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Motivation

� Type I strings: T-dual to orientifolds with D9-braneswith U(1) bundles, multiple anomalous U(1) gaugefa
tors, non-universal gauge 
ouplings

� Heteroti
 strings: Mostly non-abelian SU(N) bundles
onsidered, at most a single anomalous U(1), GSme
hanism involves just the universal dilaton-axionmultiplet, tree level universal gauge 
ouplings� Con
i
t with S-duality ! systemati
ally study heteroti
string with abelian (line) bundles and Type I va
ua withnon-abelian bundles.
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Compa
ti�
ations of heteroti
 string

E8 �E8 HS with ve
tor bundles of the following form

W = KMi=1 Vni �
MMm=1Lm;where the Vni are SU(ni) or U(ni) bundles and the Lmdenote some 
omplex line bundles with stru
ture groupU(1)m.� The ve
tor bundle W has to admit spinors
1(W ) 2 H2(M; 2Z):
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Hermitian Yang-Mills equation

� At string tree level, the �eld strength of the ve
torbundle has to satisfy the hermitian Yang-Mills equationsFab = Fab = 0; gab Fab = 0:W has to be a holomorphi
 ve
tor bundle, satisfyingJ ^ J ^ F = 0.� A ne
essary 
ondition is the so-
alledDonaldson-Uhlenbe
k-Yau (DUY) 
ondition,ZM J ^ J ^ 
1(Vni) = 0; ZM J ^ J ^ 
1(Lm) = 0;

to be satis�ed for all ni, m. If so, a theorem byUhlenbe
k-Yau guarantees a unique solution providedea
h bundle is stable.
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Tadpole 
an
ellation

� The Bian
hi identity for H = dB � �04 (!Y � !L),

dH = �04 �tr(R2)� tr(F 21 )� tr(F 22 )� ;imposes the so-
alled tadpole 
ondition in 
ohomologyKXi=1 
h2(Vni) +
MXm=1 am 
21(Lm) = �
2(T ):

� The stru
ture group G of the bundle W has to beembedded into E8 � E8. The observable gauge group infour dimensions H is the 
ommutant of G in E8 � E8.
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Massless spe
trum

� The massless spe
trum is determined by various
ohomology 
lasses
H�(M;W) W = KOi=1 VpiVni 
 MOm=1Lqmm ;

where the 
harges pi and qm 
an be derived from theexpli
it embedding of the stru
ture group into E8 � E8.� The net-number of 
hiral matter multiplets is given bythe Euler 
hara
teristi
 of the respe
tive bundle W

�(M;W) = 3Xi=0(�1)i dim(Hi(M;W))

= ZM �
h3(W) + 112 
2(T ) 
1(W)� :
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The Green-S
hwarz me
hanism

� All non-abelian 
ubi
 gauge anomalies do 
an
el,whereas the mixed abelian-nonabelian, the mixedabelian-gravitational and the 
ubi
 abelian ones do not:

AU(1)m�SU(N)2 � fmtrF 21 ZM fm�trF 21 � 12trR2� ;

AU(1)m�G2�� � fmtrR2 ZM fm�trF 21 � 512trR2�

AU(1)mnp � fmfnfp hZM Ænpfm�trF 21 � 12trR2�

+ 
mnp fmfnfpiNeed to be 
an
elled by a generalized Green-S
hwarzme
hanism.
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The Green-S
hwarz me
hanism

Dimensionally redu
ing the 10D 1-loop 
ounter termSGS = 148 (2�)5 �0 Z B ^X8; X8 = 14 �trF 21 �2 + � � �

leads to vertex 
ouplings for the internal axions

SGS = 164 (2�) ZIR1;3 h11Xk=1 �b(0)k trF 21 � �trF 21 � 12trR2�k

and mass terms for the external (universal) axions:

S0mass = MXm=1 Qm02��0 ZIR1;3 �b(2)0 ^ fm� ;

Qm0 = trE8(Q2m)32 (2�)4 ZM fm ^ �trF 21 � 12trR2�;
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The Green-S
hwarz me
hanism

Additional terms arise from the tree-level kineti
 term

Skin = � 14�210 Z e�2�10 H ^ ?10H;

whi
h leads to external axion vertex 
ouplings

S0GS = 18� ZIR1;3 b(0)0 ^ (trF 21 � trR2);

and to mass terms for the internal axions

Smass = h11Xk=1
MXm=1 Qmk2��0 ZIR1;3 �b(2)k ^ fm� ;

Qmk = trE8(Q2m)4� fmk
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Massive gauge �elds + axions

� GS diagrams pre
isely 
an
el the mixed abeliananomalies.
� The # massive U(1) gauge �elds is given by rank(Q).� All mass terms are of the same order in both string andsigma model perturbation theory.� Massive axions b(0)k are longitudinal modes of U(1)s.Sin
e axions 
omplexify the K�ahler moduli and thedilaton, supersymmetry di
tates that the same # ismassive.Only sour
e for mass terms is the DUY equation.
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Gauge kineti
 fun
tion

� De�ning the 
omplexi�ed dilaton

S = 12� �e�2�10Vol(M)`6s + i b(0)0 � :

and the 
omplexi�ed K�ahler moduli

Tk = 12� h��k + ib(0)k i ;the GS terms indu
e the axioni
 part of the gaugekineti
 fun
tion, e.g.
Skin = 18� ZIR1;3 b(0)0 ^ trF 21
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Gauge kineti
 fun
tion

� The 1-loop 
orre
ted gauge kineti
 fun
tion for thenon-abelian gauge �elds are

f = S + 116Xk Tk �trF 21 � 12trR2�k:

� For the abelian ones we �ndfmn = trE8(Q2m) Æmn ��S + 116Xk Tk h�trF 21 � 12trR2�k�

+trE8(Q2m)trE8(Q2n)12 Xi;j Tk dijkfmi fnj
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Fayet-Iliopoulos terms

� Sin
e we are dealing with anomalous U(1) gauge fa
tors,there are potential Fayet-Iliopoulos (FI) terms generated.Employing the standard supersymmetri
 �eld theoryformula �mg2m = �K�Vm ����V=0;the FI parameters �m 
an be 
omputed from the K�ahlerpotential K, whi
h in our 
ase takes the following gaugeinvariant form.Vm denotes the ve
tor super�elds.
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Fayet-Iliopoulos terms

K � � ln�S + S� �Xm Qm0 Vm��

ln� h11Xi;j;k=1 dijk6 �Ti + T �i �Xm Qmi Vm��Tj + � � � ��Tk + � � � ��:

For the FI term one gets�mg2m = � 12`6s trE8(Q2m)he�2�10 12 ZM J ^ J ^ fm �(2��0)216 ZM fm ^ �trF 21 � 12trR2�i:

Apparently, the �rst term arises at string tree-level, whereasthe se
ond term is a 1-loop term.
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1-loop DUY equation

� Interpretation: �m = 0 
ontains a 1-loop 
orre
tion tothe DUY 
ondition. In 
ontrast to earlier 
laims thatabelian gauge 
uxes freeze some 
ombinations of theK�ahler moduli, we now realize that a
tually 
ombinationsof the dilaton and the K�ahler moduli are frozen.� Support from Type I - HS duality. It is known that aD9-brane wrapping the Calabi-Yau M with K�ahler formJI and a U(1) bundle with �eld strength F issupersymmetri
 if it satis�es the MMMS 
ondition12 ZM JI ^ JI ^ F � (2��0)23! ZM F ^ F ^ F = 0
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1-loop DUY equation

The MMMS 
ondition is at string tree level and the F 3 termis an �0 
orre
tion. Applying the heteroti
-Type I stringduality relations e�I10 = e��H10 ;JI = JH e��H10 ;pre
isely leads to the form of the HS-DUY equation.
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Non-abelian MMMS equation

Similar analysis for the SO(32) string leads after applyingS-duality to the non-abelian generalization of the integrability
ondition for perturbative � stability for ' = 0


os' �12 ZM J2 trFx � 13! ZM�trF3x � 116trFx trR2��

+ sin' �Nx3! ZM J3 � 12 ZM J �trF2x � Nx48 trR2�� = 0

This equation also in
ludes the 
ase of 
urved ba
kgrounds.The se
ond line is obtained from gauge kineti
 fun
tion.It 
an be 
ompa
tly written asZM trU(N) �Im�ei' eJ+iFq ^A(M)�� = 0
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Ve
tor bundles via exa
t sequen
es

� CY manifoldM given by a 
omplete interse
tion insome tori
 variety, e.g. IP4[5℄, and has k = h11 K�ahlerparameters.� A line bundle L on M is spe
i�ed 
ompletely by its �rstChern 
lass whi
h takes values in H2(M;Z) and 
an beexpanded in terms of a basis !i with ni 2 Z


1(L) = h11Xi=1 ni !i:One also denotes su
h a line bundle as O(n1; : : : ; nk).
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Ve
tor bundles via exa
t sequen
es

� Then a ve
tor bundle V of rank r is de�ned by the
ohomology of the monad (i = 1; : : : ; h11)0! OjM g�! r+2Ma=1O(na;i)jM f�! O(mi)jM ! 0;

i.e. V =Ker(f)/Im(g).� The total Chern 
lass of the ve
tor bundle V is thengiven by

(V ) = Qr+1a=1 (1 +Pi na;i !i)(1 +Pimi !i) = 1 + h11Xi=1

 r+1Xa=1 na;i �mi! !i + : : :

� For SU(N) bundles one has 
1(V ) = 0, whereas forU(N) bundles at �rst sight no 
ondition.
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Example: SU(4)� U(1) bundle

� E8 �E8 heteroti
 string 
ompa
ti�ed on a Calabi-YaumanifoldM equipped with the spe
i�
 
lass of bundles

W = V � Lwith stru
ture group G = SU(4)� U(1).� Embedding this stru
ture group into one of the E8fa
tors leads to the breaking to gauge groupH = SU(5)�U(1), where the adjoint of E8 de
omposesas follows into G�H representations.
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Example: SU(4)� U(1) bundle

248 SU(4)�SU(5)�U(1)�! 8><>: (15;1)0 + (1;1)0 + (1;24)0(1;10)4 + (6;5)�2 + h:
:(4;1)�5 + (4;5)3 + (4;10)�1 + h:
:
9>=>; :

SU(5)� U(1) Cohomology10�1 H�(M; V 
 L�1)104 H�(M; L4)53 H�(M; V 
 L3)5�2 H�(M;V2 V 
 L�2)1�5 H�(M; V 
 L�5)
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An SU(4)� U(1) bundle on the Quinti


Consider the Quinti
 IP4[5℄ with Hodge numbers(h21; h11) = (101; 1),� Interse
tion form I3 = 5 �3

� Se
ond Chern 
lass
2(T ) = 10 �2:

� Choose a bundle of the formW = V1 � V2 � L;where the SU(4) bundle V1 and the line bundle L areembedded into the visible E8 fa
tor and the SU(4)bundle V2 into the hidden E8 bundle.
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An SU(4)� U(1) bundle on the Quinti


� Con
retely, we de�ne both ve
tor bundles as the
ohomology of the monad0! OjM ! O(1)�5 �O(3)jM ! O(8)jM ! 0and pi
k L = O(2).� Tadpole 
ondition
2(V1) + 
2(V2)� 10 
21(L) = 
2(T ):

� De�ning the K�ahler form J = `2s r �, the DUY equationreads r2 = 10 g2s ;Choosing for instan
e gs = 0:3 yields r = 0:95.
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Massless spe
trum

The 
hiral SU(5)� U(1) spe
trum reads, where theanomalous U(1) only survives as a global symmetry:

reps. �10�1 290104 46053 1705�2 5801�5 �2150

String Pheno 05, 13 June 2005 { p.27/30



Massless spe
trum

The 
hiral SU(5)� U(1) spe
trum reads, where theanomalous U(1) only survives as a global symmetry:

reps. �10�1 290104 46053 1705�2 5801�5 �2150
String Pheno 05, 13 June 2005 { p.27/30



Gauge symmetry enhan
ement

� (1;10)4 is 
ounted by H�(M;L4). It enhan
esSU(5)� U(1)! SO(10) for L = 0.� Whenever 
ohomology 
lassesH�(M;
iLqii )are to be 
omputed, non-abelian gauge symmetryenhan
ement o

urs whenXi qi 
1(Li) = 0:

String Pheno 05, 13 June 2005 { p.28/30



Gauge symmetry enhan
ement

� (1;10)4 is 
ounted by H�(M;L4). It enhan
esSU(5)� U(1)! SO(10) for L = 0.

� Whenever 
ohomology 
lassesH�(M;
iLqii )are to be 
omputed, non-abelian gauge symmetryenhan
ement o

urs whenXi qi 
1(Li) = 0:

String Pheno 05, 13 June 2005 { p.28/30



Gauge symmetry enhan
ement

� (1;10)4 is 
ounted by H�(M;L4). It enhan
esSU(5)� U(1)! SO(10) for L = 0.� Whenever 
ohomology 
lassesH�(M;
iLqii )are to be 
omputed, non-abelian gauge symmetryenhan
ement o

urs whenXi qi 
1(Li) = 0:
String Pheno 05, 13 June 2005 { p.28/30



Gauge symmetry enhan
ement

� For an SU(4)� U(1)� U(1) bundle in E8W = V � L1 � L2we obtained the following enhan
ements ofSU(3)� SU(2)(�U(1))

String Pheno 05, 13 June 2005 { p.29/30



Gauge symmetry enhan
ement

� For an SU(4)� U(1)� U(1) bundle in E8W = V � L1 � L2we obtained the following enhan
ements ofSU(3)� SU(2)(�U(1))
c  (L  )1

SU(5)

SO(10)
c  (L  )1

1

2

SU(4) x SU(2) 

SU(3) x SU(2) x SU(2)

SU(5)

String Pheno 05, 13 June 2005 { p.29/30



Con
lusions & Outlook

� Heteroti
 string 
ompa
ti�
ations with line bundlesprovide new prope
ts for string model building� They have multiple anomalous U(1) gauge symmetries,whi
h are 
an
elled by a generalized Green-S
hwarzme
hanism invoking both external (universal) andinternal axions.� There appears a 1-loop 
orre
tion to the DUYsupersymmetry 
ondition, whi
h\freezes"
ombinationsof K�ahler moduli and the dilaton.� As on the Type I side, one �nds non-universal gaugethreshold 
orre
tions.� Does the non-abelian version of the MMMS equationhelp to un
over the non-abelian Born-Infeld a
tion?� What about the heteroti
 string lands
ape?
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