,) Uf 

transformation matrix Uf ~ SO(16)><SO(16) 

eigenvalue vf: 3v~=.O mod 1 Z3 invariance 
w 	 .c.o .I--l 

String states associated with each fixed point 
are e·x pressedin the d iff ere n t . basi s .. 

String Hi Ibert space is invariant under 

lUf, k= QJ( e f, k' au tomo rph ism of Z3 

symmetry is determined by invariance* Gauge 

under wf,k for all f 


vlvf 	= 0 mod 1 

::::) 	 Uf Ev Uf -I =EV ~ afwo.'ls .s~t·I.fieJ.. 
{ 

Uf HI Uf -I = H.l ~ redu.c.~ 1t.e ro.",R. 
of S'v.~ 3ro"'f 

Chi 	r a I f e rm ion s 

(1) untwisted 	sector 

Vt vft = 1/3 mod 1 

Uf Hz. Uf-l =H.t 

Singlets with the noninvariant U(l) charge 
are projected out. 

(2) twisted sector 

massless condition 


I (I. e)2 <..
L 	 V + vf + NL - '3 = 0 fAh.C!..~~ e.4... 

NL: number of zL oscillation 

Modular 	 invariance of the truncated theor 

partition function for the left-moving gauge 
fermions for the boundary condition (k,h)f 

Z(k h\ =Tr[Qh. 0 f h exp(2 7( i 7:Hf k)] 
, 	 Jf ' , 

=T r [exp(2 7( ihv~Ht)exp(2 7( i 7: Hf, k)] 

Hi~: 	 Hamiltonian in the (k, h)f sector 
invariant under SO(16)><SO(16) 



7 

Partition function does not depend on Uf. 

(Inner)automorphism corresponding to Uf is 
commutative with modular transformation. 

~ the level matching condition for eigen 
values vf is sufficient for modular 
. .Invarlance 

The discarded zero modes are singlets of 
the unbroken non-Abelian group. 

~ 	Anomaly cancellation with respect to 

unbroken subgroup is not changed. 


WI c.o 
f:\j 	

Remark 

, @-Gauge symmetry and mass spectta are 

determined by the eigen value vf of the 

boundary conditions for gauge fermions. 


~ 	Different Wilson lines with the same vf 
give the same symmetry and mass spectra. 

~ 	degenerate orbifold 

@ When the subgroup contains U(I), some of 
them might be anomalous. 

§4 MODEL BUILDING 

(1) Z3 embedding 

Q = exp[2:n: i (I Ht ] 


>-' so.
~='S(2... I#I .. O ; 0) Sto..Y\<lo.\-ol 
..t.... betA.t!. W\} 

(2) Possible Wilson lines 
u 

e f, k= exp[2:n: i (pak+qbk+rck) T
IJ 

] 

T,J: SO(16)><SO(16) generators 

Electroweak symmetry should not be violated. 

•SO(16) adjoint 120 :J SO(10)><SU(4) 


'120 = (45,1) + (10, 6) + (1, 15) r 
 -

- "4 SUIlJR b~eO.l<l"'J ~ sur,.) o~ SU(l) bl-~"k:;~} 
~ electroweak symmetric Wilson lines 

(3, 1) + (1, 15) of SU(2)R><'SU(4) 


Wi Ison lines 
 reduction of rank 

SU(2)R, SU(2) 1 

SU(2)R><SU(2), SU(3) 2 

SU(2)R><SU(3), SU(4) 3 

SU(2)R><SU(4) 4 




Ch ira I f e rm ion s * Simple model 

Ea XE~ - SU(3)c XSU(3)L XSU(3)R ~ untwisted sector 

XSO(14) XU(I) 3 {(3, 3,3) + 3(1,1, I)} 

(1) Z3 embedding 4 { -H.' --;- (1.~1.., 1) 

H,1" iiI. X 
{= ! (el +e2+e5-2e6+e7+2e~) 2 .... tH1. .. 'tJ X 

ei: orthogonal basis 
two of them are projected

( i sinv a ria ntunde r SU (9) X SO (14) XU (1) • out by SO(16)nSU(9) rotat ion 

(2) one Wilson I ine from SU(3) 
~ twisted sector 

a lJ 
TXJ - ~ (2H 1+H2+H3) 27 {(I, 3, 1) + (3,1,1) + (1,1, 3)}W 

<.0 
W 

gj.agona I i zed by' • o 

SO(I6)nSU.(9) rotation which More elaborate exam~les areiconstructed 
. f eaves { i nva r fant. by choos i ng Z3 embedd i ng, ( and Wi I son lines. 

Synvnetry breakinK : 

, '.y- { = 0 ~ EaXEa - SU(9)XSO(14)XU(I) 

~ . 


y -a =0 ~ SU(9) -- SU(3)cXSU(3)LXSU(3)R 


X [U(I)]2 
~ ki lied by 


H,-tH,- SO(16)nSU(9) 

21-#," H.,:-.Hl rotat i on 


http:H.,:-.Hl


•• 

(2. 0) O~bifo~J '1 

E8 ;c E,
/ 

-7~\'\K § 5 CONCLUS IONS 

gauge groups 
 Wilson lines 
 massless fermions 


E, x U(l) x SO(14) , x U(l)' 
 SU(2) 
 12 E... + 811. 


SU(6) x SU(3) 


x 50(14)' x U(l)' 


SU(2)R 
 3(15.3) + 9(15.1) 


+ 36(6,1) + 45(1.3) 


E, x 50(14)' x U(l)' 
 SU(3) 
 3 27 + 3 + 54 1 


SU(6)XU(1)XE~ xU(l)' 
 SU(2)R x SU(2) 
 9 ~ + 36 .! + 18! + 811. 


SOC 10) x SOC 14) , x U(l) , 
 SU(4) 
 3 l! + 6 10 + 3 10 + 36 1. 


SU(6)xE; xU(l)' 


4 SUCC) X U(~) 


SU(2)R x SU(3) 
 3 ~ + 3 15 + 24 ~ + 24 ! 

+ 54 1 


SU(4)c x SU(2)L 


x E; x U(l)' 


SU(3)c x SU(2)L x U(l)y 


x E; x U(l)' 


SU(2)Rx SU(4) 


SU(2)Rx SU(4) 


x U(l)y 


3(4.2) + 12(4.1) + 6(4,1) 


+ 30(1.2) + 6(6,1) 


+ 3(6,1) + 36(1,1) 


. . . 


6(3,2) + 3(3,2) + 33(1,2) 


+ 9(3,1) + 3(3,1) 


( 
 + 36 (1,1) 


1. We have proposed a powerful method to 

7 construct orbifold models with lower

rank gauge group~.
7 


non-commuting Wi Ison lines 


, 6 

~ automorphism of Z3, lUf 

for twisted Hi Ibert space Hf 
s 

[lUf, wgJ =1= 0 fo r f =1= g
6 

w 2. Unified treatment for Abelian (no rank
~ 

reduction) and non-Abel ian embed~ingit 
. . 

more general than bosonic formulation 

3.' Purely stringy' construction of models ~ 
with lower-rank gauge group 

no field theory approximation 
flat direction of potential

(0.0. l--) 3 t (3,2.) ~ 3 (1.. 1.)1".1 (I, 1.) ... (1,::1.) -t J ('.1,,~.1 } 

=> (</J) =1= 0 
+ 2..7 s'''''~'41s r= 0 t" b.. 1: # 

4. Need more study to construct real isticr = j, u, ft. e. ~ 3 a.......t·.... 

r-= .-d C S models 

3 t4 " , ".. .. 
(0,1."l--) : ( I, 2.) T 13, 2., } 

choice of Z3 embedding and Wi Ison lines 
3 f 40,1.)" 13, 'u) j M;>+-ol- c..o..j ..ad'e.(0,-1,\-): 




