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Chapter 1

Introduction

1.1 Motivation

Despite the fact that there is no convincing experimental evidence against the Standard
Model [1-4], most physicists expect new physics beyond the scale of a few TeV. There
are numerous reasons for this: The Standard Model has 26 free parameters (taking into
account the recent developments indicating a non-vanishing neutrino mass), which seem to
have arbitrary values. There is no explanation for the observed pattern of mass matrices,
such as minimal and maximal mixing in the quark and lepton sectors, respectively. The
cosmological constant which is now known to have a small, but non-vanishing value, cannot
be consistently accommodated in the framework of the Standard Model. The repetition
of families, where the respective particles in each family coincide in all quantum numbers
and only differ in their masses, remains a puzzle. In addition to the above listed features
which describe a certain lack of predictive power inherent to the Standard Model, the
structure of the gauge symmetry, which is the direct product of three gauge groups (each
with its own gauge coupling constant), is in many respects unattractive. The symmetries
describing the strong and electro-weak interactions are not interrelated, thus spoiling a
truly unified picture of the fundamental forces. By these considerations, one is naturally
led to construct models with more symmetry.

Grand Unified Theories and Supersymmetry

The idea of unification is further supported by the running of the gauge coupling constants,
which seem to meet in a single point at ~ 3 x 10'® GeV. By the time when the gauge
coupling constants became to be known with higher precision, one realized that they do
not exactly meet, but narrowly miss each other, forming the so-called GUT triangle. This,
however, does not necessarily spoil our arguments, but may be in strong support of the
idea of unification, as we will now explain.

The Standard Model is a renormalizable theory, and as such, infinities which may appear in
the calculations can be consistently absorbed into a finite number of physical parameters.
As soon as we give up the point of view that the Standard Model is the fundamental theory
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which is valid up to arbitrarily high energies, we have to introduce a cut-off, where new
physics takes over. The mass of the only fundamental spin-0 particle, the Higgs boson,
receives corrections which are quadratic in the cut-off parameter, whereas the masses of the
gauge bosons and of the fermions are protected by gauge invariance and chiral symmetries,
respectively. These large corrections eventually drag the Higgs mass from the electroweak
scale of ~ 200 GeV to the unification scale (naturalness problem). Supersymmetry [5] nicely
resolves this problem by introducing fermionic partners for the bosons (and vice versa),
thus protecting the Higgs mass against large corrections. Moreover, in the supersymmetric
generalization of the Standard Model, the gauge couplings which previously missed each
other, meet in one point, suggesting to consider supersymmetric Grand Unified Theories.
The smallest simple group which contains the Standard Model gauge symmetry is SU(5). In
the (non-supersymmetric) Georgi-Glashow model [6], all particles of one generation (except
the right handed neutrino) can be accommodated in two irreducible representations:

SO(10) > SU(B) O SU(3). x SU(2);, x U(1)y

16 — 10+5+1 — (3,2)+(3,1)+(1,1)+(3,1)+(1,2) +(1,1)

QL UR eR dr Eyr VR

We have also indicated how the SU(5) representations fit into the framework of the SO(10)
gauge group, since this will shortly become relevant. The embedding of the hypercharge in
the Grand Unified gauge group gives a prediction for the weak mixing angle sin?6,,, and
the fact that there are only two Yukawa couplings corresponding to the two irreducible
representations relates the b-quark and 7-lepton masses at the unification scale. In com-
parison to the Standard Model, this is a significant gain in predictive power. Unfortunately,
the minimal SU(5) model (both in its supersymmetric and non-supersymmetric version) is
ruled out by experiment.

Taking the idea of unification seriously, we notice that the SU(5) model has the rather
disturbing feature that two irreducible representations are needed to account for one family
of matter particles, and moreover, the right handed neutrino is conspicuously absent. The
smallest gauge group, in which one family can be fit into one irreducible representation, is
the Fritzsch-Minkowski model [7] with gauge group SO(10). The appearance of the singlet
state in the decomposition of the 16 playing the role of the right handed neutrino and the
absence of exotic particles can be considered to be a prediction of this model.

In spite of all the gain in predictive power and insight, Grand Unified Theories leave some
questions open and introduce new problems. The Higgs particle is generically accompa-
nied by color-triplet states, which must be absent in the low-energy theory (doublet-triplet
splitting problem). There is still no explanation for the repetition of families, and we are
as far as ever from unifying gravity with the other fundamental interactions. Particularly
the quest for a unified picture including gravity led physicists to consider an even more
daring idea, namely the existence of extra dimensions.



1. Introduction 3

Strings and Extra Dimensions

The first attempt at unifying gravity with the electromagnetic interactions (which were at
that time the only known fundamental forces apart from gravity) was made by Kaluza and
Klein, who considered gravity in five dimensions and compactified the fifth dimension on a
circle [8,9], thus obtaining gravity in four dimensions and additionally one massless gauge
boson and one scalar particle (plus an infinite series of heavy particles, now known as the
Kaluza-Klein tower).

In higher dimensions, divergencies become more severe, thus spoiling renormalizability.
Moreover, the interactions of quantum gravity are mediated by a massless spin-2 particle,
the graviton, and the theory is not renormalizable even in four dimensions. At present,
the most promising idea seems to be to consider finite theories in higher dimensions which
include a massless spin-2 particle in their spectrum.

String theory is an excellent candidate: In the spectrum, there is indeed a massless spin-2
particle which is suitable to describe quantized gravity. Moreover, the theory is perfectly
finite. Extra dimensions not only naturally arise from requiring mathematical consistency
of the underlying theory, but their number is also predicted. Supersymmetry is realized
(at the string scale), and the gauge symmetry follows from anomaly arguments! and is not
arbitrary. In the following, we will describe how the Standard Model and Grand Unification
fit into the picture suggested by string theory.

Notwithstanding all its mathematical beauty, it has still to be proved that string theory
has anything to do with the real world. The final goal, of course, is to reproduce the
Standard Model from string theory as the low-energy effective theory, preferably with a
Grand Unified gauge group realized at some intermediate step. Any theory which is to
describe the world we live in has to have only four observable space-time dimensions.

Compactification

Of the five consistent string theories, heterotic Eg x Ej theory seems particularly promising.?
The gauge group Eg in ten dimensions is large enough to accommodate not only the
Standard Model, but also all the other groups which have ever been used in successful
Grand Unified Model building. In particular, we have the so-called series of GUTs:

Es D Eg D SO(lO) D) SU(5) D) SU(?))CXSU(Q)LXU(l)y

Starting in ten dimensions, one can in principle confine the 6 extra dimensions to any
compact manifold M such that the original space-time is given by a direct product

R* x M,

I This is true for the heterotic and type I theories. In the case of type II string theories, there is no
gauge group in 10 dimensions.

2Type II constructions with intersecting D-branes are very successful in reproducing the particle content
and some of the other aspects of the Standard Model. At the end of this section, we will briefly comment
on their advantages and disadvantages as compared to the heterotic constructions.
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where the four infinite dimensions correspond to our Minkowski space and the length scales
associated with M correspond to very high energies which cannot be probed with present
accelerators.

The simplest scheme of toroidal compactification [10] does not work, since the theory in
four dimensions has then N’ = 4 supersymmetry and is not chiral. Historically, the first
serious attempt to derive the four dimensional phenomenology of strings was to compactify
the heterotic Eg x Eg theory on so-called Calabi- Yau manifolds [11], which are special man-
ifolds ensuring that the low-energy theory has exactly one supersymmetry. Unfortunately,
Calabi-Yau manifolds are fairly complicated so that the computation of properties which
are not of topological nature is very difficult and in many cases not possible.?

Orbifolds as Twisted Tori

Orbifold constructions [12,13] which are the main objective of this thesis combine the
desirable features of both toroidal compactification and of Calabi-Yau manifolds. Being
defined as a six-torus?, where points related by a discrete symmetry have been identified,
the orbifold is Riemann flat with the exception of finitely many points. Therefore, the
equations of motion remain exactly solvable and the parameters of the theory can easily
be calculated: the gauge group, the matter content, the superpotential, the Yukawa cou-
plings, the Kéahler potential, the gauge kinetic function, the unification scale of the gauge
coupling constants. Moreover, the discrete symmetry reduces the N' = 4 supersymmetry
of the torus compactification scheme to N' = 1, thus allowing for chiral particles in the
spectrum.

It is remarkable how unification is realized in the context of orbifolds. As we go to higher
and higher energies, we probe not only the physics in four dimensions, but penetrate
into the compactified six dimensions, which open up to display the full gauge symmetry
Es x Eg. Conversely, starting in ten dimensions, in the process of compactification not
all gauge bosons survive, but some are projected out, thus giving the gauge symmetry in
four dimensions. It is this very same mechanism which solves one of the most prominent
problems which plagues conventional GUTs in four dimensions, namely the doublet-triplet
splitting problem. The Higgs, which is in the fundamental representation of the Grand
Unified group (e.g. SU(5)), is accompanied by a color-triplet state,

5—)(1,2)-%%.

which is projected out by the discrete symmetries defining the orbifold [14]. In orbifold
constructions, the coexistence of these so-called split multiplets with the quark and lepton
representations in full multiplets arises quite naturally.

3Recently, generalized Calabi-Yau manifolds have become popular after considering compactifications
with fluxes. The presence of fluxes may stabilize quite a few of the moduli of the models both in heterotic
and type II constructions.

4An orbifold is in general defined as a manifold divided by a discrete symmetry. In the context of string
theory, this manifold is usually assumed to be a flat torus.
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Another major step towards building realistic four dimensional models was taken when
background fields, more specifically Wilson lines [15], were included, which subsequently
led to the construction of three-generation models with Standard Model gauge group in the
presence of extra U(1) factors [14]. In these models, the existence of three generations of
quarks and leptons could often be related to the number of compactified dimensions [15] or
to the number of twisted sectors [16], thus giving a geometric explanation for the repetition
of families. This feature is characteristic of orbifold constructions: Most properties of the
model can be related to the geometry of the orbifold.

Other Schemes of Compactification

Other schemes of compactification which have been proposed include (the already men-
tioned) Calabi-Yau manifolds [11], free fermion models [17], superconformal field theo-
ries [18] and brane world constructions [19]. We will now briefly comment on these schemes
and indicate their relation to orbifolds.

In many respects, an orbifold can be viewed as a singular limit of a Calabi-Yau manifold,
where the curvature has been concentrated at some finite number of points. For a num-
ber of cases, this relation has been explicitly illustrated by “blowing up” the orbifolds to
Calabi-Yau manifolds, smoothing out the singularities. However, in some sense, orbifolds
generalize compactification schemes on smooth manifolds, since they are not manifolds at
all. The propagation of a string on an orbifold (in contrast to that of a point particle
which could “run into” the singularities) is perfectly well-defined, so from the string point
of view, there is no reason to prefer smooth manifolds. Furthermore, Calabi-Yau com-
pactifications of the heterotic string (with 26 left moving and 10 right moving degrees of
freedom) assume a ten dimensional intermediate theory, which is then compactified down
to four dimensions. With so-called asymmetric orbifolds we can directly construct four
dimensional strings, avoiding the detour over the ten dimensional picture.

Orbifolds are also closely linked to superconformal field theories. Strings are described
by two-dimensional quantum field theories on the world-sheet. Consistency (in particular
reparametrization invariance) requires these theories to be (super-)conformal, thus highly
restricting their structure and allowing their classification. One class of theories describes
bosons and fermions with periodic boundary conditions and considering their embedding
in the target space, they can be shown to be equivalent to orbifold models.

In recent years, brane world constructions have played an important role in model building.
Strictly speaking, brane world scenarios are not a compactification scheme. The fields of
the Standard Model live on a four dimensional hypersurface embedded in ten dimensional
space, whereas the mediators of gravity propagate in the full ten dimensions. The main
new feature of brane worlds as compared to heterotic compactifications is that gauge
and gravitational interactions propagate in different spaces, implying that the string scale
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might be as low as a few TeV. The hierarchy problem (the large ratio of the Planck and
electroweak scales) is reformulated, namely why this particular geometric setup is realized
and whether it is stable.

Brane world models need quite a number of ad hoc assumptions. The placement of the
fields on the branes is arbitrary, and contrary to the case of orbifold compactifications,
the spectrum does not follow from the higher dimensional gauge group. Gauge coupling
unification is generically absent, and the 16 of SO(10) (as explained above, our preferred
matter multiplet) cannot be realized in this setup.

All these considerations make us believe that for constructing realistic string models, the
heterotic Eg x Eg theory is the most promising starting point.

1.2 Organization of the Thesis

In the following, we will give an overview over the thesis and discuss the contents and the
results of each section in some detail.

Chapter 2

We describe the generalities of orbifold constructions. The heterotic string is introduced,
mainly to fix the notation and to set the stage. After discussing toroidal compactifications
and their shortcomings, orbifolds are introduced, whereby we closely follow refs. [12,13,20].
Special emphasis is laid on the consistency conditions, which will become important when
classifying orbifold models. The construction of the spectrum is discussed on an abstract
level, deferring many details and examples to chapter 3. The Zs orbifold is presented to
illustrate the basic mechanism of using gauge background fields to control the number of
families. The results in this chapter are standard.

Chapter 3

The early work on orbifolds concentrated on Zs, and other orbifolds were much less inves-
tigated. Orbifolds with point group symmetry Zy (N not prime) and Zy x Zy; (which we
will also call non-prime orbifolds) have many features which distinguish them from the case
of Zx, where N is a prime number. Maybe the most prominent feature is the appearance
of the fixed tori. The states living there are then effectively six-dimensional (brane states),
and the four dimensional spectrum is realized as the intersection of the higher dimensional
spaces corresponding to these twisted sectors. The states on the branes feel the presence
of a gauge symmetry which is generically larger than the gauge group surviving in four di-
mensions, thus allowing us the construction of GUTs in an intermediate step of our model.
As explained before, the particle content of the Standard Model is reminiscent of a GUT
structure with the appearance of full and split multiplets, which motivates the picture of
the Grand Unified Group being realized in a higher dimension. In our publication [21], we
focused on Zy X Zs to present the general picture. Several three generation models were
constructed, and claims in the literature [22] that there are no three generation models in



1. Introduction 7

the context of the Zs x Zs orbifold could be disproved. Exploiting the brane world picture,
we make contact to the recently much discussed orbifold GuTs [23,24].

In this work, we chose to consider the Zg-I1 orbifold as the paradigm for general non-prime
orbifolds, since this case is general enough to display all the complications which may
arise in the course of the calculations. Subsequently, several three generation models are
constructed. These results are as yet unpublished. Note that the first work done in this
direction was by refs. [25,26].

We have created computer programs for orbifold constructions. These programs are quite
general in the sense that the point group, the Wilson lines and the type of the heterotic
theory (Eg x Eg or SO(32)) may be specified at will and the program produces the spectrum
in a human readable form. The programs have been developed in C++ and the construction
of one model takes 3 seconds on a 2.7 GHz computer. So far, we have calculated orbifold
models for Zs, Z4, Zg-11, Zo X Zo in the context of the Eg x Eg theory, and for Z4, Zy X Zo
in the context of the SO(32) theory. The results were compared to the literature, in case
they were available.

Chapter 4

The simplest orbifold models generically give a large number of families which is incom-
patible with our experimental observations. As was previously pointed out, choosing an
appropriate gauge field background is an effective method to arrive at phenomenologically
viable three generation models. Unfortunately, the large number of parameters which one
may choose at will makes a systematic search for interesting models rather difficult.

Since the gauge embedding of the orbifold twist is a Lie algebra automorphism, mathe-
matical tools (in particular the Ka¢ theorem) can be used to classify the models with and
without Wilson lines. Scanning through the parameter space of all Zg-II orbifold models
with one Wilson line, we have found some hundred three generation models with Stan-
dard Model, Pati-Salam and SO(10) gauge symmetry. Most remarkably, there is even one
SO(10) three generation model with no Wilson lines at all.

The classification has been applied to the cases of Zgy x Zy and Zg-11 for the Eg x Eg theory
and to the case of Z, for the SO(32) theory. The Zy x Z5 classification has been published
in ref. [21], but the other results are as yet unpublished.

Chapter 5

Contemporary orbifold constructions have one big disadvantage, which is a serious problem
for them to make contact to established physics. Starting in ten dimensions with either
Es x Eg or SO(32), which are both of rank 16, the rank of the gauge group surviving in four
dimensions can never be reduced. The Standard Model, however, has only 4 commuting
operators, which corresponds to rank 4. The reason behind this can be traced back to the
gauge embedding being realized as a shift. Ref. [27] broke new ground by realizing the
twist as a rotation in the root lattice of the gauge symmetry, thereby successfully reducing
the rank of the algebra in four dimensions. However, the gauge embedding was realized
only in the root lattice and not on the algebra level, leaving many questions open. We
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have succeeded in lifting the rotation in the root lattice to an automorphism on the algebra
and developed the calculational tools to unambiguously identify the unbroken gauge group
corresponding to this automorphism. Moreover, the possible gauge embeddings could be
linked to certain mathematical structures (the conjugacy classes of the Weyl group of the
corresponding algebra), which allowed us to systematically search for interesting classes
of models. In this chapter, the main focus was on the development of the necessary
mathematical tools.

Chapter 6

The methods developed in chapter 5 were used to construct a semi-realistic orbifold GuT
with Eg gauge symmetry in the six-dimensional bulk, which was then reduced to Standard
Model gauge group with one additional U(1) factor, thus reducing the rank by 1. Remark-
ably, the model can be viewed as a limit of a string model described in ref. [26], which has

appealing phenomenological properties. The results obtained in this chapter have been
published in ref. [28].

Chapter 7

The ultimate goal is to embed any lower dimensional orbifold GUT into the context of
heterotic string theory. The methods of chapter 5 are completely general, also allowing the
extension of the construction described in chapter 6 to the stringy case. We present the
lifts of the 112 conjugacy classes of the Eg and give the benchmarks for the SO(32) case.
The actual construction of a string model will be presented in a forthcoming publication.
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Chapter 2

Orbifold Constructions

After a short discussion of the heterotic string, we proceed to explain
orbifold constructions in some detail. Special emphasis is put on the con-
sistency conditions of the construction, which run like a thread through
this work. The discussion of the spectrum is quite abstract and should be
read in parallel to the specific model constructions in chapter 3. We ex-
plain the role of background fields in the construction of three-generation
models and illustrate the mechanism by means of the Z3 orbifold.

2.1 The Heterotic String

In the bosonic construction, the heterotic string [29,30] is described by a 10 dimensional
right moving superstring [31-34], and a 26 dimensional left moving bosonic string. We
will denote the 8 right moving bosonic and fermionic coordinates of the superstring in
the light-cone gauge by X% and W%, i = 1,...,8, respectively. The left movers include 8
bosons X%, i=1,...,8, and another 16 bosons X/, I =1,...,16, which are compactified
on the 16-torus 7%, From anomaly cancellation arguments in 10 dimensions it follows that
T' must correspond either to the root lattice of Eg x Ej or to that of Spin(32)/Z, [35].
While most of what we explain in this chapter also applies to the latter case, we will soon
specialize to the case of Eg x Ej, because this case is considered to be phenomenologically
more promising.

To find the massless states is pretty straightforward. The mass equation for the right
mover is given by
2
m
—2 — Np—cp (2.1)
4
where Np is the number operator, counting the excitations of the oscillators, and cg is
a constant which is 1/2 for Neveu-Schwarz states, and 0 for Ramond states. The only
massless states are b’ | /210) r in the Neveu-Schwarz sector, and dff|0) r in the Ramond sector.

The former state is an SO(8) vector, whereas the latter one is a spinor. To make this point

9
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explicit, we will represent these states by the weights of the respective representation in
Cartan-Weyl labels:

bLifplO)r ~ [£1000)r ~ 8y,  dilO)r~[£5 £5 £5 £5)r~8s (2.2)

The underline denotes the permutation of the entries and the GSO projection [36] restricts
number of plus signs in the spinor representation to be even. The mass formula is then

rewritten to give

2
mpg 1, 1
— Z2_Z 2.3
1 2q % (2.3)

where ¢ is either (£1000) or (+3 35 £3 £3).

The mass formula for the left movers is given by

2 1\2
% — N+ —(p§> ~1. (2.4)

The level matching condition m% = m? removes the tachyonic ground state (N, = pt = 0)
of the bosonic string. The only massless states are

Ny=1, (pp)*=0: & ,]0),
N,=1, (ph)*=0: a’,|0),
Np=0, (p1)*=2: |po) (2.5)

Putting everything together, we obtain the massless spectrum of the heterotic string in 10
dimensions:

b1 55|00r ® @' 4]0), : Graviton, dilaton, B-field
d3|0)r ® @' ,|0) : sSusy partners for graviton, dilaton, B-field
bi_1/2|O>R ® &’ |0y, : 16 uncharged gauge bosons (2.6)

bi_1/2]0>R ® |pr)r @ 2404240 charged gauge bosons of Eg x Eg

)
)
)
d5|0)r ® & ,]0);, : 16 uncharged gauginos
)
dy|0Yr @ |pr)r @ 2404240 charged gauginos of Eg x Eg

The states carrying a Lorentz index are identified with the corresponding particles using
their transformation properties under the respective little group. More details can be found
in ref. [37]. The Frenkel-Ka¢ construction [38] establishes the gauge symmetry.

2.2 Toroidal Compactifications of the Heterotic String

Experience tells us that we live in 4 dimensions. Thus, for string theory to bear any
relevance for low-energy particle physics phenomenology, the extra dimensions predicted
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have to be small as to have escaped detection so far. The first attempt at starting in a
higher dimensional space-time and deriving the phenomenology in 4 dimensions was made
by refs. [8,9]: Compactifying 1 extra dimension on a circle, 5 dimensional gravity gives
gravity in 4 dimensions, and additionally, one gauge boson and one massless scalar field.
In our case, we have to compactify 6 extra dimensions. In principle, one can confine the 6
extra coordinates to any compact manifold M such that the original 10 dimensional space
is given by a direct product

R* x M, (2.7)

where the 4 infinite dimensions correspond to our Minkowski space. The simplest idea is to
compactify each extra coordinate on a circle, which is (topologically) equivalent to choos-
ing M to be a 6-torus T° [10]. The virtue of this construction is not only its simplicity.
The torus is Riemann flat, and as a consequence, the equations of motion remain exactly
solvable even after compactification, so the spectrum and other properties of the model
can easily be calculated.

However, torus compactification schemes do not lead to realistic models in 4 dimensions,
the most prominent reason being the following. Consider the gravitino given in eq. (2.6):

l¢)r ® &" ,]0);, (2.8)

The right mover is the 8 dimensional spinor representation of SO(8), which consists of all
weight vectors
q=(+3 £3 +3 +3), even number of + signs. (2.9)

In 10 dimensions, the state in eq. (2.8) corresponds to one gravitino, which establishes
the fact that we have N' = 1 supersymmetry. After compactification, however, the last 3
entries of the weight vector in eq. (2.9) are internal indices, so we get a total of 4 gravitinos,
thus giving NV = 4 supersymmetry in 4 dimensions.

Supersymmetric theories for AV > 2 have quite a few undesirable phenomenological proper-
ties. For such theories, the matter and vector representations are generally in the same su-
persymmetry multiplet. Since gauge and supersymmetry transformations commute, states
in the same SUSY multiplet transform according to the same gauge group representation,
and as the vector fields are required by local gauge invariance to transform in the adjoint
representation, also matter representations are predicted to transform in the adjoint rep-
resentation. This is in contradiction to the well-established fact that matter transforms in
the fundamental representation of the gauge symmetry.

Although models with no supersymmetry are viable, supersymmetric models (N = 1) can
alleviate some of the problems encountered, when embedding the Standard Model into the
context of a more fundamental theory [5]. Orbifold constructions, which we will introduce
in the next section and which are the main objective of this thesis, combine the simplicity
of torus compactifications with the virtues of N/ = 1 supersymmetry in the low-energy
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theory. Since the orbifold is, with the exception of finitely many points, Riemann flat,
one can comparatively easily calculate the gauge group, the matter content, the Yukawa
couplings, the Kahler potential, the gauge kinetic function, and the unification scale of
the coupling constants. The wealth of physical parameters which can be calculated in
combination with the realistic features of the constructions are the major advantages of
orbifolds over other compactification schemes.

2.3 Orbifolds

Our exposition closely follows ref. [20]. To construct a 4 dimensional string theory, 6
dimensions are compactified on a torus 7°. The resulting spectrum has N = 4 supersym-
metry, and is thus non-chiral. To obtain a chiral theory with A/ = 1 supersymmetry, one
compactifies on an orbifold [12,13]:

O=T°/P & Tpyr, /G (2.10)

An orbifold is defined to be the quotient of a torus over a discrete set of isometries of the
torus, called the point group P. Modular invariance requires the action of the point group
to be embedded into the gauge degrees of freedom:

P CO(6) — G C Aut(Eg x Ey), 00— o (2.11)

G is in general a subgroup of the automorphisms of the Eg x Ej Lie algebra, and is
called the gauge twisting group. In the absence of outer automorphisms, the Lie algebra
automorphism on each Eg factor can be realized as a shift X +— X+ V in the root lattice,
such that the automorphism is given by

ov(E,) =exp(2mia- V) E,. (2.12)

The shift vector V' is subject to conditions ensuring the modular invariance of the theory,
as we will describe in section 2.4. The nature of the precise connection between shift vec-
tors and Lie algebra automorphisms will be discussed in chapter 4.

An alternative description is to define an orbifold as
O =R°/S @ Tyyxx, /G, (2.13)

where the lattice vectors ey, a = 1,. .., 6, defining the 6-torus 7° have been added to the
point group to form the space group S = {(0, Na€o) ‘ e P, n, € Z}. As before, modular
invariance requires the action of the space group to be embedded into the gauge degrees
of freedom,

S — G, (0,n0€0) — (0v,na04,), (2.14)

where the lattice vectors e, are mapped to the automorphisms o4, corresponding to the
shifts A, in the gauge lattice. Since the embedding is a homomorphism, the sum of lattice
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vectors, nge,, is mapped to the sum of their images, n,o4,. The shifts A, correspond to
gauge transformations associated with the non-contractible loops given by e, and are thus
interpreted as Wilson lines. The action of the orbifold group on all degrees of freedom is
then given by

X' (0X)" + ngel,, Xi = XL+ V4 n, AL (2.15)

where i = 3,...,8, I =1,...,16. Note that in this case, X’ are coordinates on the plane.
Choosing complex coordinates on the torus,

ZV=X3+iXt, ZP=X°+iX® Z3=X"+iX®, X'~ X'+ ngeq,  (2.16)

the action of the point group on the space-time degrees of freedom can be neatly summa-
rized as
Z% — exp (2miv*) Z%, a=1,2,3, (2.17)

where v is called the twist vector.

2.4 Consistency Conditions for Orbifold Constructions

Different 4 dimensional models can be constructed depending on the choice of the compact-
ification torus 7%, the point group P, and the embedding into the gauge degrees of freedom
P — G. There are several constraints which must be fulfilled, which we will discuss now.

2.4.1 The Twist 0 is well-defined

In eq. (2.10), an orbifold is defined by starting with a torus and moding out the action of a
discrete group. The group action can only be consistently moded out, if it is a symmetry of
the torus. Such groups are then said to act crystallographically on the lattice defining the
torus. The fact that the list of lattices in dimensions d > 2 is finite, is a famous result due
to Bieberbach [39,40]. In 6 dimensions, there are 28,927,922 classes of space groups [41].

2.4.2 The Twist acts as Identity on Spinor Representation

From now on, we will restrict ourselves to abelian point groups. As such, P C O(6) is a
subset of the Cartan algebra of O(6), and the twist # € P can be represented by

0 = exp (v'Hy + v’ Hy + v*Hs) . (2.18)

Choosing the Cartan generators as rotations in the 3 orthogonal planes corresponding to
X?2atl X202 g = 1,2 3, one arranges that the coefficients in eq. (2.18) are exactly the
entries of the twist v. Denote the order of # by N. Then, acting with ¥ = 1 on the
8-dimensional spinor representation, we obtain

. 1,15 13
6271'1N<2v +2v +2v>‘

A

N[
~—

), (2.19)

N[
N[

11
22

N[
N [—=
N [—=
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concluding that
N (v' +v* 4+ v*) = 0 mod 2. (2.20)

The requirement of A/ = 1 supersymmetry in section 2.4.3 will give a tighter constraint,
compare eq. (2.23). The above equation restricts the choices for the twist for orbifold
models with no supersymmetry.

2.4.3 N =1 Supersymmetry

Demanding N = 1 supersymmetry in 4 dimensions confines 6 € P to lie in a subset of the
full holonomy group [11]:
P C SU(3)

Remembering our restriction to abelian point groups, we find that P must either be Zy
with N =3,4,6,7,8,12, or Zy X Zyp; with M, N = 2,3,4,6, and N a multiple of M [12,42].
For N =6, 8,12, there are 2 different choices for the point group P. The lattices on which
P acts as an isometry are the root lattices of semi-simple Lie algebras of rank 6. In some
cases, there is more than one choice of lattice for a given set of symmetries P. A table of
admissible lattices can be found in tab. 1 of ref. [20,43].

To find the condition for A/ = 1 supersymmetry, consider the 4 gravitinos in 4 dimensions
obtained after toroidal compactification (the first entry in the spinor corresponds to four
dimensional chirality):

|35 £5 £3 £35)r®d%,(0)L (even number of + signs) (2.21)

The left mover has only Lorentz indices in the uncompactified dimensions, and transforms

trivially under the orbifold action. Thus, for the gravitino to be invariant, the right mover

needs to transform trivially, too. Acting with § € Zy on a spinor representation of SO(8),

11,1

o2mi (£svlE5024+508

0 : |£3+£5£5+3) (52014 2Mi%i%i%i%% (2.22)

we realize that demanding +v! 4 v? & v3 = 0 for one combination of signs (all v® # 0)

guarantees that in eq. (2.21) exactly one gravitino will survive. In this case, one can always
choose

1, .2, .3
v+ 7 40 =0. (2.23)

Knowing its order N, the form of the twist vector can easily be derived. Consider e.g. N=6.
Since the sum v' + v? + v? is zero, not all v* are positive. An overall sign is irrelevant,
so we can assume that the first 2 entries are positive, and the last one is negative. As
vt + 0% = |v3|, we are only free to choose v! and v?, which we can take to be any positive
integer from 1 to 5, divided by 6. Note that 0/6 is not an admissible choice, as it gives
N = 2 supersymmetry, and 6/6 is equivalent to 0. Going through all possibilities and
identifying twists which only differ in the permutation of their entries (which corresponds
to interchanging the 2-tori), we find only 2 inequivalent twists, which are given in tab. 2.1.
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Point Group Twist v Point Group |  Twist v; Twist v

Zs (1/3, 1/3, -2/3) Zox Ty | (1/2. 0. -1/2)] (0. 12, 1/2)
Zy (1/4, 1/4, -1/2) ZoxZa | (1/3, 0. -1/3) | (0. /3. -1/3)
Zg-1 (1/6, 1/6, -1/3) ZoxZe |2 012 | 0 12 1
Ze-11 (1/6, 1/3, -1/2)

Zs (1/7, 2/7, -3/7) Ly XLy | (1/4,0, -1/4) | (0, 1/4, -1/4)
Zsl | (1/8, 1/4, -3/8) Zy xZsl | (1/2, 0, -1/2) | (0, 1/6, -1/6)
Ze 1l | (1/8, 3/8, -1/2) Zy x L1l | (1/2, 0, -1/2) | (1/6, 1/6, -1/3)
Za- (1/12, 1/3, -5/12) Zsx Zs | (1/3, 0, -1/3) | (0, 1/6, -1/6)
Z19-11 (1/12, 5/12, -1/2) T X Lg (1/6, 0, -1/6) | (0, 1/6, -1/6)

Table 2.1: All abelian point groups, which give N' = 1 SUSY.

Inspecting tab. 2.1, we see one striking feature of Zy x Z,; orbifolds, which will play an
important role later. Moding out each twist leaves one 2-torus invariant, and the spectrum
in 4 dimensions is obtained as an “intersection” of the spectra in 6 dimensions. The theory
in the 6 dimensional intermediate will have N' = 1 supersymmetry, which is tantamount
to N = 2 supersymmetry in 4 dimensions. We will come back to this point in chapter 3.

2.4.4 The Embedding P — G is a Group Homomorphism

Let N denote the order of the twist. Since # = 1 and the embedding of the twist into
the gauge degrees of freedom is a homomorphism, NV must act as the identity on the
root lattice. As such, NV must lie in the dual root lattice, and from the self-duality of
Es x Eg it follows that NV € Tggxe,- The same reasoning applies to Wilson lines, and in
summary, we have:

NV 6 TEsXEé? NAa E TEgXEé (224)

Since the number of independent cycles on a 6-torus is 6, one may be tempted to conclude
that we can independently choose 6 Wilson lines, one for each cycle. However, if the lat-
tice vectors defining the torus are related by the point group symmetry, the corresponding
Wilson lines must be identified. An example is the case of the Z3 orbifold, which we will
discuss in section 2.6. Consider e.g. the first torus in fig. 2.1. Under the action of €, which
is a 120° rotation, the first lattice vector is mapped onto the second one. Thus, we can
only choose one Wilson line, say, along e;. The second Wilson line along e, has to equal
the first one.

The order of the Wilson line, which is by eq. (2.24) constrained to be N, also depends on
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the choice of the compactification lattice [43]. By exploiting the homomorphism property
of the embedding, we will show in section 3.2, that for the Zg-II model with a specific
choice of the 6-torus 7%, Wilson lines of order 6 are not allowed.

2.4.5 Modular Invariance
For the partition function of a Zy orbifold to be modular invariant, the following conditions
N'[(mV + nads)” —m*0?] =0mod 2, m=0,1, n, €Z, (2.25)

on the twist, gauge shift, and Wilson lines need to be fulfilled [20], where N’ is the order
of the local shift. Modular invariance automatically guarantees the anomaly freedom of
orbifold models. These conditions can be recast into a more explicit form suitable for
calculations:

N(VQ—UQ):OmOdQ
NV-A,=0mod 1
N'A,-Ag=0mod 1, a#p
N" A2 = 0 mod 2 (2.26)

The constants N’, N” can be derived from eq. (2.25). For Zx x Zy; orbifolds, the above
conditions for modular invariance are generalized in a straightforward way. Let vy, v
denote the twist vectors of Zy x Zys, and Vi, V5 the corresponding gauge shifts. Then we
have

N'[(BVi + €Va + noAa)? — (kvi + £v9)?] = 0 mod 2,
N’ order of kv, + lvs,
k=0,... N—1, (=0,....M—1, n,eZ (2.27)

For the Wilson lines, the conditions in eq. (2.26) are the same, except that they need to
be fulfilled for both V;, and V5.

2.5 The Spectrum

On an orbifold, there are 2 types of strings, twisted and untwisted closed strings. An
untwisted string is closed on the torus even before identifying points by the action of the
twist:

X' (o +27m) = X'(0) + nae’,, i=3,...,8 (2.28)

A twisted string is closed on the torus only upon imposing the point group symmetry:
Xi(o+27) = (0X(0)) + nge’,, i=3,...,8 (2.29)

From the boundary conditions, it follows that the twisted strings are localized at the points
which are left fixed under the action of some element (6;, nne,) of the space group S. These
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points are called the fized points of the orbifold. We will call the element g = (6;, n.€4)
which corresponds to some given fixed point the constructing element, and denote the
states which are localized at this fixed point by H,.

Since the strings live on the orbifold, we must project onto S ® G invariant states. We will
consider the twisted and untwisted sectors separately.

2.5.1 The Untwisted Sector

The states in the untwisted sector are those of the heterotic string compactified on a torus,
where states which are not invariant under S ® G have been projected out. The level
matching condition for the massless states is given by

1, 1 1., 1., 1,
where ¢ denotes the SO(8) weight vector of the right mover ground state, e.g. |% % % %>

or [1000). Under the action of the point group, the right and left mover states will
transform as exp(—2wiq - v)|q)r, and exp(27wip - V)|p)r, respectively!. Only states for
which the product of these eigenvalues is 1 will survive the projection. The gauge bosons
are formed by combining right movers which do not transform under the action of the
point group with left movers satisfying

p-V =0 mod 1, p-A,=0mod 1, (2.31)

giving the unbroken gauge group. Right movers which transform non-trivially combine
with left movers for which

p-V=kE/Nmodl, k=1...,N—1, p-Ay, =0mod 1, (2.32)

to give the charged matter. The states which include excitations for the left movers give
uncharged gauge bosons (Cartan generators), the supergravity multiplet, and some number
of singlets.

2.5.2 The Twisted Sectors

Without loss of generality, let us focus on the states corresponding to the constructing
element g = (6;,na€,). The twist acts as a shift p — p +V; + n,A, on the momentum
lattice, and as ¢ — g+wv; on the right mover ground state. In addition, the number operator
Ny, is moded. The zero point energy of the right and left movers is changed by [13]

dc = %an(l—nk), (2.33)
k

"'When we take the scalar product g - v, we shall mean ¢ -9 with @ = (0, ).
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where n* = v¥ mod 1 so that 0 < #* < 1. The level matching condition for the massless
states then reads

1
mi = 5P+ Vit nada)’ + Ny~ 14+35c=0.  (234)

1 =

2
mp =

As compared to the untwisted sector, the projection conditions in the twisted sectors are
slightly more complicated. Consider the subset Z, of the space group S which commutes
with the constructing element g. Acting with Z, on the orbifold, the Hilbert space H, is
mapped into itself. Z, should act as the identity on H,, thus all elements which are not
invariant under h € Z, are projected out.

If h € S does not commute with g, the action of A changes the boundary conditions of
the states in H,, and states in ‘H, will be mapped to states in Hj,g,-1. To form invariant
states, one starts with some state in H, and considers its image in Hygp-1 for all h € S. In
each Hilbert space, we project onto its Zjg,-1 invariant subspace. The sum of these states
is then invariant under the action of the space group S.

2.6 The Z3 Case as the Paradigm for Odd-IN Orbifolds

We illustrate the discussion of the previous section by considering Z  orbifolds with prime
N, taking the Zs orbifold as the paradigm. The lattice defining the 6-torus is the SU(3)?
root lattice as shown in figure 2.1. The point group Zs is generated by 6 which acts as
a simultaneous rotation of 120° in the three 2-tori, and in the notation of eq. (2.17), this

corresponds to the twist vector
1
v = 3 (1, 1, =2). (2.35)

The action of 6 leaves 27 fixed points. The twisted sector corresponding to the action of 62
gives the anti-particles of the aforementioned sector, so we will not consider it separately.

Figure 2.1: Zs3 orbifold. The circle, triangle, and square denote the fixed points.
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In figure 2.1, the strings in the first and the second torus are already closed on the torus
(untwisted sector states), whereas in the third torus, the state only closes upon imposing
the symmetry generated by the 120° rotations (twisted sector state).

Let us first consider the untwisted sector. The action of the orbifold twist is accompanied
by an action in the gauge degrees of freedom realized as a shift. We choose the standard
embedding

V:%(l, 1, =2, 0°) (0%, (2.36)

where the first 3 components of the gauge shift? are equal to the components of the twist
vector v. With this choice, the modular invariance condition eq. (2.26) is automatically
satisfied, and the anomaly freedom of our model is guaranteed. From the 240 states in
the first Eg, only 78 = 72 + 6 survive the projection condition eq. (2.31), and yield the
charged gauge bosons of Eg x SU(3), whereas the second Ej is left untouched.

The right mover ground state will decompose as 8 — 3 + 3 + 1+ 1 under SU(3) C SO(8),
i.e. there are 3 right mover states transforming as |¢)r — exp (-2m’ . %) lg) g which will
combine with left movers satisfying

p-V= % mod 1 (2.37)
to give the charged matter representations 3 x (27,3). From the untwisted sector, we thus
get 9 families of quarks and leptons.

Let us now discuss the twisted sector, and focus on the fixed point (e, e, e) in figure 2.1.
The shift in the zero point energy as given by eq. (2.33) is ¢ = 1/3, and the level matching
condition for the massless states reads

1 11, 1., 1 , 2
2((_1—1-22) 5= MR = ML 2(p+ )+ 3 (2.38)

The twisted right moving ground state |q + v) g is a singlet under 6. (Note that ¢ + v must
be shifted by a SO(8) root vector to fulfill the level matching condition). For N = 0,
there are 27 elements p + V satisfying (p + V)% = 4/3. These left movers transform as

p+ V)L —exp2ri(p+V)-V)|p+ V) =exp(2nmi-1)|p+ V), (2.39)

and are invariant. They combine with the right mover to give the representation (27, 1).
For Ny = 1/3, there are 3 elements p + V satisfying (p + V)? = 2/3. These left movers
transform as

2
p+ Vi —exp(2mi(p+V)-V)|p+ V)L =exp <27m' . §) p+ V)L, (2.40)

whereas the oscillators (one for each complex dimension) transform as

at - e2Mq, a=1,2,3, (2.41)

2Zero to the power of n is short for writing n zeros.
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so that the states |q) g ® a%|p), are invariant, and give three copies of the representation
(1,3). Taking into account that there are 27 fixed points, the matter content of our orbifold
model is

3% (27,3), 27x(27,1), 27x3x (1,3). (2.42)

Thus, in the case of the standard embedding, we have 36 generations of quarks and leptons.
All non-trivial embeddings of the point group into the gauge degrees of freedom have been
classified [13]. For each model, we have listed the shift vector V, the resulting unbroken
gauge group, and the number of generations in table 2.2.

Case | Shift V' Gauge Group Gen.
1 | (3.5 2,09 (0% E¢ x SU(3) x E§ 36
2 | (35,5,5.0°) (3,5,2,0°) | Eg¢ x SU(3) x Eg x SU(3)’ 9
3 | (5,3,0° (3,07 E; x U(1) x SO(14) x U(1)' | 0
4 1 (5.533.2,0% (3,07 | SU(9) x SO(14)" x U(1) 9

Table 2.2: Inequivalent Z3 orbifold models without Wilson lines.

Note that the proliferation of the number of generations is due to the fact that the physics
at each fixed point is the same. This dramatically changes in the presence of Wilson
lines [15]. We will illustrate the lifting of the degeneracy at the fixed points using a specific
example. Choose the standard embedding, and the Wilson lines

1 1\ /2
A=Ay = (06, 3 §> (g’ 07). (2.43)

Applying the projection conditions eq. (2.31), we find that the surviving gauge symmetry
is

SU(6) x SU(3) x U(1) x SO(14) x U(1)". (2.44)

From the untwisted sector, we obtain the charged matter representations 3 x (15,3). (We
will only indicate the representations under the first 2 factors of the symmetry group.) Let
us discuss the twisted sector in greater detail.

Consider the fixed points (e, e ), (A, e o) and (m, e, e) as depicted in figure 2.2. The fixed
point (e, e, e) is left invariant under the action of # alone, i.e. the constructing element is
(0,0). The level matching condition for massless states living at this fixed point will be
the same as eq. (2.38). The states do not feel the presence of the Wilson lines. The fixed
point (A, e, e) however, is only invariant under the action of § accompanied by the lattice
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Figure 2.2: Zj orbifold with non-vanishing Wilson lines A, As. The circles around the
fixed points indicate that the degeneracy in the first torus is lifted.

shift ey, and the constructing element is (0, e;). The immediate consequence is that the
level matching condition for the massless states changes to

%(q—i—v)—é:im%zim%:%(erVJrAl)Q—i—NL—%=O. (2.45)
Clearly, it is more difficult to fulfill the new relation, and the 27 of Eg will preferentially
decompose into small representations under the new gauge group. The level matching
condition can only be satisfied for Ny = 0, and these states also survive the projection
condition analogous to eq. (2.39) (where we have to substitute V' — V + A;) to form the
representations (1,3) 4 (6,1). As there are no Wilson lines in the second and third torus,
the spectrum at the fixed point (A, e, ) will still be 9-fold degenerate. All fixed points
with A as the first entry and an arbitrary one in the last two entries will have the same
matter content. Analogous considerations also apply in the case of the fixed point (m, e, e).
To summarize, the matter content of the model is (omitting the antiparticles)

Untwisted 3 x (15, 3),

(o,-,) 9 x (15,1), 18 x (8,1), 27 x (1, 3)
(A, ) 9x(1,3),9x (6,1),

(m,-,-) 9x(1,3),9x (6,1).

From the untwisted sector, we obtain 9 families, which also have SU(3) quantum numbers,
and from (e, -, -), we have another 9 families which are SU(3) singlets. The total number
of 18 families is to be compared to the 36 families in the case of no Wilson lines. Using
more Wilson lines, models with 3 families of quarks and leptons [15] and with standard
model gauge group SU(3) x SU(2) x U(1)" can be constructed [14].
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Chapter 3

Model Construction with the Zg-11
Orbifold

The Z3 orbifold described in the previous chapter is the simplest super-
symmetric abelian orbifold (cf. tab. 2.1), and most of the past research
has concentrated on this case. In this chapter, we consider the Zg-11
orbifold as a paradigm for the class of models with more general point
groups Zy or Zy X Zyr, which are much less investigated. The case of
the Zg-11 is complicated enough to illustrate all features which may arise
in the construction of an orbifold with general point group. We describe
the construction of one model in very great detail. Then we consider
the inclusion of background fields and present several three-generation
models with Standard Model and GUT gauge symmetry. These mod-
els are as yet unpublished. It should be noted that the study of Zg-11
orbifold has been initiated by refs. [25,26].

3.1 The Geometry

The twist vector for the Zg-1I orbifold is given by
v= (5 3 —3): (3.1)

673 2
which describes a rotation by 60° in the first torus, by 120° in the second one, and by 180°
in the third one.

As explained in section 2.4.1, the twist acts on tori defined by the root lattices of semi-
simple Lie algebras, and our choice of lattice is given by simple roots of

Go x SU(3) x SO(4).

Note, however, that there are several distinct lattices which are compatible with the above
point group symmetry, as e.g. [43]

SU(6) x SU(2), SU(3) x SO(8), SU(3) x SO(7) x SU(2).

23
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....... . e

€
3
G2 root lattice SU(3) root lattice SO(4) root lattice

Figure 3.1: The geometry of the Zg-11 orbifold.

The choice of the compactification lattice may influence some of the properties of the
orbifold, such as the order of admissible Wilson lines. Whereas for our choice of the
lattice, order 3 and 2 Wilson lines are allowed in the second and third torus, respectively,
one can show that for SU(6) x SU(2) there are no Wilson lines in the SU(6) lattice at all,
restricting the number of possible Wilson lines to 1.

3.2 Admissible Wilson Lines

The number of independent Wilson lines and their orders depend on the choice of the
compactification lattice. We know from section 2.4.4 that if 2 lattice vectors e;,, e;, are
related by the point group symmetry, i.e. e;, = 6%¢;, for some k € {1,..., N}, then the
associated Wilson lines must be identified: A;, = A;,.

Consider the GG, lattice in fig. 3.1. We start with identities in the lattice and evaluate their
gauge embeddings, where we denote the Eg x Ej root lattice by A:

9261 = 9262 + e ~ A=Ay +A mod A ~ Ay el
961:62—61 ~ A1:A2—A1modA ~ A1€A/2
ey — 0%ey = 3¢, ~ 0=3A; mod A ~ A1€A/3

The first equation tells us that A, = 0, and since the last two equations cannot be fulfilled
simultaneously, we conclude that no non-vanishing Wilson lines are allowed.

Next, consider the SU(3) torus. We proceed analogously:

863 = €4 ~ A3 = A4

‘9263:—63—64 ~ A3:—A3—A4 mod A ~ A3€A/3
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We find that there is 1 independent order 3 Wilson line.

Finally, consider the SO(4) lattice:
065 = —€5 ~ A5 = —A5 mod A ~ A5 S A/2
066 = —€4 ~ A@ = _AG mod A ~ AG S A/2

We conclude that there are 2 independent Wilson lines of order 2.

3.3 The Standard Embedding

Modular invariance requires the orbifold twist
v=(§ % 1) (3:2)

to be embedded into the gauge degrees of freedom. In the absence of Wilson lines, the
consistency conditions listed in eq. (2.26) in section 2.4.5 take on a very simple form:

6(V2—v2):Omod2

Clearly, the easiest way to fulfill this equation is to choose a shift vector whose first three
entries coincide with the twist:

V=(i 1 —-10°)(0%) (3.3)

This is the so-called the standard embedding.

3.3.1 The Untwisted Sector

The massless right movers are solutions to the equation

1, 1, 1
- e 4
4mR 2‘] 5 0 (3.4)
and are given by
|+£1,0,0,0)r  and | £ 3, £3, £, £3)r. (3.5)

As usual, the underline denotes the permutation of the entries, and in the second right
mover, the number of + signs is even. Under the action of a space group element (6%, nye,),
the right mover transforms as

—2mi q-kv ‘q>R> (36)
where for the purpose of taking scalar products, we extend the twist to a four dimensional
vector v = (0, v!, v?, v*). We have summarized the transformation properties of the right
movers in tab. 3.1.

|Q>R = €
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ot 62 03 0t 0°

|£1,0,0,0)p 0o 0 0 0 0
0, £1, 0, 0) & +5 3 3 2 +£2
0, 0, +1, 0) 5 +1 +2 0 £1 +2
0,0,0, £1)p F3 0 F; 0 F3
|£3,£5, 55, £5)»| O 0 0 0 0
|F3 F5 =5 F00r | Fs F3 F5; F OFs
| F35 +5 F5 t3)r | T3 F3 0 F3 T3
| F3 £33, F3)r|£3 0 £5 0 +3

Table 3.1: Transformation of the right movers. The k-th column lists ¢ - kv.

The massless left movers are solutions to the equation

1 1

For Ny, = 0, the solution of the above equation, p* = 2, are the 480 root vectors of Eg x E.
Under the homomorphism, which embeds the space group into the gauge degrees of free-
dom, we have

(k-v,naeq) — k- V, (3.8)

so the left mover transforms as

Py TP |y, (3.9)

Note that we assume that the gauge background fields vanish, i.e. A, = 0. In tab. 3.2, we
list the transformation properties of the left movers.

The states surviving the orbifold projection are the tensor products of right and left movers,
which are invariant under the action of 6% k= 1,...,5 (see section 2.5.1).
Gauge Bosons

The gauge bosons have a Lorentz index only in the uncompactified dimensions, so the right
mover does not transform at all. The right movers will combine with those left movers,
which transform trivially. We find 240 charged gauge bosons

| +1,0,0, 0>R ® |<08) (p2 = 2)>L7
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27

#1600 2 e 0t
|(£1, £1, 0, 0, 0, 0, 0, 0) (0%)), 2 |£2 0 £ 0o <+
|(£1, F1, 0,0, 0, 0, 0, 0) (0%)) 2 |F: F3 F3 F: T2
|(£1, 0, &1, 0, 0, 0, 0, 0) (0%));, 2 |F3 F2 0 F3 F3
(%1, 0, 71, 0,0, 0, 0, 0) (0*)) 2 |2 +3 0 +2 +4
(0, &1, &1, 0, 0, 0, 0, 0) (0%))1, 2 | F¢ Fs F3 Fi: TFo
|(0, £1, F1, 0, 0, 0, 0, 0) (0%))f 2 |2 £2 +1 +3 £
|(&1, 0,0, +1,0,0,0,0) (0%)) 10 |+ +£5 +5 £2 £
|(£1, 0,0, F1,0,0,0,0) (0%) 10 | £ £ £ 2 3
(0, £1, 0, £1,0,0,0,0) (0%))y 10 [+2 +£2 0 +i +2
|(0, 1, 0, F1, 0, 0, 0, 0) (0%)), 10 |+3 £ 0 +£5 +2
(0, 0, £1, &1, 0,0, 0,0) (0%)) 10 |Fs 0 F2 0 =+
(0,0, +1, F1,0,0,0,0) (0%) 0 |F5 0 F5 0 F3
(0, 0, 0, £1, +1, 0,0, 0) (0%)) 2000 0 0 0 0
(0, 0,0, 1, F1, 0,0, 0) (0%)),, 2000 0 0 0 0
(4, +3, +5, 24 £ 2L 2L £y %), 16| 0 0 0 0 0
(=3, +3, +3, £3, £3, 3, 5, £3) (0®))p | 16 | —¢ —3 —3 —2 =2
(+3, -4, +3, L £ L+l Ly (0%), | 16 | -2 -2 0o -1 -2
((+3, +3, —3, &3, &3, &5, 5, £2) (0®)), | 16 [+ 0 +1 0 +3
(=3, =3, +3, £, £, 5, 25, £ (%) | 16 | -3 0 —3 0 —3
(=3, +%, =3, £ +1 L +L L1 0%), | 16 |+ +2 0 +1 +2
[(+3, =5, =3, £5, 3, £, £5, £3) (%)L | 16 | +3 +3 +5 +3 +2
(- % % —3, k5, £5, £, +5, £ (0%), 16 0 0 0 0 0
(0, 0,0,0,0,0)(p? =2))r 2400 0 0 0 0 0

480

Table 3.2: Transformation of the left movers.

The second column counts the number of

left movers (which sum up to 480, as they should), and of the last 5 columns, the k-th one

lists p - KV
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which correspond to the Ej gauge symmetry (the second factor of the original gauge group).
Concentrate now on those left movers which have gauge degrees of freedom in the first Esg.
Picking those left movers from tab. 3.2 which transform trivially, we find 72 charged gauge
bosons:

|£1,0,0,00r ® [(0,0,0, %1, £1,0,0,0) (0%)
|£1,0,0,00r ® [(0,0,0, %1, F1,0,0,0) (0%)
|£1,0,0,00p ® |(+5+3.+528 2821 43.22) (0%)),
100,08 @ |(-h-b-bedabebabad) 0O

The 16 neutral gauge bosons

‘ + 17 07 07 O>R ® 651—1‘O>L

do not transform! at all, thus surviving all orbifold projections. Of these neutral gauge

bosons, 8 correspond to the Cartan generators of Ej, and 8 to those of an algebra with 72
roots. It is easy to guess that this algebra is

E6 X U(1>2

Since identifying the algebra, and in particular, the irreducible representations, may not
always be that easy, we explain how to prove the above statement in appendix B.1.

Charged Matter

The right movers which do not transform trivially can nevertheless form invariant states
by combining with appropriate left movers. Without loss of generality, we will consider
the right mover
I~ 4 —b+h 4D

Under the twist 6, the above right mover transforms with e?™ /%) From tab. 3.2, we find
29 left movers transforming with e?™(1/6) or ¢27(5/6) which then combine with the right
mover to give states invariant under 6% for k = 1,...,5. Having already determined the
gauge symmetry, we expect these states to transform in some representation of Eg. The
lowest dimensional representations are 27, 27 and 78, so the 29 states must necessarily
transform as 27 + 1 + 1 or in the complex conjugate representation.

In appendix B.2 we outline an algorithm, which unambiguously determines these represen-
tations. We find that the 29 states correspond to 27, + 1, + 1. The subscript denotes

'Here, we are explicitly confronted with the fact that shift embeddings can never project out neutral
gauge bosons, thus preserving the rank of the original algebra. Needless to say, this is quite an obstacle
for building realistic models, where the gauge groups typically of low rank. Beginning with chapter 5, we
will present an alternative construction, which avoids this problem.



3. Model Construction with the Z4-II Orbifold 29

the four dimensional chirality, which is given by the first entry of the right mover.

The other cases can be analyzed analogously. Summarizing, the matter content of the
untwisted sector is

SXﬁL, 1X27L, 3X27R, 1XﬁR, 3X1L, 3 X 1g.

3.3.2 The T; Twisted Sector

€6 A
€4

€2 A x A
/ |
> > [ L >

el es3 €5

Figure 3.2: Geometry of the T twisted sector.

Without loss of generality, we will determine the spectrum at the fixed point in the origin,
corresponding to the constructing element (0,0). In the absence of Wilson lines, all fixed
points of a given sector are degenerate, and the complete spectrum is obtained by multi-
plying the number of states by the number of fixed points, which is in this case 12.

The massless right movers of the first twisted sector are solutions to the equation

1 1 1
and are given by
’07 %7 %7 %>R7 ’%7 _%7 _é7 O> (311)
Under the twist 6%, the right movers transform as
|q + U>R — 6—27ri (‘H—v)'kvlq + U>Ra (312)

—2mik-(—1/9

which gives e ) for both right movers.

The massless left movers are obtained by solving the equation

1
mi:§(p+V)2+NL—1+5c:o (3.13)
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on the root lattice of Eg x E. We find 27 weight vectors, and they transform as

lp+ V) = 2GR |y Ly (3.14)

All states transform with the same phase e2™(=1/9),

In section 2.5.2, we explained the projection conditions for the twisted sectors: We have
to project onto those elements of the space group, which commute with the constructing
element corresponding to the fixed point under consideration, and build a linear combina-
tion of those states which are mapped onto each other by elements which do not commute
with the constructing element. In the T7 twisted sector, only the former case plays a role,
as we will now explain.

The Centralizer

The constructing element corresponding to the fixed point at the origin is given by (€, 0).
It is easy to see that all (6%,0) commute with the constructing element, i.e.

Zg = { (670)7 (9270)7 (037())7 (Q470)> (6570) }

This means that to build invariant states, we must project onto each *. Now assume that
we were determining the spectrum at another fixed point, e.g. (0, e3). This constructing
element corresponds to the fixed point which is left invariant under the combined action
of a rotation by 120°, and a translation by e3. We calculate its commutator with (62, 0):
(0,e3) % (02,0) 2 — (6%,0) % (0,e3) + = (0,e3) 0z — (6%,0) [0x + e3]

= Pr+ez— [Pr + 0]

= €3 — 9263
Evidently, the two space group elements do not commute. This does not mean, however,
that we do not project onto 62, since the centralizer of (0, e3) includes (0%, es + e4):

(9, 63) * (92, es + 64) T — (92, es + 64) * (9, 63) z=0

In the absence of Wilson lines, the space group elements (62,0) and (62, e3 + e4) imply the
same projection conditions,

P+ V) s @OV Ly p V) e 2T PEVIGVEORO ), gy (3.15)

respectively. Thus, the projection conditions are independent of the fixed point.

Having determined the projection conditions, we immediately verify that the combination
of the right movers from eq. (3.11) and of the 27 left movers from eq. (3.13) survives the
orbifold projections to give

1 x 273,

where we have only listed the fermionic state.



3. Model Construction with the Z4-II Orbifold 31

Oscillator States

In the twisted sectors, the zero point energy is sufficiently low so that we can have states
arising from excited oscillators. Consider again the equation for massless left movers:

1
m%zi(p—l—V)2+NL—1+5c=O (3.16)

In the first twisted sector, the oscillators are moded and N can have values which are
multiples of %. As before, we will explain one case in detail. Assume that N, = %, which
corresponds to

df1/654?1/654{€1/6’p>L or df1/35¢?1/6|P>L or df1/2’p>L~ (3.17)

For the left movers to be massless, we have to find p’s such that (p +V)? = . There is
exactly one solution,

p+V = (év %v _%7 0,0, 0, 0, 0) <08)’

and according to eq. (3.14), this left mover transforms with e27(7/1%) " Since the right mover

transforms with e?7(/9 (cf. eq. (3.12)), for the entire state to be invariant, we require the
oscillator excitations to transform with e27(1/2),

The oscillators carry a Lorentz index ¢+ = 1,...,8, and as such, transforms as the coordi-
nates do. Introducing complex coordinates also for the oscillators, we can neatly summarize
their transformation properties, using the twist vector v:

~ ipd ~ ~a _9miv® ~a _
aa — 627rzv Oéa7 aa — e 2miv Oéa, a,a = 17273

Referring back to eq. (3.17), we see that the oscillators

1/6a 1/6(1 1/6 p)Ls d-l/Sd-ll/G p)Ls 5‘?1/2 p)L, 1/2 )L (3.18)

transform with €27(1/2) as required. To obtain the complete state, we have to form the

tensor product with the right mover as given by eq. (3.11). Since we have only one left
mover, these states transform as singlets under the gauge group. (A calculation reveals
that all Dynkin labels are zero.)

In summary, in the T} twisted sector, we have

12 x 27g, 12 x4 X 1,

where the multiplicity of 12 comes from the number of fixed points.
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Figure 3.3: Geometry of the 75 twisted sector.

3.3.3 The T Twisted Sector

The second twisted sector is conceptionally more complicated than the first one. Consider
the geometry of the orbifold, given in fig. 3.3.

The 9 fixed points of T, are left invariant under the action of the Zs twist 2v. In con-
trast to the first twisted sector 77, not all 9 fixed points are invariant under the full point
group symmetry. The Z, twist 3v interchanges 2 of the fixed points in the first torus, as
indicated in fig. 3.3. These 2 fixed points have to be identified, thus reducing the number
of fixed points of the orbifold from 9 to 6. Referring back to section 2.5.2, we find that
the prescription to build S ® G invariant states instructs us to project onto Zs invariant
states and to sum over the states which are mapped onto each other by the Z, symmetry.
We will now explain these points in detail, using our concept of the centralizer. First, we
determine the massless left and right movers.

The Massless Left and Right Movers

Solving the mass equation for the right and left movers, we find the states listed in the first
part of tab. 3.3, where we have also indicated their transformation properties under the
point group. There are 4 combinations, which we can build from the 2 right movers and
the 2 left movers. These 4 combinations are given in the second part of tab. 3.3. Note that
this is the spectrum in each of the 9 fixed points before applying the projection conditions.

Important note: Each 27 s accompanied by a singlet representation. In order not to
overload the following discussion with marginal details, we ignore these representations
until the end of this section, where we list the full spectrum.
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01 6, 63 0, 05 01 0y 035 04 05
Ramond, left-chiral g g % % % 27,10 0 0 0 O
Ramond, right-chiral 15—8 g % % 1—78 27x % 0 —% 0 %
Left mover 27 15—8 g g é 1—78 27, —% 0 % 0 —%
Left mover 27 g g % % g 27 10 O O O O

Table 3.3: Transformation properties of the right and left movers.

The Zs-invariant Fixed Points

Of the 9 Zj3 fixed points in fig. 3.3,
(.7 .7T2)7 (‘7 .7T2)7 (.7 A7T2>

are also invariant under Z,, and thus under the full Zg point group. For each fixed point, its
centralizer is the full point group, so we must project onto all %, k = 1,...,5. Consulting
tab. 3.3, we find only 2 states which are invariant under the full point group, namely 27,
and 27, and since there are 3 fixed points, the spectrum is

3x27;, and 3 x 27z

The Fixed Points not Invariant under Z,

The 6 remaining Z3 fixed points in fig. 3.3 form pairs,
(m,0,72) — (A,0,72), (m,m72) < (A, 712), (WA T) < (A A T?)

where the fixed points in each pair are mapped onto each other. The geometry suggests
to build the linear combination

| ) +6%] ),
which is clearly Zs invariant:

0 s 1B e )

This state will be also Z3 invariant, provided that | - ) is Z3 invariant. Note that this is
quite reminiscent of the construction described in section 2.5.2. We will now support the
geometric picture with an algebraic prescription to build S ® G invariant states.

Without loss of generality, consider the fixed point (not the pair) (m, e, 72). This fixed
point is invariant under the combined action of the Zs twist # and the translation by e;,
so the constructing element is (6%, e;). The centralizer of the constructing element is

Zg = {(ﬂ,O), (]1,65), (1,66), (92761), (92,61 + 65), (Q2,61 + 66), (92,61 +e5 + 66) } .
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Space group elements of the form (62, -) and (6%, -) are conspicuously absent. The centralizer
instructs us to project onto 62, and since 6° ¢ Z,, to sum over images of the states under 6.

From tab. 3.3 we see that all 4 states at (m, e, 72) are 2 invariant, and under the 6, they
transform as

2_7L — —|—2_7L, 2_7R — —2_7R, 27 — —27L, 27p — +275. (319)
The invariant combinations are thus

|ﬁL>l + |ﬁL>Aa |2_7R>l - |2_7R>A7 |27L>I - |27L>A; |27R>l + |27R>A-

Note that the linear combinations transform under the gauge group as their first summand,
so we can simplify our notation. The other 2 pairs of fixed points give the same result. In
summary, we obtain

3x27Tr, 3x2Tr, 3x27T., 3X27x.

3.3.4 The T3 Twisted Sector

The calculations in the third twisted sector are completely analogous to those in the pre-
vious section, so we restrict ourselves to giving only an outline.

Ce A
€4

€2 | A
<A
72
> > [ i P>
el €3 €5

Figure 3.4: Geometry of the T3 twisted sector.

Consider the geometry of the T3 sector as given in fig. 3.4. There are 16 fixed points, which
are invariant under the Z, twist #3. However, not all fixed points are invariant under the
full Zg point group. In the first torus, the Zs twist 62 interchanges 3 of the fixed points
as indicated in fig. 3.4. Thus, these fixed points must be identified, and the number of Zg
invariant fixed points is reduced to 2 x 4 = 8.

The Massless Left and Right Movers

Solving the mass equation for the right and left movers, we find the states listed in the
first part of tab. 3.4, where we have also indicated their transformation properties under
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the point group. There are 4 combinations, which we can build from the 2 right movers
and the 2 left movers. These 4 combinations are given in the second part of tab. 3.4. As
before, we do not count the singlets, but will list them in the final result.

01 6y 03 04 05 01 0y 03 04 05
Ramond, left-chiral é % % % % 277, % % 0 —% - %
Ramond, right-chiral | 2 2 1 2 27 |0 0 0 0 0
Left-mover 27 g % % é % 27,10 0 0 0 O
Left-mover 27 : 3 3 2 ¢ 27 |-2 3 0 3 2

Table 3.4: Transformation properties of the right and left movers.

The Z3 Invariant Fixed Points
Of the 16 fixed points in fig. 3.4,
<.7T27.)7 <.7T27.)7 (.7T27 A)? <.7T27*)

are also invariant under Zs, and thus under the full point group. From tab. 3.4, we find
that there are 2 states which are invariant under all 6%, k = 1,...,5, and since there are 4
fixed points, we have

4 x ﬁ[l and 4 x 27R

The Fixed Points not Invariant under Zs

The remaining 12 Z, fixed points split into 4 groups of 3 fixed points,
(m,72,0) < (A, 72, 0) > (x,72, @), (m,72,m) — (A, 72,8) < (x,72, 1),
(m, 72, A) < (A, 72, A) < (%, 72, A), (m, 72, %) < (A, T2, %) < (%, 72, %).

Again, concentrate on one group of fixed points, e.g. the first one. From tab. 3.4 we see
that all states are 6% invariant, and under the 62, they transform as

27L i 62m(1/3) 27L7 273 - +27R, 2_7L — +2_7L7 2_73 — 62m (2/3) ﬁR.
The invariant combinations are

127, )m + 2D 27,)  + 2 127, 127r)m+ [27R)a + [27R)«,

27r)m+ ¥ /Y 2T5) 4 + 7 D |27 ), 127.)m + [271)a + [271 ).
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Since there are 4 groups of fixed points, we have
4 X 27L; 4 X 2_7L7 4 X 27R7 4 X 2_7R-

In summary, we have the following spectrum for the T3 sector:

8X2—7L,4><27L

13 —
8X27R,4X27R\

3.3.5 The Twisted Sectors T, and Tj

As yet, we have covered all the features and calculational complications, which even order
orbifolds in general and the Zg-1I orbifold in particular have to offer. We will skip the
calculations for the Ty and T twisted sectors, since they are completely analogous to those
of T, and T}, respectively. The result reads:

Ty 6X2_7L,6X27R,3X27L,3X2_7R,
T5 12><2_7L

Note that states in T and T5 are those of T, and T7, respectively, with the chirality flipped
and the representations complex conjugated, whereas T3 closed w.r.t. these operations.

3.3.6 The Full Spectrum

We collect the results of the past sections in the following table (the gauge bosons are
omitted):

U 3X27R, SXﬁL, 1XﬁR, 1X27L, 3X1R, 3X1L,

Ty | 12 x 27R, 48 x 1p

T GXﬁL, 6X27R, 3X27L, SXﬁR, 9X1L, 9x1p

T3 SXﬁL, 4X27L, 8X27R, 4Xﬁ3, 92 x 1y, 52 X 1g

Ty 6XﬁL, 6><27R, 3X27L, SXﬁR, 9x 1y, 9x1p

T5 12XﬁL, 48><1L
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For a consistent interpretation of these states as particles, we must construct the corre-
sponding supersymmetry multiplets. Combining each representation of a given chirality
with its complex conjugate representation of flipped chirality, we obtain exactly the degrees
of freedom for a massive chiral supermultiplet in four dimensions.

U 3x27, 1x27, 3x1,

T1+T5 12X2—7, 48 x 1

To+T, | 12%x 27, 6x27, 18x1

T 8 x 27, 4x27, 52x1

We have to combine states from different twisted sectors to build the supersymmetry mul-
tiplets. The reason can be traced back to the existence of a 6-dimensional intermediate
space-time. Remember that the point group Zg-1II is isomorphic to Zy x Zs, where the Zs
twist is 62 and the Zs twist is #2. Moding out the first twist, we obtain A/ = 1 hypermul-
tiplets in 6 dimensions, where, in complete analogy to the Zs case, the anti-particles of T},
are in Ty_;. Applying the second twist, projects out half of the states leaving us with half-
hypermultiplets in 4 dimensions, which are then combined to give massive chiral multiplets.

Having determined the spectrum, we are interested to see how many generations of quarks
and leptons we have obtained. The gauge symmetry being Eg x U(1)2, one 27 can accom-
modate one generation of quarks and leptons (including the right-handed neutrino), and
the Higgs boson:

Es S  SO(10) > SU(5) > SU(3) x SU(2)

27 — 16+10+1 — 10+5+1+4+5+5+1 —

Since pairs of 27 and 27 can be combined in the superpotential to obtain masses of the
order of the string compactification scale, we are only interested in the so-called net number
of families, which is the difference between the number of 27’s and the number of 27’s.
We have summarized these numbers in the following table:

U T1 TQ T3 Ssuim
2711 0 6 4 11
2713 12 12 8 35
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We obtain 24 x 27 corresponding to 24 families of quarks and leptons. Clearly, this is in
gross contradiction to experiment. In section 2.6, we explained by means of the Zs orbifold
how the mechanism of Wilson lines can reduce the number of families, thus allowing the
construction of (semi-)realistic models [14, 15].

In the following chapters, we will present several 3 generation models with GUT and Stan-
dard Model gauge groups in 4 dimensions. The construction of these models proceed along
the same lines as described in the present section. Therefore, we will skip the calculational
details, confining ourselves to discussing the spectrum.

3.4 Non-Standard Embeddings

The modular invariance condition eq. (3.3) can also be satisfied by a number of shift vectors
which do not correspond to the standard embedding discussed in section 3.3. In classifying
all admissible shift vectors, we are confronted with the task to determine all order six
Lie algebra automorphisms of Eg x Eg, which fulfill the consistency requirements of the
orbifold construction, in particular the condition on modular invariance. In chapter 4,
we have explained the classification procedure in great detail. The results for the Zg-11
orbifold are given in appendix E.

1x(84,1,1), 1x(1,2,16), 1x(1,1,1), 1x(1,1,10),

Ulax1,2,1), 2x(1,1,76), 1x(1,1,16), 1x (1,2,10),

Ty | 6x(9,1,1), 3x(9,2,1)
Ty | 44 % (1,1,1), 8x (1,1,16); 12x(1,2,1), 4x(1,2,10), 4 x (1,1,16)

T4 6X<§,2,1)L 3X(§,1,1)L

Ty | 12 (9,1,1),

Table 3.5: The spectrum for the model corresponding to the 3rd shift in our classification.
For the sake of clarity, we do not list the right chiral particles. It is understood that
each left handed particle is accompanied by a right chiral one where the representation is
complex conjugated.

Consider the 3rd shift from the classification:
V= (5L L1 1111y (505050833 3 3) (3.20)

6’ 67 67 67 67 67 67 6 67 37 37 27 22 27 2

The unbroken gauge group in four dimensions is

SU(9) x SU(2)" x SO(10)’, (3.21)
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and we have summarized the spectrum of the model in tab. 3.5.

Remarkably, there are 10 x 16 and 7 x 16 corresponding to a net number of 3 families.
Whether the model has an interesting phenomenology has yet to be discussed. Without a
classification, this and equally interesting models might have slipped through our fingers.

3.4.1 A Useful Consistency Check

The calculations leading to the spectrum of an orbifold model are long and tedious. The
following criterion may be helpful for checking the correctness of the result.

Modular invariance guarantees the anomaly freedom of the orbifold spectrum. In four
dimensions, only SU(N) groups for N > 3 can have anomalies. In appendix B.3, we list
the anomalies for the irreducible representations. Specializing to N =9, we find:

9 ~ [1,0,0,0,0,0,0,0]pL ~ [ ] ~ anomalyisl (3.22)
84 ~ 0,0,1,0,0,0,0,0]pr ~ @ ~> anomaly is 9 (3.23)

For convenience, we reproduce the spectrum from tab. 3.5, but only list the representations
which contribute an anomaly:

Sector | Irreps Anomaly

U 1x(84,1,1), 1 x (-9)

Ty 0

T, 6x(9,1,1), 3x(9,2,1); |6 x1+3x2x1

15 0

T, 6x(9,2,1), 3x(9,1,1); [6x2x(—1)+3x(-1)
T5 12x(9,1,1), 12 x 1

> 0

If the sum fails to be zero, it is a clear indication that something went wrong in the
calculation.
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3.5 Orbifold Models with Wilson Lines

3.5.1 The Construction

Using the formalism of the centralizer developed in section 3.3, constructing orbifold mod-
els with Wilson lines is not more difficult than the case without Wilson lines.

Modular invariance. In the presence of Wilson lines, the modular invariance conditions

eq. (2.26) impose more restrictions on the shift vectors V' and introduce new ones for the
Wilson lines A,,.

Untwisted sector. In the untwisted sector, the Wilson lines act as additional projection
conditions on the gauge and charged matter representations, cf. eqs. (2.31-2.32). Every-
thing else in unchanged.

Twisted sectors. It is here that the Wilson lines have the most dramatic effects. First of
all, the equation for massless states changes. Assume that we are at a fixed points which
is invariant under the combined action of twist and lattice translations,

zp =0 1) + ngea. (3.24)

Then the coefficients in the linear combination of Wilson lines entering the equation of the
massless states

1
m§:§(p+w+%)2+m—1+5c:o (3.25)

are exactly those n,’s from eq. (3.24). The equation of massless states has not only changed,
but this change is dependent on the fixed point.

The second important point is how the presence of Wilson lines changes the transformation
properties of the left movers. Whereas in the case with no Wilson lines, the lattice vectors
€. were completely irrelevant, the gauge embedding now maps these e, to Wilson lines A,,
so that left movers at different fixed points transform differently. Assume again that we
are at the fixed point described by eq. (3.24). Then the transformation of the states living
at this fixed point under an element h = (6, me,) of the space group S will be given by:

Ip+ EkV +n,Au) — exp (2mi(p + EV + noAs) - (OV +maAL)) Ip+ kEV +ngAs)r (3.26)

Note that for the case of no Wilson lines, k = 1 (first twisted sector) and h = (6*,0) this
reduces to eq. (3.14).

Finally, the projection conditions have to be determined. The tensor product of left and
right movers need not be invariant under the full space group S, but only under a subset,

given by the centralizer of the space group element g = (6% n,e,), which by virtue of
eq. (3.24) defines the fixed point.
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Putting these three pieces of information together allows us to determine the spectrum at
the fixed point corresponding to the constructing element g = (% n,e,). First solve the
equation for massless states eq. (3.25) corresponding to the fixed point described by g. The
transformation of the left mover under an element (6%, m,e,) of the centralizer Z, is given
by eq. (3.26), whereas the right mover is not affected by the Wilson lines and transforms
as

g + kv) s e Zmilathor g 4 ), (3.27)

The spectrum consists of those tensor products of left and right movers which are invariant
under all (6, me,) € Z,.

If there are fixed points which are mapped onto each other, the centralizer also tells us
which linear combinations of states to build in order to obtain invariant states. We will
not go into any details here but refer back to section 3.3.3.

3.5.2 An SO(10) Orbifold Model With 3 Generations
Definition of the Model
We choose the shift
Vo (b3 0.0,0,0) (5,5 5 55 5 5 D) (3.25)
and the Wilson lines
W= Wi= (bbb bbb (0,000,004 ) (329

in the 2nd torus. Notice that the geometry of the orbifold implies that the Wilson lines
along es and e4 must be equal, cf. section 3.2.
Gauge Group and Spectrum
The gauge symmetry in four dimensions is given by
SU(5) x SU(2) x SO(10)" x SU(2)". (3.30)

Keeping the remarks of section 3.5.1 in the back of our minds, the calculation of the spec-
trum proceeds along the same lines as described in great detail in section 3.3. We list the
result in tab. 3.6.

In principle, we have again to combine the left and right handed particles from conjugate
sectors to form chiral multiplets. However, we refer to a small trick, namely we only count
left chiral particles and ignore the presence of right handed ones. This gives the right
number of chiral multiplets in our model:

u 177 1T, T35 T, Ts5 sum
16, | 2 O 0 0 2 0 4
16, |0 O 1 0 0 0 1
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Untwisted Sector

T, Sector

T5 Sector

T4 Sector

1x(1,1,1,1)p
1x(1,1,10,1)4
1x(10,1,1,1)p
2% (5,2,1,1)g
1x(5,2,1,1)x
1x(1,1,16,2)x
1x(5,2,1,1),
2% (5,2,1,1)
1x(10,1,1,1),
1x(1,1,10,1);,
1x(1,1,1,1),

1x(1,1,16,2);,

4% (10,1,1,1)p
8x(5,1,1,1)p
24 x (1,1,1,1)p
8% (5,1,1,1)p

4x(1,1,1,2)g

T(3,0) Sector

12 x (1,2,1,1)g
4% (1,2,10,1)p
12 x (1,2,1,1),,

4% (1,2,10,1);,

T(5,0) Sector

8x (5,1,1,1);,
4% (10,1,1,1);
24 x (1,1,1,1),,
8% (5,1,1,1)

4%(1,1,1,2),

6x(1,2,1,1)r
2 x (1,1,16,1)p
2% (1,2,1,2)r
2% (5,1,1,1)g
1x(5,1,1,1)p
2% (1,1,10,1)g
5x (1,1,1,2)r
4% (1,1,1,1)5
1x(5,1,1,2)p
4% (5,1,1,1);
2% (5,1,1,1)
4% (1,1,10,1);
10 x (1,1,1,2),,
8x(1,1,1,1);
2% (5,1,1,2);
3x(1,2,1,1);
1x(1,1,16,1);

1x(1,2,1,2),

4% (1,1,10,1)p
10 x (1,1,1,2)g
2% (5,1,1,1)p
4% (5,1,1,1)5
8x(1,1,1,1)p
2x (5,1,1,2)p
3% (1,2,1,1)p
1x(1,1,16,1)p
1x(1,2,1,2)x
6x(1,2,1,1);
2% (1,1,16,1),
2% (1,2,1,2);,
2% (1,1,10,1)
5x (1,1,1,2),
1x(5,1,1,1);,
2% (5,1,1,1),,
4%(1,1,1,1);

1x(5,1,1,2),

Table 3.6: Untwisted and twisted sectors for the three generation SO(10) model.
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Figure 3.5: Twisted sectors for the SO(10) model. The matter representations are in
blue and the Higgs representations in magenta. We have indicated fixed points which are
mapped onto each other (and thus have to be considered as one fixed point) by encircling

them with ellipses.
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In fig. 3.5, we give a pictorial representation of the localization properties of the matter
and Higgs fields.
Gauge Symmetry in the Six-Dimensional Intermediate Picture

In even order orbifolds in general and in our case with point group Zg ~ Zs X Zs in
particular we can mod out the symmetry in 2 steps:

T — T°/{#’} ~ O'xT* — O'xT’/{#’} =~ O (3.31)

€4

fU(7) x SU(2) x SU(3)’ x SO(10)’

5.0(12) x SU(2) x SU(3)’ x SO(10)/

€3
SO(10) x SU(2)? x SO(14)’

Figure 3.6: Geometry of the gauge symmetry breakdown.

After moding out the 62 symmetry, we arrive at a situation where the states in the twisted
sector are fixed in four dimensions and free to move on the 2-torus 72 and the uncompact-
ified dimensions R*. The gauge group surviving in these six dimensions is obtained from
Es x Eg by requiring invariance under the gauge embedding 6°:

3V !

Es xEy 2% E; x SU(2) x SO(16) (3.32)

Forgetting about the ambient space and taking the six dimensions as our starting point,
the above gauge group is the bulk symmetry. The spectrum in four dimensions is obtained
by moding out the #? symmetry from this six dimensional theory. In particular, the gauge
symmetry at the fixed points is reduced, since we have the additional projection conditions
from the Wilson lines. Thus, at each fixed point, a different gauge group will appear, as
presented in fig. 3.6. The unbroken gauge group in four dimensions is the intersection of
these three symmetries.

The particles at the fixed points which survive in four dimensions transform in full or
split multiplets of the larger gauge symmetries. This is how the gauge groups in higher
dimensions become relevant for the low-energy phenomenology in four dimensions. Looking
at the gauge group geography may give us some ideas which route to take for constructing
realistic models.
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3.5.3 An SU(5) Orbifold Model With 3 Generations
Definition of the Model

We choose the shift
V= ('%7 '%7 %7 %a 07 Oa 07 O) (%a _17 '17 '17 _17 '17 '17 1) (333)
and the Wilson lines

Wy = W= (3.0, 1.2 -3,0,0,0) (5 -4 -4 & (3.31)

[oNEN|
I
[N EN|
~—

y @

=

Y

=

The model has been found by the classification described in chapter 4.

1x(5,1,1);, 4x(51,1), 1x(10,1,1),
1,4,4);, 1x(1,4,1); 1x(1,1,4);, 2x(1,1,1);

T

4% (5,1,1);, 3x(5,1,1), 2x(1,6,1), 6x (1,1,4),
2% (1,1,4), 5x(1,4,1), 14x(1,1,1), 1x(1,1,6), 1x(1,4,1),

15

Ty | 8x(10,1,1), 12x(1,1,1), 4x (5,1,1);, 4x (10,1,1), 4x (5,1,1),

19 % (1,1,1), 7x(1,4,1), 6x(1,1,4), 3x(5,1,1),
2x (1,4,1), 2x(1,1,6), 1x(1,6,1), 1x(1,1,4), 2x(5,1,1);

Ty

Ts | 20x (1,1,1), 4x(1,1,4), 4x(1,4,1), 4x(5,1,1)

Table 3.7: The spectrum for our SU(5) model. We only list the left chiral particles.

Gauge Group and Spectrum

The gauge symmetry in four dimensions is given by
SU(5) x SU(4)" x SU(4)". (3.35)

The spectrum is given in tab. 3.7.
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3.5.4 A Standard Model like Orbifold Model With 3 Generations
Definition of the Model
We choose the shift

ot
~—

1 7 1 1 1 1 1 1 1 1 1 1 1 1 5
V=G w5t E56 666 (3.36)
and the Wilson lines
Ws=Wy=(3,-30,33000) (3,-2,-2,-2,-2,-2, ¢, &) (3.37)

35 735 Yy 3y 3 6’ 6’ 6’ 6’ 6° 6

The model has been found by the classification described in chapter 4.

Gauge Group and Spectrum

The gauge symmetry in four dimensions is given by
SU(3) x SU(2) x U(1)® x SO(10)" x U(1)". (3.38)

The spectrum is given in tab. 3.8.

6x(1,1,1), 1x(3,2,1), 2x(3,2,1), 1x(1,1,16),
x (1,1,16), 4x(1,2,1), 3x(3,1,1);, 1x(1,1,10), 2x (3,1,1),

Ty | 15%x(1,2,1), 10x (3,1,1), 36 x (1,1,1);, 6x(3,1,1), 2x(3,2,1)

Ty |12 x (3,1,1), 24x(1,1,1), 8x(3,1,1),

Ty |36 x(1,1,1), 4x(3,2,1), 12x(1,2,1), 8x(3,1,1);, 9x(3,1,1),

Ts | 40 x (1,1,1), 8x(3,1,1), 12x(1,2,1),

Table 3.8: The spectrum for our SU(3) x SU(2) x U(1)® model. We only list the left chiral
particles.

We count the representations (3,2) as families. Counting again only one chirality, we
obtain a net number of three families:

U T1 T2 T3 T4 T5 sum
2,/1 0 2 0 0 0 3
3.2./2 0 0 0 4 0 6
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Gauge Group Geography

It is interesting to trace back the origin of the Standard Model gauge symmetry in four
dimensions. To that end, we proceed along the same lines as in section 3.5.2. The bulk
gauge group in six dimensions is SO(16) x SU(2)’ x EL.

€4
SU(5) xRU(4) x §O(10)" x SU(2)’
A
SU(6) x SU(2)2 x E(6)’
H
>
SU(6) x SU(2)? x E(6)’ €3

Figure 3.7: Geometry of the gauge symmetry breakdown.

The intersection of the bulk gauge groups with the symmetries at the fixed points yields
the gauge group in four dimensions, SU(3) x SU(2) x SO(10)".
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Chapter 4
Classification of Orbifold Models

In the last chapter, we considered the case of the Zg-II orbifold in some
detail. The large number of parameters (i.e. the choice of shift vectors
and Wilson lines) makes the construction of three-generation models
a challenging task and raises the question of a classification of the in-
equivalent models. Shift vectors and Wilson lines correspond to auto-
morphisms in the gauge symmetry. We will first give an overview of
the necessary mathematical background, and then apply these tools to
classify Zg-1I orbifold models with one Wilson line.

4.1 Automorphisms of Simple Lie Algebras
Let g denote a simple Lie algebra of rank ¢. To describe its automorphism group Aut(g),

we first have to introduce some more terminology.

Diagram Automorphisms

The Cartan matrix of g is defined by

Ay = p 40 0). (4.1)
<aj>aj>
where o; with ¢ = 1,...,¢ are the simple roots. Let I' denote the associated Dynkin

diagram. Define the automorphism group of the Dynkin diagram defined to be
Aut(T) = {7 € Sy | Aniiynj) = Aij} (4.2)

i.e. the set of all permutations of the ¢ simple roots such that their scalar product is un-
changed. Note that we can visualize Aut(I") as the symmetry group of the Dynkin diagram.
Since the nodes correspond to the simple roots and the lines joining them to the scalar
products of the respective simple roots, every automorphism which leaves the Cartan ma-
trix in eq. (4.1) invariant must also leave the corresponding Dynkin diagram invariant.

49
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Aut(T) can naturally be interpreted as a subgroup of Aut(g). Let 7 € Aut(I') be a
Dynkin diagram automorphism. Then define the corresponding element in o, € Aut(g) by
specifying its action on a set of step operators F,,, corresponding to the simple roots a;,
1=1,...,¢:

0r(Eo,) = Era), 0r(E-q;) = E_r(a)- (4.3)

Inner Automorphisms

An automorphism o € Aut(g) is called an inner automorphism, if it is a product of auto-
morphisms of the form

oty ey, wegy, (4.4)
where the right hand side is defined by its power series expansion and the so-called adjoint
action of x on y is given by

(ad z)(y) = [z,9]. (4.5)

We will denote the set of all inner automorphisms by Int(g). An element of Aut(g) which
is not an inner automorphism is called an outer automorphism. Note that the inner auto-
morphisms Int(g) form a normal subgroup of Aut(g).

Automorphisms

The group of automorphisms Aut(g) has the structure of the semidirect product of the
diagram and inner automorphisms [44]:

Aut(g) ~ Aut(I') x Int(g) (4.6)

Thus, the study of Aut(g) can be reduced to the study of the smaller groups Aut(I') and
Int(g). The reader who is not familiar with the notion of a semidirect product may wish
to refer to ref. [45].

Automorphisms of Finite Order

Since we know the diagram automorphisms and the inner automorphisms, eq. (4.6) allows
us to give a nice characterization for elements in Aut(g). The following theorem which can
be found in ref. [46].

Theorem 4.1.1 Let g be a finite dimensional simple Lie algebra, by its Cartan subalgebra

and IT = {aq, ..., ap} its simple roots. Then every automorphism o € Aut(g) which is of
order N 1is conjugate to an automorphism of the form
o =pexp (% ad H,) (4.7)
such that
w e Aut(l), H, €, w(Hy) = Hy, (a, Hy) € Z. (4.8)

o 1s an inner automorphism if and only if p = 1.
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4.2 Theorem of Kac¢

Theorem 4.1.1 describes all automorphisms of a simple Lie algebra up to conjugation. Un-
fortunately, the theorem gives no information on how to find H,, so it is not suitable for an
explicit construction of all automorphisms of a given Lie algebra g. The following theorem
4.2.1 which is due to V. Ka¢ [46,47] provides us with the necessary tools.

Before we can formulate the theorem, some notions and definitions have to be introduced.

Kac Labels and Dynkin Diagrams of Affine Lie Algebras

The expansion coefficients of the highest root # in terms of the simple roots,
0=ai0q+ ...+ ay, (4.9)

are called Kac labels and will be denoted by a;, 2 = 1,...,¢. The Kac labels are tabulated
and can be found in the literature [48]. It should be noted that for convenience, the Kag¢
label of the most negative root g, which is introduced below, is set to ag = 1.

The notion of an extended Dynkin diagram is important for a couple of reasons, e.g. for
deriving the regular subalgebras of a given Lie algebra g. The extended Dynkin diagram
follows from the Dynkin diagram by adjoining the so-called most negative root g = —0,
which is the negative of the highest root defined above. The most negative root o is con-
nected to those roots a; of the Dynkin diagram which have a non-vanishing scalar product

<CY07 O[z‘> 7é 0

The extended Dynkin diagrams are sometimes also called affine Dynkin diagrams and will
be denoted by I'™). They are listed in the literature [48]. Since we are interested in inner
automorphisms, this is all we need. For constructing outer automorphisms, the affine dia-
grams I'® of higher level are needed and these can be found in ref. [46].

We can now formulate the theorem.

Theorem 4.2.1 Let g be a simple Lie algebra, and s = (so,...,S;) a sequence of non-
negative, relatively prime integers. Put

L
N=k Z a;S;, (410)
i=0

where a; are the aforementioned Kac labels. Then the following statements hold:

(1) The relations
Osk(Fa,) = exp (2misj/N) Ey,,  j=0,...,4, (4.11)

define uniquely an automorphism oy of g of order N.
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(11) Up to conjugation by an automorphism of g, the automorphisms oy, exhaust all N-th

order automorphisms of g.

(111) The elements ogy and oy are conjugate by an automorphism of g if and only if

k = k' and the sequence s can be transformed into the sequence s’ by an automorphism
of the diagram T'*).

Some remarks are in order.

Remarks

(i)

(i)

(i)

(iv)

The sequence s = (s, ..., ) is called relatively prime if there is no integer except 1
which divides all s;, e =0,..., /.

The automorphisms of a simple Lie algebra can be inner or outer. k is the least
positive integer for which (o ;) is an inner automorphism. The outer automorphisms
of a simple Lie algebra are given by the automorphisms of its diagram I". The Dynkin
diagrams for Eg and E; have no symmetries, so k = 1. The diagrams of A,, D,, and
Egs have a 2-fold mirror symmetry, so k can be either 1 or 2. The diagram of D4 has
the symmetry group S3, so k can be either 1, 2, or 3.

The automorphism oy, is of order N, i.e. N is the least positive integer for which
(05x)" = 1. In orbifold constructions, we are interested in all inner automorphisms of
order m, where 1 < m < N, and m divides N. To this end, we can either determine all
m-th order automorphisms separately, or alternatively, we determine all N-th order
automorphisms, but drop the condition that the sequence s be relatively prime.

Two elements 0,0’ € Aut(g) are called conjugate, if there exists an automorphism
7 € Aut(g) such that

o =707 (4.12)

In order to find out whether two inner automorphisms are conjugate to each other,
we have to consider the diagram automorphisms of '™, Tt is not clear whether the
corresponding 7 in this case is inner or outer.

The theorem does not assert that by the construction we get all automorphisms,
where the conjugate ones are given by reordering the s; according to the symmetries
of the affine Dynkin diagram. We obtain a subset of all automorphisms such that
we have at least one representative from each conjugacy class in this subset. In this
subset, there may still be automorphisms, which are conjugate to each other. These
are then characterized by theorem 4.2.1.(iii).
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4.3 The Gauge Embedding of the Orbifold Twist

Each automorphism o € Aut(g) naturally defines a subalgebra of g by
g0 ={X e glo(X) = X}, (4.13)

which is sometimes called fixed-point algebra of o. In orbifold constructions, modular in-
variance requires us to associate the twist in the space-time with an automorphism of the
gauge symmetry. The unbroken gauge group after the orbifold compactification is then
given by the elements of the gauge symmetry which are invariant under the action of the
automorphism, i.e. if g is the gauge symmetry, then gg is the unbroken gauge group in four
dimensions.

In chapters 2 and 3, we described the gauge embedding of the twist by the shift vector
V. We will now establish the connection between the automorphism as given in Theorem
4.2.1 and the definition of the shift vector.

It should be noted that in orbifold constructions, the automorphism is usually restricted
to be inner. From now on we consider only inner automorphisms. Where appropriate, we
point out where this specialization is relevant.

4.3.1 The Shift Vector

Theorem 4.2.1 specifies the action of the automorphism o on the operators E, for the
simple roots «;, i = 1,...,¢, and the extended root ay:

E,, — exp (2mis;/N) E,, (4.14)

On the other hand, in the orbifold literature, the automorphism is described in terms of
the shift vector V' by the following equation:

E, — exp 2mia- V) E, (4.15)
It is immediately clear that this implies
ai-V:%, i=1,... .4 (4.16)

for the ¢ linearly independent roots «;. We want to determine V. To that end, we write
V in terms of the fundamental weights!:

V=coj+...+co (4.17)
Substituting eq. (4.17) into eq. (4.16), and using o - a; = d;5, we find
51« St
VZNOél‘i‘...—’—NOQ, (418)

'For ADE algebras, the fundamental weights are equal to the dual simple roots. Also note that by
definition, the expansion coeflicients of a weight in terms of the fundamental weights are the Dynkin labels.
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i.e. the integers s; divided by the order N are the Dynkin labels of V.

To conclude the proof of equivalence between the two descriptions of the automorphism
as given by eq. (4.14) and eq. (4.15), we must also check their action on the step oper-
ator corresponding to the extended root ag. Take the former equation and calculate the

transformation of E,,:
E., — exp (2misg/N) Eq, (4.19)

We use eq. (4.10) to express sq in terms of the other s;, and noting that ap = 1 by definition
and k£ = 1 for inner automorphisms, we have

1-s0=N —(a181 + ... assp). (4.20)
Now consider eq. (4.15) which gives the transformation of E,, in terms of the shift V:
E., — exp (2micy - V) Eq, (4.21)

Using eq. (4.9) and eq. (4.18), we can easily evaluate the scalar product in the exponent:

1 1
ap -V =—(aa1 + ...+ apy) - N(sla’{ + ot seg) = —N(alsl + ... Faes)  (4.22)

Taking into account the definition of sy as given by eq. (4.16), we find
So = —(a181 + ... + agsy). (4.23)

Comparing eq. (4.20) to eq. (4.23), we conclude that they describe the same transforma-
tion, since numbers modulo N in the exponent are irrelevant.

Obtaining V in the Cartan-Weyl Basis

For practical calculations, we need V in the Cartan-Weyl basis. In principle, we could
calculate the expressions for the dual simple roots o in the Cartan-Weyl basis, and then
eq. (4.18) would give the desired expression for V.

Technically, it is more convenient to work in the basis of the simple roots. The simple roots
are known, both in the Dynkin and the Cartan-Weyl basis. We decompose the expression of
V' in the Dynkin basis in terms of the simple roots in the Dynkin basis. The coefficients we
obtain will be the same, if we now change to the Cartan-Weyl basis, i.e. in the expansion,
we now insert the expressions for the simple roots in the Cartan-Weyl basis, and we obtain
the expression for the shift vector V' in the Cartan-Weyl basis.

4.3.2 Determining the Unbroken Gauge Group

The shift vector is a handy tool for determining the unbroken gauge group. For a given
Lie algebra g, the transformation of the step operators is given by

o : E, v exp(2mia-V)E,, (4.24)
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so only those step operators E, for which
a-V =0mod 1 (4.25)

will be invariant under the automorphism. To see how the Cartan generators transform,
we consider theorem 4.1.1. The Cartan generators will transform according to eq. (4.7),
and since we consider only inner automorphisms, we have y = 1:

o : H;— exp (% ad Hg) H; (4.26)

Since Cartan generators mutually commute, the action of ad H, on H; will be trivial, and
all Cartan generators will survive.

This explicitly proves that inner automorphisms cannot reduce the rank. This statement is
independent of the gauge embedding being realized as a shift (chapters 2-4) or as a rotation
in the root lattice (chapters 5-7). In the latter case, we will show how the interplay of the
rotation in the root lattice with the concept of background fields nevertheless leads to rank
reduction.

A Diagrammatic Approach to Symmetry Breaking

In fact, determining the unbroken gauge group is even easier than described above. Given
an n-tuple (sg, s1,...,S¢), the fixed-point algebra under the corresponding automorphism
o € Int(g) is obtained from the Dynkin diagram of g by deleting the nodes corresponding
to s; # 0. The order of the automorphism will be given by eq. (4.10).

An example is in order. Assume e.g. g = Eg and s = (0, 1,0,0,0,3,0,2,0):

3 ag
2 4 6T ) 4 3 2 1
K—0O0—O0—0—xK—O0—3 - O
(03] (6D) a3 g (673 (673 (07%4 (7))
The unbroken gauge group is
SO(8) x SU(2) x SU(2) x U(1)>. (4.27)

The numbers next to each node are the Kac labels. The order of the automorphism is then

l
N=> sia=1-2+3-4+2-2=18 (4.28)
=0

Since the embedding of the twist into the gauge degrees of freedom is a homomorphism
and there is no point group with order greater than 12 (cf. tab. 2.1), the constructed
automorphism cannot be realized in an orbifold construction.
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4.4 Inequivalent Zg-11 Orbifold Models

We will now apply the techniques which we described in the previous sections to specific
examples. Since we studied in chapter 3 the case of the Zg-II orbifold in great detail,
we start with classifying its inequivalent gauge shifts. Since the gauge symmetry of the
orbifold is the direct product

Es x Ej (4.29)

of two simple Lie algebras, we break up the study of its automorphisms to the study of the
automorphisms of each factor.

4.4.1 Automorphisms of Eg

Theorem 4.2.1 allows us to construct the automorphisms of Eg of a given order N. First
note that we only consider inner automorphisms, thus £ = 1. Second, since the gauge
embedding is a homomorphism, the order of the automorphism must divide the order of
the twist, so we only need to consider the cases N = 1,2,3,6. Third, we note that the
extended Dynkin diagram of Eg has no symmetries, so that all automorphisms which we
construct will be inequivalent.

The Construction

Without loss of generality, assume N = 6. The Kac labels of Eg are
(ao,al,...,ag) = (1,2,4,6,5,4,3,2,3). (430)

Eq. (4.10) instructs us to find all s = (sg, $1,...,ss) such that the s; are non-negative
integers, relatively prime and

1'So+2'81—|—4'82+6'83+5'S4+4~S5+3'86+2'87+3'88:6. (431)

Each such 9-tuple s corresponds to a shift vector
1 * *
V= 6(51 oy + ... + Sg 058). (432)

To find the fundamental weights o in the Cartan-Weyl basis, collect the simple roots «;
as given in tab. E.1 in the rows of a matrix M. Then the rows of the matrix (Mﬁl)T are
the dual simple roots, which are for algebras of type ADE equal to the fundamental weights.

The consistency of the construction (cf. section 2.4.4) requires NV to lie in the Eg x Eg
root lattice. Since Eg is self-dual, the dual simple roots «; are in the root lattice, so it
follows from eq. (4.32) that 6V is also in the lattice.



57

4. Classification of Orbifold Models

No. Shift Vector Algebra

1 /6 5/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | As

2 /4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 -1/4 | E;+ A

3 /3 2/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | A5+ Ay

4 /2 12 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | Es+ Ay

5 /3 12 -1/6 -1/6 -1/6 -1/6 -1/6 -1/3 | D5+ A1+ A
6 /4  3/4 -1/12 -1/12 -1/12 -1/4 -1/4 -1/4 | As+ A+ Ay
7 /4 7/12 -1/12 -1/12 -1/4 -1/4 -1/4 -1/4 | As+ A1+ Ay
8 1/4 5/12 -1/12 -1/4 -1/4 -1/4 -1/4 -1/4 | Dg+ A4

9 /3 2/3 0/1 -1/6 -1/6 -1/6 -1/6 -1/3 | Dys+ A3

0 | 1/4 3/4 1/12 -1/12 -1/4 -1/4 -1/4 -1/4 | A;

1| 1/4 7/12 1/12 -1/4 -1/4 -1/4 -1/4 -1/4 | Dg+ A4

12 | 1/4 3/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 | Dy

316 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | A

4 13 1/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | Es

5 | 1/4 7/12 -1/12 -1/12 -1/12 -1/12 -1/4 -1/4 | A4+ A;

6 |16 2/3 o0/1 -1/6 -1/6 -1/6 -1/6 -1/6 | A

7 13 12 o/1 -1/6 -1/6 -1/6 -1/6 -1/6 | D5+ A,
8|16 1/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | E;

19 | 1/4 5/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/4 | D5+ A

20 | 1/6  1/2  0/1 0/1 -1/6 -1/6 -1/6 -1/6 | Ag+ Ay

21 | 1/6 1/3 0/1 -1/6 -1/6 -1/6 -1/6 -1/6 | Ds

2 | 1/6 1/2 1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | Dy

23 | 1/12 5/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | A

24 | 1/4 1/4 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | Eg+ Ay

25 | 1/12 1/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | E;

26 | 1/12 1/4 1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | D,

27 | 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 | Eg

Table 4.1: Inequivalent Zg gauge shifts.
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The Trick

We could repeat the above procedure separately with N =1, N =2 and N = 3, but there
is a more efficient way to do it. The condition that the s; be relatively prime assures that
we obtain automorphisms which are exactly of order 6 and not lower. Assume that we drop
this condition and that the greatest common divisor of the s; is 2. Then the corresponding
shift vector

1 1
Vzé(sloz}‘+...—|—38a§):§(3’1af—i—...—l—sga;) (4.33)

can be written in terms of the s, = s;/2 which are now relatively prime, and theorem 4.2.1
tells us that the shift corresponds to an automorphism of order 3. In the same way, we also
obtain the automorphisms of order 2 and 1. (The automorphism of order 1 is, of course,
the identity.)

Carrying out this construction, we find the 27 shift vectors listed in tab. 4.1.

4.4.2 Automorphisms of Eg x Ej

So far, we have a characterization of Aut(Eg), but for the orbifold constructions, we need
to know Aut(Eg x Ej).

Let a, b be two groups and let a x b denote their direct product. Remember that the group
operation on a X b is given by

(al,bl)*(ag,bg) = <a1 Oag,bl Obg)7 (434)

where o denotes the group operation in a and b. In general, the automorphism group of
the direct product will not be equal to the direct product of the automorphism groups,
but rather

Aut(a) x Aut(b) C Aut(a x b), (4.35)

where the right hand side may or may not be a proper subset of the left hand side. How-
ever, for inner automorphisms, we can go one step further.

By definition, an inner group automorphism acts on a by conjugation with an arbitrary,

but fixed element,
1

oy :a—a, arroaoxs -, (4.36)
and an analogous statement holds for the group b:
o, b—b, b—yoboy (4.37)
Now consider an inner automorphism on a X b:
oc:axb—axb, (a,b) — (z,y) * (a,b) % (x,y) " (4.38)

Using the group operation on a x b, we can evaluate the right hand side and obtain

(z,y) * (a,b) % (x,) ' = (xoaox t,yoboy ), (4.39)
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which shows that every inner automorphism on a x b is given by a pair of inner automor-
phisms, one on a, and the other on b. This proves

Int(a) x Int(b) D Int(a x b), (4.40)
and taking eq. (4.35) into account, we can conclude that
Int(a) x Int(b) ~ Int(a x b). (4.41)

Interpreting this result for our case, we find that every inner automorphism on Eg x Ej is
such that its restriction on Eg and E§ is an inner automorphism on the respective factor
and can thus be described by a 848 dimensional shift vector which is conveniently denoted
by

V=) (V) (4.42)

where each V;, i = 1,2, corresponds to an inner automorphism in the sense of section 4.4.1.

4.4.3 Modular Invariance

However, not all of the 27 x 27 = 729 combinations correspond to admissible choices. For

the Zg-II orbifold with
N =6, v="(% 3, —3) (4.43)

the modular invariance conditions eq. (2.26) read

N(V?=v*)=0mod2 ~  6(V?*—%)=0mod?2, (4.44)
giving only 61 consistent gauge embeddings. We list the corresponding shift vectors and
the unbroken gauge groups in appendix E.

The Zg-1 vs. the Zg-1II Point Group. Note that it is the modular invariance condition
which distinguishes between the Zg-1 and Zg-11 orbifolds. For both orbifolds, the automor-
phisms are of order 1,2,3 or 6, but the value of v? is different.

The choice of V is not unique. The Weyl group? of Eg is the symmetry group of the
associated root lattice. As a consequence, two shifts V' and V'’ which are related by the
action of a Weyl group element will yield not only the same symmetry breakdown but also
the same spectra. Since the Weyl group is generated by reflections, the length of V' will
be equal to the length of V', and either both shifts fulfill the modular invariance condition
eq. (4.44), or none of them does. Thus, in the case of no Wilson lines, this freedom of
choice is not relevant.

2We will have much more to say about the Weyl group in chapters 5-7. For a definition, the reader
may want to refer to section 5.2.



60 4. Classification of Orbifold Models

4.5 Classification of Orbifold Models in the Presence
of Wilson Lines

From the viewpoint of group theory, Wilson lines are additional shifts which cause a further
symmetry breakdown of the gauge group. Thus, they can be classified using the very same
techniques developed in the previous sections.

Unfortunately, the consistency conditions of the orbifold construction spoil this simple
picture. First, we list the relevant conditions and indicate the problems. Then, we describe
the construction of the automorphisms and the corresponding Wilson lines by means of
examples rather than giving an abstract overview of the algorithms.

4.5.1 The Consistency Conditions
The Gauge Embedding is a Group Homomorphism

As explained in section 2.4.4, for a twist of order N we require
NV e TEsXEé and NAa € TE8XEI8' (445)

Whereas N V' is in the root lattice by construction (cf. section 4.4.1), this will not nec-
essarily be true for NA,. However, by adding fundamental weights which correspond to
U(1) directions, one can restore N A, to lie in the lattice.

Modular Invariance

Specializing the modular invariance conditions given in section 2.4.5 to the case of the
Zg-11 orbifold, we get

6 (V*—v%) =0 mod 2, (
6V -A,=0mod 1, (
N'A,-Ag=0mod 1, «a#p, (4.48
N" A2 = 0 mod 2, (

where N’ is the lowest common multiple of the orders of A, and Ag, and N” is the order

of A,.

Remember the discussion at the end of section 4.4.3, where we pointed out that two shift
vectors V and V' which are related by the action of a Weyl group element describe the same
orbifold model. Such two shift vectors correspond to automorphisms which are related by
conjugation. Since theorem 4.2.1 gives us not all automorphisms, but only representatives
of each conjugacy class,? it can happen that we construct the shift vector, say, V, but miss
V. In the case of no Wilson lines, this is not relevant, since elements of the Weyl group are

3Note that the theorem may give more than one representative of each conjugacy class.
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generated by reflections and these do not change the length of vectors, so that eq. (4.46)
is either fulfilled by both shift vectors or by none of them.

In the presence of Wilson lines, the situation is different. Assume that we have constructed
a Wilson line A,. Then, V'- A, may fulfill eq. (4.47) whereas the other combination V - 4,
may not. Moreover, the Wilson line itself is determined only up to an element of the
Weyl group of the unbroken gauge group. As a consequence, we have to check the modular
invariance conditions not only for V' and A,, but for all combinations of V' and A/ . Note
that elements of the Weyl group do not change lengths, so eq. (4.49) is unaffected.

There is yet another complication, namely the two Wilson lines A, and A, + AV, X € Z,
induce the same gauge symmetry breakdown, since A, acts on those roots of the algebra
which have survived the projection by V. This operation does not only change the direction
of A, in root space, but also affects its length, so for one choice of A € Z, eq. (4.49) may
be fulfilled, whereas for another choice it may not.

Still, this is not the most general term one may add to A, without changing the gauge
symmetry. Consider the orthogonal complement of the roots surviving the projection by
V. Adding an element in this complement to A, does not affect the gauge symmetry.
Note that the orthogonal complement corresponds to U(1) directions in the unbroken
gauge group, and choosing different linear combinations of U(1) directions corresponds to
different embeddings of the unbroken gauge group in Es.

4.5.2 Classification of Zg-II Orbifold Models with 1 Wilson Line

We break up the problem of finding the shifts and Wilson lines for Eg x Eg to the study of a
single Eg factor. We already know that there are 27 inequivalent Zg shifts which are given
in tab. 4.1. To find all admissible Wilson lines, we have to determine the unbroken gauge
group g corresponding to each shift, and then consider the group of inner automorphisms
of g.

Without loss of generality, assume that we consider the second shift in tab. 4.1:

V:(l 1 _

1 4

ia i? ia 4117 _iu _411) = é[07 07 07 07 07 07 37 O]DL (450)

We present the shift both in the Cartan-Weyl and in the Dynkin basis. The unbroken
gauge group is given by the Dynkin diagram

3 asg
2 4 6 ) 4 3 2 1
O—O0—O0—O0—0—O0—3 - O
(0%} (e%)) Q3 QY (071 (074 (074 (&%)

and corresponds to g = E; x SU(2). The inner automorphisms of g will be given by
the direct product of the inner automorphism groups of E; and of SU(2). We draw the
corresponding extended Dynkin diagrams with the associated Kac labels:
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2007
1 2 3 4
o - O0—0
60 51

3 2 1 1 1
- O—O0—O0——O G_--O
P B3 Ba Bs Do YoM
We determine all n-tuples
s=(s0,...,87) and 1= (ro,71) (4.51)
with non-negative integers s;, r; such that
l-s9+2-851+3-89+...+2-8;,=6 and 1-rq+1-r1 =6 (4.52)

and construct the associated shift vectors (which are in this case actually the Wilson lines)

1 1
A = é(slﬁik +...+s707) and Ay = E(Tlﬁk . ). (4.53)

Note that A; 1 As, because every dual simple root can be expressed as a linear combination
of the simple roots* and the two diagrams are disconnected, thus implying that each simple
root in one diagram is orthogonal to every simple root in the other diagram. For the same
reason,

Ay L forall i=1,...,2 and Ay L B; forall j=1,...,7, (4.54)

or in other words, A; acts as the identity on the second diagram and A, acts as the identity
on the first diagram. This allows us to write the Wilson line for the direct product as

A=A+ A, (4.55)

This gives the Wilson lines for one Eg factor. To find the Wilson lines for Eg x Eg, we
first split up the shift V' = (V) (V2) into its components acting on the first and the second
Es, respectively. Then we determine separately all Wilson lines for V; and for V5. Next,
we combine all Wilson lines from the first set with all Wilson lines from the second set to
form 16-vectors acting on Eg x Eg. If the modular invariance conditions are not fulfilled,
we may perform the following operations on the components of the shifts and Wilson lines
in each Eg factor (cf. section 4.5.1):

1. Change the shift by the action of an element w € W(Eg) in the Weyl group of Es.

2. Change the Wilson line by the action of an element w € W(g) in the Weyl group of
g, which is the unbroken gauge group surviving the projection by V.

3. Change the Wilson line by adding a linear combination of U(1) directions.

We illustrate this procedure by means of specific examples.

4The rows of the inverse Cartan matrix are the expansion coefficients of the fundamental weights in
terms of the simple roots.
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Rotating the Shift Saves Modular Invariance

Consider the following combination of shift vector and Wilson line:

Vs bbb D) (50.00000) (450
A= (bbb bbb D@L ho0000) @

The shift vector corresponds to model 1 in appendix E. Checking the modular invariance
conditions given by egs. (4.46-4.49), we find:

6(V>—v’)=0mod2 ~ 6(E-IL)=6v (4.58)
6V-A=0mod1l ~ 6V -A=-Ux (4.59)
3A2=0mod 2 ~ 3A*’=2V (4.60)

Rotating V', we find an equivalent shift vector
12 1\ (1 1 1 1 1 1 1
g’ _g’ 07 Z) (Z7 _4_17 _Z7 _Z7 _4_17 _Z7 _Z) (4’61)

which fulfills all modular invariance conditions:

6(V?—v?)=0mod2 ~ ©6(B-L)=06V (4.62)
6V-A=0modl ~ 6V -A=2V (4.63)
3A42=0mod 2 ~ 3A*’=2V (4.64)

Adding U(1)’s Saves Modular Invariance

Consider the shift vector and the Wilson line

Voo GhbhELED G5 500000), (469

A:(lllllll-%)(Qlellll)' (4.66)

3y 733 737737 73) 735 73>

The shift vector corresponds to model 3 in appendix E. Checking the modular invariance
conditions, we see that two of them are not satisfied:

6(V?-v*)=0mod2 ~ 6(B-L)=06v (4.67)
6V-A=0mod1l ~ 6V -A=42%x (4.68)
3A°=0mod 2 ~ 3A’=12x (4.69)

Fortunately, we have two U(1) directions to play with, since the shift V' breaks

Eg x Ey — SU(9) x SO(10)" x SU(2)" x U(1)". (4.70)
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Adding the U(1) direction
U=1(0,0,0,0,0,0,0,0,0) (4,0,0,0,0,0,0,0) (4.71)

to the Wilson line, A — A’ = A + U, changes both its length and its direction, and the
new Wilson line A’ together with the shift V' which is unchanged now fulfill the modular
invariance conditions:

6(V>—v’)=0mod2 ~ 6(E-I)=6v¢ (4.72)
6V-A=0mod1l ~ 6V-A=19V (4.73)

3A2=0mod 2 ~ 3A’=T2V (4.74)



Chapter 5

Continuous Wilson Lines and Rank
Reduction

The constructions considered so far have one obvious drawback, namely
the rank of the gauge group can never be lowered, thus making it im-
possible to obtain realistic gauge groups in the low-energy limit. This
shortcoming can be traced back to our embedding the space-time twist
of the orbifold as a shift in the gauge degrees of freedom. With this
chapter, we start pursuing another line of thought, namely realizing the
twist in the space-time degrees of freedom as a rotation in the root lat-
tice of the respective algebra. It will turn out that in combination with
Wilson lines, this will lead to rank reduction. This chapter concentrates
on the main ideas and technical details, deferring the construction of
explicit models to the next chapter.

5.1 Embedding the Twist as a Rotation

In orbifold constructions of the heterotic string, modular invariance requires the twist in
the space-time to be accompanied by an action on the gauge degrees of freedom, more
specifically on the generators of the gauge symmetry, in our case Eg x Eg. In other words,
the twist is accompanied by an element of the automorphism group of the gauge symmetry,
and in the literature, there is usually the additional assumption that the automorphism is
inner:

PCO®6) — G C Int(Es x E) (5.1)

In chapter 4, we explained in great detail how any inner automorphism can be represented
by a shift on the Eg x Ej root lattice, and exploited this fact to classify orbifold models.

It may seem more natural to realize the twist in the space-time directly as a twist in
the root lattice of the gauge group. In the following chapters, we will pursue this line of
thought and explore its consequences. The root lattice of Eg x Ej defines a 16-torus in a
way completely analogous to the space-time torus entering the definition of an orbifold. For

65
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the construction of modding out the twist to be consistent, we demand that it maps the 16-
torus onto itself. This requirement is tantamount to the twist being a lattice automorphism,
i.e. its preserving the scalar products between root vectors spanning the torus. Such
automorphisms of a root lattice constitute its Weyl group, which we denote by W. In a
next step, this element of the Weyl group which has been assigned to the space-time twist
has to be lifted to an automorphism of the algebra:

PcO®) — W <% G Int(Es x E) (5.2)

Since the gauge symmetry Eg x Eg is the direct product of two groups, the corresponding
root lattices are orthogonal to each other. Consequently, the elements of the Weyl group
will preserve this structure, because they are lattice automorphisms. Thus, they either
map each root lattice onto itself or exchange the two lattices as a whole. The latter case
corresponds to exchanging the visible and hidden sectors, and is a matter of choice. From
this reasoning we learn that we can concentrate on one Eg at a time. The automorphisms
of Eg x Eg will then be given by all possible combinations of the automorphisms of the
factor groups, where, of course, further consistency conditions arising from the orbifold
construction will have to be taken into account.

The discussion in this chapter is fairly general, and applies to all simply laced, semi-simple
Lie algebras. To present the developed methods in full detail, we will specialize from
section 5.5 on to the case of SO(10).

5.2 Lattice and Algebra Automorphisms

Given a Lie algebra g, the corresponding Weyl group W is by definition generated by the
reflections r,, where « is a root. (Actually, one can constrain oneself to the simple roots.)
The scalar product preserving symmetry group of the root lattice (sometimes called lattice
automorphisms), S(A), is related to the Weyl group W by the symmetries of the Dynkin
diagram, D(g) [48]:

D(g) = S(A)/W (5.3)

Thus, if the Dynkin diagram of an algebra has no symmetries, the lattice automorphisms
are given by the Weyl group W. The embedding of the orbifold twist into the gauge degrees
of freedom as a rotation is an automorphism of the lattice A, and can thus be described
by an element of W.

The automorphism of the lattice can be lifted to an automorphism of the algebra. To
this end, we observe that the Weyl group W is generated by the so called simple Weyl
reflections

<ﬁ ) ai>

(v, i)

Ta; : Br— 3 —2

Qg (5.4)
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where «; are the simple roots of the algebra g. The action of any Weyl reflection on the
Lie algebra lattice can be lifted to an action on the Lie algebra itself,

Tai B 1a,8  ~ B 7o, Egiy (5.5)
where the lift 7,, is defined as
~ NG
T, = €XP <Z§ (Eq, + E_ai)> . (5.6)

To calculate the lift of an arbitrary element of w € W, write w in terms of the Weyl
reflections. The lift of w will then be given by k consecutive lifts of Weyl reflections:

W=Tr .. T~ Ty TR Byt Ty (5.7)

5.3 The Transformation of the Generators Under the
Lift

In the following, we will show that the generators of the Lie algebra transform as

s (A H) gt = (rs(\) - H, 62)
ngafgl = Cg(a) Erﬂ(a),

under the lift of a single Weyl reflection r3. The complex phases cg(a)) will be explicitly
evaluated. For our calculations, we will make frequent use of the Baker-Campbell-Hausdorff

formula
o0

Bet=3 A B, [A Bl =44, (4B (5.9)

Also, we want to remind the reader of the commutation relations in the Cartan-Weyl basis:

[Hi> H]] — O
H;, E,] = o'E,
[Ea, Eg] = NogEars ifat+fel (5.10)
= 2 a-H ifa=-0
|af?
=0 otherwise

In this section, we will assume that all roots are of length-squared 2.



68 5. Continuous Wilson Lines and Rank Reduction

5.3.1 The Transformation of the Step Operators E,,

To evaluate the expression

FoBai; = exp (% (Eg + E-g)) B oxp (—zg (Bs + E5)). (5.11)
we set )
A= % (Es+ E_3), B=E,, (5.12)

in eq. (5.9) and calculate its right hand side:

T - — 1 (ir\"
exp <z§ (Eg + E_ﬁ)> E, exp (—15 (Es + E_5)> = Z <3) (Es+ E_3,E.]

m!

(5.13)
For the following calculations, it will be convenient to extend the definition of the struc-
ture constants in the sense that N, 3 = 0, if o + § ¢ A. Strictly speaking, the structure
constants are not defined in this case.

Assume o # +0.

[Es + E_p, Eo]y = [Ep + E_p, Ea] = NpaFasp + Nopabap

Assume that Nz, # 0. Then a + 3 € A, ie. |a+ 3|* = 2, from which we can infer that
(a, 8) = —1. Now we can calculate |a — 3]* = |a]* +|8)* =2 (o, 3) =2+2—2-(—1) = 6,
soa— ¢ A, and thus N_g, = 0:

[Es + E_p, Eol; = NpaBayp-

Assume Ng, # 0, N_g, = 0 for the rest of the calculations. We will generalize the final
result to arbitrary values of Ng,.

m = 2:

[Es+ E_g, Eoly, = [Es+ E_p, [Es+ E_g, Eo]] = [Es+ E_g, NgoFaig]
= Npo[Ep; Eatp] + Npa [E-p, Eaypl
= NgalNpa+pEor2s + NgoN-pat+sla
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We show that o + 23 is not a root, and thus Ng g = 0:
la+281° = |a+ 87 + |81 + 2(a, 8) +2(8,8) =2+2+2- (1) +2-2#2

By using eqgs. (5.25-5.26), we show that N_g 13 = Nga:
(_ﬁ> + (Oé + ﬁ) + (—Oé) =0 - N*ﬁ,oﬂrﬁ = Na+ﬁ,fa = Nfa,fﬂ = —Na,p = Nﬁ,a

The expression for the commutator can then be simplified:
[Eg, E_g, Eq), = NE’QEOC

m = 3:

[Es+ E_g,Es)y = [Es+ E_p,[Es+ E_p,Ea), | = [Es+ E_p,Nj Ed]
= N627a [Eﬁv Ea] + N2,a [E*ﬁa Ea]
- Ng7aEa+ﬂ

3
I
W

[Es+E_g,Es), = [Es+E_p,[Es+E_p,Es);| = [Es+E_5,Nj Easp)
= Njo[Es Earsl + Nj o [E-p, Basg]
= Ng’aEa

We substitute the results which we obtained for m =0, ..., 4 into eq. (5.13):

T

exp (%T (Es + E_g)) E, exp ( 5 (Es+ E—ﬁ))

[e.e]

1 [im\™
= Zﬁ(?) [Es + E_s, Eul,,

m=0

N 1 /my\2 1. /m\3 1 /m\4
= BatiZNsaBass = 57 (5) NiaFa— 551 (5) NiaBaro+ 5 (5) NiaFat ..

1 /7 2 1 /7 4 s 1 /7 3
- 1——<—Na> —<—Na> — . \E, +i —Na——<—Na> ) E,
( 2| 2 B, + 4| 2 B, +1 2 B, 3| 2 B, + +3
= cos (gNﬂ,Q B, +isin (gNﬁ,O) Eoss (5.14)

For algebras of type ADFE, the non-vanishing structure constants are 4+1. In this case,
eq. (5.14) can be simplified to

F3BaTy" = iNgoEorp, «#=£B, Nga#0. (5.15)

For the case N_g, # 0, we substitute 3 — —/( in this formula. The left hand side of
the eq. (5.15) is invariant under this substitution, because the definition of the lift 75 is
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symmetric in +4. Thus, we obtain
F3Eaiyt =iN_goFap, a#+£3, N_go#0. (5.16)

For the case o # £, and N, = N_g, = 0, all commutators vanish, and going through
the previous calculations once again shows that the action of the lift is the identity:

FsBaTy' = B, a#+£8, Ngo=N_go=0 (5.17)

Now we discuss the case a = (3. We repeat the calculations following eq. (5.13):

[Ea + E—ou Ea]() — Ea

[Ea + E—ouEa]l = [Ea + E—omEa] = [ECH Ea] - [EaaE—a] = - [Eaa E—a} =—a-H
[Ea + E—Ou Ea]g - [Ea + E—aa [Ea + E—on Ea” - [Ea + E—ou (_a ' H)]

= o' [H;, E,)+ o' [H;,E_,] = |af*E, — |a*E_,

= |a|* (Ea — E_4)

[Ea + E,a, Ea]g = [Ea + E,a, [Ea + E,a, Ea]g]
= |a]*[Eq + E_q, Eo — E_o] = [a* (= [Ea, B_o] + [E_q, E4])
~ faf? -2 [Fa, F-a] = 2P a - H

|[Eo+ E_o,Ey), = [Ea+ E_o,[Ea + E_y, E,l5)
= [Ey + E_o,(—2|a?a- H)] =2|a]?a" [H;, By + E_4]
= 2la*a’ (a'E, — o'E_,,)
= 2|a|t (Ey — E_,)

[Ea + E—oca Ea]g) = [Ea + E—om [Eoc + E—a; Eoc]4] = 2|Oz|4 [Ea + E—on Ea - E—a]
= 2|a|* (= [Ea, E_o] + [E-a, Ea))
= —Ala|'[Ey, E_o] = —4lal*a- H
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We substitute the results which we obtained for m =0, ..., 5 into eq. (5.13), and set a = f3:

exp (% (B, + E_a)) E, exp (—% (E, + E_a)>
=1 [im\™
— Z — (-) [Eo + E_o, Ea),,
— m! \ 2

= B+ T (o H>+1(T>2\a\2<Ea—Ea>+1(i—”)3<—2|a|2a~ﬂ>

Ty 21\ 2 31\ 2
l ( ) (2la|* (Ba — E_y)) + 1 (Z—W>5 (—4lal'a-H) +...
4 “ 51\ 2
1 1, 1,
= E —§ E E—>+§(EO¢—E—Q) |:1—§7T —|—E7T —:|

)
+§a H[ 7r+§7r —EW +. }
1 1 i '
= F,— 5 (B — E_o) + 3 (Ey — E_,)cosm + 504 - H (sinm)
- E_,
It is clear that the same result holds for « = — (3, because eq. (5.11) is symmetric in +0.

We summarize the transformation properties of the step operators below for further refer-
ence:

a+pelN, a#+f —  FsElis = iNgaFayg
a—feN, a#+f — By =iN_goEa g
atfB¢N a#+f —  FsE.; = E,

a=+3 — fﬁEafgl =F_,

(5.18)

These transformation properties can easily be cast into the form given in eq. (5.8). Consider
the first relation in eq. (5.18). As before, a + # € A implies («, ) = —1. Then,

5 {2 0)
ra(a) = <ﬁ B a+ B, (5.19)
so that we can rewrite the first relation in eq. (5.18) as
FaBaiy" = cg(a) Brya), (5.20)

where cg(a) = iNg,. The other relations are equally easy to show.

5.3.2 The Transformation of the Cartan Generators H;
To evaluate the expression

T (Es+ E,ﬁ)) H; exp (—zg (Ejs + E,ﬁ)) , (5.21)

rgH,; f/gl = exp <i2
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we set

A= %T (B;+ E_3), B=H, (5.22)

in eq. (5.9) and calculate its right hand side:
i T =1 [imr\"

m!

(5.23)
As before, we calculate the first 5 terms of the series, and then generalize the result to
arbitrary m € N.

o

[Es + E_g, Hi], = [Eg + E_p, Hi)| = =BiEps + 3iE_3 = —3; (Eg — E_p)

m =2

[Es+E_g,Hi], = [Es+ E_p,[Es+ E_p5, Hi|]| = —0;i[Es+ E_p,Esg— E_p]
— —6:([Bs, Bl — [Bp B_g] + B3, Eg] — (B, B4) )
— ~6(-28-0) = 28:8-H

m=3

[Eg + Efg, Hi]3 = [Eg + E,g, [E@ + E,g, HZ]Q} = [Eg -+ E,Q, Qﬁi ﬁ . H]
= —20,8;[H;, Es + E_5] = —2035; (@Eﬁ - ﬁjEfﬁ)
= —206, 8% (Es — E_p)

m =4

[Es+ E_p, Hi], = [Eg+E_p,[Es+ E_p,Hy] = —20;0°[Es+ E_p, Es — E_g]
= -25 52( — [Ep, E_g] + [E_p, Eﬁ])
= 46,6 3-H
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[Es + E_p, Hl; = [Es+ E-p,[Eg+ E_p, Hl,] = [Es+E_5,46,6° 3- H]
= 4G, B [Hy, By + Bg) = —46:05;(8,Fs — 6;5-0)
= —43; 8' (Es — E_p)

We substitute the results which we obtained for m = 0,...,5 into eq. (5.21). Note that we
use the normalization 32 = 2 of the roots, and by e; we denote the ith basis vector of the
standard basis of Euclidean space.

= Hi- 6 p-H
1 ™ ™
ey (=g gt )ns a5 (G- 5+ 5) A E - B
= H;— ;@ﬁ H+%Cos7rﬁlﬁ-H—§sm7rﬁi(Eﬁ—E_ﬁ)
= ¢ -H %ei«ﬂﬁ H
= rpler) - H

As we have proved this vector equation for any basis vector e;, it is clear that the relation
immediately generalizes to
g (N H) 75t = (rg(N)) - H. (5.24)

Knowing the transformation properties of the step operators and Cartan generators, the
structure constants are the final piece of information which is missing.
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5.4 The Structure Constants

In this section, we are closely following ref. [49], where the determination of the structure
constants has been described. The structure constants of a Lie algebra are not uniquely
determined. We will show that for certain ordered pairs, to be called extra special pairs,
the sign of the corresponding structure constants may be chosen arbitrarily, thus determin-
ing the values of all the others. The following theorem will be crucial for our considerations.

Theorem: Let g be a simple Lie algebra over C, and let A denote the set of its roots. The
structure constants of g satisfy the following relations:

(i) For o, 0 € A:
Nag = —Nsa (5.25)

(i) If o, 8,7 € A satisfy a + F+ v = 0, then:

Nap _ Np,y _ Nya
(V7)) A{asa)  (8.6) (5:26)

(iii) For o, 8 € A,
NogN_a-p=—(p+1) (5.27)

where p is the integer such that —pa+ 0 € A, and —(p+ 1)a+ (§ ¢ A.
(iv) If o, 8,7,6 € A satisfy o+ 3+ v+ 0 = 0, and no pair are opposite, then:

Na,ﬁNv,(S NﬂnNa,é + Nw,ocN,B,cs
(a+B,a+p6)  (B+7,8+7) (v+ta,v+a)

~0. (5.28)

An ordered pair (r, s) is called special, if r+s € A and 0 < r < s. An ordered pair is called
extra special, if (1, s) is a special pair and if for all special pairs (1, s1) with 4+ s = r; + 51
we have r < ry. Thus, every positive root which is the sum of two positive roots can be
written uniquely as the sum of an extra special pair. We now show how the values of the
structure constants N, ; can be derived from the structure constants on the extra special
pairs using the theorem above.

Consider the structure constant N, s. Either r +s € A or r + s ¢ A. In the latter case,
N, s = 0 by definition. Assume the former case, i.e. r +s € A. It then follows that the 12
pairs,

(r,s), (s,—r—s), (-=r—s,7), (—=1r,—58), (=s,r+s), (r+s,—r),
(s,r), (=r—s,8), (r,—r—s), (=s,—r), (r+s,—s), (—r,r+s),
(5.29)

are such that the sum of the 2 roots in each pair is again a root. Since r+ s+ (—r—s) = 0,
not all roots, r, s, —r — s, can be positive (neither can all be negative), so either 1 is
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positive and 2 negative, or 2 are positive and 1 is negative. Therefore, of the above 12
pairs, exactly one is a special pair.

Assume that e.g. (r,—r — s) is the special pair and that we know how to determine the
structure constants of special pairs. (We will show in a moment how the structure constants

of special pairs follow from those of extra special pairs.) Choose a =71, f=15,7=—r—3s,
and use eq. (5.26). It follows that
Nr,s - <T + S’ r + S> N—rfs,r = - <T + 87 . + S> NT,*T*S7 (530)

(s,8) (s,5)
i.e. the structure constant corresponding to the pair (r,s) is determined by that of the
special pair (r, —r — s).

Now we will concentrate our attention on determining the structure constants of the special
pairs from those of the extra special pairs. Assume that (r,s) is special, but not extra
special. Let rq, s; denote the associated extra special pair. Then by definition, r; < r, and
by assumption that (7, s) is not extra special, ; < r. Because r + s = r; + s1, it follows
that s; > s. Furthermore, as (r, s) is special, r < s. Putting all this together, we have

0<r <r<s<si. (5.31)
Since r + s+ (—7r1) + (—s1) = 0, we can use eq. (5.28),
Ny sNori s Ny —ri Ni—sy N_py rNs—s,
(r+s,r+s) (s—ry,s—r) (—ri+r,—ri+7)
which expresses N, ; in terms of the structure constants associated with the pairs
(=11, —51), (s,—r1), (r,—s1), (—=ri,7), (s,—s1). (5.33)

For each such pair, we repeat the steps following eq. (5.29). This gives us a special pair,
and this special pair determines the structure constant of the original pair according to
eq. (5.30). The special pairs corresponding to eq. (5.33) are

=0, (5.32)

(r1i,s1), (ri,s—mr1), (s1—mrr), (r—ry,r), (s1—s,5) (5.34)

or transpositions thereof. For the first special pair, r;1 + s; = r + s and r; < r. However,
for the remaining four pairs (r’, "), we have '+ s < r+s. This means that we can express
the structure constant of (r, s) either

1. by the structure constants of special pairs with the same sum r + s, but the first
entry less than and not equal to r, or

2. by the structure constants of special pairs (1, s") for which ' +s' <r + s.

This algorithm will only terminate, when we have no further possibility to lower the first
component of the pair, i.e. when we have arrived at an extra special pair. For ADE alge-
bras, the structure constants of the extra special pairs can be chosen to be £1.

The structure constants in appendix D have been computed using this recursive algorithm,
implemented in a C+4 program.
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5.5 The Lift of a Single Weyl Reflection

To illustrate the ideas of the previous sections, we consider the Lie algebra SO(10). Using
the transformation properties for the Lie algebra generators as given in eqs. (5.18, 5.24),
we will calculate the lift for a single Weyl reflection. To be specific, we concentrate on 7, .

We start with calculating the action of 7, on the Cartan generators, as given by eq. (5.24).
To this end, we need the matrix representation of r,,.

Remember the general rule that the i-th column of the matrix representing the linear map
is the coordinate vector of the image of the i-th basis vector. In the case of the standard
basis of R, the i-th column of the matrix is simply the image of the i-th basis vector. The
images of the basis vectors e; are

TOélei =€ — <€’i7 Ofl) aq, (535)

where the simple root «; is listed in tab. (D.1). The matrix representation of r,, in the
standard basis is then given by

01000
10000

re,=] 0010 0 (5.36)
00010
00001

The matrix representations for the other simple Weyl reflections can be found in appendix
D.

The transformation properties of the basis Hy, ..., H; of the Cartan subalgebra are then
given by eq. (5.24), substituting A = e;, and using r,, as given in eq. (5.36):

FaHiTy! = 7Ta,(e1) - H = Hy
Fa Hofy! = 7Ta,(e2) - H=H;
fangf(;ll = ra(e3) - H=H; (5.37)
Fod P2l = 1oy (e4) - H = H,
Fa HsTy! = Ta,(es5) - H = Hj

The transformation law for the 40 root operators Ejg, is given by eq. (5.18). Once we know
the structure constants Ng,, the action of the lift is trivial to calculate. Calculating the
Ng.’s, however, is not at all a trivial undertaking. The structure constants of SO(10) are
listed in appendix D. The roots, and the simple roots are given in appendix D.
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7

Table 5.1: Action of the lift 7,, on the root generators.

Ep | T Ep o) | Ta,EsTol | B | TanEpia, | Ta,Esly;
Eg, Eg, Eg, Egs,, 1Fg, —FEg,,
Eﬁ2 Eﬁs Eﬂ2 Eﬁzz _iEﬁ1o _Eﬁzz
L, Eg, Eg, Egy, | iEp, — Ly,
Egs, Eg, Eg, Eg,, —ilg,, —FEgs,,
Egs, —ikg,, —Eg, Eg,, —ikg,, —FEg,,
Eg, —iFg,, —Fg, Eg,, —ikg,, —FEg,
Eg. 1Fg,, —Fg, Es,. 1Eg, —Eg,,
Eg, 1F gy, —Eg, Eg,, 1Eg,, —FEg,,
Eg, 1Bg,, —Eg, Eg,, Eg,, Es,,
Es, —ibg,, —Ejg,, Eg,, Eg,, Es,,
Eg,, 1Fg,, —FEg,, Eg,, Eg,, Eg,,
Eg, —ilg,, —Eg, Eg,, Eg,, Eg,,
Eg,, —ilg,, —Eg,, Eg,, Eg,, Eg,,
Eg, | —iEgy, —Es, || Ess Eg,, Eg,,
Eg,, 1Fg,, —Eg,, Eg,, Eg,, Eg,,
Eg,, 1By —Eg,, Eg, Eg,, Eg,,
Eg,. —ilg, —FEg,, Eg,. Eg,. Eg,.
Eg,q —ilg, —FEg,q Eg,q Eg,, Eg,q
Eg,, 1Bg, —FEg,, Eg,, Eg,, Eg,,
Egy | il —Epyy || Epio Eg, By

In tab. (5.1), we list the action of 7, and its square on the 40 step operators of SO(10).
Although the Weyl reflection r,, is a Zy map on the root lattice, its lift 7,, clearly does

not square to identity.
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5.6 The Lift of the Coxeter Element

For an arbitrary element w of the Weyl group, w? = 1 only implies w* = 1 [50]. Only if w
is non-degenerate, w and w are of the same order, and w? = 1 implies w? = 1. An element
w of the Weyl group is called non-degenerate, if all its eigenvalues are different from 1, i.e.
if w does not leave any direction fixed.

Consider the Coxeter element r = 74,74, TasTa,Tas- By multiplying the matrices in eq. (D.2),
and determining the eigenvalues of the resulting matrix, one immediately verifies that r
has no fixed directions, and is of order 8, i.e. 8 = 1. Thus, we expect that its lift 7 has
the same order as r.

We are interested in breaking SO(10) using a Z, automorphism, so set s = 4. The trans-
formation law of the 40 step operators under § can be immediately calculated as we know
the lifts for the constituting Weyl reflections. The result is given in tab. (5.2). It is clear
that s is of order 2.

Table 5.2: The action of § on the root operators of
SO(10), where s is the Coxeter element to the fourth.

EBg, §E5 51 Ej, o
Eg | Esy = E_p | Epy | —Egy = —E_p,
Eg, | Egy = E_p | Epgy | —Epy = —Epy
Eg, | Es, = FE_p | Epgy | —Epy = —Epy
Eg, | Eg = Eop || Egy| —Epy = —E_py
Eg, | —Epy, = —E g | Epy | Epy = Eopy
Ege | —Ep, = —E g5 | Epy | Eps = Eopy
Es, | —Eg, = —E p | Epy | Eps = E py
Egy | —Ep = —E g | Epy | By = Eopy
Egy | Epy = Eopy | Epy | Epw = FEopy
Epo | Epy = Eopo | Epao | Esn = FEopy
Epy | Epy = Eopy | B | Epe = FEopy
B, | By = Eopy | Epn| B = FEopy
continued ...
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continuation ...

Egs | Egy = E_py || Epss | —Eps = —E_ps,
Egu | Ess = E_py || Epsu | —Eps = —E_ps
Egs | Egy = E_py || Epss | —Epe = —E_pss
Ego | Egs = Eopu || Ess | =Bz = —E-pa
Egyp | Egyy = E_pn || Epy | Egs =  Lopy
Egs | Egy = E_pg | Eps | Ear =  Lopy
Ego | Eps = E_py | Epsy | LBy = Lopy
Egy | Epiy = E_py | Epo | Epe = Lpis

Considering the transformation law as given in tab. (5.2), we see that the step operators are
not invariant under the action of s, but there are linear combinations which are invariant,
and which survive the symmetry breakdown induced by the action of the automorphism.
The 20 invariant combinations are listed in tab. (5.3).

We now consider the transformation of the 5 Cartan generators Hy,..., Hs. The matrix
representation of 8 = (o, ayTas ayTas )" 1S

-1 0 0 0 0
0O -1 0 0 O
s=l 0o 0o -1 0 0], (5.38)
0O 0 0 —-120
0 0 0 0 1
the from eq. (5.24), it follows that
Hy — —-Hy, Hy— —H;, Hs3— —H;, Hy— —Hsy, Hs— +Hs, (5.39)

i.e. the Cartan generator Hj survives, the rest is projected out.

To summarize, 21 generators survive the symmetry breakdown. Comparing the number of
generators to those of the subgroups of SO(10), we may state:

Conjecture : The Lie algebra automorphism § breaks SO(10) to SO(6) x SO(4).

In the following sections, we will prove this conjecture.
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16xE,—FE_, | 12xE, — Ez, Ez— E,

Ey + Ey Ei3+ By
E, + Es Eis + Ee
Eq + E19 Eos + Eog
Eio+ En Eay7 + Eog
Ev7 + Eo FEs37 + Esg
Es + Eig Esg + Ey
FEag + B3

Eso + E3

8X By ——E_o | 4x Ey— —Eg, Fg— —E,

Es — Eg Es3 — E34
Ee — B Es5 — Ese
E9 — Egy
E9y — Eo

Table 5.3: The 20 invariant combinations of SO(10) step operators.

5.7 The Symmetry Breakdown Induced by the Lift of
the Coxeter Element

In order to find out which algebra is described by the 21 operators, we follow the by

now standard procedure described in any textbook on the theory of Lie algebras, e.g.

refs. [48,49].

Choose a maximal commuting set which will play the role of the new Cartan generators:
Oy =Ey+Ey;, Hy=Ey+E;, H;=FEy+FEs, Hi=Fsy+Ey, Hs=H; (5.40)

That these operators mutually commute can be immediately verified by direct calculation.

Now calculate the root vectors. The i-th entry of a root a is the eigenvalue of the corre-
sponding step operator E, under the adjoint action of the i-th Cartan generator:

ad(H;)E, = o' E, (5.41)
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The adjoint action of the Cartan generators given in eq. (5.40) will in general not be diag-
onal from the start, but since they mutually commute, their action on the step operators
can be simultaneously diagonalized. To this end, we derive the matrix representation for
the adjoint action, which we will then diagonalize. The eigenvalues are then given by the
diagonal elements.

5.7.1 Matrix Representation of the Adjoint Action

The adjoint action of an operator on its algebra,
ad(0) : X — [0, X], (5.42)

is a linear map, and can thus be represented by a matrix. Remember once again the general
rule already stated earlier that the i-th column of the matrix representing the linear map
is the coordinate vector of the image of the i-th basis vector.

The algebra is spanned by the 20 invariant combinations of root operators given in

B, = E+E Ey, = Ey— E
Ey = Ey+EB; ||EBiz = EBys+ By
Ey = E;—Es ||Ey = EBy+Ex
E, = E;— I Eys = DEy+ Ep
Es = Ey+Ey | B = EBy+ By
Es = Ew+Ey || By = Ep—Ey
E; = E+FEBu| Es = Es—Ey
Es = Ei+FEyg| By = By+Esx
Ey = Eu+Ey| Exy = B+ Ey
Ey = Eis+Ey| Ey = Hs

Ey = Ey—Ey

Table 5.4: The 21 basis vectors of the surviving gauge group.

tab. (5.3) and the one invariant Cartan generator given in eq. (5.39). For the matrix
representation, we have to fix an enumeration for these basis vectors, as we do in tab. (5.4).
Note that 3 3 . 3 . . . . . .

Ey=H,, E;=H,, FEi5=Hs, FEig=Hsy FEo=Hs (5.43)

are the Cartan generators of the new algebra.
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To be specific, let us determine the matrix representation of ad(El). We calculate the
commutator of E; with all the other generators of the algebra, and then express the result
as a linear combination of these 21 basis vectors. The coefficients of this expansion form
the corresponding column of the matrix representation of ad(El). We give the first lines
of the calculation:

B\, E\] = [Eay+Ea,Ea,+Ey] = 0
[Ey, Ey) = [Eay + Fuyy Eay + Eoy)
= NuyowFarras + Navos Foytas + Nowos Bastas + Now.os Boytas
=0
[Ey, B3] = [Eay + Eoy, Eas — Eug]
= Nu, s Eartas — Navos Foytras + Nawos Eastas — Nasos Foatos
=0 Foras — 1 Egyag+ (1) Eayras — 0 Faytas

- _Ea1+a8 - Ea4+a5

= _Ea1s - EOélg

= _an
Thus, the first and second columns of the matrix are (0,...,0), and the third column is
(0,...,—1,...,0), where the —1 is at position 10.

Note that we made extensive use of the structure constants which are listed in tab. (D.3).

5.7.2 Calculating the Roots of the New Algebra

The matrix representation of the Cartan generators is given in appendix D. These matrices
are not diagonal, but can be simultaneously diagonalized. The simultaneously diagonalized
matrices are given in appendix D.

The root vectors are now trivial to find. Remember the general definition of the root a:
ad(H;)E, = o' E, (5.44)

Thus, the i-th eigenvalues of the five diagonalized matrices (ad Hy), ..., (ad Hs) give the

five entries of the root a; = (a},...,a?). The new weight system is given in tab. (5.5).

Diagonalizing the adjoint action of the Cartan generators corresponds to a change of basis,
which, for the sake of completeness, is given in appendix D.
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Table 5.5: Roots and Cartan generators of the unbroken

gauge group.

Cartan-Weyl labels | Roots in basis v; | Pos.?
wg (11 1 1 00 O 1 0 0] >0
wp |11 -1 -1 00 O O 1 0] >0
wg |1 -1 1 -1 00 O O O 1| >0
wg (1 -1 -1 1 O0f-1 1 0 0 1] <0
ws (-1 1 1 -1 0O0f1 -1 0 0 -1| >0
we -1 1. -1 1 00 O O O -1] <0
wr |-1-1 11 00 O O -1 0] <0
wg |-1 -1 -1 -1 00 O -1 0 0] <O
wg |0 0 1 -1 141 0 0 0 0] >0
wp| O O -1 1 140 1 0 0 0] >0
w1/ 0 O 1 -1 110 -1 0 0 0] <O
we| O O -1 1 -14-1 0 0 0 0] <O
wgg|-1 1.0 O 141 O O 0 -1 >0
wy| 1 -1 0 0 1440 1 0 0 1| >0
ws|-1 1 0 0 -1)0 -1 0 0 -1 <0
weg| 1 -1 0 0 -14-1 0 0 0 1] <O
w7/ 0 0 0 O OO0 O O O 0] =0
wg| 0 0 0 0O OO0 O O O 0| =
we| O O O O OO O O O 0] =0
wp|! O O O O OO0 O O O 0] =0
wp | OO0 O O OO O O O 0] =0

To identify which algebra is described by this set of roots, we have to calculate the Cartan
matrix. First, choose a basis

Y1 = Wo = (07 Oa 17

_17 ]-)7
Y4 =Wy = (17 17 _17 _17 O),

Y2 = Wi = (07 07 _1a ]-7 1)7
V5 = W3 = (17 _17 17 _17 0)7

V3 =W = (]-7 17 ]-7 17 O)a

(5.45)
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and introduce a semi-ordering by expanding every w; in terms of 71, ...,75. Define a root
to be positive, if its first non-vanishing coefficient in the expansion is positive. The expan-
sion coefficients are given in tab. (5.5), where we have also indicated whether the root is
positive, negative, or zero. We will say that w; is greater than w;, if w; — wj; is positive.

Next, list the positive roots from tab. (5.5) separately, and reorder them in ascending order:

w3 = (1 -1 1 -10) =100 000 1], =a;simple

we = (1 1 -1 =10) =[0 00 1 0], =aysimple

w1 (1 1 1 10) (0 0 1 0 0], =asimple

wio = (0 0 -1 1 1) (0 1.0 0 0], =agsimple (5.46)
wy = (1 =1 0 01) =1[0 100 1], =ws+wpo '
ws = (-1 1 1 =1 0) [1 -1 0 0 —1],, = a5 simple

wy = (=1 1 0 01) =1[1 000 —1], =ws+wp

wg = (0 0 1 —-11) =101 000 0], =ws+wu

A simple root is by definition a root which cannot be written as the sum of two positive
roots. From eq. (5.46), we see immediately that the roots

] =ws, g =wp, Qa3=wy, 04 =wy, O5=ws (5.47)

are simple. Now we calculate the scalar products of the simple roots in the Cartan-Weyl
basis to obtain the Cartan matrix:

2 0 —4/3 0 0

(. ) 02 0 0 0
Aj=2—"L— -1 0 2 0 -1 (5.48)

(o, 05) 00 0 2 0

0 0 —4/3 0 2

The Cartan matrix does not look familiar. Reordering the simple roots, so that those with
non-vanishing scalar products are adjacent, we obtain

2 —4/3 00 0
~1 2 —1[0 0
As=| 0 —4/3 2 ]0 0 (5.49)
0 0 0120
0 0 0102

This Cartan matrix already looks very similar to the Cartan matrix of the algebra SU(4) x
SU(2) x SU(2) ~ SO(6) x SO(4). One might think that all we have to do is to rescale one
or more simple roots to get a —1 instead of a —4/3 in the Cartan matrix. Unfortunately,
this does not work. We conclude that there is something wrong with the scalar product
itself. In the next section, we will derive the correct expression for the scalar product after
the symmetry breaking.
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5.7.3 The Scalar Product of the Unbroken Gauge Group
For two elements a,b € g, the Killing form is defined as
(a,b), =Tr((ad a)(ad b)) . (5.50)

The trace on the right hand side is most easily evaluated using the matrix representation
of the operators ad a and ad b. For a detailed description on how to calculate the matrix
representations, see sec. 5.7.1.

The Killing form cannot be used to define a scalar product on the Lie algebra g, because
it is not positive definite. However, the restriction of the Killing form to the Cartan sub-
algebra b is positive definite, and defines a scalar product on this space.

The Riesz representation theorem establishes a one-to-one correspondence between the
Cartan subalgebra f and its dual h*. For each o € h*, there exists a unique element
H, € h such that

Viebh: a(t) = (Ha,t)g- (5.51)
This one-to-one correspondence allows us to define a scalar product on the root space bh*
as

<Oé,ﬂ> = (HouHﬁ)Ka (552)

where H, and Hp are the elements of the Cartan subalgebra h which correspond to the
roots a, [ as described by eq. (5.51).

We now return to the task of calculating the scalar products of the simple roots aq, ..., as.
It is clear how to proceed. We first determine the elements of the Cartan subalgebra
Rays - - -5 hay which correspond to the simple roots. Then, the scalar products of the roots
are given by eq. (5.52).

In the following, let a@ denote any one of the five simple roots. Choose a basis Hy, ..., H;
of the Cartan subalgebra b, and expand h,, in terms of this basis:
ha = ClHl + ...+ C5H5 (553)
Evaluating eq. (5.51) for each basis element H;, we obtain five linear equations which will
yield the values for the unknown coefficients ¢y, ..., cs5:
a(H;) = (ha, Hi)p, i=1,...5, (5.54)
The right hand side of eq. (5.54) is easily calculated:
(ha, Hl) = (1 (Hl, Hl)K + ...+ Cr <H5, Hl)K = 1201 — 402
(ha, HQ) = —461 + 1262
(ha, H3) = 12¢3 —4ey (5.55)
(ha, H4) = —463 + ].204
(ha, H5) = 8C5
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The expressions (H;, H;) - are evaluated using the definition of the Killing form in eq. (5.50),
and the explicit expressions for ad H; as given in eqs. (D.2-D.11). The results are listed in

tab. (5.6).

Hy | Hy | Hs | Hy | Hs
H |12/ -4]0]0 |0
Hy| 4121 0] 0|0
Hy| 0|0 [12]-4 |0
Hi | 010 |-4]12/|0
Hs| 0 0] 0] 0|8

Table 5.6: The Killing form (H;, H;), evaluated for the basis elements.

To derive the left hand side of eq. (5.54), remember that a’ (i-th entry of the root «)
is by definition the eigenvalue of the operator E, under the adjoint action of the Cartan

generator H;:

(ad H;) E, = [H;, E,) = a(H;) E, = o' E,,. (5.56)
The left hand side of eq. (5.54) is thus given by
alH;) = o (5.57)
Now specialize to a = a5 to calculate the constants cq, ..., cs for the first root:
CE5(H1) = -1 (ha5a Hl) = 1261 - 462
Oé5(H2) = 1 = (ha57 HQ) = —401 + 1262 € = ¢4 = 1
065(H3) = 1 = (ha5,H3) = 1263 —404 Co — Ca — Llﬁj - =0 (558)
065(H4) = —1 = (hag,; H4) = —403 + ].204 2 3 16 E
065(]‘.[5) == 0 = (haS, H5) == 8C5
The calculations for aq, ..., ay are completely analogous:
a=a: =c=15 CG=C4=—15, =0,
a = Qg Cl =C =C =C =g Cs = U,
B T B 8 ) L L (5.59)
= a3 01_02_07 63__167 64_1_67 C5_§7
o= qy 01:02:%, C3=c4=—% c5=0
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Summarizing, the Cartan generators corresponding to the simple roots are:

hay, = wli— &Hy+ £Hy— L H,

hey = 1H1+1H2+1H3+1H4

hay = —iHs+ +H,+ tH; (5.60)
hoy, = sHi+3iH,—L1H;—1H,

hoy = —+Hi+L+Hy+L+H;— LH,

We can now calculate the scalar products of the simple roots using eq. (5.52), e.g. for
a=0=as:
<a57 Oé5> = (h'oc57 h'oz5)
= ( H1+16H2+16H3 1H47—1H1‘1‘ H2+ 6Hs — H4)K
1 1 1
= 15 12+W'4+F'4+F'12"‘@'12"‘@'4""@'4""@'12

N

We have calculated all scalar products between the simple roots and listed them in tab. (5.7).

(651 (%) a3 Oy (67

ar |l 1/4] 0 |-1/8) 0 | 0
ax |l 0 |12 0o | 0| 0
as || -1/8] 0 | 1/4| 0 |-1/8
arl 0] 0| 0 |1/2] 0
as|| 0 | 0 [-1/8| 0 | 1/4

Table 5.7: The scalar products of simple roots.

Using the scalar products given in tab. (5.7), the Cartan matrix is immediately calculated:

(5.61)

}
o
I
)
|
|
—
O OO NN O
[\
O N O OO
|
—
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After reordering the rows and columns, which corresponds to a renumbering of the simple
roots, we obtain

2 —1 0100
-1 2 -1/0 0

A;=| 0 -1 210 0 |, (5.62)
0 0 020
0 0 00 2

and this proves the conjecture that the unbroken gauge group is SU(4) x SU(2) x SU(2).

5.8 Reducing the Rank of the New Algebra

If a direction in the Cartan subalgebra acquires a vacuum expectation value, the gauge
symmetry will further break down. For definiteness, we consider (Hy) # 0, where Hy de-
notes the Cartan generator of the original algebra SO(10).

Only those operators which commute with Hy will survive. Consider tab. (5.4), where we
have listed the 21 operators of the unbroken gauge group SU(4) x SU(2) x SU(2). The
commutators

[Hy, E, + E3) = P E, + 3® By (5.63)

are easily calculated, and it is clear that these commutators vanish if and only if a(® =
B = 0. The roots of SO(10) are given in tab. (D.2). From the 21 generators of the
Pati-Salam group, 13 generators commute with Hs, and these are given in tab. (5.8).

E; = E;— FEs B¢ = Ey+ Ey
E, = Eg—FE ||Eq = Eyp—Ey
Es = Ey+Ey | Es = Ej— Es
Es = Ew+En | Ey = Ey+ Es
By = Ep+Eu| Ex = Ey+Ey
By = Eis+Eg| En = Hs

Eis = Ey+Ejp

Table 5.8: The 13 generators which survive for (Hy) # 0.

To see which algebra is described by these 13 generators, we proceed as before. A maximal
commuting set of operators is given by

U1 = Egg -+ E32, U2 = E30 + E31, U3 = H5. (564)
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Simultaneously diagonalizing the matrix representations of (ad U;), (ad Us), and (ad Us),
we find the root vectors of the algebra, which we list in tab. (5.9).

No. Root No. Root
w1 1 1 0fws |1 -1 -1
wy |-1 1 0wy [O O 1
w3 |1 -1 0 fwp |0 0 -1
wy [-1 -1 0w |0 O O
ws [-1 1 1 |we |0 0 0
We 1 -1 1 ||wsz |0 0 O
wr | -1 1 -1

Table 5.9: The roots and Cartans of the surviving gauge group.

Fix the vectors

vy =(1,1,0), va=(-1,1,0), w3=(-1,1,1) (5.65)
as the basis to introduce the semi-ordering. Then, the simple roots are
a;=(1,1,0), ay=1(0,0,-1), as=(-1,1,1). (5.66)

The Killing form is easily calculated and is given in tab. (5.10).

Uy | Uy | Us
U 81410
Uy || 4] 810
Us| 0] 016

Table 5.10: The Killing form.

The Cartan generators corresponding to the simple roots are
hoq = iUl + iU27
hay = —3Us, (5.67)
hag = —%Ul + %UQ + %Ug
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The scalar products of the simple roots are then easily calculated. We list them in
tab. (5.11).

(€51 (%) a3

ar || 1/2] 0 | 0
az || 0 | 1/6 |-1/6
as|| 0 [-1/6|1/3

Table 5.11: The scalar products.

The Cartan matrix is then given by

Ay = 2400}

(aj, o)

, (5.68)

which corresponds to the algebra SU(2) x Sp(2) ~ SU(2) x SO(5).

5.9 Possible Rank Reducing Symmetry Breakings Start-
ing from Pati-Salam

The directions in the Cartan subalgebra corresponding to Hq, ..., H, are fully rotated by
the Zy symmetry, so the Wilson lines in these directions will be continuous (see section
6.1.2). To find all possible symmetry breaking patterns, we consider the cases

(n1Hy +noHy +n3Hs +nyHy) #0, n; €7Z, n; relatively prime. (5.69)
Note that each Cartan generator acts on the root operators of the Pati-Salam group as
[H;, B, + E3) = aVE, + Y Eg, (5.70)

and clearly these root operators only survive for a¥ = g = 0. If we consider a linear
combination of Cartan generators H = nyH; + noHs + n3Hz + nyHy, its action on the root
operators is

(H,E, + Es] = (m a4y a(4))E’a + (ny Y+ iy 5(4))Eg, (5.71)
and we may satisfy the relations

na® + . +nga®=n, ﬁ(l) + ...+ ny 5(4) =0 (5.72)
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# generators Algebra Wilson line
1 U(1) (2H, + Hy + 3H3 + 4Hy)
2 U(1)? (2H, + 3H, + Hs + Hy)
3 U(1)? (2H, +2H, + H3 + Hy)
4 SU(2) x U(1) (2H, + Hy + 2H3)
6 SU(2) x SU(2) (2H, + H, + H3)
7 SU(2) x SU(2) x U(1) | (2Hy + Hy + H3 + Hy)
8 SU(2) x SU(2) x U(1)? | (2H, + H,)
13 SO(5) x SU(2) (Hs)
21 SO(6) x SO(4)

Table 5.12: All symmetry breakings of the type SO(10) ~, Pati-Salam g.

for o, 8 £ 0, i.e. it may occur that although neither H; nor H; commutes with a root
operator, that the linear combination does.

The above linear combinations exhaust all possible symmetry breaking patterns for con-
tinuous Wilson lines. The result is presented in tab. (5.12).

5.10 From SO(10) to Other Subalgebras

In sections 5.7 - 5.9 we explored the symmetry breakdown of SO(10) to Pati-Salam by s,
which is a rotation in the root lattice, and investigated all possible subalgebras, which can
be obtained from the Pati-Salam group via continuous Wilson lines, thereby reducing the
rank of the original algebra.

We are now interested in obtaining all symmetry breakdowns of SO(10), induced by ro-
tations in root space. Considering the extended Dynkin diagram of SO(10), we find all
maximal, regular subalgebras:

SO(10) SU(5) x U(1)
SO(10) SO(8) x U(1) (5.73)
SO(10) — SO(6) x SO(4)

!

!

The last line, SO(10) — SO(6) x SO(4) ~ SU(4) x SU(2) x SU(2), corresponds to 5. To
find the other symmetry breakdowns necessitates a systematic study.
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The Weyl group of SO(10) has 1920 elements. Noting that elements in the same conjugacy
class give rise to the same symmetry breaking pattern, we can concentrate on the 18
conjugacy classes. The problem has now been reduced to finding representatives of the 18
conjugacy classes of SO(10). Then we can repeat the analysis of sections 5.7 - 5.9 to find
the gauge symmetry breakdown for each class.

5.11 Conjugacy Classes of the Weyl Group and Carter
Diagrams

The Weyl groups and their conjugacy classes have been determined separately for each
type of Lie algebra in the first half of the last century, but a uniform approach to finding
the conjugacy classes has first been developed in ref. [51]. In the following, we give a short
account of the basic ideas. Special emphasis is placed on the calculational methods, and
all proofs of the theorems we use have been omitted. Unless otherwise indicated, all results
in this section are due to ref. [51].

5.11.1 Carter Diagrams

Every element w € VW can be written as a product of 2 involutions, i.e. w = wiwy, where
w? = w? = 1. Furthermore, every involution in W can be expressed as a product of
reflections corresponding to mutually orthogonal roots. Putting this together, we have the
following decomposition for an arbitrary element of the Weyl group:

w=wiws = (TayTay - - Ta) (TapirTares - - - Tagen) (5.74)
It can be proved that the roots ay,...,axy, are linearly independent. For each such
decomposition, we define a graph I" as follows. For every a;, ¢ = 1,...,k+ h, we introduce

a node, and the nodes corresponding to aj and «y are joined by nge - ng, lines, where

g =2———=,  ng=2—. (5.75)

The alert reader will have noticed the striking similarity to the definition of Dynkin di-
agrams. In fact, it will turn out that the graphs we have just defined are the Dynkin
diagrams, plus an additional set of diagrams containing loops.

It is easy to see that if w € W corresponds to the graph I', then any conjugate element w’
also has a decomposition with the same graph I':

Let w = 70,70y - Tay * TagsrTarss - - - Tagyn Lhen w' = ocwo™" corresponds to the decom-
position w’ = To(a1)To(az) - - - To(ar) * Tolapsr)Tolanss) - - - Tolapsn)s Decause conjugation is in
this case just a change of basis. As o is generated by reflections and thus orthogonal, it
preserves the scalar products, and the graph of w’ is the same as the graph of w.

It is important to point out that what we have proved does not mean that there is only
one graph corresponding to w. One element of the Weyl group may correspond to more

1
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than one graph. Any conjugate element will then have a decomposition corresponding to
the same graph. This is not really a problem, because in the worst case, we obtain too
many diagrams, which will in any case cover all the conjugacy classes.

To classify the conjugacy classes, we need the converse correspondence, i.e. which conjugacy
classes arise from a given diagram, and a method to determine all admissible diagrams.
Unfortunately, also in this case the correspondence is not unique, i.e. to one diagram there
may correspond more than one conjugacy class. This shortcoming is more serious. How-
ever, the exceptional cases, in which one diagram corresponds to more than one conjugacy
class, are listed in ref. [51].

For the diagram associated to a conjugacy class of the Weyl group of a simple Lie algebra
g, one of the following two statements is correct:

e ['is a Dynkin diagram of g or of one of its subgroups h C g.

e [ can be obtained from a Dynkin diagram I'" of g or of one of its subgroups b C g by
replacing one or more connected sub-diagrams of I'” by diagrams with cycles. Each
sub-diagram of IV can only be replaced by an exhaustive list of diagrams with cycles,
corresponding to the Lie algebra which the sub-diagram represents.

The diagrams with cycles are listed tab. 2 of ref. [51]. Obtaining all Carter diagrams for
a given algebra g is now straightforward. Start from the extended Dynkin diagram of g,
and remove one or more nodes in all possible ways. Then recursively repeat this process
with the diagrams just obtained. (So far, this is the standard Dynkin algorithm to obtain
all subgroups of a given algebra.) In each diagram obtained by this procedure, replace
an arbitrary number (including zero) of connected sub-diagrams by diagrams with cycles
corresponding to the Lie algebra which the sub-diagram represents.

Before considering the case of SO(10) in some detail, we show how to obtain the conjugacy
class representative corresponding to a given Carter diagram.

5.11.2 An Example: The Carter Diagram Ds(as)

We will illustrate the procedure of relating Carter diagrams to representatives of conjugacy
classes by means of an explicit example. We want to realize the Carter diagram Ds(as),
and first note that it may be obtained from the Dynkin diagram of SO(8) by the addition
of one further root, which is connected to a3 and ay:

Qg U4

@)
C
SO

a1 (%) s U1 V2 Us

The four simple roots of SO(8) are given by

a1 =(1-100), ay=(01-10), a3z=(001-1), as=(0011).
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We can now guess the v; for the above Carter diagram. Take as four of the v;’s the simple
roots of SO(8) (with the juxtaposition of an additional zero in the last column of each root,
as we are looking for the Carter diagram of a rank 5 algebra), and then look for a 5th root
vs which fulfills vs - v3 = v5 - v4 = £1, and vs - v; = 0 for ¢ # 3,4. Note that vs need not be
simple, it is just required to be linearly independent from the other roots:

v; =(1-1000), v, =(01-100), wv3=(001-10), vy =(00-1-10), wv5=(00011)
Actually, for convenience we have set v, = —ay, but this is irrelevant for the calculation.

Now we decompose {v;...,v5} into 2 disjoint sets {vy,vs,v4} and {ve,vs5}, where in each
set, the vectors are mutually orthogonal. This is the representation of the Weyl group
element in terms of 2 involutions:

W = (T, TuyTs) (ToaT05)

This element of the Weyl group induces the symmetry breakdown SO(10) — SO(8) x U(1).
In section 5.11.3 we will see that w corresponds to the conjugacy class 8. Here, we have
an example for the aforementioned fact that one conjugacy class may correspond to more
than one diagram, in this case Ds(ag) and Ds.

5.11.3 The Classification

To find the conjugacy classes of SO(10), we could in principle proceed as follows. First, we
apply the algorithm described at the end of section 5.11.1 to find all Carter diagrams, and
next, we determine the Weyl group element corresponding to each Carter diagram along
the lines described in section 5.11.2.

In practice, however, this procedure turns out to be too tedious. The conjugacy classes of
Weyl groups have meanwhile been incorporated into several computer algebra programs.
We used the Maple package Coxeter-Weyl [52] to find representatives of each conjugacy
class in terms of simple Weyl reflections. The determination of the gauge symmetry break-
down associated to the conjugacy class is then easily calculated using the techniques de-
veloped in section 5.7. Our results are presented in tab. 5.13.

The symmetry breakings associated with Weyl group conjugacy classes have been deter-
mined before [53,54]. Inspired by heterotic string constructions, ref. [53] concentrates on
the case of Eg. Using techniques of conformal field theory, the conjugacy classes are re-
lated to shift vectors, and the gauge symmetry breakdown can then be easily calculated.
This procedure is to be contrasted with our approach, where we take no detour over the
equivalent shift and need not immerse ourselves in conformal field theory.

Ref. [54] presents the Weyl group conjugacy classes for all classical and exceptional Lie
algebras of rank less than or equal to eight. Comparing tab. XI in ref. [54] to our results
in tab. 5.13, we find an apparent contradiction. For the conjugacy class 12, we have the
gauge group SU(3) x U(1)3, whereas in ref. [54] we find SU(3) x SU(2). Note that both
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95

‘ No. ‘ Carter Diagram Weyl Group Element ‘ ord ‘ Gauge group
1|0 1 1 | s0(10)
2 | A Ts 2* | SU(4) x SU(2) x U(1)
3| A+ A rs T 2 | SU(4) x U(1)?
4 | A r5T3 3 | SU(4) x SU(2) x U(1)
5 | Ay + Ay r5T3T1 6* | SU(2)% x U(1)3
6 | As T5T3 T2 4* | SU(2)% x U(1)?
T | Ay T5T3To T 5 | SU(2)2 x U(1)3
8 | D2 T5T4 2 | SO(8) x U(1)
9 | A1+ Dy r5T4T 2* | SU(2)% x U(1)?
10 | As + Dy T5T4T2 T 6 | SU(2)% x U(1)?
11 | D3 T5T4TS 4 | SU4) x U(1)?
12 | Ay + D3 T5T4T3 T 4 | SU(3) x U(1)3
13 | Dy + Dy TET4AT3TE T4 T3 o T3 T5 T4 T3 T 2 | SU(4) x SU(2)2
14 | Dy(aq) T5T4T3T5T2 T3 4 | SU(2)% x U(1)?
15 | Dy T5T4T3 T 6 | SU(2)2 x U(1)3
16 | D3+ Dy TETAT3TE 4T3 o T3 T T4 T3 Ty T 4 | SU(2)* x U(1)
17 | Ds(a1) TET4T3TE T2 3T 12 | U(1)°
18 | Ds T5T4T3 T T 8 | U(1)°

Table 5.13: Weyl group conjugacy classes of SO(10) and the associated symmetry break-
ings. The 4th column lists the order of the Weyl group element on the root lattice, whereby
a star indicates, when the order of its lift on the algebra is doubled.

gauge groups have dimension 11, which is in accordance with the number of invariants we
found. As only our gauge group is of rank 5, we are confident that our result is correct.

5.12 Discussion of the Results

The established orbifold constructions (both in the context of heterotic string theory and
field theory) associate the orbifold twist in space-time with a shift in the gauge degrees
of freedom. Comparing the shift embedding (chapters 2-4) to the rotational embedding
described in this chapter, we find that, as far as the calculations are concerned, the shift
embedding is simpler. Furthermore, the Ka¢ theorem provides us with the necessary tools
for the classification of our models (chapter 4). Despite of all these features, the failure
of this construction to reduce the rank of the original gauge group represents a serious

obstacle in obtaining (semi-)realistic models of particle physics.

In the present chapter, we have systematically developed the ideas and calculational tools
for realizing the gauge embedding as a rotation in the root lattice of the gauge group. The
starting point for our investigations was ref. [27], where the idea of embedding the twist as
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a rotation was considered for the first time. There, the action of the rotation in the lattice
was not lifted to the algebra level. In particular, the phase in the transformation of the
step operators (cf. eq. (5.8)) was not determined, which may be problematic in some cases.

Anticipating the results of chapter 6, consider the gauge group Eg and the conjugacy class 4
of its Weyl group (cf. tab. 6.1). Disregarding the phases, naive counting arguments suggest
46 invariants and the unbroken gauge group to be SO(10) x U(1). Calculating the phases,
we find that some of them are actually -1 so that some of the invariant combinations vanish,
thus giving only 30 invariants corresponding to the unbroken gauge group SO(8) x U(1)2.

Even if the dimension and the rank of the gauge group are known beyond doubt, this
information may not be enough to identify the gauge group. In section 7.2 we discuss
several examples, where the dimension and the rank of gauge groups coincide, although
the gauge groups are distinct. There are other pieces of information which one may add,
such as the order of the automorphism or the number of U(1) factors, but there are cases,
where this approach is not successful. When all indirect methods fail, one must resort to
the methods developed in this chapter. Needless to say, analogous statements apply to the
case of identifying the representations transforming under the unbroken gauge group.

The gauge symmetries associated to the conjugacy classes of Weyl groups have been de-
termined before, namely in ref. [53] for Eg and in ref. [54] for all simply laced algebras' of
rank less than or equal to 8. Both publications have in common that they first derive the
shift which is equivalent to the automorphism corresponding to the Weyl group conjugacy
class, and then calculate the associated symmetry breakdown. Using techniques of confor-
mal field theory, the equivalent shift is found by comparing its properties to those of the
automorphism, and in the end, is based on going through all possibilities. (This procedure
represents an alternative to the methods described in section 5.7, but not for the following
sections.)

In contrast, we directly calculate the Lie algebra automorphism corresponding to a Weyl
group element. The calculation of the lift only involves elementary algebra, and the meth-
ods applied are conceptionally easier to grasp. The disadvantage might be that we have
to keep track of the structure constants and handle large matrix representations, which
necessitates the use of computers.

For the conjugacy class 12 in tab. 5.13, we find a contradiction to the result in ref. [54]. Details are
given in section 5.11.3.



Chapter 6
An Eg Orbifold GUT

We will use the methods developed in the previous chapter to construct
a six dimensional orbifold model with an Eg bulk gauge group, which
breaks down to the Standard Model with one extra U(1) factor in four
dimensions. The rank of the bulk gauge group is reduced by the contin-
uous Wilson line. This symmetry breakdown is smooth and corresponds
to a standard field theory Higgs mechanism. We present an appealing
geometric picture of the symmetry breakdown, and discuss the embed-
ding of our model into heterotic string theory.

6.1 Orbifold Constructions in Six Dimensions

We will briefly review orbifold constructions [12,13]. Starting with six dimensions, two
dimensions are compactified on an orbifold

O=T"/P. (6.1)

An orbifold is defined to be the quotient of a torus over a discrete set of isometries, called
the point group P. Alternatively, one can start with the complex plane, and first identify
points which differ by translations (lattice shifts) L in order to arrive at the torus, and
then mod out the action of P:

T°=C/L ~ O0=T?/P=C/S. (6.2)

S is called the space group, and is the semidirect product of the point group P and the
translation group L defining the torus. For the action of the point group to be well-defined,
elements of P must be automorphisms of the lattice defining the torus.

The original theory in six dimensions is taken to be a grand unified gauge theory. The action
of the point group on the space-time degrees of freedom is generically accompanied by an
action on the gauge degrees of freedom, P — G, where the embedding is a homomorphism.
G is a subgroup of the automorphisms of the Lie algebra g describing the gauge symmetry,
and is called the gauge twisting group.

97
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6.1.1 Embedding the Twist in the Gauge Degrees of Freedom

Any inner Lie algebra automorphism o of finite order N can be realized as a shift X —
X + V. in the root lattice A of g such that its action on the step operators corresponding
to the simple roots oy, and the extended root «ayq is given by [47]

0 (E,,) =exp (2miay - V) E,,, k=0,...,rank g, (6.3)

with o = — Z;inlk % a;k;, where k; are the Kac labels. On the Cartan generators H;, the
action of ¢ is trivial. Thus none of the Cartan generators is projected out. It is therefore
clear that by this construction the rank of the algebra cannot be reduced.

To be able to reduce the rank of the gauge group we need an alternative approach to
symmetry breaking in which the action of the twist in the gauge algebra transforms some
of the Cartan generators non-trivially. Such a mechanism can be realized as follows. As
the elements of P are automorphisms of the lattice defining 72, it is natural to associate
with them automorphisms of the root lattice A, i.e. to realize the twist in the space-time
as a twist in the gauge degrees of freedom [27]. The automorphisms of the root lattice, the

Weyl group W of g, is generated by the reflections
<ak7 €>

<Ozk,a/k>ak’ (64)

Tay - 5 = § -2
where the oy, are the simple roots of g. There is a natural lift of r,, to the Lie algebra g
given by [50, 55, 56]

_ v
Tay = €XP (? (Eox + E—Ozk)) ’ (6.5)

so that the lift w of an arbitrary element of w € W is given by the product of lifts of
simple Weyl reflections. Under the lift of a single Weyl reflection r,, the generators of the
Lie algebra transform as

Fo (A H) 7L = (ra(N) - H,
faE/gfgl = Ca(ﬁ) Era(ﬁ)-

For an explicit calculation, the complex phases ¢, () must be determined. In section 5.3,
we express these phases in terms of the structure constants of the algebra.

As the order of the Weyl group is finite, and the automorphism group of a Lie algebra is
itself a Lie algebra, it is clear that the relation between the lift described above and the
automorphisms realized by shifts cannot be one-to-one. Refs. [50,53,54] are concerned with
determining the shift vectors corresponding to the conjugacy classes of the Weyl group.
The definition of the lift as given by eq. (6.5) is not unique. One can also first shift the
lattice by an arbitrary vector v before twisting it with 7,, [50,56] :

(6.6)

7 =Ta, exp (2mv - H) = exp (% (

S35

E., + Eak)> exp (2mv - H) . (6.7)
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In the following, we shall see that this generalization will lead to many new possibilities
for model building.

A nontrivial consistency condition is that the order of the algebra automorphism should be
a divisor of the order of the point group. Note that the Cartan generators transform non-
trivially, and step operators need not be eigenstates under the orbifold action. Starting from
a set of generators in the Cartan-Weyl basis yields a set of invariant generators which are
typically not in the Cartan-Weyl basis of the unbroken algebra. The invariant generators
consist of the sum of a generator and its images. In order to find the Cartan-Weyl basis
of the unbroken algebra one proceeds as follows. First, we identify a Cartan subalgebra
by taking the (linear combinations of) Cartan generators of the original algebra which are
invariant under the orbifold action. These we supplement by linear combinations of step
operators which are even under the orbifold group and are not charged under the invariant
Cartan generators. If the number of invariant Cartan generators differs from the rank of
the original gauge symmetry by more than one we need to supplement by more than one
linear combination of step operators. These should mutually commute.

After a Cartan subalgebra is chosen one has to simultaneously diagonalize its adjoint action
on the remaining invariant combinations of step operators. Eventually, this procedure
leads to the unbroken gauge symmetry written in the Cartan-Weyl basis allowing for an
identification of the group from the Cartan matrix or the Dynkin diagram.

Once we have clarified this, we shall see that the rank of the gauge group still remains the
same. Some of the Cartan operators in the original gauge group have been projected out,
but some new ones (linear combinations of the step operators) appear and will replace the
former ones. This is a result of the fact that, if one just considers the point group and not
the full space group of the orbifold, any rotation in the gauge group can be represented by
a shift [20]. Rank reduction needs more than just this. It also needs a representation of
the full space group in the gauge group, thus additional Wilson lines.

6.1.2 Wilson Lines

So far we have embedded the twist in space-time as a twist in the gauge degrees of freedom.
Analogously, each shift in the space-time defining the torus can be associated with a shift in
the co-root lattice! of g, and this corresponds to a Wilson line W. Around non-contractible
loops, the operators will then transform with a phase,

E, — exp (2mia - W) E,,. (6.8)

A Wilson line might thus remove some of the step operators E,. If it projects out step
operators that play the role of Cartan operators in the “twisted” gauge group the rank of
the gauge group can thus be reduced.
When considering Wilson lines in the presence of the space-time twist realized as a rotation,
there are 3 cases to be distinguished:

(i) W is left invariant by the twist s,

'For algebras of type ADE, the co-root lattice is equal to the root lattice.
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(ii) W is completely rotated by the twist s,
(iii) Some of the components of W are rotated by the twist s.

In the following, we will concentrate on the first 2 cases. Consider the case, when the
Wilson line is invariant, and for the sake of briefness, assume that the twist is of order
2. Applying twice the same gauge transformation must act as the identity. Denoting the
gauge degrees of freedom by X, we have

S

X 5 s(X)4+W 5 X)) +s(W)+W =X +2W, (6.9)

where we used the fact that s is of order 2, and leaves W invariant. We conclude that 21/
must be in the co-root lattice, and hence is discrete.

Let us now consider the case, when the Wilson line is completely rotated by the twist s,
and repeat the previous arguments:

s

X 5 s(X)+W S SX)+sW)+W=X-W+W =X. (6.10)

In contrast to the case, where the Wilson line was invariant, W is now not restricted to lie
in a lattice, and hence can be rescaled by an arbitrary real parameter \.

The step operators are still subject to the transformation law given in eq. (6.8) around
non-contractible loops, but this time the continuous parameter A in

E, — exp 2mia- A\W) E,, (6.11)

will have the effect that there will always be a non-trivial phase, if a - W # 0. Hence, the
corresponding operators will be projected out and this leads to rank reduction. In section
6.2.2 we shall discuss this in detail in an explicit example.

6.2 The Breaking of Eg

Let us now consider Eg as an explicit example. It appears at an intermediate stage in
many of the phenomenologically interesting models derived from the heterotic Eg x Eg
string theory. The Weyl group of Eg has 51,840 elements, each of which is in one of 25
conjugacy classes [51]. In tab. 6.1, we list for each conjugacy class one representative
in terms of simple Weyl reflections [52], its order on the root lattice, the order of the
corresponding lift to the algebra, and the associated symmetry breaking.

Naively one might think that with this, all the possibilities of breakdown of Eg would be
classified. But this is actually not the case. As we have explained in the last section, we
can generalize the lift (cf. eq. (6.7)) by first shifting the lattice by an arbitrary vector v
before twisting it by an element of one of the conjugacy classes. This opens up many more
possibilities which, unfortunately, are difficult to classify in full generality.

In fact we shall here consider an example with a generalized lift. Following the argumen-
tation of ref. [21,57] we are particularly interested in an SO(10) gauge symmetry at some



6. An Eg Orbifold GUT 101

No. Weyl Group Element ord Gauge group
1|1 1 | Eq
2 |r 2* | SU(6) x U(1)
3 | rire 3 | SU((6) x U(1)
4 | rirg 2* | SO(8) x U(1)?
5 | TiTers 4* | SU(4) x U(1)3
6 | 7r6T2r3T6TATs 4 | SU(3)* x SU(2) x U(1)
7T | rirere 6* | SU(4) x U(1)3
8 | rer2rsry 6 | SU(3)% x U(1)?
9 | rirerers 5 | SU4) x U(1)3
10 | rirgraTsTe A TS 12* | U(1)8
11 | rirgrarirsTerarsTaT3 s Ty 6 | SU(2)® x U(1)3
12 | rirgry 2* | SU(3)? x SU(2) x U(1)
13 | rirgrary 4* | SU(3) x U(1)*
14 | rirgrarsry 8 | SU(2)% x U(1)*
15 | ryraryrs 3 | SO(8) x U(1)?
16 | ryrarsryrs 6* | SU(2) x U(1)°
17 | rirgraTs e ATy TS 9 | SU(2) x U(1)
18 | rirgramy 6* | SU(2)* x U(1)?
19 | rirgrarsrars 12 | U(1)°
20 | rirgrorsrs 10* | SU(2) x U(1)®
21 | rgrar3reTo T3 TAT3 6 T2 T3 Ty 2 | SU(6) x SU(2)
22 | rirgToT3Te o T3 T3 T To T3 Ty 4* | SU(2)* x U(1)?
23 | rirgToTaTs 6* | SU(2)3 x U(1)?
24 | riTgTa T3 Tg T T3 AT g o Ty Ty T 6 | SU(2)* x U(1)?
25 | riTgTaTIT3Te o T T3 TAT3 T T T T3 T4 s T4y | 3 | SU(3)?

TeT2T3T4 75

Table 6.1: Weyl group conjugacy classes of Eg and the associated symmetry breakings.
The entry ’ord’ denotes the order of the root lattice automorphism, and a star indicates,
when the order of the associated Lie algebra automorphism does not coincide, but is twice
as large. The Carter diagrams are listed in the second column for convenience.
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intermediate stage, and SO(10) is not included in the list of possible symmetry breakings
of table 1. Introducing an appropriate shift, the fourth conjugacy class in tab. 6.1 will
correspond to a breakdown of the gauge symmetry Eg — SO(10) x U(1), and moreover,
the order of the twist in the root lattice and of its lift will coincide, which is required for
the consistency of the construction.

6.2.1 Breaking Eg to SO(10) x U(1)

For our purposes, Eg is best described in terms of its embedding in Eg, cf. appendix C. We
consider the fourth conjugacy class s = r1rg which is of order 2. The lift of s will be given
by

S=mrreexp(2rv-H), v=1(0,1/4,0,0,0,1/4,0,0), (6.12)

where the choice of v is motivated by the considerations discussed above. Using eq. (6.6),
it is straightforward to determine the images of the 6 Cartan and 72 step operators of Eg
under the transformation. From the step operators 12 are invariant, and the rest pair up to
give 30 invariant combinations. Of the 6 Cartan generators, 2 are invariant, and 4 pair up
to give 2 invariant combinations. Thus, 2 of the original Cartan generators are projected
out. Looking for a maximal commuting subalgebra, we find that there are 2 invariant
combinations of step operators, namely Ey + F3, and Fs; + Fy, which commute with the
4 original Cartan generators, forming the Cartan subalgebra of the unbroken gauge group.
The 46 invariant combinations are summarized in tab. 6.3 in section 6.5.

Knowing the dimension and rank of the unbroken gauge group, it is not difficult to conclude
that it corresponds to the subgroup SO(10) x U(1) of Eg. It will prove useful to verify
this conclusion by an explicit calculation, using Dynkin’s approach to group theory. Even
though the dimension and the rank may uniquely specify the gauge group in this particular
case, as soon as the dimension becomes small, ambiguities arise, necessitating a more
thorough investigation. We present the details of the calculation in section 6.5.

The 32 linear combinations of operators, which are not invariant under the gauge twist,
but transform with a minus sign (cf. tab. 6.4 in section 6.5) correspond to the irreducible
representations 16 + 16 of SO(10). Again, the details are given in section 6.5.

6.2.2 Reducing the Rank of the Gauge Group

We are now ready to consider possible Wilson lines that lead to rank reduction. The matrix
representation of the gauge twist in the the standard basis of R® is

s=rir¢ =diag(l,1,1,0,1,—0), with o= ( (1) é > : (6.13)

Diagonalizing the matrix representation we find that there are 2 directions which are
completely rotated, namely

A(0,0,0,1,—1,0,0,0), X(0,0,0,0,0,0, 1,1), \XN€ER, (6.14)
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which can be switched on as continuous Wilson lines. As we can read off immediately, these
Wilson lines are in the direction of the broken Cartan generators Hy — Hs and H; + Hg
of the original E4 algebra. Switching on these Wilson lines leads to a symmetry breaking
pattern as summarized in tab. 6.2. The reduction of the rank of the gauge group is clearly
demonstrated. We are now ready to use this result in a framework of a more realistic
model.

First Wilson Line Second Wilson Line Unbroken Gauge Group
AN Hy — Hs) SU(5) x U(1)
AN H7 + Hg) SU(b) x U(1)
N Hy — Hs) + N(H7 + Hg) SO(7) x U(1)
MNHy — Hs) N(H; + Hg) SU(4) x U(1)
MNHy — Hs) N(Hy — Hs) + N(H7 + Hg) | SU(4) x U(1)
A(H7 + Hg) N(Hy — Hs) + N (H7 + Hg) | SU(4) x U(1)

Table 6.2: All symmetry breakings of the type Eg — SO(10) x U(1) . g with continuous
Wilson lines W.

6.3 A 7Zs Orbifold in 6 Dimensions

We shall now try to see how the technology developed so far can be implemented in the
framework of (semi) realistic model building. We envisage a situation where we start with
gauge symmetry Eg in the bulk, broken by continuous and discrete Wilson lines to the
standard model gauge group. We shall consider the symmetry breakings discussed above
in the context of a 6-dimensional orbifold model. Because the embedding of the point
group in the gauge degrees of freedom P — G is a homomorphism, the order of the space-
time twist is required to be a multiple the order of the root lattice automorphism, which
happens to be 2 in our example. In the following, we shall therefore consider the simplest
case, the Zs orbifold.

The action of the translation group L, and of the point group P are illustrated in fig. 6.1.
The first picture shows how the torus is defined by identifying points which differ by lattice
shifts: x ~ x 4 nes + meg, n,m € Z. In the second picture, the action of the point group
P identifies points on the torus, x ~ —x, and we obtain the fundamental domain of the
orbifold. The 4 special points on the torus which are mapped onto themselves by the action
of P are called fixed points.

With the twist in the space-time we associate s = r17g as the twist in the gauge degrees of
freedom, as discussed in the last section. This would lead us to the gauge group SO(10) x
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€6

Zso action

es es5

Figure 6.1: The geometry of the Zs orbifold.

U(1). The lattice vectors e; and eg defining the torus can be embedded non-trivially as
Wilson lines and break the gauge symmetry further. Our previous analysis makes it clear
that the breakdown to the standard model can not be achieved by just one continuous
Wilson line. Thus we need a discrete Wilson line as well. We choose

W5 =(1/2,1/2, —=1,0,0,0, —1/2, 1/2), Ws=A(0,0,0,1, —1,0,0,0),  (6.15)

where W5 represents the discrete Wilson line, while Wy corresponds to a continuous Wilson
line in the Hy — Hj direction as discussed previously. The choice of W5 is motivated by
the desire to obtain a realistic gauge group. A more detailed discussion will be given in
section 6.4. In the following we shall now exhibit the “gauge group geography” [21] in the
2-dimensional orbifold. The result is displayed in fig.2. In the bulk we have the gauge
group Eg. At the fixed point (0,0) the gauge symmetry is only affected by the twist and
not by the Wilson lines, thus SO(10) x U(1).

6.3.1 The Symmetry at the Nontrivial Fixed Points

Before discussing our concrete Eg model it turns out to be useful to have a look at the
projection conditions in a general situation. A non trivial fixed point is associated to a
space group element (6,1) which means that a 180° rotation (0) is followed by a shift with
the lattice vector [. The non trivial fixed points on our torus correspond to space group
elements with [ = e5, e, or e5 + e (see fig. 6.1). We want to discuss the embedding of
the space group element separately for Cartan directions of the bulk group, step operators
belonging to invariant root vectors and step operators belonging to non invariant roots.
The transformation rule for Cartan generators is not sensitive to Wilson lines. The pro-
jections are the same at all the fixed points.

If the embedding of the root lattice automorphism into the algebra is not degenerate,
step operators belonging to invariant roots are invariant under the rotation [50]. Those
operators are sensitive only to the Wilson line. They transform as

E, — meWip (6.16)
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where W, is the Wilson line on the non contractible cycle spanned by the lattice vector (.
If that happens to be a continuous Wilson line, even the remaining phase is trivial because
the scalar product of an invariant root and a continuous Wilson line vanishes. The orbifold
acts on the root lattice as a rotation and hence

a-Wy=sa-sW,=—a- W,

where in the last step we have used that « is invariant and a continuous Wilson line points
into an odd Cartan direction. The situation is different for discrete Wilson lines. The
scalar product of a discrete Wilson line with an invariant root can be half integer and the
corresponding step operator is projected out.
In addition we need the transformation properties of step operators belonging to non
invariant roots:

E, — ™o Wigp 571 (6.17)

(recall that we first rotate and then shift). Since for non invariant roots the orbifold image
is a different step operator, the sum of algebra element and orbifold image never vanishes
for those roots. The number of invariant sums is not altered by W;. What is changed is
the way these invariant sums are embedded into the bulk gauge algebra. In particular with
a continuous Wilson line one can continuously rotate the embedding.

These observations give an appealing geometric picture for the symmetry breakdown by
a continuous Wilson line. If the degeneracy of two fixed points is lifted by a continuous
Wilson line our above arguments imply that the unbroken gauge groups are still the same
at these fixed points. The lifted degeneracy shows up in a misaligned embedding of these
unbroken gauge groups into the bulk group. This results in a smaller overlap of the gauge
groups at the two fixed points and hence yields a reduced gauge symmetry in four dimen-
sions. The overlap does not contain invariant combinations coming from step operators
with non invariant roots and a non trivial phase under eq. (6.17).

Our geometric understanding of the symmetry breakdown with a continuous Wilson line
yields also a consistent picture in the limit of vanishing Wilson line. Geometrically, this is
the limit where the alignment in the embedding of the gauge groups at two different fixed
points is restored.

Let us now give the detailed picture for our particular Eg model. The gauge symmetry at
the fixed point (1/2,0) is sensitive to the Wilson line

W5 = (1/2,1/2, 1,0, 0, 0, —1/2, 1/2), (6.18)

which is invariant under s, and hence discrete. According to eq. (6.16) eight step operators
to the s-invariant spinorial roots (5760, Bs6—69 (see table C.1 in the appendix) are projected
out. The bulk symmetry is broken to SU(6)xSU(2) at the fixed point (1/2,0):

E¢ — SU(6) x SU(2), 78 — (35,1) + (1,3) + (20, 2). (6.19)
The Wilson line along eg

Ws=A(0,0,0,1,—1,0,0,0), AR, (6.20)
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SU(6)xSU(2)

Pati-Salamx U(1)

SU(5)xU(1)
(Dnx (e)ns

Pati-Salam x U(1) >
50(10)xU(1) SU(6)xSU(2) €5
W,

Figure 6.2: The unbroken gauge groups at the 4 fixed points. The gauge group in the bulk
is Eg. A detailed explanation is given in the text.

is completely rotated, and hence continuous. According to our general discussion in the
beginning of the section, the unbroken gauge group for fixed points differing only in that
direction is the same. The situation is summarized in figure 6.2 where so far we have
discussed the gauge symmetry breaking at the fixed points.

In order to visualize the fact that the groups unbroken at the fixed points are embedded
differently into the bulk gauge group we have displayed the overlapping gauge group at lines
connecting different fixed points. Technically, these groups are obtained by imposing two
projection conditions, one for each fixed point involved. For example at the line connecting
the origin with the fixed point (0,1/2) only those operators which are invariant under the
action of 5, and Wg, will survive:

Ea 5 Ey=3E5Y,  ES™ exp(2mif - We) Eb. (6.21)

The continuous Wilson line Wy has the effect of projecting out all operators whose com-
mutator with H, — Hj is non-zero. The 25 surviving operators correspond to the unbroken
gauge group SU(5) x U(1), as explained in the last section. The groups written at the
other lines in fig. 6.2 are computed in an analogous way.

6.3.2 The Spectrum in Four Dimensions

The unbroken gauge group in four dimensions consists of those operators which are invari-
ant under all the symmetry transformations:

S

E. 5 Ey=3B.5"', E,™ exp(2rmif-Ws) By, E'™% exp (2miy - W) EL.
(6.22)
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Alternatively, we can say that the symmetry in four dimensions is the intersection of the
gauge groups at the fixed points.

In fact we would like to discuss the symmetry breaking pattern in two steps. The Wilson
line Wj is discrete and its value will therefore be of the order of the string scale. Wg is
continuous and will be assumed to have a smaller vacuum expectation value that breaks the
remaining gauge group via a Higgs mechanism. In the first step we then have a resulting
gauge symmetry from the overlap of the gauge symmetries at the fixed points (0,0) and
(1/2,0). Thus the first step amounts to

SO(10) x U(1) 28 SU(4) x SU(2) x SU(2) x U(1). (6.23)

At the intermediate scale we thus obtain the Pati-Salam gauge group (with an additional
U(1) factor). The details of the calculation can be found in section 6.7.

In the next step we then have the breakdown of SU(4) x SU(2) x SU(2) due to the action
of the continuous Wilson line Wi:

SU(4) x SU(2) x SU(2) 28 SU(3) x SU(2) x U(1). (6.24)

The continuous Wilson line thus provides a smooth breakdown of the Pati-Salam gauge
group to the standard model. From the low energy effective field theory point of view this
corresponds to a Higgs mechanism.

The full chain of symmetry breakdown is

Es - SO(10) x U(1) 22 SU(4) x SU(2) x SU(2) x U(1) 28 SU(3) x SU(2) x U(1)2. (6.25)

The details of the calculation are given in section 6.7.

6.4 Possible Relations to String Theory Constructions

So far, we have concentrated on a field theoretic orbifold model in d = 6. Of course, this is
just a first step to understand the mechanism of rank reduction. The final aim would be to
implement the scheme in the framework of a consistent string orbifold construction. This
would assure the quantum consistency of the theory and it would also give us a hint about
the incorporation and location of matter fields. The example discussed in the last section
should be used as a tool to implement the mechanism in d = 10 string orbifolds. To find
such applications, let us look at some string constructions of models with Pati-Salam gauge
symmetry, as e.g. given in ref. [26]. The model A1 of this paper seems to be particularly
suited to our discussion. It is the result of a Zg orbifold of the Eg x Eg heterotic string with
3 families of quarks and leptons and a Pati-Salam (PS) gauge group. We would like to see
whether our mechanism can be applied to such a model by providing a smooth breakdown
of the PS gauge group.

Let us start our discussion using the notation of ref. [26] where the authors describe their
model in a certain approximation as a 5d orbifold GUT with an Eg gauge symmetry and
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Figure 6.3: Setup of the 5d orbifold GUT with an Eg gauge symmetry of ref. [26].

point group Zs. In the bulk, there are the gauge fields in the adjoint representation 78,
and 4 x (27 + 27) hypermultiplets.

The 2 orbifold parities break the bulk gauge group Eg to SO(10) at the y = 0 brane,
and to SU(6) x SU(2) at the y = mR brane, where y denotes the coordinate of the extra
dimension. The setup of the model is summarized in fig. 6.3. The gauge group in 4
dimensions is realized as the intersection of the symmetries at the 2 branes, and yields
SU(4) x SU(2) x SU(2). This Pati-Salam symmetry should be spontaneously broken to the
Standard Model gauge group via a Higgs mechanism.

As the model of [26] has a string theory origin in d = 10 it naturally allows its interpre-
tation as a six dimensional orbifold GUT model. The d = 6 model is obtained from ten
dimensional heterotic string theory by compactifying on T /Z3 with a discrete (third order)
Wilson line. The orbifold group in the string model is Zg = Z3 X Zs. The Zs factor acts on
the remaining T exactly in the same way as in our orbifold GUT. For details see [26]. The
string model yields also Eg gauge symmetry in the bulk of T%/Z, but there are additional
U(1) and hidden sector gauge group factors. Moreover, there is bulk matter coming from
twisted and untwisted sectors in the T*/Zs compactified heterotic model. Finally, the Z,
twisted sector gives information on the localization of matter at the 7%/Z, fixed points.
Our discrete Wilson line Wi is equivalent to the second order Wilson line of ref. [26] which
lifts the degeneracy of the left and right plane in figure 6.3. As long as we do not switch
on a continuous Wilson line, the gauge group geography in our model and the one derived
from the string model are identical when we focus on Eg.

The continuous Wilson line breaks the Pati-Salam group to the standard model gauge
group. In the low-energy effective field theory this corresponds to a nontrivial vacuum
expectation value of a bulk field. Our analysis demonstrates that such a smooth breakdown
can be achieved within the string model considered here. This actually proves that there
exists a bulk field in the theory that has all the properties of a modulus, i.e. a flat direction
in the full scalar potential. Without the argument given above one would have needed to
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compute the full low-energy effective potential and prove that it has a flat direction.

This is in fact a nontrivial statement. To see this let us consider the possibility to realize the
breakdown of the the standard model gauge group SU(3)xSU(2)xU(1) to SU(3)xU(1): the
standard Higgs mechanism of electroweak symmetry breakdown. We still have the option
of switching on the second continuous Wilson line of section 3 along the H; + Hg direction.
Unfortunately, it leads to a breakdown of SU(3)xSU(2)x U(1) to SU(2)xSU(2)xU(1). This
shows that in the model under consideration, the Higgs field of the standard model cannot
correspond to a bulk field. If the standard model Higgs mechanism could be achieved
within the present framework, the Higgs boson would have to be localized on one of the
branes. Our analysis thus clarifies properties of the model which otherwise would have
been difficult to explain.

6.5 Calculational Details of Section 6.2.1

In the following, we use standard techniques of group theory to identify the gauge symmetry
and the irreducible representations [55, 58].

We start with the 46 invariant combinations of operators listed in tab. 6.3. As one can
easily verify, the operators

Hy=H, +Hy+ Hy, Hy=H,+Hs, H;=Hs,
ﬁ4 - H7 — Hg, E[5 - E2 + Eg, f{(; - E37 + E4()7 (626)

form the Cartan subalgebra of the unbroken gauge group. As a first step, we identify
the U(1) generator, which is given by a linear combination of the Cartans, commuting
with all operators in the algebra. In practical terms, evaluating the Killing form on the
Cartan generators, Kw =Tr ad H,; ad H; ;, and calculating the kernel of K,] gives the U(1)
generator

U:%(ﬁ1+31§3+3ﬁ5+3ﬁ6). (6.27)
Eq Eqo + Eog Es3p + Es36 Ey3+ Eqo Es1 — En Egs
Es + E3 Eqv + Eas E31 + E33 Eyy + Egs Es2 — Fgy Ego
Ey Ei2 + Eg E35 + E34 Ey5 — Erp Es7 Hy\ + Hy + H3
Es — Eq7 Ev3 + Eo3 Es7 + Ey Ey6 — Eg3 Esg Hy+ Hs
Es + E1g Eiy+ Eyy E3s Ey7 + Es3 Esg Hg
E7 + Eqg Eq5 + Eay Es3g Eys + Esq Eso H7 — Hg
Eg — Fy E16 + E2o Ey4 + Eg Ey9 + Es5 Ege
Ey + Eoy Eag + E35 Eyo + Eg2 Eso + Esg Eg7

Table 6.3: The 46 invariant combinations corresponding to SO(10) x U(1).

Next, we perform the Levi decomposition [59], i.e. we separate the U(1) factor from the
semisimple part of the algebra [60,61]. The Cartan generators of the semisimple part of



110 6. An Eg Orbifold GUT

the unbroken gauge group are then given by
Ij[i :f{% ]Z[é:f{?)_U’ IN{[I)):]ZLL?
Hy=Hs—2U, H=Hs-2U, (6.28)
whereas the other 40 operators are unaffected. The Killing form of the semisimple part is
32 0 0 0 0
. 0 13 0 -6 —6
ng = 0 0 32 0 0 . (6.29)
0 -6 0 20 -—12
0 -6 0 —-12 20

To find the roots, we calculate the adjoint action ad ﬁ[{ of the Cartan generators on the
algebra. These 45 x 45 matrices will in general not be diagonal, but since the Cartan
generators commute, they can be simultaneously diagonalized. The kth eigenvalue of the
ith matrix is then the ith entry of the kth root, 07,(;).

We introduce a semi-ordering by fixing the basis

(2,0,0,0,0), (0,0,-2,0,0)
(=1,0,1,1, =1), (1,1,0,—1,0), (0, —=1/2,0,1, —1). (6.30)

Among the positive roots, we identify the simple roots as those which cannot be written
as the sum of 2 positive ones:

a; =(0,-1/2,0,1, —1), ay=(1,1,0, -1, 0),

a3 = (0,0, =2,0,0), ays=(1,-1/2,0,0,1), a5=(-1,1/2,1,0,0) (6.31)

The canonical isomorphism between the Cartan subalgebra h and its dual h* maps each
simple root to an element of the Cartan subalgebra:

1 - 1 - 1 1 1

N 1 - _ N N
hay = —gHé - EHA/L - gHéa oy = 3_2H{ + EHQ - ﬁH:u hay = —— 13
1

N 1 - 3 ~, 1~ 1 -, 1= 1 - 3 - 3 -
hoy, = —H{+—Hy+ —H,+-H., hy,=—-—H +-Hy+—H;+—H,+ —H,

32 16 32 8 32 8 32 32 32
(6.32)
The scalar product for the root vectors «a, 3 € h* is then defined by
(a, ) = Tr ad h, ad hg. (6.33)

Using the Killing form given in eq. (6.29), we can evaluate the right-hand-side, and calculate
the Cartan matrix

2 -1 0 -1 -1

() -1 2 0 0 0
Ay = 2W = o 0o 2 0o -1 (6.34)
i -1.0 0 2 0
-1 0 -1 0 2

From the corresponding Dynkin diagram
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Oy

O O O O
s aq

Q3 &%)

we see that the semisimple part of the gauge group is SO(10).

Ey — E3 E1o — Eog Es3y — E34 Ey7 — Es3
Es + Ei7 Ey3 — Eos E37 — Eyo Eu8 — Esy
Es — Erg Evq — Eoy E4y — Eg1 E49 — Es5
E7 — Eyg Ev5 — Eo Eyo — Eg2 Es0 — Esg
Es + Ex Er6 — Eoo Ey43 — Eno Es1 + En
Eg9 — Eo7 Ea9 — E35 Ey4y — Egs Eso + Egy
FEro — Eog Eso — Es6 Eys5 + Ero Hy — Hs

FEy1 — Eos FEs31 — E33 FEy6 + Fes Hr7 + Hg

Table 6.4: The 32 combinations which transform with a minus.

Now consider the 32 operators in tab. 6.4 transforming with a minus sign. To calculate
their weight vectors is completely analogous to the case of the adjoint representation. First,
we determine the adjoint action of the 5 Cartan generators on these operators, which is
given by 32 x 32 matrices. Second, these matrices are simultaneously diagonalized, and the
32 eigenvalues in the 5 diagonal matrices constitute the 32 weight vectors. Third, we take
the scalar products of the weights with the simple roots to calculate the Dynkin labels.
Looking for the highest weights, we find

(00010) and (00001), (6.35)

corresponding to the representations 16 and 16.

6.6 Calculational Details of Section 6.3.1

In tab. 6.7, we list the transformation of the Eg operators,
E, 5 3E.5" % exp(2mia- W) §E.57", (6.36)

and tab. 6.5 summarizes the 38 invariant combinations which survive the gauge symmetry
breakdown.

Repeating the analysis of section 6.5 in the present context, we find that the 38 operators
correspond to the unbroken gauge group SU(6) x SU(2).

The 40 combinations which transform with a minus sign are given in tab. 6.6. Calculating
their Dynkin labels, we identify the highest weight (00100|1), which corresponds to the
representation (20, 2).
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Ey Eyo — Eas Eso — Esg Ey3 + Eqo Es — En

Es + Ej3 Eqy — Egs Es3y — Es3 Eu4+ Egs Es2 — Egq

Ey Eyg9 — Eg E3y — E3q E45 — E7o Hy + Hy + H3
Es — Err Ey3 — Eas Es7 + Eyo Es6 — Eg3 Hy+ Hs

E¢ + Ens E1q— Eo Ess E47 — Es3 Hg

E7 + Eig Ei5 — En Esg Eyg — Es4 H7 — Hg

Eg — Ex Erg — B Eq + Es E49 — Ess

Eg9 — Fo7 Ea9 — E35 Ey2 + Eg2 Es50 — Es6

Table 6.5: The 38 invariant combinations corresponding to SU(6) x SU(2).

Ey — Es E13 4 Eg E32 + E34 Ey7 + Es3 Esg
Es + Eqr Ey3 + Eos Es37 — Ey Esg + Es4 Eso
E¢ — Eqg E14+ Ea Eqn — Ea Es9 + Es5 Ees
E7 — Eng Ei5 + Ex E4s — Eg2 Es50 + Es6 E¢7
Eg + Es E16 + oo E43 — Eqo Es1 + En Ees
Eg + Ea7 Ea9 + Es5 E4q — Egs Es2 + Ega Eeg
Ero+ Eas E30 + Es6 Ess + Ero Esq Hy— Hj
Ev1 + Eas E31 + Es3 Eu6 + Egs Ess H7 + Hg

Table 6.6: The 40 combinations which transform with a minus sign.

6.7 Calculational Details of Section 6.3.2

We first give a short description of how Eg breaks to Pati-Salam x U(1). Consider

S

Ea 5 Ey=3ES5Y  Ey™ exp(2mif-Ws) Ej. (6.37)

The first transformation breaks Eg to SO(10) x U(1), see section 6.5. In tab. 6.8, we list
the invariant combinations of the SO(10) x U(1) operators under the Wilson line Wi.

The 24 combinations of operators which transform with a minus sign are given in tab. 6.9.
Calculating the Dynkin labels, we identify the highest weight (010|1|1) corresponding to
the representation (6,2, 2).

Next, we give a detailed description of how the Pati-Salam gauge group breaks down to
the Standard Model gauge symmetry.

The continuous Wilson line Wy will project out all those step operators in tab. 6.8, which
have a non-vanishing scalar product with Hy — H5. Equivalently we can say that a step
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Er
Es
Es
Ey

A A A A A T T T T A

Ey
E;s

L A A e e A e

Es3 — -Eyr
Esy — -Egg
Ess — -FEy
Es¢ — -Exo
Esr — -Es
Ess — -Ess
Esg — -FEsg
Ego — -Eeo
Egr — Eg
Egy — Eg
Ees — -Eue
Eey — -Eso
Ees — Euy
Ees — -FEes
Eg¢r — -Eer
Egs — -Egs
Eeg — -Egg
Erg — Eus
En — -En
E7y — -Eys
H, + Hy + Hj
H, — H;
Hy — H,
H¢ — Hg
H; — -Hg
Hy — -Hy

— H1+H2+H3

Table 6.7: Transformation of the Eg operators, when the twist s and the Wilson line Wi

are applied simultaneously.

operator is projected out, if the corresponding root has a non-vanishing scalar product
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ES - El?
E6 + E18
E7 + E19

En + Ea
Eyo + Ego

Hy, + Hy + Hj
H, + Hs

Hg

H; — Hg

Table 6.8: The 22 invariant combinations corresponding to SU(4) x SU(2) x SU(2) x U(1).

Eg + Eor Eis + Eo Ey7 + Es3 FEsg

E1o + Eog FEi6 + Ea FEys + Esy Eeo

E1y + Eos Eyg + Ess Es9 + Ess Ees

Ers + Eog E30 + Ese Eso + Ese Egr

Er3 + Eo3 E31 + Ess Esq FEigs

Ery+ Eoy E33 + E34 Esg Eeg

Table 6.9: The 24 combinations corresponding transforming with a minus sign.

Ey E3s Ey + Eg2 Hi+ Hs + Hj H7 — Hg
Ey E3g Ey3 + Ero Hy+ Hj
Es37+ Ey Eq + Ea Eu4 + Egs Hg

Table 6.10: The 13 invariant combinations corresponding to SU(3) x SU(2) x U(1) x U(1).

with Wg. The surviving operators are listed in tab. 6.10.
The Cartan subalgebra is given by

Hy = E3; + Ey,

ﬁ3:H4+H5,

Calculating the kernel of the Killing form

KijETradffiade: 0

Hy, = H, + Hy, + Hs,
g4:H67

H5 - H7 - Hg.
-6 0 -2 0
9 0 3 0
0 12 0 0 |,
3 0 1 0
0 0 0 8

(6.38)

(6.39)
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we find the U(1) generators,
Ul - HQ - 3.H4, UQ == Hl -+ 2[:14, (640)

and after the Levi decomposition, the Cartan generators of the semisimple part of the
algebra are

_ _ _ 1. 1 _ _
H{ :Hg, Hé:H4+6U1—6U2, Hé:Hg, (641)
The Killing form of the semisimple part is then
12 0 0
Kjy=Trad Hiad H;= 0 1 0 (6.42)
0 0 8

The adjoint action ad H; of the Cartan generators on the 11 operators of the semisimple
part of the algebra,

Ey, Ess, En+ Ee, FEaz+ Enr, EIL H,
Ey, FEsg, FEgp+ Eg, FEy+ Egs, H,

is given by 11 x 11 matrices. Since the Cartan generators mutually commute, these matrices
can be simultaneously diagonalized. The kth eigenvalue of the ith matrix is then the ith
entry of the kth root, 07,(;):

(2,0,0), (0,0,2), (-1, 1/2,0), (0,0,-2),  (0,0,0), (0,0,0),
(-2,0,0), (1,1/2,0), (1,-1/2,0), (-1,-1/2,0) (0,0,0)

P

We introduce a semi-ordering by fixing the basis
(2,0,0), (0,0,-2), (1,1/2,0). (6.43)
Among the positive roots,
(2,0,0), (0,0,-2), (1,1/2,0), (1,-1/2,0), (6.44)
we select those, which cannot be written as the sum of two positive ones (simple roots):
a; =(0,0,-2), ay=(1,1/2,0), a3=(1,—1/2,0). (6.45)

The canonical isomorphism between the Cartan subalgebra h, and it dual h* assigns to
each simple root «; an element of the Cartan subalgebra h,,,

1- 1 - 1 - 1 - 1 -
hOél - _ZHé7 hO[Q - EHi + §H£7 h’Oé3 = EH{ - §Hé' (6'46)

The scalar product in root space is then given by

(i, a5) = Tr ad hq, ad h,. (6.47)
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Using the Killing form (cf. eq. (6.42)), the right-hand-side can easily be evaluated. From
the Cartan matrix

(s, ;) 2 0 0

(aj, a;) 0 —1 2
and its corresponding Dynkin diagram

O Oo——=0O

(0%} (6%)) (6%

we see that the semisimple part of the gauge group is SU(3) x SU(2).

Now consider the operators transforming under the SU(4) x SU(2) x SU(2) symmetry in
the (6,2, 2) representation. After switching on the continuous Wilson line Ws, only 12 of
them will survive:

Eog + Ess,  FEzg+ Ess, Esi+ Fzz, FEsp+ Esq, Esy,
E587 E597 E607 E667 E677 E687 E69 (649)

Calculating the adjoint action of the Cartan generators and diagonalizing the 12 x 12
matrices, we find the weight vectors:

(0,1/3,1), (0,-1/31), (0,1/3,-1), (0,-1/3,-1),
(1,1/6,-1), (-1,-1/6,1), (1,1/6,1), (-1,-1/6,-1), (6.50)
(1,-1/6,-1), (1,-1/6,1), (-1,1/6,-1), (-1,1/6, 1)

Using the metric in root space, we calculate the Dynkin labels by taking scalar products
of the weights with the simple roots. We find the representations

(1/01) and (1]10) (6.51)

corresponding to the representations (3,2) and (3,2) of SU(3) x SU(2).



Chapter 7

Lattice Automorphisms of Eg

So far, we considered the gauge groups SO(10) and Eg in some detail.
These gauge groups appear in Grand Unified Theories in four or more
dimensions. The final aim, of course, is to apply our construction to
heterotic orbifold models in ten dimensions. In the following, we present
all possible symmetry breaking patterns, induced by the shiftless lifts of
the 112 conjugacy classes of the Eg Weyl group.

7.1 Automorphisms of the Eg Root Lattice

The Weyl group of Eg has 696,729,600 elements. Investigating the unbroken gauge groups
for such a large number of models is not feasible, even with today’s resources, i.e. computer
based calculations.

The task is greatly simplified by noting that all elements in the same conjugacy class lead
to the same unbroken gauge group. Although methods to determine the conjugacy classes
of the Weyl groups for each series of the classical algebras and for the exceptional algebras
were known, a standardized approach applicable to the conjugacy classes of all Weyl groups
was only introduced in ref. [51]. The Carter diagrams, which we discussed in section 5.11,
are a powerful, and yet easily accessible means to classify and find a representative for each
conjugacy class.

The 112 conjugacy classes of the Eg Weyl group, and the associated symmetry breakings
are listed in tab. 7.1. The first column enumerates the conjugacy classes. In the second
column, a representative of each conjugacy class in terms of simple Weyl reflections is
listed. The third column gives the order of the conjugacy class on the root lattice, whereby
a star indicates, if its order on the Lie algebra is doubled. Finally, in the last column we
present the symmetry breakdown associated with each conjugacy class.

117
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Table 7.1: The 112 breakings of Eg.

No. Weyl Group Element ord Gauge Symmetry

1 1 1 | Eg

2 r 2* | Er x U(1)

3 1Ty 3 | ErxU(1)

4 T8 2* | SO(14) x U(1)

5 T1T2T3 4* | SO(12) x U(1)2

6 TgT2 T3 T8 T4 T3 4 | Eg x SU(2) x U(1)
TITgT2T1T3Tg a1 T3 2438 21 T3

7 raTsTaT3TsTaT1 T3 Ta T e s a3 s 2 | 0| SU(5) X SU(4) x U(1)
T3TaTsTeT7T6T5 T4

8 T8 T2 6* | SO(12) x U(1)?

9 T8 T2 T3 T4 6 | Egx U(1)?

10 | ryrgrars 5 [ SO(12) x U(1)?

11 | rirgrarsrgryrs 12* | SO(8) x U(1)*

12 | rirg o T3 T8 T2 T3 TAT 5 Ty 6 | SO(10) x SU(2) x U(1)?

13 TITgTaTIT3Tg o1 3243827375 6* SU(3)2XSU(2)2XU(1)2
TaT3TeT574

14 | rirgry 2* | Eg x SU(2) x U(1)

15 | rirgrary 4* 1 SO(8) x SU(3) x U(1)?

16 | rirgrarsry 8 [ SO(10) x U(1)?

17 | ryreryrs 3 [ S0(14) x U(1)

18 | rirorsryrs 6* | SO(8) x SU(2) x U(1)3

19 | rirgrar3rs ATy s 9 | SO(8) x SU(2) x U(1)?

20 | rgrorgrgrar3rsTAT3 e 6* | SU(4) x SU(2)? x U(1)?

21 rgTo T3 Ty Ty '3 16 4 | SU(8) x U(1)

22 | rgTaT3 T TaT3 s TG 8 | SU(6) x U(1)3

continued ...
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continuation ...

23 | rirgTo I T3Tg I T3 T4 T35 T4 TG 30* | SU(2) x U(1)7

24 rrgreT1T3rgTa 132y 31827375 12 SU(3)2><SU(2)><U(1)5
TaT3TeT5T4T7

5 [y [ <suas oo

26 | rirgTeTy 6* | SO(10) x SU(2) x U(1)?

27 | rgrarsraTe 6* | SU(6) x U(1)?

28 | ryrgToT3T4TS 12 | SO(8) x U(1)4

29 | rirgrorsrs 10* | SO(8) x SU(2) x U(1)3

30 | rgroryTaTs T 10* | SU(4) x U(1)®

31 TITgTo T3 TR TAT3 5 T4 T3 6 12 | SU(4) x SU(2) x U(1)*

32 | rirer3rsTe 12* | SO(8) x SU(2) x U(1)3

33 | rirergryrsTe 7 | SO(8) x SU(3) x U(1)?

34 | riTgreT3 g AT T TG 14* | SU(2)? x U(1)¢

35 | TirsTaT3 T8 TAT3 6 12* | SU(3) x SU(2)% x U(1)*

36 | rirgrariTsTy a3 T T3 AT Ts T4y | 15 | SU(2)* x U(1)*

37 | rgrors T TATs s AT TG T 24 | SU(3)% x U(1)*

38 | rgror3rgraT3TETETY 20* | SU(2)? x U(1)8

39 | riTgTeTIT3TR o T3 T4 T3 T T4 TE T 18 | SU(2)? x U(1)°

40 | TyTRTaTI T3 TR Ta T3 TAT3 T T4 T 6* | SU(4) x SU(2)? x U(1)?
TITg T TI T3 T ToT1 T3 o T4 T3 T8 Ta 1 T3

AL | ryryrgrsrsrarsrsrarirsrarsrersry | 6| SU(6) x SU(2)? x U(1)
3T 23Ty T5Te T T6 15

42 | reTar3 T3 AT TG 12 | SU(6) x SU(2) x U(1)?

43 | rirgrame 2* | SU(8) x U(1)

44 | rgraT3 Ty To T3 4T3 T8 T2 T3 Ty 2 | Er xSU(2)

45 | rirsT3TaTG 4* | SU(5) x SU(2)? x U(1)?

continued ...
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continuation ...
46 | riTgToT3 Ty T T3 T4 T3 T8 o Ty Ty 4* | SO(10) x SU(2)? x U(1)
AT | rirgrer3TyTe 8 | SU(5) x SU(3) x U(1)?
48 T1TrgToT1T3TgToT3raT3Tg 257473 6 12 SU(S)XSU(2)3><U(1)3
TsT4T3TY
49 | ryrgreryTs 6* | SO(10) x SU(2) x U(1)?
50 | riTgTeT3 4TS T 18* | SU(2) x U(1)7
5L | rirgr3rarsTe 6* | SU(4) x SU(2)? x U(1)?
52 TgTo T3 Ty Ty 6 | SU(T) x U(1)?
53 | riTgTer3rg o3 AT TS Ta T3 4TS 6 | SO(10) x SU(2)? x U(1)
54 | rgrorsryrsre Ty 12* | SU(2)? x U(1)°
55 | riTgToT3 TR T4 T3 s 4T3 6 Ty 20 | SU(2)% x U(1)8
56 | rirgrorsrgraT3TE Ty 18* | SU(2)* x U(1)*
I L e,
58 | rirgrersrsTe 15 | SO(8) x SU(2) x U(1)3
59 7179 T35 T 7 4* | SU(4)% x U(1)*
60 | rgrar3 Ty a3 TaT3 T8 T T3 TATs T4 e s | 4 | SO(12) x SU(2) x U(1)
61 | riTgraT3 T8 TAT3 T 6 T 24 | SU(2) x U(1)7
62 | rirer3TaTs TG YT 8 | SU(2)* x U(1)*
63 77:;7“87"27“37’87“27“37”47“37’87“27“37”47“57’47“6 8 SO(8)><SU(2)2><U(1)2
o1 [ s ) «suer o)
R R s
66 | rirsTaT3 TS AT TG 12* | SU(3) x SU(2)? x U(1)*
g |TirsransTs SIS |y | ) Ui < Q)
continued ...
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continuation ...

68 8T2Ta T8 T2 T3 T4Ta T T2 T3 TATS TATSTG | ) SU(4) x SU(3) x SU(2)? x U(1)
TsTaT7T6Ts
rirgroT1r3TrgroT1 13T 4T3 rg a1 '3

69 ToT4T3Ts T3 T8 Ta T3 Ty Ts e 543y | 0 | SU(6) x SU(3) x U(1)
T T7TeT5T4aT3TgT2T3T4T5 76
rirgToT11T3Trg a1 3243 TgT2T1 13

70 | T2TaT3T8T5TaT3T8 23 4T 5 aT3Ts | 4 | SO(10) x SU(4)
ToT1T3ToTaT3T7Te 574318 T2T1T3T2
TaT3TgT5TaT3Te 5477615

L | rirgrarsTe 6* | SU(6) x SU(2) x U(1)?

72 TgToT3Tg I I3 4T3 T8 T2 T34 5 6 6* | SO(8) x SU(2)* x U(1)?

73 r1rgrer3ra s 'y 12 SU(3)2 X SU(2) X U(1)3

74 rirgreor3 sy 10* SU(4) X SU(2)2 X U(1)3

75 TiTrgreT3 g3y 3Tg a3 4576 10* SU(2)5><U(1)3

76 TiTrgTreT1T3rgroT1 3oy 321113 12 SU(4)><SU(2)2><U(1)3
roTaT3T5TaTeg s 17

7T | T17r8TeTaTs T 12* | SU(3) x SU(2)? x U(1)?

78 r1TrgTror3raTs ey 30 U(].)B

79 r1rgrer3ra g 'y 24 SU(4) X SU(Z) X U(1)4

80 | T8 T3TATE TG TT 14* | SU(3) x SU(2)? x U(1)?

81 T1rgTroT3rg o3 Ty 3T a3y 54 e 14 SU(2)5><U(1)3
rsTr

39 77:87“27‘37"87“27“37“47‘37"87“27“37“47“57"47“67‘5 19* SU(4)><SU(2)2><U(1)3
7

3 rirgToT11T3Trg a1 T3T4T3 g T2 11374 3 E6><SU(3)><U(1)
TsT4T3TgT2137T4Ts

34 T1TgToTr1T3Trg a1 3T4T3Tg 21737y 6* SU(3)3XSU(2)XU(1)
Ts5TaT3TgT2T3T4T576

85 | TirsTaT3TsTETT 20* | SU(2)* x U(1)*

continued ...
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continuation ...
rirgroT1r3Tg o113 r4r3rgroT1 13T,
86 9 | SU(3)® x SU(2) x U(1)
TsTaT3TgTaT3 45T 5776
rirgroT1r3TrgroT1 13T 4T3 rg a1 '3
2
87 TaTsTAT3 Ty T T T3 e Ty Ts e s Ta T3y | 12 | SU(4)% x SU(2) x U(1)
TaT17T3ToTaT3T5TaTe s 765 T4
88 TrsToT3TgTo13r4T31Tg o134 T 2% SO(lQ)XSU(Q)XU(l)
89 TITg T T3 g T T3 T4 T3] Ta '3 Ty T 4* | SU(4) x SU(3) x SU(2)? x U(1)
90 rsToT3TgToT3TaT3TrgTo T34 Ts e Ty 8 SU(G)XSU(Z)XU(1)2
91 rirgrora sy 6* SU(3)2 X U(1)2
92 rITg T Tg T8 o 3Ty 3Ty Ta T3 a5 g Ty | 18 SU(2)4><U(1)4
93 6* | SU(4 SU(2)? x U(1)?
rirgror3rg o3 a3 rg o sy s 'y X X
rirgroT1r3TgroT1 13T 4T3 g 213 7'y
94 TsT4TsTs T T T3 Ty 565 4T3 gy | 6| SO(8) x SU(4) x U(1)
r3ToTaT3TsTaTe s T7 6574
rirgToT11T3Trg a1 T34 T3 g T2 11374
95 12 SU(3)3><U(1)2
TsTaT3TgToT3T4T5T6 7
96 | rirgreTaTs T T 30* | SU(2)* x U(1)*
rirgToT1T3Trg a3 TaT3rg a1 3745
97 | ryrarsrorsrarsrersrarsrsrarzrars | 4 | SO(10) x SU(4)
Ts
rirgTroT1T3TgTaT3 a3 g 21374 s
2
98 TaT3TgToT3TalsTe 5413182737415 8 SU(4)XSU(2)XU(1)
TeT7
rirgroT1Tr3TgroT11r3Tr4r3rg o113y
2
99 TsTaT3TgToT13Ta 5T 5174737821 5 SU(5)
T3TaTsTeT7Te 5 T4T3T81T2T3T4T5T6 17
100 rsToT3TrgToT3TaT3rgro T34 Tg Ty 6 SO(12)XSU(2)XU(1)
TirgToT3Tg a3 TaT3Tg a3 T4 57413
101 6* | SU(4)2 x SU(2) x U(1)

raToT3T4TsTgT5T4T3T8 21737475 ¢

continued ...
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123

continuation ...

102

rirgraT3rgTora 4T3 Trg o3 raTs 4T3
rgraT3TaTsTe s TaT3Tg 2345617

10

SU(3)2 x U(1)*

103

rirgror3TrgTer3rar3 g o3 ra e 'y

12¥

SU(4) x SU(2)% x U(1)?

104

rirgroTr1r3TgroT1r3r4r3rgro 1137y
TsTaT3TgTaT3 T4 577

6*

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

105

rirgroT1Tr3TgroT1r3Tr4r3rg o113y
TsTaT3TgToT3aTsTe 5174737821374
TsTeT7TeTsTaT3T8T2T3 T4 T5T6T7

SU(6) x SU(3) x SU(2)

106

rgToT3TgTo3raT3TgTo T3 a5 T4 T378
ToT3TaT5T6TsT4T3T8T213T4T5T6

2*

SO(10) x SU(4)

107

ragTaT3TgTaT3raT3TgT2 34541378
ToT3TaTsTeTsT4aT378T2T3 T4 5 TeT7

4*

SO(8) x SU(4) x U(1)

108

T1TgToT1T3TrgTa 13 T2y T3Tg 27113
ToTyT3TgTsTaT3 g a1 1312437875
TyaTr3TeT1TeTsT4 T3 g 2131274378
TsTaT3TaT1TeT7 6574731821374 s
TeT7

SU(8) x SU(2)

109

T1TgToTr1TgTrg a1 3Ty T3 g2 113
ToTaT5T4T3TgTaT1T3T2T4 378576 s
T4aT3TgTaT1T3T2T4 3T 5T4T3T2T1 76
TrTreTsT4aT3TgTa 132y 318574 T3
ToTr1TeTsTaT3Tg a3 a5 T 7T T5T4

SU(9)

110

rrgroTiT3rgTa 13 ay3TgaT1 T3
ToTaT3TgTsTaT3Tg o1 32741378 s
TaT3ToT1TeT5T4T3TgT2T1T3T2T4 7378
T5TaT3ToT1TeT5TaT3TgT2T3 T4 56T

SU(8) x U(1)

111

T1TgToT1TgTg a1 3Ty T3Tg T2 T1 13
ToTyT3TgTsTaT3 g a1 312437875
TyTr3TeT1TeTsT4T3Tg 21312 T4 T3Tg
TsTaT3ToT 1 TeT5T4T3TgT2T3T4T5T6

2*

SU(8) x SU(2)

continued ...
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continuation ...

rrgroTiT3TgTa 1 3oy 3Tga 113
roTraT3TgTsTaT3g a1 1312437875
TyaTr3TeT1TeTsTaT3 g 21131274 T3T8
112 | r5rarsrarireT5rarsrs a3 451677 | 2 | SO(16)
TeTsT4aT3TgTaT1 T3 T4T3TgT5 T4 T3 T2
T1TeTsTaT3Tg 2345676 T5T473
rgroT1T3TaTaT3Tg 54321 TeT5T4
T3rgraT3rarsre 'y

The correspondence between the conjugacy classes and the Carter diagrams was estab-
lished in ref. [51]. To calculate the symmetry breakdown associated with each conjugacy
class, there are two approaches. Refs. [53,54] calculate for each conjugacy class the cor-
responding equivalent shift vector, and then determine the unbroken gauge group using
methods described in chapter 2. Our approach is not to take the detour over the equivalent
shift, but to work from the very beginning with the conjugacy class representative along
the lines of the methods described in great detail in chapter 5.

To determine all admissible Carter diagrams for Eg, and then to calculate the corresponding
conjugacy class representative in terms of Weyl reflections is doable, but quite cumbersome.
Instead, we use the Maple package Coxeter-Weyl [52], which gives all 112 representatives
of the conjugacy classes in terms of simple Weyl reflections. For each conjugacy class, we
calculate the gauge symmetry breakdown, as listed in the last column of tab. 7.1.

7.2 The 112 Breakings of Eg

The calculation of the gauge symmetry breakdown for the 112 conjugacy classes proceeds
along the same lines as described in chapters 5 and 6, and will therefore not be described
here in detail.

Some remarks, however, are in order here. Knowing the structure constants (section 5.4), it
is not difficult to calculate the transformation properties of the operators (section 5.3), and
the invariant combinations (section 5.6) which survive the gauge symmetry breakdown.
Knowing the rank and the dimension of the unbroken gauge group may in many cases
identify the symmetry uniquely. In those cases, in which ambiguities arise, there are still
ways to avoid the lengthy calculation of the gauge symmetry, which was carried out in
section 5.7.

As soon as we have found a Cartan subalgebra, we can calculate the Killing form, and
the dimension of its kernel gives the number of U(1) factors of the unbroken gauge group.
Thus, we can distinguish between two groups, if their dimensions and ranks coincide, but
they contain a different number of ideals. An explicit example for this situation is the
following. The conjugacy classes 18 and 101 correspond to SO(8) x SU(2) x U(1)3, and
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SU(4)% x SU(2) x U(1), respectively. As is readily verified, both gauge groups are of rank
8, and contain 34 elements.

Another piece of information which we can exploit is the order of the automorphism on
the Lie algebra. Consider the conjugacy classes 69, 104, 94, 107. The first two conjugacy
classes correspond to the gauge group SU(6) x SU(3), and the last two correspond to
SO(8) x SU(4). All four gauge groups have rank 8, dimension 44, and contain one U(1)
factor. As we have one U(1) factor, we know that we have to delete exactly two roots from
the extended Dynkin diagram of Eg to arrive at SO(8) x SU(4). It turns out that we only
have one choice, namely to remove the roots ay, and as:

3 asg
2 4 6 ) 4 3 2 1
—O0—O0—O0——0—0 - O
(0751 (6D) (0% Qg (873 (673 (0%4 (%)

Thus, the order of the automorphism realizing this gauge symmetry breakdown can be
n X 24+ m x 4 for n,m any positive integer. In particular, the order can be 6, 8, or
12, and as far as we can tell from this argument, all four conjugacy classes may realize
SO(8) x SU(4).

Next, consider the gauge group SU(6) x SU(3). Here, we have two choices, namely we can
either remove a3, and ag, leading to an automorphism of order n x 6 +m x 3,

3 ag
6
a3

2 4 5 4 3 2 1
O O O O O O -0
(@3] %) (671 87 &7} oy (%]

or we can remove «g, and ag, leading to an automorphism of order n x 3 +m x 3:

3 ag
2 6
O

4 5 4 3 2 1
O—O0—0O0—0—xK—0-0
(03] (6D) Q3 iy (673 (673 (07%4 (7))

In neither case we can construct an automorphism of order 8, thereby proving that the
conjugacy class 107 cannot correspond to the gauge symmetry SU(6) x SU(3), whereas
we can make no statements about the other three cases. Considering the effort it took to
arrive at this conclusion, we think that this is a rather poor result.

We want to emphasize that for the conjugacy classes 69 and 94, the rank, dimension,
number of U(1) factors, and the order of the automorphism both on the lattice and on the
Lie algebra coincide, although they correspond to distinct gauge groups. In these cases,
there is no other way than to determine the gauge symmetry by direct calculation.
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Chapter 8

Conclusions

In this thesis, we considered various aspects of string phenomenology in the context of het-
erotic orbifold constructions, where special emphasis was laid on the connection between
GUT models in extra dimensions and their relation to string theory.

We investigated orbifold models with more general structure than the Z3 orbifold, on which
most of the past research had focused. The picture of the heterotic brane world which nat-
urally emerged allowed us to make contact to field theoretic orbifold constructions in five
and six dimensions, which have recently attracted much attention.

For a systematic study of the large number of models which can be constructed, we de-
veloped computer programs which are quite general and powerful in the sense that we
may specify all the parameters of the theory and we obtain the gauge symmetry and the
spectrum within a few seconds. In this thesis, we restricted ourselves to the case of the
Zg-11 orbifold, whose structure is rich enough to display all the features encountered in
constructions of models with any other point group.

It should be noted, however, that the tools we developed are completely general and have
already been applied to a number of other orbifold models. One example is the Zy X Zs
case, where we have constructed a number of three-generation models, thereby disproving
claims in the literature that there are no three-generation models for this type of orbifolds.

Another focus of this thesis has been a classification of orbifold models, i.e. the construc-
tion of shift vectors and Wilson lines leading to inequivalent gauge groups and spectra.
In connection with our tools which can determine the spectrum of a model within a few
seconds, this progress in methodology allowed the construction of hundreds of models with
interesting characteristics. As a matter of fact, all of the models we presented have been
found by classifying Zg-11 orbifold models with zero or one Wilson line.

Based on the work done by ref. [27], we developed the mathematical background for a
stringy Higgs mechanism which allows us to lower the rank of the gauge group in the
higher dimensions, which cannot be achieved by contemporary orbifold constructions. We
provide all the calculational methods needed to unambiguously identify the gauge symme-
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try and to construct the matter representations.

For specific model constructions, we focused on two promising gauge groups, namely on
SO(10) and Eg. In the latter case, we could derive a GUT model in six dimensions which has
a Standard Model like gauge symmetry SU(3) x SU(2) x U(1) x U(1)" in four dimensions,
and discussed its embedding into string theory.

Some results in this thesis have been published in:

In journals

S. Forste, H. P. Nilles, P. K. S. Vaudrevange and A. Wingerter, “Heterotic brane world”,
Phys. Rev. D70 (2004) 106008, hep-th /0406208

S. Forste, H. P. Nilles and A. Wingerter, “Geometry of Rank Reduction”,
to appear in Phys. Rev. D, hep-th/0504117
In proceedings

S. Forste and A. Wingerter, “Bottom Up Meets Heterotic Strings”,
Fortsch. Phys. 53 (2005) 463-467, hep-th/0412066



Appendix A

Fixed Points

A.1 The Theorem

Calculating the number of fixed points may sometimes be subtle, especially when we run
out of geometric imagination. The following theorem is useful:

Theorem A.1.1 Let A denote an arbitrary lattice, and 6 a symmetry of A. Define
I={weA|(1-0"w=0}, N=I"={weA|Wwel: (v,w)=0}. (A1)
Then the number of fixed points of 0 is given by
HFP = (N/a —G)A‘. (A.2)

Proof:

Let 24 denote a fixed point. Then, x ¢ is invariant up to a lattice vector:

Oz =x;+1, (e . (A.3)
We recast this equation into the following form:

(I —-0)z;=2¢, el (A4)

Next, we prove that £ is actually an element of the sub-lattice N. To that end, let w € [
be an arbitrary element in I:

(w,0) = (w,(1-0)a;) = (1—0D)w,zs) "= (0,25) =0

This proves that ¢ € N. For each ¢ € N, we obtain a fixed point z;, which is given by
eq. (A.4). Many of the fixed points we obtain will be equivalent, i.e. they will correspond
to the same point on the torus. To get the true number of fixed points, we must identify
the ones which differ by lattice shifts:

.I‘fNZEf—i-)\, AEA (A5)
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We know that z is the fixed point which corresponds to £. In order to find out to what ¢
the fixed point z; + A corresponds, we substitute it into eq. (A.4):

(L—0)(zp+A) =( (eNAIeA, =  (L—0azp=(—(1—0\ (AG)

The calculation shows that ¢+ A corresponds to ¢ = £ — (1 — )\ for an arbitrary A € A.

If we now identify all 2y with 2y + A to get the true number of fixed points, we must
identify all £ € N with ¢':

LFP = ‘N/(]l - G)A‘ . (A7)

This proves the theorem.

Interpreting the Result

Using this theorem is not as straightforward as it may seem at first glance. Eq. (A.7) re-
quires the the calculation of the kernel and the image of 1 —8 on the lattice, and not on some
R™. To illustrate this point, consider the Zs point group on 72, and assume in the following,
that all mappings act on R%. The mapping 1 — 6 has an inverse, so I = ker (1 — ) = {0},
and N = [+ = R?. Furthermore, 1 — @ has rank 2, so Im (1 — ) = R% According to the
theorem, we have 1 fixed point, whereas we know that there are in fact 3.

The reason why we obtain the wrong result is that we have assumed the mappings to
act on R?, whereas as a matter of fact, they act on the lattice A. In eq. (A.7) both N
and (1 — 0)A are lattices, and to determine the number of fixed points, we must count
the equivalence classes of NV, where 2 vectors are considered equivalent, if they differ by a
vector in (1 — @)A. This can be quite cumbersome. However, there is a trick.

The Fundamental Volume of a Lattice
The fundamental volume of a lattice A is the volume of its fundamental region, and is

iven b
° ' Vol(A) = /det(A AT), (A.8)

where A is a matrix, whose rows (or columns) are the basis vectors of A. The fundamental
volume is independent of the choice of basis for the lattice, since any 2 bases for the same
lattice are related by an integral, unimodular matrix, which does not contribute to the
determinant in eq. (A.8).

If A is a lattice and A’ C A is a sub-lattice, one can prove the interesting relation
‘A/A’ ~ Vol(A)

~ Vol(A)’
which is exactly what we need to calculate the fixed points. This relation is intuitively
clear: The sub-lattice A’ is coarser than A, and in 1 fundamental region of A’, there are
many fundamental regions of A, the number being the number of cosets.

(A.9)
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A.2 The Z3 Symmetry on the Root Lattice of SU(3)
The root lattice of A = SU(3) is spanned by the vectors
€1 = (1, O), €2 = (—%, @) .

The matrix representations of 6 and 1 — @ are given by

o -1/2 —V/3)2 B 3/2  V3)2
o=( e D) vom (e e ) o

Since det(1l — @) # 0, there is no vector v # 0 which is mapped to 0 under 1 — 6, thus
I={0} and N = A.

The lattice A’ = (1 — 6) A is spanned by
(1 —0)e; =e —es=(3/2,—V3/2), (I —60)es=es+2ey = (0,V3).

Define the matrices comprising the basis vectors of A and A’, respectively:

Ar = ( _11/2 \/g/z ) Av = ( 3(/)2 _Q/Q ) (A-11)

The fundamental volumes of A and A" are given by

Vol(A) = y/det(Ap AL) = \/g, Vol(A') = y/det(Ap AT)) = \/24j (A.12)

and from eq. (A.9) it follows that the number of fixed points is 3.

A.3 The Z; Symmetry on the Root Lattice of SO(4)?

The root lattice of A = SO(4)? is spanned by the vectors

e =(1,0,0,0,0,0), es=(0,0,0,1,0,0),
e = (0,1,0,0,0,0), es = (0,0, 0,0, 1,0),
es = (0,0,1,0,0,0), es = (0,0, 0,0,0,1).

We define the Z, action 6 as

0 -e; fori=1,....4, (A13)
N 7 e d .
e; fori=25,6.
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The matrix representation of @ in the standard basis of R® is given by

<
Il

(A.14)

o

—

o
o~ oo oo
—_—o oo oo

-1
0
0
0
0
0

We will need in the following the matrix representation of 1 — #, which is then given by

=
|

<

Il

(A.15)

SO O OO
OO OO oo
OO OO oo

O OO OO N
O OO N OO

O OO DN

Using the above results, we can calculate I, N, and Im (1 — 6). The SO(4)?3 root lattice is
given by
A - {(n17 Ng, N3, N4, N5, nG) | n; € Z}

To vector space [ is by definition the set of all v € A such that (I — J)v = 0, so we
conclude

I:{(O, 0, 0, 0, Ns, nﬁ) ’ anZ}

N is by definition the set of lattice vectors in A which are orthogonal to I, and we get
N = {(nlv Ng, N3, Ny, 0, 0) | n; € Z}

The final ingredient needed to apply eq. (A.7) is (I — J) A. The image of an arbitrary
element (ny,ns, ng, ng, n5,ng) € A under the mapping (1 — J) is

A/ = (]1 — J)A = {(2711,2712,2713,277/4,0,0) | n; € Z} .

Define matrices which comprise the basis vectors of the lattices N and A’, respectively:

1 00000 2 00 000
A_OlOOOO A—O20000
NT1o001000]| M7l oo2000

000100 000200

The fundamental volumes of N and A’ are given by
Vol(N) = y/det(Ay AL) = V1,  Vol(A') = y/det(Ax AT)) = v/256 (A.16)

and from eq. (A.9) it follows that the number of fixed points is 16.



A. Fixed Points

133

A.4 The Z; Symmetry on the Root Lattice of SO(12)

The root lattice of A = SO(12) is spanned by the vectors

€1 = (]-7 _1a 07 Oa 07 O)a
€2 = (07 17 '17 07 07 0)7
e;=(0,0,1,-1,0,0),

We define the Zs action 0 as

€4 = (07 Oa 07 1a _17 O)a
es = (0,0,0,0,1,-1),
es = (0,0,0,0,1, 1).

-e; fore=1,...,4,
0 : e+ ‘ orz. (A.17)
e; fori=25,6.
The matrix representation of 6 in the standard basis of RS is given by
1 0 0 0 0 O -1 0 0 0 0 O 100000_1
-11. 0 0 0 O 0O -1 0 0 0O -1 1.0 0 0 O
0O -1 1 0 00 0O 0 -1 0 0O 0O -1 1 0 00
0O 0 -1 1 00 0O 0 0 -1 00 0O 0 -1 1 00
O 0 0 -1 1 1 0O 0 0 0 10 O 0 0 -1 1 1
O 0 0 0 -1 1 0O 0 0 0 01 O 0 0 0 -1 1
h Columns are olzrbasis vectors e; g \I\latrix representat?orn of 0 in basis {el}l h Inverse of t}?erﬁrst matrix g
which evaluates to
-1 0 0 0 0 O
0 -1 0 0 00
J = 0 0 -1 000 (A.18)
0O 0 0 -1 0O
2 2 2 2 10
0O 0 0 0 01

We will need in the following the matrix representation of 1 — 6, which is then given by

=
|
<
If
oo oW

S o
OO O

o NN OO

SN

N O OO

)

O O OO oo

OO OO OO

(A.19)

Using the above results, we can calculate I, N, and Im (1 —#). The SO(12) root lattice is

given by

A= {(nl, na, N3, Ny, N5, Ng) | N; € Z, E n; = even} )
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To determine I, we have to solve the matrix equation

20 0 0 00 n 0
02 0 000 Ny 0
00 2 000 ns | |0
00 0 2 00 na | |0
2 2 2 200 ns 0
00 0 000 ne 0

which gives

n=nys=nz3=n4=0, ns,ng €L, ns+ngeven.
N is by definition the set of lattice vectors in A which are orthogonal to I, i.e. we have to
determine the m; € Z, > m; = even, such that

0 my
0 mo
0 ms
=0
0 my
N5 ms
g Mg

for all ns, ng € Z and ns + ng even. Clearly,
N = {(ml,mg,mg,m4,0,0) | m; € Z, Zmi even}.

The final ingredient needed to apply eq. (A.7) is (I — J)A. The image of an arbitrary
element (nq,ns, ng, ng, ns,ng) € A under the mapping (1 — J) is

2 0 0 0 00 nq 2n4

0 2 0 0 00 Na 2n9

0O 0 2 0 00 ng | _ 2ns

0O 0 0 2 00 i 2ny

2 -2 -2 -2 00 ns —2n1 — 2n9 — 2n3 — 2ny
0O 0 0 0 00 ng 0

so we conclude
(1—J)A = {(2n1,2n2,2n3,2n4,M, 0) | mez, Y ni= —M} ,

In forming the cosets

N / (1 — J)A, (A.20)

we identify elements in N, which differ by lattice vectors in (1 — J)A. To that end, we can
set M = 0, since the 5th entry of any element in N is always 0. Define

= {(2711, 2712, 271,3,2’”4,0,0) | n; € Z}
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A’ is a sub-lattice of A and
N/(]l A = N/A’. (A.21)

Note that for the purpose of determining the equivalence classes, it is all the same whether
we take the left or the right hand side of the above equation. We have to resort to this little
trick of using a sub-lattice of A, since in the end, we do not calculate these equivalence
classes, but look at how often the volume of a fundamental cell in A fills out the volume
of a fundamental cell in A’. This only works if A’ C A.

Define matrices which comprise the basis vectors of the lattices N and A’, respectively:

1 -1 0000 200000
01 -1 000 020000
AN‘001-100’ AA’_002000
00 1 1 00 000200

The lattice N is basically the SO(8) root lattice, which explains the choice of the basis
vectors, and in the definition of A’, we do not have the condition that the sum be even, so
it is clear that the above choice is indeed a basis.

The fundamental volumes of N and A’ are given by

Vol(N) = y/det(Ay AL) = V4,  Vol(A') = y/det(Ay AT) = v/256 (A.22)

and from eq. (A.9) it follows that the number of fixed points is 8.
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Appendix B

Details of the Zg-1I Model
Construction

B.1 Deriving the Gauge Symmetry

(1)
(i)
(i)
(iv)
(v)

(vi)

(vii)

Collect all root vectors corresponding to the invariant left movers.
Fix a basis and expand all root vectors in terms of this basis.

Introduce a semi-ordering in root space: A root vector is positive (negative), if the
first non-zero coefficient in the above expansion is positive (negative), and it is zero,
if all coefficients are zero.

Find the positive roots. Of all root vectors, 8 are zero, and of the rest, one half is
positive and the other half is negative.

Define a simple root to be a positive root which cannot be written as the sum of 2
positive ones.

Draw the Dynkin diagram corresponding to the simple roots. For each simple root,
there is a node, and two nodes are connected, if their roots have a non-vanishing
scalar product.

The Dynkin diagram unambiguously identifies the algebra. Since we already know
that we have 8 Cartan generators, the number of U(1) factors is 8 minus the number
of simple roots.

The relevant methods of group theory are described in great detail in ref. [58]. As reference
works, refs. [48,62] are recommended.
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B.2 Identifying the Irreducible Representations

(i) Find the Dynkin labels of each weight. The i-th Dynkin label of a weight is equal
to its scalar product with the i-th simple root. From now on, we will work with the
weight vectors in the Dynkin basis.

(ii) Identify the highest weights, i.e. the weights, all of whose entries are positive or zero.

(iii) To each highest weight, there corresponds an irreducible representation, whose dimen-
sionality can be found by the standard Dynkin algorithm [48]. The representations
can also be directly identified, using the extensive tables of ref. [62].

(iv) In most cases, this is the end of the analysis: The dimensions of the irreducible
representations add up to the number of states.

(v) In some cases, one irreducible representation might be a subset of another irreducible
representation. (In this case, the highest weight vector of the former representation
is included in the list of weights of the latter one.) It is clear that only the larger
representation is counted.
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B.3 Anomalies for SU(IV)

’ Highest weight | Young tableaux ‘

Cubic Index

[1000...0]py, [ ] 1
[2000...0]py, [ 1] N +4
[0100...0]py, H N —4
[3000...0]py, [T 1] s(N +3)(N +6)
[0010...0]py, @ (N —=3)(N —06)
1100...0lpL | N?Z_g
[4000...0]py, [T T 1] (N +3)(N +4)(N +38)
[0001...0]py, LN =3)(N —4)(N -38)
[0200...0]pL sN(N? —16)
[2100...0]py, [ ] LN +4)(N?+ N -38)
[1010...0]pL Il T(N—4)(N? =N -38)
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Appendix C

Details of the Eg Calculation

We describe Eg in terms of its embedding in Eg. The roots of Eg are those roots of Eg,
whose first 3 components are equal. For convenience and reference, we list the roots in
tab. C.1. Using the standard metric on root space, we find the simple roots as listed in

tab. C.2.

/L (O 0 0 1 1 0 0 0 B37 0 0 0 0 0 0 1 T
B2 |0 0 0 -1 1 0 0 O B3s 0 0 0 0 0 0 -1 1
Bs |0 0 0O 1 -1 0 0 O B39 0 0 0 0 0 0 1 -1
B+ O 0 0O -1 -1 0 0 O B1o 0 0 0 0 0 0 -1 -1
s |0 0 0 1 0 1 0 O Ba | 1/2  1/2  1/2  1/2  1/2  1/2  1/2  1/2
Bs |0 0 0O -1 0 1 0 O Baz | -1/2  -1/2 -1/2 -1/2 -1/2 -1/2 -1/2 -1/2
B |0 0 0 1 O -1 0 O Baz | 1/2  1/2  1/2 -1/2 -1/2 1/2  1/2 1/2
Bs |0 0 0O -1 0 -1 0 O Baa | -1/2  -1/2 -1/2  1/2  1/2 -1/2 -1/2 -1/2
Bo |0 0O O 1 0O O 1 0 Bas | 1/2  1/2  1/2 -1/2  1/2 -1/2  1/2 1/2
Bo|0O O 0O -1 0 O 1 0 Bas | -1/2 -1/2 -1/2  1/2 -1/2 1/2 -1/2 -1/2
fn |0 0 O 1 0 O -1 O Bar | 1/2  1/2  1/2 -1/2  1/2  1/2 -1/2 1/2
iz 0 0 0 -1 0 0 -1 0 Bas | -1/2  -1/2 -1/2  1/2 -1/2 -1/2  1/2 -1/2
iz|0O0 0 0O 1 0 0 0 1 Bao | 1/2  1/2  1/2 -1/2  1/2  1/2  1/2 -1/2
fia|O 0O O -1 0 0 0 1 Bso | -1/2 -1/2 -1/2  1/2 -1/2 -1/2 -1/2 1/2
Bis| 0 0 0 1 0 0 0 -1 Bs1 | 1/2  1/2  1/2  1/2 -1/2 -1/2  1/2  1/2
s |0 0O 0O -1 0 0 0 -1 Bs2 | -1/2  -1/2 -1/2 -1/2  1/2  1/2 -1/2 -1/2
iz|O 0 0O O 1 1 0 O Bs3 | 1/2  1/2  1/2  1/2 -1/2  1/2  -1/2  1/2
Bis|0O0 0O 0O O -1 1 0 O Bsa | -1/2  -1/2  -1/2 -1/2  1/2 -1/2  1/2 -1/2
Bis|[O O 0O 0O 1 -1 0 0O Bss | 1/2  1/2  1/2  1/2 -1/2  1/2  1/2 -1/2
Bo |0 0O O O -1 -1 0 O Bse | -1/2 -1/2  -1/2 -1/2  1/2 -1/2 -1/2 1/2
f1/0 0 O 0O 1 0 1 0 Bs7 | 1/2  1/2  1/2  1/2  1/2 -1/2 -1/2  1/2
B2 |O O O O -1 0O 1 0 Bss | -1/2 -1/2 -1/2 -1/2 -1/2 1/2 1/2 -1/2
B2z |O 0O O O 1 0 -1 0O Bso | 1/2  1/2  1/2 172 1/2 -1/2  1/2  -1/2
B2a|O O O O -1 0 -1 0 Beo | -1/2 -1/2 -1/2 -1/2 -1/2 1/2 -1/2 1/2
Bas |O 0O O O 1 0 0 1 Ber | 1/2  1/2  1/2  1/2  1/2  1/2 -1/2 -1/2
B |0 O O 0O -1 0 0 1 Be2 | -1/2 -1/2 -1/2 -1/2 -1/2 -1/2 1/2 1/2
Bz |O O O O 1 0 0 -1 Be3 | -1/2 -1/2 -1/2 -1/2  1/2 1/2  1/2 1/2
Bs |O O O O -1 0 0 -1 Bea | -1/2 -1/2 -1/2  1/2 -1/2 1/2  1/2 1/2
B[O O O O O 1 1 0 Bes | -1/2 -1/2 -1/2  1/2  1/2 -1/2 1/2 1/2
B |0 0O O 0O 0 -1 1 0 Bes | -1/2 -1/2 -1/2  1/2 1/2  1/2 -1/2 1/2
Bs1 |0 0O 0O O O 1 -1 0 Ber | -1/2 -1/2 -1/2  1/2  1/2 1/2 1/2 -1/2
Bs2/0 0 0O O O -1 -1 0 Bes | 1/2 1/2  1/2 -1/2 -1/2 -1/2 -1/2 1/2
Bz |0 0 0O O O 1 o0 1 Beo | 1/2 1/2  1/2 -1/2 -1/2 -1/2  1/2 -1/2
Bsa|O 0O O O 0 -1 0 1 Bro | 1/2  1/2  1/2 -1/2 -1/2  1/2 -1/2 -1/2
Bss |0 0 O O O 1 o0 -1 Brn | 1/2  1/2  1/2 -1/2  1/2 -1/2 -1/2 -1/2
Bss |O 0O O O O -1 0 -1 Bra | 1/2  1/2  1/2  1/2 -1/2 -1/2 -1/2 -1/2

Table C.1: Roots of Eg.
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12 1/2 -1/2 -1/2 -1/2 -1/2 1/2

1/2

1

0

0

0

0

0

0

a1

a2

a3

Qy

Qs

a6

Table C.2: Simple roots of Eg.



Appendix D
Details of the SO(10) Calculation

Roots and Simple Roots

We list the simple roots of SO(10) in tab. D.1 below. Note that the simple roots depend
on the choice of semi-ordering in the root lattice.

Table D.1: Simple roots of SO(10).

No. Simple Root

ag |1 -1 0 0 O
a |01 -1 0 O
as |0 0 1 -1 0
as |0 0 0 1 -1
as [0 0 0 1 1

Since the structure constants depend on the choice of roots and their enumeration, we give
the 40 roots of SO(10) for reference.

Table D.2: Roots of SO(10).

‘ No. ‘ Root H No. ‘ Root
51 1 1.0 0 0ffBar |0 1 0 1 0
B |-1 1 0 0 0P |0 -1 0 1 0
B3 1 -1 0 0 O0fpBs |0 1 0 -1 O
By |[-1 -1 0 0 0| By |0 -1 0 -1 0
(s 1 0 1 0 0ffBs |0 1 0 0 1
continued ...
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continuation ...

Be |-1 0 1 0 0 pBxs |0 -1 0 0 1
(7 1 0 -1 0 0By |0 1 0 0 -1
Bg |-1 0 -1 0 0 fBxs |0 -1 0 0 -1
Bo |1 0 0 1 0ffxn |0 0 1 1 0
Bo|-1 0 0 1 0B |0 0 -1 1 0
Bnu|1 0 0 -1 0B |0 0O 1 -1 0
Bz |-1 0 0 -1 0B |0 0 -1 -1 0
Gis |1 0 0 0 1[fBs]0 0 1 0 1
Bul-1 0 0 0 1[Bxu|0 0 -1 0 1
Bis |1 0 0 0 -1fBs]0 0 1 0 -1
Big |-1 0 0 0 -1[Bs |0 0 -1 0 -1
Gz |0 1 1 0 0Bz |0 0 0 1 1
Gis |0 -1 1 0 O0fBs|0 0 0 -1 1
Big |0 1 -1 0 0By |0 0 0 1 -1
B |0 -1 -1 0 0 [fBw |0 0 0 -1 -1

Structure Constants

The structure constants depend not only on the algebra, but also on the choice of the basis
for the roots. Below we list the structure constants of SO(10) for the roots as given in
tab. (D.2).

Table D.3: Structure constants of SO(10).

JAN | @ g [Ny @ g [N G [N i | N

~.

1 6 1 1 8| -1 1 10| -1 1 12 -1 1 14| 1
1 16| -1 1 18] 1 1 20| -1 1 22 1 24| 1
1 26 1 28| -1 2 5| -1 2 7 2 9 1
2 11 2 13| -1 2 15| 1 2 18] -1 2 20 1
2 22 -1 2 24| -1 2 26| -1 2 28] 1 3 6| -1
3 8 1 3 10| -1 3 12| -1 3 14| -1 3 16| 1
3 17| -1 3 19 3 21| 1 3 23 3 25| -1
3 27 4 5 4 7| -1 4 9 4 11| 1
4 13 4 15| -1 4 17| 1 4 19| -1 4 21| -1
4 23| -1 4 25| 1 4 27| -1 5 2 1 5 4| -1
5 10| 1 5 12| -1 5 14| 1 5 16| -1 5 19| 1
5 20| -1 5 30| 1 5 32 -1 5 34| 1 5 36| -1
continued ...
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continuation ...
6 1] -1 6 3 1 6 9 1 6 11| -1 6 13| 1
6 15| -1 6 19| -1 6 20| 1 6 30| 1 6 32| -1
6 34| 1 6 36| -1 7T 2] -1 7 4 1 7 10
7T 12| -1 7T 141 7 16| -1 7T 17| -1 7 18
7 29| 1 7 31 -1 7 33| 1 7 35| -1 8 1
8 3| -1 8 9 1 8 11| -1 8 13| 1 8 15| -1
8 17| 1 8 18| -1 8 29| 1 8 31| -1 8 33| 1
8 35| -1 9 2| -1 9 4| -1 9 6| -1 9 8| -1
9 14 9 16| -1 9 23| 1 9 24| 1 9 31
9 32 9 38| 1 9 40| -1 |10 1 1 10 3
10 5| -1 (|10 7| -1 |10 13| 1 10 15| -1 |10 23| -1
10 24| -1 |10 31| 1 10 32| 1 10 38| 1 10 40| -1
1 2] -1 |11 4 | -1 |11 6 1 11 8 1 11 14| 1
11 16| -1 |11 21| 1 11 22| 1 11 29| -1 |11 30| -1
11 37 1 39| -1 |12 1 1 12 3 1 12 5 1
12 7 12 13| 1 12 15| -1 |12 21| -1 |12 22| -1
12 29| -1 (|12 30| -1 |12 37| 1 12 39| -1 |13 2 1
13 4| -1 (13 6| -1 |13 8| -1 |13 10| -1 |13 12| -1
13 27 13 28| -1 |13 35| 1 13 36| 1 13 39| 1
13 40| 1 14 1| -1 |14 3 1 14 5| -1 |14 7| -1
14 9 | -1 (|14 11| -1 |14 27| -1 || 14 28| 1 14 35
14 36| 1 14 39| 1 14 40| 1 15 2| -1 |15 4
15 6 1 15 8 1 15 10| 1 15 12| 1 15 25| -1
15 26| 1 15 33| -1 |15 34| -1 |15 37| -1 |15 38| -1
16 1 1 16 3| -1 ||[16 5 1 16 7 1 16 9 1
16 11| 1 16 25| 1 16 26| -1 |16 33| -1 |16 34| -1
16 37| -1 (|16 38| -1 |17 3 1 17 4| -1 |17 7 1
17 8 | -1 (|17 22| -1 |17 24| 1 17 26| -1 |17 28| -1
17 30| -1 || 17 32| 1 17 34| 1 17 36| 1 18 1| -1
18 2 1 8 7] -1 |18 8 1 18 21| 1 18 23| -1
18 25| -1 (|18 27| -1 |18 30| 1 18 32| -1 |18 34| 1
18 36 19 3| -1 (|19 4 1 19 5| -1 |19 6
19 22 19 24| -1 |19 26| 1 19 28| 1 19 29| 1
19 31] -1 (|19 33| -1 |19 35| -1 |20 1 20 2 | -1
20 5 1 20 6 | -1 |20 21| -1 ||20 23 20 25| 1
continued ...
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continuation ...
20 27| 1 20 29| -1 |20 31 1 20 33| -1 (|20 35| -1
21 3| -1 ||21 4 1 21 11 -1 |21 12| 1 21 18| -1
21 20| 1 21 26| 1 21 28| 1 21 31| -1 (|21 32| 1
21 38| -1 |21 40| -1 |22 1 -1 122 2 1 22 11| -1
22 12| 1 22 17| 1 22 19| -1 |22 25| -1 (|22 27| -1
22 31| 1 22 32| -1 |22 38| 1 22 40| 1 23 3| -1
23 4 1 23 9| -1 |23 10| 1 23 18| 1 23 20| -1
23 26| 1 23 28| 1 23 29| 1 23 30| -1 |23 37| -1
23 39| -1 (|24 1| -1 |24 2 1 24 9 | -1 (|24 10| 1
24 17| -1 |24 19| 1 24 25| -1 (|24 27| -1 (|24 29| -1
24 30| 1 24 37| 1 24 39| 1 25 3 1 25 4 | -1
25 15| 1 25 16| -1 |25 18| 1 20 20| -1 |26 22| 1
20 24| 1 250 35| 1 25 36| -1 (|25 39| -1 (|25 40| -1
26 1 -1 126 2 1 26 15| -1 |26 16| 1 26 17| 1
26 19| -1 |26 21| -1 |26 23| -1 ||26 35| 1 26 36| -1
26 39| 1 26 40| 1 27 3| -1 |27 4 1 27 13| -1
27 14| 1 27 18| 1 27 20 -1 |27 22| 1 27 24
27 33| 1 27 34| -1 |27 37| -1 |27 38| -1 |28 1 1
28 2| -1 ||28 13| 1 28 14| -1 |28 17| 1 28 19| -1
28 21| -1 || 28 23| -1 |28 33| 1 28 34| -1 || 28 37
28 38| 1 29 7] -1 (29 8| -1 |29 11| 1 29 12 1
29 19| -1 |29 20| 1 20 23| -1 |29 24| 1 29 34| -1
29 36| -1 |29 38| 1 29 40| 1 30 5| -1 |30 6 | -1
30 11| 1 30 12| 1 30 17| 1 30 18| -1 || 30 23
30 24 -1 |30 33| -1 |30 35| -1 (|30 38| 1 30 40
31 7 1 31 8 1 31 9| -1 |31 10| -1 |31 19
31 20| -1 |31 21 1 31 22 -1 |31 34| 1 31 36
31 37| -1 |31 39| -1 (|32 5 1 32 6 1 32 9| -1
32 10| -1 |32 17| -1 |32 18| 1 32 21| -1 |32 22| 1
32 33| 1 32 35| 1 32 37| -1 |32 39| -1 (|33 7| -1
33 8| -1 |33 15| 1 33 16| 1 33 19| 1 33 20| 1
33 27| -1 |33 28| -1 (|33 30| 1 33 32| -1 |33 39| 1
33 40 -1 (|34 5| -1 (|34 6 | -1 (|34 15| 1 34 16| 1

1

1

34 17| -1 34 18| -1 (|34 27| 1 34 28 1 34 29
34 31| -1 34 39 1 34 40| -1 |35 7 1 35 8
continued ...
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continuation ...
35 13| -1 |35 14| -1 |35 19| 1 35 20 1 35 25| -1
35 26| -1 |35 30| 1 35 32| -1 |3 37| 1 35 38| -1
36 5 1 36 6 1 36 13| -1 |36 14| -1 |36 17| -1
36 18| -1 |36 25| 1 36 26| 1 36 29| 1 36 31| -1
36 37| 1 36 38| -1 (|37 11| -1 || 37 12| -1 |37 15| 1
37 16| 1 37 23| 1 37 24| -1 |37 27| 1 37 28| -1
37 31| 1 37 32| 1 37 35| -1 |37 36| -1 (|38 9 | -1
38 10| -1 |38 15| 1 38 16| 1 38 21| 1 38 22| -1
38 271 1 38 28| -1 |38 29| -1 ||38 30| -1 |38 35| 1
38 36| 1 39 11 1 39 12 1 39 13| -1 |39 14| -1
39 23| 1 39 24 -1 |39 25| 1 39 26| -1 |39 31 1
39 32| 1 39 33| -1 (|39 34| -1 ||40 9 1 40 10| 1

1

1

40 13| -1 |40 14| -1 |40 21| 1 40 22| -1 |40 25
40 26| -1 |40 29| -1 |40 30| -1 |40 33| 1 40 34

Weyl Reflections

Below, we list the matrix representation of the simple Weyl reflections in the standard
basis of R>.

01000
10000

re, = | 00100 |,
000710
00001
10000 10000
00100 01000

ray = | 01000 |, 7= 00010 (D.1)
00010 00100
00001 0000 1
10000 100 0 0
01000 0100 0

ra, = | 00100 ]|, re=|[001 0 0
00001 000 0 -1
000710 000 -1 0
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Adjoint Action of the Cartan Generators

Matrix Representation of the Adjoint Action of the Cartan Gen-

erators Corresponding to Pati-Salam Group

(D.2)

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

oo

=R}

o oo

=R}

o oo

oo

0

ooco

=R}

o oo

o oo

=R}

o oo

o oo

o oo

o oo

o oo

ococo

o oo

o oo

(D.3)

o oo

=R}

o oo

ococo

ococo

o oo

o oo

o oo

o oo

ococo

o oo

=R}

o oo

ococo

=R}

o oo

o oo

ad(Hy)

ad(Hz)

(D.4)

ococo

occoco

ococo

ococo

ad(Hgz)
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(D.5)

(D.6)

ad(Hy)

Matrix Representation of the Adjoint Action of the Cartan Gen-
erators Corresponding to Pati-Salam Group Simultaneously Di-

agonalized

Since the matrices given in section D mutually commute, they can be simultaneously

diagonalized:

(D.7)

oo oo

1

A ad(Hy) A~
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(D.8)

(D.9)

oo oo

(D.10)

—1

A ad(Haz) A

1

A ad(Hs) A~

1

A ad(Hy) A~
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Aad(fHs) A7 = (D.11)

[eNeoNeNoNeloNololeolloloNoNoNoNeNoNoNoNo ol

[=NeoNeNoNeNoll HololoNoloNo oo oo NoNoNe Nl

[=NeoNeNoNal e loleloNoNoNoNeNo oo NoNoNo Nl

[ejejojoojojel=j=jcjcjcolo oo oo o X=-X=]
[=Roleolelolololo oo oo oo oo oo o Nol
[=leolelololololololololcolslolsNolsoNo = Na)
OO0 O0CO0OO0CO0OO0OO0OO0OO0OO0OO0O0OO0OO0OOOOOO0O
[ejejojojojojcjcjcjcjcclo oo oo o o X =X=]
[=olelolelololololololololoNolo oo ol No)
OO0 O0OO0OO0OO0OO0OO0OO0O0OO0OO0OO0OO0OOOOOOO0O
[ejejooojojel=j=j=jcjcjolo oo oo o RoX=]
[=ReNeNoloNooleloNoNolol HolloNo oo NoNeNo})
OO0 0O0O0O0O0OO0OOHOOOOOOOOO
OOOOOOOOOOLOOOOOOOOCO
[=NeoNeNoNeNoNeNall oo NeNoNeNoNeNoNo oo Nol
[=NeoNeNoNeNoNol HloloNoleNoleNoNeNoNeNoNe Nl
[ejeojooloojcl=j=j=jcjcjolo oo oo o R=X=]
[ejejojojojojejcjcjcjcco oo o oo o =X=]
[=eolelolclololololololoolsNols oo oo Ne)
OO0 O0OO0OO0O0OO0OO0O0OO0OO0OO0OO0OO0OOOOOO0O
[ejejojojojojcl=j=jcjcjclolo oo oo o X=X=]

Although not relevant for the calculation, it is interesting to see the structure of the
Pati-Salam generators in the basis, where the adjoint action of the corresponding Cartan
generators is diagonal. These results are listed below. Note that, expressed in the old basis
of SO(10), the expressions are quite complicated, and without an explicit calculation, there
is scarcely hope to find them.

E1 E5 — Eg — Eg + E7 + Eg + E12 — E10 — E11 + E17 + E20 — E1s — E19 — E21 + E24 — E22 + Ea3
Ef Es — Eg — E¢g + E7 — E9 — E12 + E10 + E11 + E17 + E20 — E1s — E19 + E21 — E24 + E22 — E23
Bl E5 — Eg + Eg — Er — Eg — E12 — E10 — E11 — E17 — Eo0 — E18 — E19 — E21 + E24 + Eoo — Eo3
E) Es — Eg + E¢ — E7 + Eg + E12 + E10 + E11 — E17 — Egoo — E18 — F19 + E21 — Eoa — Eo2 + Eag
B Es5 — Eg + Eg — E7 — E9 — E12 — E10 — E11 + E17 + E20 + E1s + E19 + E21 — Eo4 — Eg2 + Ea3
E{ Es — Eg + E¢ — E7 + E9 + E12 + E10 + E11 + E17 + E20 + E18 + E19 — E21 + E24 + Egg — Ea3
Ef E5 — Eg — Eg + E7 + Eg + E12 — E10 — E11 — E17 — E20 + E18 + E19 + E21 — Eg4 + Egg — Ea3
B} Es — Eg — Eg + E7 — E9g — E12 + E10 + E11 — E17 — E20 + E18 + F19 — E21 + Eoa — Eo2 + Eag
B E33 — E34 — E37 — E3g

El, E33 — E34 + E37 + E3s
Bl E3s — E36 — E39 — Eao
Ely | Ess — B3¢ + Esg + Eao
Eig E13 + E14 + E25 + E2¢
Bl E13 + E14 — E25 — Eg¢
Ely E15 + E16 — E27 — E2s
Eig E15 + E16 + Ea7 + Eag
El, | E1+ B4

Elg Es + E3

Elg E29 + E32

Ej | Eso + Esi

Ejy | Hs
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Appendix E

Inequivalent Zg-1I Gauge Shifts

E.1 Simple Roots of Eg

In tab. E.1 we present the simple roots of Eg. Note that the choice of simple roots is not
unique, but depends on the semi-ordering introduced in root space.

No. Simple Root

oy | 1/2 -1/2 -1/2 -1/2 -1/2 -1/2 -1/2 1/2

a%) 0 0 0 0 0 0 1 -1

o 0 0 0 0 0 1 -1 0

oy 0 0 0 0 1 -1 0 0

o 0 0 0 1 -1 0 0 0

% 0 0 1 -1 0 0 0 0

% 0 1 -1 0 0 0 0 0

og 0 0 0 0 0 0 1 1

o -1 -1 0 0 0 0 0 0

Table E.1: Simple roots of Eg in some standard basis.

For constructing the gauge shift according to eq. (4.32) we need the dual simple roots,
which are the rows of the matrix (M~1)", where M is the matrix whose rows are the
simple roots.
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1|1/6 5/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 -1/4 | A+ E,+ A}

2 [1/6 5/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/4 3/4 -1/12 -1/12 -1/12 -1/4 -1/4 -1/4 | Ag+ AL+ Ay + A,
31/6 5/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/3 1/2 0/1 -1/6 -1/6 -1/6 -1/6 -1/6 | As+ D+ A,

4 11/6 5/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/4 1/4 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | Ag+ E} + A}

5 (1/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 -1/4 1/4 5/12 -1/12 -1/4 -1/4 -1/4 -1/4 -1/4 | E;+ Ay + D}, + 4]

6 |1/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 -1/4 1/4 3/4 1/12 -1/12 -1/4 -1/4 -1/4 -1/4 | Er+ A+ A,

7|14 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 -1/4 0 1/4 7/12 -1/12 -1/12 -1/12 -1/12 -1/4 -1/4 | B+ Ay + A + A}

8 [1/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 -1/4 1/6 1/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | B;+ A, + E}

9 [1/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 -1/4 1/12 5/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | Br+ A, + A,

101/3 2/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/2 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | A5+ Ay + E}+ A
111/3 2/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/4 7/12 -1/12 -1/12 -1/4 -1/4 -1/4 -1/4 | A5+ Ay + AL + A, + A,
121/3 2/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/4 3/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 | A5+ Ay + D}

131/3 2/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/4 5/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/4 | A5+ Ay + D}, + A}
141/3 2/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 | As+ Ay+ E}

15| 1/2 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/4 7/12 1/12 -1/4 -1/4 -1/4 -1/4 -1/4 | B¢+ Ay + Dy + A,

16 |1/2 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/3 1/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | Eg+ Ay + E}

17| 1/2 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/6 1/2 0/1 0/1 -1/6 -1/6 -1/6 -1/6 | Eg+ Ay+ A+ A}

18 1/2 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 1/12 1/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | Es + Ay + E}

19 1/3 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/3 1/3 2/3 0/1 -1/6 -1/6 -1/6 -1/6 -1/3 | D5+ Ay + Ay + D)+ A}
20| 1/3 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/3 1/6 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | D5+ A, + A1 + A}

SPPOIN II-°Z 19 oYL <¢'H
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/3 1/2 -1/6 ~-1/6 -1/6 -1/6 -1/6 -1/3 1/6 1/2 1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | Ds+ Ay + Ay + D}

1/3 1/2 -1/6 -1/6 -1/6 -1/6 -1/6 -1/3 1/12 1/4 1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | D5+ Ay + Ay + D},

1/4 3/4 -1/12 -1/12 -1/12 -1/4 -1/4 -1/4 1/4 5/12 -1/12 -1/4 -1/4 -1/4 -1/4  -1/4 | A5+ Ay + A, + Dy + A}

1/4 3/4 -1/12 -1/12 -1/12 -1/4 -1/4 -1/4 1/4 3/4 1/12 -1/12 -1/4 -1/4  -1/4  -1/4 | As+ Ay + Ay + AL

1/4  3/4 -1/12 -1/12 -1/12 -1/4 -1/4 -1/4 1/4 7/12 -1/12 -1/12 -1/12 -1/12 -1/4 -1/4 | As+ Ay + Ay + A, + A}

1/4 3/4 -1/12 -1/12 -1/12 -1/4 -1/4 -1/4 16 1/6 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | A5+ Ay + A + E}

1/4 3/4 -1/12 -1/12 -1/12 -1/4 -1/4 -1/4 1/12 5/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | A5+ Ay + Ay + AL

1/4 7/12 -1/12 -1/12 -1/4 -1/4 -1/4 -1/4 1/4 7/12 1/12 -1/4 -1/4 -1/4 -1/4  -1/4 | A5+ A, + A, + Dy + A}

1/4 7/12 -1/12 -1/12 -1/4 -1/4 -1/4 -1/4 1/3 1/3 -1/6 -1/6 -1/6 -1/6 -1/6 -1/6 | A5+ Ay + Ay + E}

1/4 7/12 -1/12 -1/12 -1/4 -1/4 -1/4 -1/4 1/6 1/2 0/1 0/1 -1/6 -1/6 -1/6 -1/6 | As+ Ay + Ay + AL + A}

1/4 7/12 -1/12 -1/12 -1/4 -1/4 -1/4 -1/4 1/12 1/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | A5+ A, + A + E}

1/4 5/12 -1/12 -1/4 -1/4 -1/4 -1/4 -1/4 1/3 1/2 0/1 -1/6 -1/6 -1/6 -1/6 -1/6 | Dg+ Ay + D} + A

1/4 5/12 -1/12 -1/4 -1/4 -1/4 -1/4 -1/4 1/4 1/4 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | D¢+ Ay + E} + A}

1/3 2/3 o0/1 -1/6 -1/6 -1/6 -1/6 -1/3 1/6 2/3 0/1 -1/6 -1/6 -1/6 -1/6 -1/6 | Dy+ As+ Al

1/3 2/3 o0/1 -1/6 -1/6 -1/6 -1/6 -1/3 1/6 1/3 0/1 -1/6 -1/6 -1/6 -1/6 -1/6 | Dy+ As+ D}

1/4 3/4 1/12 -1/12 -1/4 -1/4 -1/4 -1/4 1/3 1/2 0/1 -1/6 -1/6 -1/6 -1/6 -1/6 | A;+ DL+ A}

1/4  3/4 1/12 -1/12 -1/4 -1/4 -1/4 -1/4 1/4 1/4 -1/12 -1/12 -1/12 -1/12 -1/12 -1/12 | A+ E, + 4,

1/4 7/12 1/12  -1/4 -1/4 -1/4 -1/4 -1/4 1/4 3/4 1/4 -1/4 -1/4 -1/4 -1/4 -1/4 | Dg+ A, + D}

1/4 7/12 1/12  -1/4 -1/4 -1/4 -1/4 -1/4 1/4 5/12 -1/12 -1/12 -1/12 -1/12 -1/12 -1/4 | D¢+ Ay + D} + A}

1/4 7/12 1/12 -1/4 -1/4 -1/4 -1/4 -1/4 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 | D¢+ Ay + E}
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41

1/4

3/4

42

1/4

3/4

43

1/4

3/4

44

1/6

1/2

45

1/6

1/2

46

1/3

1/3

47

1/3

1/3

48

1/4

7/12

49

1/4

7/12

50

1/6

2/3

51

1/6

2/3

52

1/3

1/2

53

1/3

1/2

54

1/6

1/6

55

1/4

5/12

56

1/4

5/12

57

1/6

1/2

58

1/6

1/3

59

1/6

1/3

60

1/12

5/12

61

1/12

1/12

1/4  -1/4
14 -1/4
14  -1/4
1/6 -1/6
1/6 -1/6
1/6 -1/6
1/6 -1/6
-1/12 -1/12
1/12 -1/12
0/1  -1/6
0/1  -1/6
0/1  -1/6
0/1  -1/6
1/6 -1/6
-1/12 -1/12
1/12 -1/12
0/1  0/1
0/1  -1/6
0/1 -1/6
-1/12 -1/12
-1/12 -1/12

9G1T

Ag+ Az + Di + A}

Ay+As+ Eg+ A

Ds+ Ay + E}
Ds+ Ay + A,
E7 + Eg + A}
D5 + Ay + Ay
Ds + Az + E}

Ag+ Ay + E}

A7+ Eg + A
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Glossary

a; Kac labels
A;; Cartan matrix of semisimple Lie algebra
ap Most negative root of simple Lie algebra

Aut(g) Automorphism group of Lie algebra

D(g) Symmetry group of the Dynkin diagram
A Set of roots
AT Set of positive roots

A~ Set of negative roots

G Subset of the automorphism group of a Lie algebra
g Semi-simple Lie algebra

I’ Dynkin diagram

I'®) Affine Dynkin diagram

h Cartan subalgebra
Int(g) Group of inner automorphisms of Lie algebra
A Root lattice of semisimple Lie algebra

M Compact manifold

# Dynkin diagram automorphism
O Orbifold
P Point group

157
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E. Inequivalent Zg-1I Gauge Shifts

IT Set of simple roots

S Space group
S(A) Lattice automorphisms of A
o Lie algebra automorphism

Sy Symmetric group of ¢ elements

Tg,xE, Root lattice of Eg x Eg

6 Highest root of Lie algebra
Vol(A) Fundamental volume of lattice A
W Weyl group

| - )z Left mover of string state
| - )r Right mover of string state
| ]p; Dynkin labels of weight vector

() Killing form
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