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Summary

As of now, string theory is the best candidate for a theory of quantum gravity. Since it
is anomaly—free only in ten space-time dimensions, the six surplus spatial dimensions
must be compactified.

This thesis is concerned with the geometry of toroidal orbifolds and their applica-
tions in string theory. An orbifold is the quotient of a smooth manifold by a discrete
group. In the present thesis, we restrict ourselves to orbifolds of the form T°/Zy or
TY/Zn x Zy;. These so—called toroidal orbifolds are particularly popular as compacti-
fication manifolds in string theory. They present a good compromise between a trivial
compactification manifold, such as the 7% and one which is so complicated that explicit
calculations are nearly impossible, which unfortunately is the case for many if not most
Calabi—Yau manifolds. At the fixed points of the discrete group which is divided out,
the orbifold develops quotient singularities. By resolving these singularities via blow—
ups, one arrives at a smooth Calabi—Yau manifold. The systematic method to do so is
explained in detail. Also the transition to the Orientifold quotient is explained.

In string theory, toroidal orbifolds are popular because they combine the advantages
of calculability and of incorporating many features of the standard model, such as non-
Abelian gauge groups, chiral fermions and family repetition.

In the second part of this thesis, applications in string phenomenology are discussed.
The applications belong to the framework of compactifications with fluxes in type
1IB string theory. Flux compactifications on the one hand provide a mechanism for
supersymmetry breaking. One the other hand, they generically stabilize at least part
of the geometric moduli. The geometric moduli, i.e. the deformation parameters of
the compactification manifold correspond to massless scalar fields in the low energy
effective theory. Since such massless fields are in conflict with experiment, mechanisms
which generate a potential for them and like this fix the moduli to specific values
must be investigated. After some preliminaries, two main examples are discussed. The
first belongs to the category of model building, where concrete models with realistic
properties are investigated. A brane model compactified on T°/Zy X Z is discussed.
The flux-induced soft supersymmetry breaking parameters are worked out explicitly.
The second example belongs to the subject of moduli stabilization along the lines of
the proposal of Kachru, Kallosh, Linde and Trivedi (KKLT). Here, in addition to the
background fluxes, non-perturbative effects serve to stabilize all moduli. In a second
step, a meta-stable vacuum with a small positive cosmological constant is achieved.
Orientifold models which result from resolutions of toroidal orbifolds are discussed as
possible candidate models for an explicit realization of the KKLT proposal.

The appendix collects the technical details for all commonly used toroidal orbifolds
and constitutes a reference book for these models.
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Chapter 1

Introduction and Overview

String theory is as of now our best candidate for a theory of quantum gravity. The
simple idea of taking a one-dimensional object instead of a point particle to be the
fundamental building block of nature spawns a variety of consequences. Many of them
were quite unexpected, such as the realization that the basic requirement that the
theory be anomaly free leads to spacetime having ten dimensions. One of the main
tasks of the string theorist consists therefore in reconciling these ten dimensions of
string theory with the four dimensional world we live in.

One possible solution to this puzzle is compactification: The six extra dimensions
are curled up so small that none of the experiments conducted by humankind so far
has been able to detect them or an effect related to their existence.

The idea of compactification is most easily demonstrated by the example of a
single extended dimension which is compactified to a circle. If only one dimension
is compactified, turning it into a circle is the only available possibility. The circle
has one parameter which can be deformed continuously without changing the defining
properties of the circe: Its radius, or more generally speaking, its size. This is the first
example of a modulus we encounter.

In string theory, not one, but six dimensions must be compactified, and it is evident
that there are very many possibilities to do so. How to choose one over the other?
To answer this question, one must explore how the particulars of the compactification
manifold affect the physics of our theory. To put it naively, the "right” compactification
manifold is the one which exactly reproduces the Standard Model.

Since we have to start looking for the right manifold somewhere, we restrict our-
selves to a regime where we are likely to find what we are looking for. One of the
main requirements which is usually imposed on the compactification manifold is that
it allows for a supersymmetric theory in four dimensions. There are many reasons
why one would want require supersymmetry, some of which date back to the days
before the birth of string theory. One of the strongest arguments in favor of supersym-
metry is that it solves the hierarchy problem by protecting a small Higgs mass from
quantum corrections. The non-renormalization theorems which hold for supersym-
metric theories simplify the concrete calculations immensely. Supersymmetry assumes
a strong compatibility with the complex numbers. In supersymmetric theories, one
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can therefore make use of the powerful tools provided by complex analysis.

Requiring supersymmetry translates into certain requirements on the compactifica-
tion manifold: It must allow for at least one covariantly constant spinor. This leads to
the manifold being complex: It must have an almost complex structure, i.e. a (1,1)-
tensor j such that j2 = —1 which fulfills certain integrability conditions. Furthermore,
it must be Kéahler, i.e. be a Hermitian manifold whose Kéhler form J is closed. Re-
quiring exactly one pair of covariantly constant spinors leads to the manifold having
SU(3) holonomy group. This is the same as the manifold allowing a Ricci-flat metric
or having vanishing first Chern class. Such a manifold is known under the name of
Calabi—Yau manifold.

Unfortunately, there are very many Calabi—Yau threefolds (three complex dimen-
sions correspond to six real dimensions). As of today, it is unknown whether there are
infinitely many of them or not. Finding the one which yields a theory compatible to
our world is part of the big task of the string theorist.

Unlike the circle, whose only free parameter is its radius, most Calabi—Yau mani-
folds come with a large number of possible deformations. For a Calabi—Yau manifold,
the deformations fall into two types: Those parametrizing the shape of the manifold,
or mathematically speaking, its complex structure, and those parametrizing its sizes,
i.e. changes in the Kahler structure.

This thesis treats a special class of compactification manifolds, the so-called toroidal
orbifolds. Toroidal orbifolds are a happy compromise between a compactification man-
ifold which is completely trivial, such as the six-torus 7%, and one so complicated that
we know nearly nothing about it, as is unfortunately the case with most Calabi—Yau
manifolds, where not even the metric is known explicitly.

A toroidal orbifold is obtained by taking the quotient of a six-dimensional torus 7'
by a discrete abelian group I'. At the fixed points of I', the orbifold develops quotient
singularities. One way to look at orbifolds is to see them as a singular limit of a smooth
Calabi-Yau manifold, one in which a number of four-cycles has been blown down to
zero size. We can also go the other way, i.e. start with an orbifold and resolve its
singularities via blow—ups. Like this we end up with a full-fledged, smooth Calabi-
Yau, and more importantly, one we actually have an idea of what it looks like and
on which we can do a number of explicit calculations. This is the path which we will
follow here. Two circumstances come to our aid in this construction. The first is that
we can describe the singularities and their resolutions locally. For this, we need the
machinery of toric geometry, of which all necessary basics will be introduced. The
second is that we know what the orbifold looks like globally, knowing the 7% and the
configuration of fixed sets. This allows us to put the resolved local patches together
correctly, determine divisor topologies and calculate the intersection ring.

The subject of toroidal orbifolds in the context of string theory was started off
more than twenty years ago by Dixon, Harvey, Vafa and Witten [1]. Since then, a huge
amount of literature has developed. A large part of it is devoted to world—sheet, i.e.
conformal field theory calculations. String theory knows a lot about its target space, it
even knows on the singular orbifold what the manifold looks like once its singularities
are resolved. The present thesis does not enter the subject of CFT at all. All results



are derived on a purely geometrical basis. In this sense, the approach taken here is
complementary to much of the existing literature.

The first part of this thesis is devoted to the geometry of the toroidal orbifolds, the
resolution of their singularities and the transition to the orientifold quotient. After so
much geometry, we will try to give the reader a flavor of why it was worth going through
all this trouble by hinting at a number of applications in string phenomenology.

The use of toroidal orbifold models in the literature is so widespread that one cannot
even begin to hope to do justice to all authors. Because of their phenomenologically
interesting features, orbifold models are used extensively in model building efforts,
where the goal is to reproduce the features of the (minimal supersymmetric) standard
model (MSSM). In the past, a lot of attention has gone into heterotic orbifold com-
pactifications (see for example [2]). There is a whole branch of literature concerned
with D—branes on singularities, for which orbifolds again prove to be candidates of
choice (see e.g. [3]). Also intersecting brane models in type /1A string theory are of-
ten studied in a setup with toroidal orbifolds as compactification manifolds. Since we
are unable to cover this wide variety of subjects in this thesis, we will confine ourselves
to the more recent line of research in the context of compactifications with background
fluxes in type I1B string theory (see [4] for a recent review). After introducing the
preliminaries of flux compactifications, two main examples will be discussed. The first
one belongs to the subject of model building, where several explicit string theory mod-
els are studied which aim to reproduce the Standard Model as well as possible. In the
case at hand, the soft supersymmetry breaking terms induced by background fluxes
are calculated for a type I1B orientifold compactified on T°/Zy x Z,.

The other example belongs to the subject of moduli stabilization. The deformation
parameters of the compactification manifold correspond to massless scalar fields in the
low energy effective theory. Since such fields would give rise to a fifth force of about
gravitational strength, they are clearly in conflict with experiment. For a string theory
compactification to be realistic, its moduli must be stabilized to fixed values. Therefore,
mechanisms which generate a potential for these massless scalars are investigated.
Kachru, Kallosh, Linde and Trivedi [5] (KKLT) have proposed a mechanism which not
only freezes all moduli, but also gives rise to a meta—stable de Sitter vacuum with the
small cosmological constant that is called for by experiment. Here, toroidal orbifolds
and their resolutions are discussed as candidate models for a concrete realization of
the KKLT proposal.

These two examples independently address two of the main questions in string
phenomenology. On the one hand, one tries to reproduce the spectrum and gauge
group of the Standard Model, i.e. SU(3) x SU(2) x U(1) to a high accuracy. The
focus is mainly on the matter and gauge sector, and the aim is to derive estimates
for certain measurable quantities, such as e.g. the masses of the scalar superpartners
of the standard model matter fields, which might even allow to falsify specific string
theory models in future experiments.

The question of moduli stabilization on the other hand focuses on the properties of
the so—called hidden sector, which only couples to the Standard Model sector through
gravitational interactions.
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To address both sectors at the same time and to obtain models which yield realistic
results on both these fronts is at the present stage of research still a long way off.

It should be stressed that string compactifications on toroidal orbifolds are essen-
tially toy models. They reproduce a number of properties of the Standard model, such
as non-abelian gauge groups, chiral fermions, and family repetition, but are otherwise
far from realistic. Yet their phenomenologically interesting features make them worth-
while to study. By understanding these relatively simple models which allow for very
concrete calculations, we hope to gain insights into the more general workings of string
theory, insights into what string theory can do for us and what it cannot, insights into
the big problems that still wait to be resolved. Apart from their applications in string
phenomenology, the geometric constructions described in part I of this thesis captivate
through their simplicity and elegance.

Although much of the present thesis is pure geometry, it is meant for the practical
use of the working physicist. Therefore we have tried to keep explanations simple and
geometrically intuitive, the idea being to provide a ”"How to”-sort of recipe.

While being very explicit with the geometry, a working knowledge of string theory
will be assumed. Whenever direct reference to string theory calculations is made
and not stated otherwise, we will be in type IIB, in a regime of large volume and
weak string coupling which allows us to make use of the supergravity approximation.
Furthermore, the basic notions of complex, Kahler and Calabi—Yau geometry will be
assumed.

The geometric part of this thesis is based on material presented in [6] and [7] but
contains more geometric background material, in particular in the appendices. The
chapter on applications in string phenomenology contains extracts from [6], [8], and
[9]. Chapter two reviews the geometry of toroidal orbifolds in their singular limit.
Possible point groups are discussed, the geometrical moduli are introduced, as well as
their parametrization in terms of the radii and angles of the underlying torus lattice.
Sub-tori with volumes larger than one are briefly discussed and the configuration of
fixed sets and their equivalence classes which will be of paramount importance later on
is explained. Chapter three makes the transition to the resolved, smooth Calabi—Yau
manifold. First, the resolution of the singularities via blow—ups in local, non—compact
patches is described, along with the necessary background in toric geometry. Then, the
procedure to put the resolved patches together to form a smooth manifold is discussed.
We explain how the intersection ring is calculated and the divisor topologies in the
compact geometry are determined. Chapter four describes the systematic transition
from the Calabi—Yau manifold to its orientifold quotient, the consequences of fixed sets
which are not invariant under the orientifold involution, and the modified intersection
ring.

In Chapter 5, the preliminaries of flux compactifications are reviewed: What it
means to turn on background flux, which flux components are invariant under the
orbifold twist, the low energy effective potential from fluxes. Chapter six presents the
first of the two examples: The soft supersymmetry breaking terms for a type 1B model
with D-branes on the orientifold of the singular orbifold T°/Z, x Z, are calculated.
Chapter seven contains the second example. The KKLT proposal and the origin of the



non—perturbative superpotential are reviewed, the conditions for the (non—)existence of
stable vacua are discussed and the suitability of toroidal orbifolds and their resolutions
as candidate models for the KKLT—construction is studied. Chapter eight contains the
conclusions.

The appendices, which form the bulk of the present thesis collect the details to all
orbifold models discussed here. They constitute a kind of reference book. Appendix
A gives the resolutions of the singular non—compact models. Appendix B collects the
details for all compact models which were considered. Appendix C gives the Cartan
matrices for the Lie-Algebra lattices which were used.



1 Introduction and Overview




Part 1
The Geometry of Toroidal Orbifolds






Chapter 2

At the orbifold point

2.1 What is an orbifold?

An orbifold is obtained by dividing a smooth manifold by the non-free action of a
discrete group: X = Y/I'. The original mathematical definition is broader: Any
algebraic variety whose only singularities are locally of the form of quotient singularities
is taken to be an orbifold. Since our setup here is motivated by string theory, we will
only be concerned with orbifolds of the form 7°/T", which, descending from a torus go
by the name of toroidal orbifolds. While the torus is completely flat, the orbifold is not
flat anymore. It is flat almost everywhere: Its curvature is concentrated in the fixed
points of I". At these points, conical singularities appear. Only the simplest variety
of toroidal orbifolds will be discussed here: T' is taken to be abelian, there will be no
discrete torsion or vector structure.

Looking at string theory on X = Y/, we must project onto the I'-invariant states.
But this is not the whole story yet. Since the points x and gz for g € T" are identified on
the quotient, we must not only consider strings whose coordinates fulfill X*(o + 27) =
X'(c), but also those with X?(c + 27) = gX%(0). These new sectors are called twisted
sectors, where we again have to project to invariant states. Physically, the twisted
sector strings are only closed modulo a I' transformation. There are as many twisted
sectors as group elements in I'.

2.2 Why should I care?

As already mentioned in the introduction, toroidal orbifolds are simple, yet non-trivial.
Their main asset is calculability, which holds for purely geometric as well as for string
theoretic aspects. On the singular orbifold, string propagation is exactly solvable using
its CFT description [10]. What makes toroidal orbifolds especially interesting is that
they allow for several phenomenologically interesting properties, such as non-abelian
gauge groups, N = 1 supersymmetry and chiral fermions in heterotic string theory,
and family repetition.



10 2 At the orbifold point

2.3 Point groups and Coxeter elements

A torus is specified by its underlying lattice A: Points which differ by a lattice vector
are identified:
r~x+1l, [€A

The six-torus is therefore defined as quotient of R® with respect to the lattice A:
TS = R%/A. To define an orbifold of the torus, we divide as explained above by a
discrete group I', which is called the point group, or simply the orbifold group. We
cannot choose any random group as the point group I'; it must be an automorphism
of the torus lattice A, i.e. it must preserve the scalar product and fulfill gl € A if
le A, gel. To fully specify a toroidal orbifold, one must therefore specify both the
torus lattice as well as the point group. In the context of string theory, a set-up with
SU(3)-holonomy! is what is usually called for, which restricts the point group I' to
be a subgroup of SU(3). Since we restrict ourselves to abelian point groups, I' must
belong to the Cartan subalgebra of SO(6). On the complex coordinates of the torus,
the orbifold twist will act as

0 (2%, 2% 23) — (26 21 €22 22 2 ) 0 < ¢ <1, i=1,2,3. (2.1)

The requirement of SU(3)-holonomy can also be phrased as requiring invariance of
the (3,0)-form of the torus, Q = dz' A dz? A dz3. This leads to

+G £+ =0. (2.2)

We must furthermore require that I' acts crystallographically on the torus lattice.
Together with the condition (2.2), this amounts to I' being either Zy with N =
3,4,6,7,8,12 or Zy X Zp; with M a multiple of N and N = 2,3,4,6. With the
above, one is lead to the usual standard embeddings of the orbifold twists, which are
given in Tables 2.1 and 2.2. The most convenient notation is

1
(C1, G, C3) = ﬁ(n17n27n3) with ny + ng 4+ n3 = O mod n.

Notice that Zg, Zs and Zis have two inequivalent embeddings in SO(6).

For all point groups given in Tables 2.1 and 2.2 it is possible to find a compatible
torus lattice, in several cases even more than one. Here, we will consider the root
lattices of semi-simple Lie-Algebras of rank 6. All one needs to know about such a
lattice is contained in the Cartan matrix of the respective Lie algebra. The matrix
elements of the Cartan matrix are defined as follows:

!This results in N' = 1 supersymmetry for heterotic string theory and in A’ = 2 in type II string
theories in four dimensions.
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Point group %(nl,ng, n3)
Zs 5(1,1,-2)
Z4 1(1,1,-2)
Ze_1 +(1,1,-2)
Ze—11 £(1,2,-3)
Zr $(1,2,-3)
Zs_1 £(1,2,-3)
Zs_11 £(1,3,—4)
VAL, % (1747 _5)
Zaa-11 15 (1,5, —6)

Point group %(nl,ng,ng) %(ml,mz,mg)
Lo X T 5 (1,0,-1) 5(0,1,-1)
Ty X Ty £(1,0,-1) 1(0,1,-1)
Zo x Zsg 1(1,0,-1) £(0,1,-1)
Ty X L £(1,0,-1) £(1,1,-2)
Zs x s (1,0,-1) 5(0,1,-1)
73 X T 5(1,0,-1) £(0,1,-1)
Zy X 7y 1(1,0,-1) 1(0,1,-1)
Zg X T £(1,0,-1) £(0,1,-1)

Table 2.2: Group generators for Zy x Z-orbifolds.

where the e; are the simple roots. The Cartan matrices of all lattices which are needed
here can be found in Appendix C. All necessary background material on Lie groups
can be found in [11].

The inner automorphisms of these root lattices are given by the Weyl-group of the
Lie-algebra. A Weyl reflection is a reflection on the hyperplane perpendicular to a
given root:
<X, €i>
(ei, €:)
These reflections are not in SU(3) and therefore are not suitable candidates for a
point group, but the Weyl group does have a subgroup contained in SU(3): The
cyclic subgroup generated by the Coxeter element, which is given by successive Weyl
reflections with respect to all simple roots:

Si(x) =x—2 €. (2.3)

Q = SISQ-“STank- (24)

The so-called outer automorphisms are those which are generated by transpositions
of roots which are symmetries of the Dynkin diagram. By combining Weyl reflections
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with such outer automorphisms, we arrive at so-called generalized Coxeter elements.
P;; denotes the transposition of the i’th and j’th roots. The orbifold twist I' may be
represented by a matrix );;, which rotates the six lattice basis vectors: e; — Qj; ;%
The following discussion is restricted to cases in which the orbifold twist acts as the

(generalized) Coxeter element of the group lattices, these are the so-called Cozeter—
orbifolds®.

2.3.1 Example A: Zg_; on G35 x SU(3)

We take the torus lattice to be the root lattice of G2 x SU(3), a direct product of three
rank two root lattices, and explicitly construct its Coxeter element. First, we look at
the SU(3)-factor. With the Cartan matrix of SU(3), see (C.1) and (2.3), the matrices
of the two Weyl reflections can be constructed:

51:<_01 1) 52:(1_01) (2.5)

The Coxeter element is obtained by multiplying the two:

0 —1
QsuE) = 5152 = ( 1 —1 ) : (2.6)

In the same way, we arrive at the Coxeter-element of G5. The six-dimensional Coxeter
element is built out of the three 2 x 2-blocks:

2 =10 0 0 O
3 =10 0 0 O
0 0 2 -1 0 O
@= 0 0 3 -1 0 O (2.7)
0O 0 0 0 0 -1
0o 0 0 0 1 -1
The eigenvalues of Q) are e>™/6 =2mi/6 2mi/6 o=2mi/6 2mi[3 o=2mi/3 e those of the

Zs—_1—twist, see Table 2.1, and Q fulfills Q° = Id.

2.4 The usual suspects

In the following two tables, all orbifolds which will be discussed here are given. The
list is the one given in [13], other references such as [14] give other lattices as well.

The tables give the torus lattices and the twisted and untwisted Hodge numbers.
The lattices marked with b, #, and * are realized as generalized Coxeter twists, the
automorphism being in the first and second case 57155555, P3FP;5 and in the third
515253 P16 Pas Py.

2Different symbols for the orbifold twist are used according to whether we look at the quantity
which acts on the real six-dimensional lattice (@) or on the complex coordinates (6).

31t is also possible to construct non—Coxeter orbifolds, such as e.g. Z4 on SO(4)? as discussed in
[12].
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Zy Lattice RS [ RES [ PED [ G
Z3 SU(3)? 9 0 27 0
Z4 SU (4)? 5 1 20 0
Zy SU(2) x SU(4) x SO(5) 5 1 22 2
Zy SU(2)% x SO(5)? 5 1 26 6
/A (Gy x SU(3)?) 5 0 20 1
Zo—1 SU(3) x G3 5 0 24 5
Le—11 SU(2) x SU(6) 3 1 22 0
Ze—11 SU(3) x SO(8) 3 1 26 4
Ze_11 | (SU(2)2 x SU(3) x SUB3))E | 3 1 28 6
Ze—11 SU(2)? x SU(3) x Ga 3 1 32 10
/e SU(7) 3 0 21 0
Zg_1 (SU(4) x SU(4))* 3 0 21 0
Zs_1 SO(5) x SO(9) 3 0 24 3
LZs—11 SU(2) x SO(10) 3 1 24 2
Zs_ 11 SO(4) x SO(9) 3 1 28 6
Zao_1 Eg 3 0 22 1
Zlg_] SU(?)) X Fy 3 0 26 5
Zlg_[[ SO(4) X F4 3 1 28 6

Table 2.3: Twists, lattices and Hodge numbers for Zy orbifolds.

Zn Lartice | gy | s | A [
o % 7 SU2)° 3 3 | 48 | 0
Tox Ty | SU(2)? x SO(5)2 3 1 58 |0
ZoxZe | SU2)*xSUB3)x Gy | 3 1 48 2
Lo x Ly SU(3) x G2 3 0 | 33 | 0
Zs X Zs SU(3)3 3 0 81 0
L % Zg SU(3) x G2 3 o | 70 | 1
Tos X T SO(5)3 3 o | 87 | o
Zg X L G3 3 0 81 0

Table 2.4: Twists, lattices and Hodge numbers for Zy x Z,; orbifolds.

2.5 Shape and size: Introducing the geometrical
moduli

A Calabi-Yau manifold, i.e. a K&ahler manifold with vanishing first Chern class can
be deformed in two ways: Either by varying its complex structure (its ”shape”), or by
varying its Kéhler structure (its "size”). As explained in [15], variations of the metric
of mixed type d¢,,m correspond to variations of the Kéhler structure and give rise to
hi1 parameters, whereas variations of pure type 0¢.», 0gmm correspond to variations of
the complex structure and give rise to hy; complex parameters. To metric variations
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of mixed type, a real (1,1)—form can be associated:
i 0Gmm dz™ N dZ".
To pure type metric variations, a complex (2, 1)—form can be associated:
Qijk G S gmm A2t N dZP N dZ™,

where 2 is the Calabi—Yau (3,0)—form. Because of this correspondence, the number
of untwisted moduli, i.e. A and h{%:D can be determined by counting the (1,1)-

untw. untw.
and (2,1)-forms that are invariant under the orbifold twist. On T, there are nine
independent (1,1)-forms. The three forms dz' A dz*, i = 1,2,3 are invariant under all
twists. For each pair n; = n; in the twist (2.1), the forms dz* A dz and dz’ A dz" are
invariant as well. For Zs where n; = ny = ns, all nine (1, 1)-forms of T° are invariant,
while for Z, and Zg_; which have n; = ny, there are five invariant (1, 1)—forms.

On the six-torus, there are also nine independent (2, 1)-forms. The invariant (2, 1)—
forms correspond to sub-tori which are left completely unconstrained by the orbifold
twist. Maximally three of the nine possible forms survive the twist, namely dz* A dz/ A
dzF, i+ #k.

To clarify the above, we will study the simple case of a single, unconstrained 72,
which has the metric

g1 gi2 R? R1 Ry cos By
= = . 2.8
g ( gi2 922 ) ( R Ry cos b R? (2.8)
A T? comes with one Kédhler modulus Im(7"), which parametrizes its volume, and

one complex structure modulus, which corresponds to its modular parameter U4 = 7.
Figure 2.1 depicts the fundamental region of a 72. The area of the torus is given by

Im(z)

_ i0
|RyRsine T=Ry/Rse

Re(z)

Figure 2.1: Fundamental region of a 7

R Ry sin 0, expressed through the metric, we find

Im(7) = +/det g = R1 Ry sin 6. (2.9)

In heterotic string theory, the Kahler moduli are complexified by pairing them up with
the components of the anti-symmetric tensor B. In type 1B string theory, the Kahler
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moduli are paired with the components of the Ramond-Ramond four-form C,. The
usual normalization of the fundamental region in string theory is such that the a—cycle
is normalized to 1, while the modular parameter becomes 7 = Ry/R; €?. The complex
structure modulus expressed through the metric is

u="- (g12 +1i+/detg). (2.10)

g11
The twisted moduli will be discussed later on. The same procedure naturally applies
for all cases which have a T? factor, also when the T2 is constrained by the orbifold
twist and the complex structure is fixed. When there is an untwisted complex structure
modulus but the torus is not a direct product with a T2 factor, the sub-torus which
gives rise to the modulus must be identified and then, the same procedure can be
applied, see the example in Section 2.8.1.

2.6 The metric from the twist, deformations of the
metric

Once the Coxeter element () has been determined via (2.3) and the Cartan matrix of
the lattice in question, the metric g of the respective orbifold can be obtained through
the requirement that the orbifold twist, being an isometry of the lattice, must leave
the scalar product invariant [16]:

QRQgQ=y. (2.11)

The resulting metric can be conveniently parameterized in terms of the lengths of the
vectors of the real lattice basis and the angles between them:

Gij = <6’z’, €j> = RiRj cos Qij.

The metric of a Lie group lattice only leaves the overall scaling of the lattice vectors
unfixed. The orbifold twist allows in general more degrees of freedom, such as certain
angles between the lattice vectors. This happens in particular when the torus lattice
is a direct product of several root lattices. In such a case, the relative orientation of
the different blocks is in general not completely fixed by the orbifold twist. The metric
of the original Lie group root lattice can be recovered by setting the free parameters
to certain fixed values.

To distinguish the deformation parameters of the metric which give rise to Kahler
moduli from those which result in complex structure moduli, it is useful to study the
anti-symmetric tensor, since it is paired up with the Kéhler moduli. The form of the
antisymmetric tensor b is obtained in the same fashion, by solving

Q'HQ =b. (2.12)
The number of untwisted Kéahler and complex structure moduli is obtained by counting
the number of independent deformations d allowed by the solutions of Q'g Q = ¢g and
Q'@ = b. The orbifold has d, untwisted Kéhler moduli and %(d, — d,) untwisted

complex structure moduli.
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2.6.1 Example A: T9/Z¢_; on G3 x SU(3)

To find the metric for this example, (2.11) must be solved for the Coxeter element
(2.7). The result is

R% —%R% R1R3 COS 913 Yy 0 0
—%R% %R% \/LgRle COS 923 %Rl Rg COS 013 0 0
| RiRscosb \%Rl R5 cos O3 R? —3s R} 0 0
! Yy 5 R1 R cos 13 —3R3 s R} 0 0
0 0 0 0 R  —1IR?
0 0 0 0 —iR? R?
(2.13)

with y = —%(SRI Rs cos 013 — /3R Ry cos fly3). There are five real continuous deforma-
tion parameters for the metric, R}, R3, R2, 013 and 3. One can immediately identify
the three 2 x 2 blocks corresponding to the two Go factors and the SU(3) factor. The
angles between the two Gy factors, #13 and 6,3 are not constrained by the orbifold
twist. For the choice 013 = 03 = 7/2, the metric of the rigid root lattice G2 x SU(3)
is recovered. Solving (2.12) we find

0 b 3bs —3bs—b, 0 0

_bl 0 b4 b5 0 O

I DY S Y by 0 0
D=1 8+, —b5 —by 0 0 0 (2.14)

0 0 0 0 0 by

0 0 0 0 by 0

with the five real parameters by, by, b3, by, bs. We see that we get 5 untwisted Kéahler
moduli in this orbifold, while the complex structure is completely fixed.

2.7 Parametrizing the geometrical moduli

To find the dependence of the Kéahler and complex structure moduli on the degrees
of freedom parametrized by the radii and angles in the lattice basis, one has to go
to the complex basis {z'}i—123, where the twist @ acts diagonally on the complex
coordinates, i.e.

6 : 2t — 2™t
with the eigenvalues 27i(; introduced above. To find these complex coordinates we
make the ansatz

. T
Z=alr +ayx”+azx” +aygxt +aza’ +agr. (2.15)

Knowing how the Coxeter twist acts on the root lattice and therefore on the real
coordinates x!, and knowing how the orbifold twist acts on the complex coordinates,
see Tables 2.3 and 2.4, we can determine the coefficients az- by solving

Qt 2t = 2™ 4t (2.16)
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The above equation constrains the coefficients up to an overall complex normalization
factor. The transformation which takes us from the real to the complex basis must be
unimodular. For convenience we choose a normalization such that the first term is real.
The overall normalization of the complex coordinates does not influence the definition
of the moduli. In addition, the ansatz (2.15) should yield a Hermitian metric, i.e. we
require the identity:
ds? = Gij de' @ da’ = 9i; dz' @ d7’.

After having introduced the complex coordinates 2, which define the complex struc-

ture, we write down the Kahler form J =i g; dz* A dz’. In the heterotic string, it is
naturally paired with the anti-symmetric tensor

ha,1)
By =b; d' NdF =) b wi,
=1

where the w; form a basis of twist—invariant 2—forms of the real cohomology H?(X,Z)%.
The Kahler moduli 7°¢ are, as mentioned before, defined via the pairing

h(i1)
B+iJ=)Y T'u. (2.17)

=1

How to find the complex coordinates and how to parametrize the Kahler moduli in
a case with more than the usual three Kahler moduli is shown in detail in the following
example.

In Section 2.8.1, the parametrization of a complex structure modulus is worked out.

2.7.1 Example A: T%/Z¢ ; on G3 x SU(3)
Solving (2.16) yields the following solution for the complex coordinates:
2= a (=142t 42t Fb(—(1 +¥0Y 2P 4 a2t

34

1
+ ;

2 C(_(l + 627rz‘/6) J,’l +ZL‘2) + d(—(l + €2m’/6)x )7

2 = e (¥ b 4 1), (2.18)

w
I

where a, b, ¢, d and e are complex constants left unfixed by the twist alone. In the
following, we will choose a, d, e such that x!, 23, 2° have a real coefficient and the
transformation matrix is unimodular and set b = ¢ = 0, so the complex structure takes
the following form:

1 )
A o= 657r1/6x27

V3

hi2,2)
4In type I1B, the Kihler form is paired up with the anti-symmetric 4-form Cy = . ¢ d;, where
i=1
the d; are a twist—invariant basis for H*(X,Z).



18 2 At the orbifold point

1 )
2 = 3y e57m/6x47

2= 3V (a0 4 P ). (2.19)

Now we proceed as outlined above. From the metric (2.13) we can easily read off the
Kéhler form, which expressed in the complex coordinates (2.19) reads

1
—iJ = RId'ANdZ'+ R; d2* ANdZ+ %Rg dz*> N dz°

+2 Ry R [(€¥™/5 cos 013 + i cos Oy3) d2? A dZ"
+(e7 26 cos 013 — i cos by3) dzt A dZ. (2.20)

To be able to read off the Kahler moduli, we must look at the real cohomology. The
five untwisted (1, 1)—forms that are invariant under this orbifold twist are

wi = det Adx?, wy =dad ANdxt,  ws = da® A da®,
wy = de? Adad —dat Ada?,
ws = 3dx' Ada® — 3 da' Adat + da® A daxt, (2.21)

The B-field (2.14) has the simple form
B:bl wl—l—bg CUQ+b3 W3+b4 W4+b5 Ws. (222)
The Kéhler form expanded in the real cohomology is

1
ﬁ {R? w1 + R} wy +3R2 w3 — 2R Ry [cos b3 wy
2
——-(13V/3 cos B3 + 29 cos Ba3) ws)}. (2.23)

V3

Via B +iJ = T'w; the Kihler moduli can now be easily read off:

o1 o1 V3
Tl = bl—f—lz—\/gR%, 72:b2+22—\/§R§, T3Zb3+2\/7_R§7

1
T4 = b4 —1 ﬁ R1R3 COS 013,

1
T° = by+i 3 Ry Rs (13V/3 cos B3 + 29 cos fy3). (2.24)

2.8 Fixed tori with non-standard volumes

In the case of a torus lattice that does not factorize into (7%)% it can happen that the
sub-tori which are fixed under higher twists have a volume greater than one. Such a
volume factor enters the definition of the complex coordinates and also shows up in
physical quantities such as the partition function [13] or threshold corrections to gauge
couplings [17].
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7N Lattice 7© Vol.
Zs SU(3)? -
Zy SU(4)? 4
Zy SU(2) x SU(4) x SO(5) 2
7y SU(2)% x SO(5)? 1
Zs_1 (Go x SU(3)?) 4
ZG—I SU(3) X G% 1
Le—11 SU(2) x SU(6) 3,4
Le—11 SU(3) x SO(8) 4,1
Ze_17 | (SU(2)2 x SU(3) x SU3))F | 1,4
Ze—11 SU(2)? x SU(3) x Gy 1,1
Zr SU(7) -
Zg_1 (SU(4) x SU(4))* 4
Zs_1 SO(5) x SO(9) 1
L1 SU(2) x SO(10) 2,2
28,[] 50(4) X 50(9) 1,1
VAL, Eg 4,4
Zlg_[ SU(3) X Fy 1,1
Zlg_[[ 50(4) X F4 1,1,1

Table 2.5: Volume factors for Zy orbifolds.

Table 2.5 gives the volume factors for the Z,—orbifolds for all sectors leading to
fixed tori. Since the Z, x Z,,—orbifolds all factorize into (7?)3, all their fixed sub-tori
have volume 1.

The procedure of identifying the volume factors and the subsequent definition of
the complex coordinates is best elucidated in an example.

2.8.1 Example B: T°/Z¢_;r on SU(2) x SU(6)

This example is illustrative not only because of its fixed tori with non-standard vol-
umes, but also because it has a complex structure modulus, and moreover one which
is associated to a sub-torus which is not simply a direct product factor in the lattice.
The metric and anti-symmetric tensor are given in Appendix B.7.1.

The Coxeter twist on SU(2) x SU(6), given by (B.60), gives rise to two fixed tori:
One is fixed under )2, the other under @®. We identify them in the real basis by
solving

Q*n—-n = 0, (2.25)
Q> n—n = 0, (2.26)

where n = {n'} is a real 6-vector. The solution to (2.25) is

t1 = (n°,0,n°,0,n° n%), (2.27)
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with n°, nb free real parameters. The solution to (2.26) is
ty = (n*,n%,0,n* n’,0), (2.28)

with n*, n® free real parameters. Their volume is given by the scalar product with the
dual tori, which are found via

(@™ m=—m = 0 — t=(m",—m’m’ —m’ m’m°),  (229)

For the volumes, we find
thotr = 3n°m® +nm’, (2.31)
thoty = 2n'mt+2n°m’. (2.32)

The coefficients k* in front of the nim’ indicate that the respective real coordinates
have a larger periodicity than the usual 1. This translates directly to the definition of
the complex coordinate. Solving (2.16) with the ansatz (2.15) leads to

A= a(@ + 627r.i/6x2 n 6271'1'/? R ezm@ ),
S Y e I L BN SR TL I
2 = c(a' —2® + 2% — 2" +2°) + dab (2.33)

The fact that in 2% two instead of one free parameters appear is a sign that the complex
structure is not fixed for this coordinate. When we plug the fixed sub-tori into the
expressions for the complex coordinates (2.33), we find

2, =0, 2, =0,
2|, =0, 22y, = 2b(n* 4+ 2™/3pf),
2y, = 3en® +dn°, 2, = 0. (2.34)

So t; obviously lies along the z® direction, while ¢, lies along the 2% direction. As
mentioned above, for these tori, the periodicity of the lattice is changed. In t,, both
complex shifts are scaled by a factor two. To compensate for this, we should choose
b~ % In the case of 1, it is only one of the shifts which is scaled, so we must choose
¢ ~ 5. We now choose the normalization of (2.33) such that |det Y| = 1, where Y is
the transformation from real to complex coordinates, which results in

o \/% () 4 2052 4 273 B A | 2wl 5y
2 = ﬁi (&) 4 232 g 2T 3 g g | S 5
3 1,2 .3 .4, 5 3,6
PARES hiug G =2+ -+ )+ U . (2.35)

What is left to do is parametrizing the complex structure modulus in terms of the
metric. We first calculate

t11- -G - t1 = 3 (n5)2 R% (]_ + 2 cos 935) + 6n5n6R1R6 COS 056 + (n6)2 R(% (236)
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Now we express (2.36) in terms of a 2 x 2 metric, which is the metric of the sub-torus:

= 5 2 5

5 6 gi1 9gi12 n . 5 6 3R1 (1 + 2 cos @35) 3R1R6 COS 956 n

( nen ) (ggl 522 ) < n6 ) o ( en ) ( 3R1R6 COS 056 R% TLG
(2.37)
With (2.10), we are now lead directly to the following complex structure modulus U3:

_ Rs 003056—#1'\%\/14—2 cos O35 — 3 cos 02

U =
R, 1+ 2 cos b5

(2.38)

The Kéahler moduli present no further complications and are given in Appendix B.7.1,
see (B.66).

2.9 Fixed set configurations and conjugacy classes

Many of the defining properties of an orbifold are encoded in its singularities. Not
only the type (which group element they come from, whether they are isolated or not)
and number of singularities is important, but also their spatial configuration. Here,
it makes a big difference on which torus lattice a specific twist lives. The difference
does not arise for the fixed points in the first twisted sector, i.e. those of the #-element
which generates the group itself. But in the higher twisted sectors, in particular in
those which give rise to fixed tori, the number of fixed sets differs for different lattices,
which leads to differing Hodge numbers.
A point f™ is fixed under 8" € Z,,, n=0,...,m — 1, if it fulfills

gn f = M 11 e, (2.39)

where [ is a vector of the torus lattice. In the real lattice basis, we have the identification
2' ~ '+ 1. Like this, we obtain the sets that are fixed under the respective element of
the orbifold group. A twist %(nl, ng, ng) and its anti-twist %(1 —n1, 1 —ng, 1 —ng) give
rise to the same fixed sets, so do permutations of (ny,ns,n3). Therefore not all group
elements of the point group need to be considered separately. The prime orbifolds, i.e.
Zs and Z7 have an especially simple fixed point configuration since all twisted sectors
correspond to the same twist and so give rise to the same set of fixed points. Point
groups containing subgroups generated by elements of the form

1
- <n1>0,n2), ny + ny = 0modn
n

give rise to fixed tori.

It is important to bear in mind that the fixed points were determined on the
covering space. On the quotient, points which form an orbit under the orbifold group
are identified. For this reason, not the individual fixed sets, but their conjugacy classes
must be counted.

To form a notion of what the orbifold looks like, it is useful to have a schematic
picture of the configuration, i.e. the intersection pattern of the singularities.
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In some cases, not all information that will be needed later on is captured by looking
at the fixed sets under a single group element. The points at the intersections of three
7. fixed lines will be relevant as well, which can be easily identified from the schematic
figures provided here. Interestingly, the case of three intersecting Z, fixed lines is the
only instance of intersecting fixed lines where the intersection point itself is not fixed
under a single group element. This case arises only for Z,, X Z,, orbifolds with both n
and m even.

2.9.1 Example A: T%/Z¢_; on G3 x SU(3)

In the following, we will identify the fixed sets under the 6-, #2- and #3-elements. 6* and
6° yield no new information, since they are simply the anti-twists of 62 and 6. The Zg_;—
twist has only one fixed point in each torus, namely 2z = 0. The Zs;—twist has three fixed
points in each direction, namely z* = 22 = 0,1/3,2/3 and 2* = 0,1/v/3e™/¢, 1 +14//3.
The Zy-twist, which arises in the §-twisted sector, has four fixed points, corresponding
to 2! = 22 =0, %, %7’, %(1 + 7) for the respective modular parameter 7. As a general
rule, we shall use red to denote the fixed set under 6, blue to denote the fixed set under
6% and pink to denote the fixed set under #°. Note that the figure shows the covering
space, not the quotient.

Table 2.6 summarizes the important data of the fixed sets. The invariant subtorus

under 62 is (0,0,0,0, 2%, 2%) which corresponds simply to 2® being invariant.

Group el. | Order Fixed Set Conj. Classes
0 6 3 fixed points 3
62 3 27 fixed points 15
63 2 16 fixed lines 6

Table 2.6: Fixed point set for Zg_; on G3 x SU(3)

Figure 2.2 shows the configuration of the fixed sets in a schematic way, where each
complex coordinate is shown as a coordinate axis and the opposite faces of the resulting
cube of length 1 are identified. Note that this figure again shows the whole six-torus
and not the quotient. The arrows indicate the orbits of the fixed sets under the action
of the orbifold group, which we will now explain in detail.

We first look at the 2! and z*-directions. The two Zs—fixed points at 1/3 and 2/3
are mapped to each other by # and form orbits of length two. We choose to represent
this orbit by 2f,.q4, @ = 1,2. The three Zs fixed points in the z°-direction each form
a separate conjugacy class. Therefore, we obtain the 15 conjugacy classes of Zs—fixed
points, 5 in each plane 23 = zgxedﬁ, vy=1,2,3:

2
3
: (%7 %7 nged;y)v (%7 %7 ngedﬂ). (240)
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73

Figure 2.2: Schematic picture of the fixed set configuration of Zg_; on G3 x SU(3)

The 16 Z, fixed lines (zéxed,a, nged, 8 23) fall into six conjugacy classes under the action
of 6%

v=1:(0,0,z2)

v=2:(3,0,2"), (5(1+7),0,2%), (37,0,%)

v=3:(0,1,2%, (0,11 +7),2%), (0,17,2%

v=4:(,12), 00+, 0 +1),2%), G712
v=>5:(3,3(1+7),2%), (1+7),37,2%), (37.3,2%)

v=6: (11728, A1 +7)1 2%, bri1+7),2%). (2.41)

The configuration of fixed sets and their equivalence classes will become very important
for the construction of the smooth Calabi—Yau later on.

2.10 There’s more than meets the eye: Twisted
moduli

String theory compactified on an orbifold has twisted sectors - string states which are
closed loops on the quotient space because their endpoints are identified under the
orbifold twist. From the massless string spectrum we know that there are twisted
Kéhler and complex structure moduli. Obviously, these string states must have a
geometric interpretation. It turns out that these are the moduli which arise from the
resolution of the singularities.

Orbifold singularities are resolved via blow—ups, which correspond to a deformation
of the Kahler structure. The singular point is replaced by an exceptional divisor®. The

5A divisor is a formal sum of codimension one submanifolds.
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twisted Kéhler moduli correspond to the volumes of these new four-cycles.

Whereas isolated singularities do not give rise to complex structure deformations,
fixed lines on which no fixed points sit do allow them, as we will see later. These are
the twisted complex structure moduli.

In the case of orbifolds, the smooth Calabi—Yau manifold that results after the
resolution of the singularities is in a way the more natural, since more general object
to consider. The singular orbifold can be seen as a special, singular point in the moduli
space of the smooth Calabi-Yau. The following sections are devoted to the construction
of smooth Calabi—Yau manifolds from singular toroidal orbifolds.



Chapter 3

The smooth Calabi-Yau

3.1 From singular to smooth - A recipe

To make the transition from the singular orbifold to the smooth Calabi—Yau manifold,
clearly the singularities have to be resolved. But how is this done in practice? When
we zoom in on a fixed point under a group I', space in a small neighborhood around
the singularity will look like C3/T". Resolving this singularity of non-compact space
is a well-known and straight-forward exercise. It can be done most conveniently by
making use of the technology of toric geometry.

In the case of non-isolated singularities, i.e. fixed tori, space locally looks like
C?/T® x C, where I'® is generated by 1 (ny,ny).

Once all singularities are resolved, we invoke our schematic picture of the fixed set
configuration as introduced in Section 2.9, which tells us how the local patches must
be put together. We arrive at a full basis of Hy and can calculate the intersection ring,
from which we can in turn derive the volume of the manifold parameterized by the
Kéhler moduli. The topologies of the individual divisors can also be determined by a
combination of local toric methods and global information descending from the torus.
It is the combination of local knowledge about the neighborhoods of the resolved sin-
gularities, derived with the powerful methods of toric geometry, and global knowledge
which descends from the six-torus itself which allows us to derive our knowledge about
the smooth Calabi—Yaus.

A very readable introduction to toric geometry can be found in Chapter 7 of [18],
also [19] might be helpful.

3.2 A lattice and a fan: Toric Geometry, the basics

An n—dimensional toric variety has the form
Xy = (CY\ Fy)/(C)™, (3.1)

where m < N, n =N —m. (C*)™ is the algebraic torus which lends the variety its
name and acts via coordinatewise multiplication. F¥; is the subset that remains fixed

25
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under a continuous subgroup of (C*)™ and must be subtracted for the variety to be
well-defined.

This toric variety Xy can be encoded by a lattice N which is isomorphic to Z™ and
its fan Y. The fan is a collection of strongly convex rational cones in N ®z R with
the property that each face of a cone in ¥ is also a cone in ¥ and the intersection
of two cones in ¥ is a face of each. The d—dimensional cones in ¥ are in one-to-one
correspondence with the codimension d—submanifolds of Xy,. The one—dimensional
cones in particular correspond to the divisors in Xy. The fan ¥ can be encoded by
the generators of its edges or one-dimensional cones, i.e. by vectors v; € N. To each
v; we associate a homogeneous coordinate 2z of X5. To each of the v; corresponds the
divisor D; which is determined by the equation z* = 0. The (C*)" action is encoded
on the v; in r linear relations

d
> iv=0, a=1,....r, Y€z (3.2)
i=1

To each linear relation we assign a monomial U?® = Hle zf( ). These monomials are

the local coordinates of X .

We are uniquely interested in Calabi—Yau orbifolds, therefore we require Xy to
have trivial canonical class. The canonical divisor of Xy is given by —D; — ... — D,,,
so for Xy to be Calabi-Yau, D + ... + D,, must be trivial. This translates to requiring
that the v; must all lie in the same affine hyperplane one unit away from the origin vy.
In our 3-dimensional case, this means that the third component of all the vectors v;
(except vg) equals one. The v; form a cone C(A®)) over the triangle A®) = (v, vy, vs)
with apex vy. The Calabi-Yau condition therefore allows us to draw toric diagrams
A®) in two dimensions only.

How do we go about finding the fan of a specific C?/Z,,—orbifold? We have just one
three—dimensional cone in X, generated by vy, ve, v3. The orbifold acts as follows on
the coordinates of C3:

0: (2, 2% 2%) — (e2',em 22, e™ 2P), e=e¥™/n, (3.3)

For such an action we will use the shorthand notation %(1, ni,ny). The coordinates of
Xy are given by .
U = (1) (22)0 (7). (3.4

To find the coordinates of the generators v; of the fan, we require the U to be invariant
under the action of . We end up looking for two linearly independent solutions of the
equation

(U1>z’ + 1y (Uz)i —+ N9 (Ug)i = 0 modn. (35)

The Calabi—Yau condition is trivially fulfilled since the orbifold actions are chosen such
that 1 +n; +ny =nand " = 1.

Xy is smooth if all the top-dimensional cones in ¥ have volume one. By computing
the determinant det(vq, v2,v3), it can be easily checked that this is not the case in any
of our orbifolds. We will therefore resolve the singularities by blowing them up.
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3.2.1 Example A.1: C*/Z¢_;
The group Zg_; acts as follows on C?:
0: (24 22, 22) - (e2l,e2%,e*23), e=e¥/S, (3.6)

To find the components of the v;, we have to solve (vy); +(v2); +4 (v3); = 0 mod 6. This
leads to the following three generators of the fan (or some other linear combination
thereof):

v = (1,-2,1), vy = (=1,-2,1), vy = (0,1, 1). (3.7)

The toric diagram of C*/Zg_; and its dual diagram are depicted in Figure 3.1.

A

N

D, D,

Figure 3.1: Toric diagram of C?/Z¢_; and dual graph

3.3 Resolving the singularities

The process of blowing up a consists of two steps in toric geometry: First, we must
refine the fan, then subdivide it. Refining the fan means adding 1-dimensional cones.
The subdivision corresponds to choosing a triangulation for the toric diagram. To-
gether, this corresponds to replacing the point that is blown up by an exceptional
divisor. We denote the refined fan by 3.

We are interested in resolving the orbifold-singularities such that the canonical
class of the manifold is not affected, i.e. the resulting manifold is still Calabi-Yau (in
mathematics literature, this is called a crepant resolution). When adding points that
lie in the intersection of the simplex with corners v; and the lattice N, the Calabi—Yau
criterion is met. Aspinwall studies the resolution of singularities of type C?/G and
gives a very simple prescription [20]. We first write it down for the case of C3/Z,,. For
what follows, it is more convenient to write the orbifold twists in the form

0 : (21, 22, z3) — (627”91 2t e?mier 2 2migs 23). (3.8)
The new generators w; are obtained via

w; = QY) v+ géi) Vg + Q;S.i) Vs, (3.9)
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where the ¢ = (¢\, ¢{?, ¢\ € Z,, = {1,6,62,..., 6"} such that

3
> gi=1 0<g<Ll (3.10)
i=1

0 always fulfills this criterion. We denote the the exceptional divisors corresponding
to the w; by F;. To each of the new generators we associate a new coordinate which
we denote by i, as opposed to the z* we associated to the original v;.

Let us pause for a moment to think about what this method of resolution means.
The obvious reason for enforcing the criterion (3.10) is that group elements which do
not respect it fail to fulfill the Calabi-Yau condition: Their third component is no
longer equal to one. But what is the interpretation of these group elements that do
not contribute? Another way to phrase the question is: Why do not all twisted sectors
contribute exceptional divisors? A closer look at the group elements shows that all
those elements of the form + (1,n,n,) which fulfill (3.10) give rise to inner points of
the toric diagram. Those of the form % (1,0,n — 1) lead to points on the edge of the
diagram. They always fulfill (3.10) and each element which belongs to such a sub-
group contributes a divisor to the respective edge, therefore there will be n — 1 points
on it. The elements which do not fulfill (3.10) are in fact anti-twists, i.e. they have
the form % (n—1,n—mny,n —ny). Since the anti-twist does not carry any information
which was not contained already in the twist, there is no need to take it into account
separately, so also from this point of view it makes sense that it does not contribute
an exceptional divisor to the resolution.

The case C?/Z, is even simpler. The singularity C?/Z, is called a rational double
point of type A,,_; and its resolution is called a Hirzebruch—Jung sphere tree consisting
of n—1 exceptional divisors intersecting themselves according to the Dynkin diagram of
A,_1. The corresponding polyhedron A®M consists of a single edge joining two vertices
v, and vy with n — 1 equally spaced lattice points wy,...,w,_1 in the interior of the
edge, see discussion in Appendix A.18.

Now we subdivide the cone. For most groups G, several triangulations, and there-
fore several resolutions are possible (for large group orders even several thousands).
They are all related via birational transformations, namely flop transitions. The dia-
gram of the resolution of C*/G contains n triangles, where n is the order of G, yielding
n three-dimensional cones.

This treatment is easily extended to C3?/Zy x Zj—orbifolds. When constructing
the fan, the coordinates of the generators v; not only have to fulfill one equation (3.5)
but three, coming from the twist 0! associated to Zy, the twist 62 associated to Zy,
and from the combined twist #'2. When blowing up the orbifold, the possible group
elements ¢ are {(0')'(6*)7, i =0,..,N —1, j =0,..., M — 1}. The toric diagram of
the blown—up geometry contains V- M triangles corresponding to the tree-dimensional
cones. The remainder of the preceding discussion remains the same.

In the dual diagram, the geometry and intersection properties of a toric manifold
are often easier to grasp than in the original toric diagram. The divisors, which are
represented by vertices in the original toric diagram become faces in the dual diagram,
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the curves marking the intersections of two divisors remain curves and the intersections
of three divisors which are represented by the faces of the original diagram become
vertices. In the dual graph, it is immediately clear, which of the divisors and curves are
compact. The curves at the intersection of two exceptional divisors are the exceptional
curves.

We also want to settle the question to which toric variety the blown-up geometry
corresponds. Applied to our case X5, = C?/G, the new blown up variety corresponds
to

X5 = €\ Fy/(CY)", (3.11)

where d is the number of new generators w; of one-dimensional cones. The action of
(C*)4 corresponds to the set of rescalings that leave the

U, = (zl)(vl)i(zz)(UQ)i(z3)(”3)i(24)(1”1)1'... (23+d)(wd)i (3.12)

invariant. The excluded set F% is determined as follows: Take the set of all combina-
tions of generators v; of one-dimensional cones in ¥ that do not span a cone in ¥ and
define for each such combination a linear space by setting the coordinates associated
to the v; to zero. Fy is the union of these linear spaces, i.e. the set of simultaneous
zeros of coordinates not belonging to the same cone. In the case of several possible tri-
angulations, it is the excluded set that distinguishes the different resulting geometries.

3.3.1 Example A.1: C*/Zs ;

We will now resolve the singularity of C*/Z¢_;. 0, 6? and 6 fulfill (3.10). This leads
to the following new generators:

wy = %U1+%02+§U3:(07071)7
wy = %Ul‘i‘%w—i‘%v:&:(oa—lal),
w3 = %Ul -+ %?]2 = (0, —2, 1) (313)

In this case, the triangulation is unique. Figure 3.2 shows the corresponding toric
diagram and its dual graph. Let us identify the new geometry. The U; are

1 3

T~ T T 1,221 2 3
U, = — Ug—(21)2(22)2y2<y3)2, Us =z z°2%y y y°. (3.14)

The rescalings that leave the U, invariant are

1
(Zl7 227 Z37 yl) 927 y3> - <>‘1 217 >‘1 227 )‘[11/\2/\3 Z37 Wyl? >‘2 y27 )‘3 y3) (315)

According to (3.11), the new blown-up geometry is

X5 = (C°\ Fy)/(C")?, (3.16)
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Y
=
N

Figure 3.2: Toric diagram of the resolution of C?/Z¢_; and dual graph

where the action of (C*)3 is given by (3.15). The excluded set is generated by

Fs ={(23,92) =0, (23,93) =0, (y1,y3) =0, (21,22) =0}.

As can readily be seen in the dual graph, we have seven compact curves in Xs.
Two of them, {y' = y* = 0} and {y? = y> = 0} are exceptional. They both have the
topology of P!. Take for example C;: To avoid being on the excluded set, we must
have y® # 0, 23 # 0 and (2!, 2%) # 0. Therefore C; = {(2',2%,1,0,0,1), (2}, 2!) #
0}/(2%, 2%), which corresponds to a PL.

We have now six three-dimensional cones: Sy = (Dy, Ey, E3), So = (D1, Es, Ey), S5 =
(Dl, E17 Dg), S4 = (DQ, EQ, E3>, 55 = (DQ, EQ, El), and SG = (DQ, El, D3>

3.4 Mori cone and intersection numbers

Since this will become important later, we want to investigate the intersection proper-
ties of the divisors of the resolved geometry. Note that the intersection number of two
cycles A, B only depends on the homology classes of A and B. Note also that > b;D;
and ) b.D; (where the D; are the divisors corresponding to the one-dimensional cones)
are linearly equivalent iff they are homologically equivalent.

First, we identify the linear relations between the divisors of the form

ay vy + ay vy + az vz + aywy + ... +as g wg = 0.

These linear relations can be obtained either by direct examination of the generators
or can be read off directly from the algebraic torus action (C*)™. The exponents of
the different scaling parameters yield the coefficients a;. The divisors corresponding
to such a linear combination are sliding divisors in the compact geometry. It is very
convenient to introduce a matrix ( P | @ ): The rows of P contain the coordinates of the
vectors v; and w;. The columns of () contain the linear relations between the divisors,
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i.e. the vectors {a’}. From the rows of @, which we denote by C;, i =1, ...,d, we can
read off the linear equivalences in homology between the divisors which enable us to
compute all triple intersection numbers. For most applications, it is most convenient
to choose the C; to be the generators of the Mori cone. The Mori cone is the space
of effective curves, i.e. the space of all curves C' € Xy, with C'- D > 0 for all divisors
D € Xy. It is dual to the Kahler cone. In our cases, the Mori cone is spanned by curves
corresponding to two-dimensional cones. The curves correspond to the linear relations
for the vertices. The generators for the Mori cone correspond to those linear relations
in terms of which all others can be expressed as positive, integer linear combinations.

We will briefly survey the method of finding the generators of the Mori cone. It
can be found for example in [21]. We will present it here adapted to our context.

I. In a given triangulation, take the three-dimensional simplices Sy (corresponding
to the three-dimensional cones). Take those pairs of simplices (5}, Sy) that share
a two—dimensional simplex S, N S;.

IT. For each such pair find the unique linear relation among the vertices in Sy U .S,
such that

(i) the coefficients are minimal integers and

(i) the coefficients for the points in (Sx U .S;) \ (Sk NS;) are positive.

ITI. Find the minimal integer relations among those obtained in step 2 such that each
of them can be expressed as a positive integer linear combination of them.

While the first two steps are very simple, step III. becomes increasingly tricky for larger
groups.

The general rule for triple intersections is that the intersection number of three
distinct divisors is 1 if they belong to the same cone and 0 otherwise. The set of
collections of divisors which do not intersect because they do not lie in the same come
forms a further characteristic quantity of a toric variety, the Stanley—Reisner ideal.
It contains the same information as the exceptional set Fy,. Intersection numbers for
triple intersections of the form D?D; or E} can be obtained by making use of the
linear equivalences between the divisors. Since we are working here with non—compact
varieties at least one compact divisor has to be involved. For intersections in compact
varieties there is no such condition. The intersection ring of a toric variety is — up to a
global normalization — completely determined by the linear relations and the Stanley—
Reisner ideal. The normalization is fixed by one intersection number of three distinct
divisors.

The matrix elements of () are the intersection numbers between the curves C; and
the divisors D;, F;. We can use this to determine how the compact curves of our
blown—up geometry are related to the Cj.
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3.4.1 Example A.1: C*/Z¢_;

For this example, the method of working out the Mori generators is shown step by
step. We give the pairs, the sets S; U Sy (the points underlined are those who have to
have positive coefficients) and the linear relations:

S¢US; = {Di, Dy, D3, E1}, Diy+Dy+4D3—6E; =0,

SsUSy = {Di, Dy, Ey, E3}, Dy +Dy+2FE, —4E,=0,

S4US1 = {Di, Dy, Es, Es}, Di+ Dy—2FE;=0,

S3USy = {Dy, Ds, Ey, Es}, D3 —2E;+ Ey =0,

SoUSy = {D1, By, Es, Es}, Ey—2E,+ E5 =0,

SeUSs = {Ds, Ds, Ey, Es}, D3 —2E; + Ey =0,

SsUSy = {Ds, Ey, Es, Es}, Ey—2E,+ E;=0. (3.17)

No Ot W

With the relations 3, 4 and 5 all other relations can be expressed as a positive integer
linear combination. This leads to the following three Mori generators:

¢, ={0,0,0,1,-2,1}, C,=1{1,1,0,0,0,—2}, Cs=1{0,0,1,—-2,1,0}.  (3.18)

With this, we are ready to write down (P |Q):

Dy 1 -21]0 1 0

Dy -1 =210 1 0
|y 0 1 1] 0 0 1
(P1Q) = E, 0 0 1] 1 0-2
E, 0 -1 11]-20 1

E;, 0 -2 1] 1-2 0.

From the rows of (), we can read off directly the linear equivalences:
DlNDQ, EQN—2E1—3D3, E3NE1—2D1+2D3.

For our later convenience, we recast them into a form in which each relation contains
one D—divisor:

O ~ 6D1+2E2+E1+3E3,
0 ~ 6Dy+2Fy+ E; + 3F5,
0 ~ 3D3+ Ey+2E;. (3.19)

The matrix elements of () contain the intersection numbers of the C; with the D, E,
e.g. By -C3 = =2, D3-Cy; = 0, etc. We know that E; - E3 = 0. From the linear
equivalences between the divisors, we find the following relations between the curves
C; and the seven compact curves of our geometry: Cy = Dy - Fy = Dy - Ey, Cy =
EQ'Eg, Cg = Dl'El = DQ'El, El'EQ = 201+C2, D3'E1 = 201"‘02"‘403 From
these relations and (P |Q), we can get all triple intersection numbers, e.g. D3E? =
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Curve D1 D2 D3 E1 E2 E3
Ey-Ey | 1 1 0 2 4 0
Ey-Es | 1 1 o 0 0 -2
D,-E,l 0 0 1 2 1 0
D,-Ey| O 0 0 1 -2 1
Dy-E; | O 0 1 -2 1 0
Dy-E,] 0O 0 0 1 -2 1
Ds-E; | 1 1 4 6 0 O

Table 3.1: Triple intersection numbers of the blow—up of Zg_;;

2C1-FE14+Cy- E14+4C5 - E; = —6. Table 3.1 gives the intersections of all compact
curves with the divisors.

Using the linear equivalences, we can also find the triple self-intersections of the
compact exceptional divisors: E = F3 = 8.

From the intersection numbers in @), we find that {F; 4+ 2 D3, Dy, D3} form a basis
of the Kéhler cone which is dual to the basis {C}, Cy, C3} of the Mori cone.

3.5 Divisor topologies, Part 1

There are two types of exceptional divisors: The compact divisors, whose corresponding
points lie in the interior of the toric diagram, and the semi-compact ones whose points
sit on the boundary of the toric diagram. The latter case corresponds to the two—
dimensional situation with an extra non—compact direction, hence it has the topology
of C x P! with possibly some blow—ups.

We first discuss the compact divisors. For this purpose we use the notion of the star
of a cone o, in terms of which the topology of the corresponding divisor is determined.
The star, denoted Star(o) is the set of all cones 7 in the fan ¥ containing o. This
means that we simply remove from the fan 3 all cones, i.e. points and lines in the toric
diagram, which do not contain w;. The diagram of the star is not necessarily convex
anymore. Then we compute the linear relations and the Mori cone for the star. This
means in particular that we drop all the simplices Sy in the induced triangulation of
the star which do not lie in its toric diagram. As a consequence, certain linear relations
of the full diagram will be removed in the process of determining the Mori cone. The
generators of the Mori cone of the star will in general be different from those of X..

Once we have obtained the Mori cone of the star, we can rely on the classification
of compact toric surfaces: Any toric surface is either a P2, a Hirzebruch surface F,,, or
a toric blow—up thereof. The generator of the Mori cone of P? has the form

Q"=(-3111).

For F,,, the generators take the form

o -2 1100 r ( -2 1 1 00
Q_<—n—20n11 o0 @ =20 11
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since F_,, is isomorphic to IF,,. Finally, every toric blow—up of a point adds an additional
independent relation whose form is

Q"=(0 .. 01 1 =2).

We will denote the blow—up of a surface S in n points by Bl,S.

However, this is not yet the full story, since our toric variety X is actually three-
dimensional. In particular, the stars are in fact cones over a polygon. Therefore, we
have an additional possibility for a toric blow—up. We can add a point to the polygon
such that the corresponding relation is of the form

Q"=(0 .. 011 -1 —1).

This corresponds to adding a cone over a lozenge and is well-known from the resolution
of the conifold singularity. The lozenge has to be subdivided into two simplices, and
there are two ways of doing this. The process of going from one way to the other is
known as a flop and reverses the signs of the corresponding relation. It also affects
some of the other relations. The curve C'_ that is flopped is the intersection of two
divisors, say E; and Es. If any other curve C' intersects one of these two divisors, i.e.
C - E; # 0, the new relation corresponding to C' is the sum of the relation of C_ and
C'. Topologically, this means that an exceptional curve C_ is blown down and another
one, C';, is blown up. As a consequence, we have to include these blow—ups in the
list of surfaces given above. In addition, we have to include topologies that can be
obtained by flopping a curve in a surface of this enlarged list of surfaces.

Also the semi-compact exceptional divisors can be dealt with using the star. Since
the geometry is effectively reduced by one dimension, the only compact toric manifold
in one dimension is P! and the corresponding generator is

Q'=(-2110),

where the 0 corresponds to the non-compact factor C.

3.5.1 Example A.1: C*/Zs_;

We now determine the topology of the exceptional divisors for our example C?/Zg_;.
As explained above, we need to look at the respective stars which are displayed in
Figure 3.3. In order to determine the Mori generators for the star of F;, we have to
drop the cones involving E3 which are S; and Sy. From the seven relations in (3.17)
only four remain, those corresponding to C3, 2C + Cy and 2C + Cy + 4C5. These
are generated by 2C; + Cy = (1,1,0,2,—4,0) and C3 = (0,0, 1, —2,1,0) which are the
Mori generators of F,. Similarly, for the star of E5 only the relations not involving
S3 and S remain. These are generated by C; and Cs, and using (3.18) we recognize
them to be the Mori generators of Fy. Finally, the star of E5 has only the relation
corresponding to Cs. Hence, the topology of Es is P! x C, as it should be, since the
point sits on the boundary of the toric diagram of Xy and no extra exceptional curves
end on it.
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A A
D3
> = =
E
B B> i Eiz
D, D, D, E; D, D, E; D,

Figure 3.3: The stars of the exceptional divisors E;, Fs, and FEj3, respectively.

3.5.2 Example B.1: C3/Z¢_;;

We briefly give another example to illustrate the relation between different triangula-
tions of a toric diagram. The resolution of C*/Zg_;; is given in Appendix A.4. The
toric diagram allows five different triangulations, i.e. five different resolutions. Figure
3.4 gives the five toric diagrams.

A A A
a) b) 9
Dy Dy D;
E3/ El R E3 El " E3 El o
D, E, E, D2 A D, E, E, D2 A D, E,4 E, D2
d) e)
D3 D;
E3 E]_ N E3 El -
D, E, E, D2 D, E, E, D2

Figure 3.4: The five different triangulations of the toric diagram of the resolution of
C?/Ze11

We start out with triangulation a). When the curve D, - F is blown down and the
curve Fj3- Fy is blown up instead, we have gone through a flop transition and arrive at
the triangulation b). From b) to ¢) we arrive by performing the flop F; - £y — Es - E3.
From c) to d) takes us the flop Ey- Fy — Dy - E3. The last triangulation e) is produced
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from b) by flopping E; - E5 — D3 - E,. Thus, all triangulations are related to each
other by a series of birational transformations.

We now identify the topologies of the exceptional divisors. The only compact
exceptional divisor is E;. In the triangulation c), we recognize its star to be the fan of
an [Fy. In the other triangulations, E) is birationally equivalent to Fy. In b), we have
[F; with one blow—up, in a) F; with two blow—ups. In d), the star of Ej is the fan of
P2, while in e) E; again has the topology of F;.

In triangulation a), all non-compact exceptional divisors have the topology of P! x C.

3.6 The big picture: Gluing the patches

In the easy cases, say in the prime orbifolds Z3 and Z, it is obvious how the smooth
manifold is obtained: Just put one resolved patch in the location of every fixed point
and you are finished. Since these patches only have internal points, the corresponding
exceptional divisors are compact, hence cannot see each other, and no complications
arise from gluing.

Fixed lines which do not intersect any other fixed lines and on top of which no fixed
points sit also pose no problem.

But what happens, when we have fixed lines on top of which fixed points are sitting?
As discussed already, such a fixed point already knows it sits on a fixed line, since on
the edge of the toric diagram of its resolution is the number of exceptional divisors
appropriate to the fixed line the point sits on top of. Internal exceptional divisors
are unproblematic in this case as well, since they do not feel the global surrounding.
The exceptional divisors on the edges are identified or glued together with those of the
corresponding resolved fixed lines.

The larger the order of the group, the more often it happens that a point or line is
fixed under several group elements. How are we to know which of the patches we should
use? In the case of fixed lines answer is: Use the patch that belongs to the generator
of the largest subgroup under which the patch is fixed, because the line is fixed under
the whole sub-goup and its exceptional divisors already count the contributions from
the other group elements. For fixed points, the question is a little more tricky. One
possibility is to count the number of group elements this point is fixed under, not
counting anti-twists and elements that generate fixed lines. Then choose the patch
with the matching number of interior points. The other possibility is to rely on the
schematic picture of the fixed set configuration and choose the patch according to the
fixed lines the fixed point sits on. Isolated fixed points correspond to toric diagrams
with only internal, compact exceptional divisors. When the fixed point sits on a fixed
line of order k, its toric diagram has k — 1 exceptional divisors on one of its boundaries.
If the fixed point sits at the intersection of two (three) fixed lines, it has the appropriate
number of exceptional divisors on two (three) of its boundaries. The right number of
interior points together with the right number of exceptional divisors sitting on the
edges uniquely determines the correct patch. Even though the intersection points of
three Zs fixed lines are not fixed under a single group element, they must be resolved.
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The resolution of such a point is the resolution of C3/Z, x Z, and its toric diagram is
indeed the only one without interior points.

3.6.1 Example A: Zs ; on G5 x SU(3)

This example is rather straightforward. We must again use the data of Table 2.6 and
the schematic picture of the fixed set configuration 2.2. Furthermore, we need the
resolved patches of C3/Zg_; (see Section 3.3.1, in particular Figure 3.2), C3/Zs (see
Appendix A.1, in particular Figure A.1), and the resolution of the Z, fixed line, see
Appendix A.18. The three Zgs—patches contribute two exceptional divisors each: £ ,
and Fy; ., where v = 1,23 labels the patches in the z*-direction. The exceptional
divisor E3 on the edge is identified with the one of the resolved fixed line the patch
sits upon, as we will see.

There are furthermore 15 conjugacy classes of Zs fixed points. Blowing them up
leads to a contribution of one exceptional divisor as can be seen from Figure A.1. Since
three of these fixed points sit at the location of the Zg_; fixed points which we have
already taken into account (Es; ), we only count 12 of them, and denote the resulting
divisors by E3 ., p=2,...,5, v =1,2,3. The invariant divisors are built according
to the conjugacy classes in (2.40):

Eooy = Eri2n+ E2134, Eosy = Ea31y+ Eas1y,
Boay = Eagoq + Eas, Basy = Easan + Bason. (3.20)

where E27a7 3, are the representatives on the cover. Finally, there are 6 conjugacy classes
of fixed lines of the form C?/Z,. We see that after the resolution, each class contributes
one exceptional divisor s, = 1,2. On the fixed line at zg 4, = Z4eq1 = 0 sit the
three Zg_; fixed points. The divisor coming from the blow—up of this fixed line, Ej3 1,
is identified with the three exceptional divisors corresponding to the points on the
boundary of the toric diagram of the resolution of C?/Zgs_; that we mentioned above.
The other exceptional divisors are built as invariant combinations according to the
conjugacy classes in (2.41):

Es1=FEsq1, Eso=FE310+ E314+ E316,
Ess=Fs3o1+ E341+ E361, FEsy=FE390+ E344+ E366,
Ess=Fs24+ E346+ E36, Ese = Fs26+ E342+ E364. (3.21)

In total, this adds up to 3-2+4+12-1+6-1 = 24 exceptional divisors, which is the

number which is given for hgml S)te 4 in Table 2.3.

3.6.2 Example C: T°/Z¢ x Zg

This, being the point group of largest order, is the most tedious of all examples. It is
presented here to show that the procedure is not so tedious after all.
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z, 91(92)5 5

00" 3

Figure 3.5: Schematic picture of the fixed set configuration of Zg x Zg
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Group el. | Order Fixed Set Conj. Classes
0! 6 1 fixed line 1

(612 3 9 fixed lines
(613 2 16 fixed lines
6? 6 1 fixed line
(62)? 3 9 fixed lines
(62)3 2 16 fixed lines

0162 6 x 6 | 3 fixed points
0'(0*)* | 6 x 3 | 12 fixed points
6'(6%)® | 6 x 2 | 12 fixed points
01(6*)* | 6 x 6 | 3 fixed points
01 (62)° 6 1 fixed line
(601)260* | 3x 6 | 12 fixed points
(61)%6? | 2 x 6 | 12 fixed points
(0M)%0* | 6 x 6 | 3 fixed points
01)2(6?)* | 3 x 3 | 27 fixed points
33| 3 x 2 | 12 fixed points
Htl 3 9 fixed lines
)2 | 2 x 3 | 12 fixed points
P2 16 fixed lines

NS SN Ve T N T S N S O ST S N S S NS N

Table 3.2: Fixed point set for Zg X Zsg.

First, the fixed sets must be identified. Table 3.2 summarizes the results, some
more details can be found in Appendix B.26.2.

Figure 3.5 shows the schematic picture of the fixed set configuration. Again, it
is the covering space that is shown, the representants of the equivalence classes are
highlighted.

Now we are ready to glue the patches together. Figure 3.6 schematically shows all
the patches that will be needed in this example. It is easiest to first look at the fixed
lines. There are three Zg fixed lines, each contributing five exceptional divisors. Then
there are twelve equivalence classes of Zs fixed lines, three of which coincide with the
Zg fixed lines. The latter need not be counted, since they are already contained in the
divisor count of the Zg fixed lines. The Z3 fixed lines each contribute two exceptional
divisors. Furthermore, there are twelve equivalence classes of Z, fixed lines, three of
which again coincide with the Zg fixed lines. They give rise to one exceptional divisor
each. From the fixed lines originate in total 3 -5+ (12 —3) -2+ (12 —3) - 1 = 42
exceptional divisors.

Now we study the fixed points. We associate the patches to the fixed points ac-
cording to the intersection of fixed lines on which they sit. The exceptional divisors on
the boundaries of their toric diagrams are identified with the divisors of the respective
fixed lines. There is but one fixed point on the intersection of three Zg fixed lines. It
is replaced by the resolution of the C?/Zg x Zg patch, which contributes ten compact
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c’ /z x Z, C’/z,x Z,
ﬁ:l ///.\\
® @
C’/Z,x Z, C’/z,x Z,
C’/Z,x Z, C’/Z,x Z,

Figure 3.6: Toric diagrams of patches for T/Zg x Zg

internal exceptional divisors. There are three equivalence classes of fixed points on
the intersections of one Zg fixed line and two Zj fixed lines. They are replaced by
the resolutions of the C?/Z3 x Zg patch, which contribute four compact exceptional
divisors each. Then, there are five equivalence classes of fixed points on the intersec-
tions of three Zs fixed lines. They are replaced by the resolutions of the C?/Z3 x Zs
patch, which contribute one compact exceptional divisors each. Furthermore, there
are three equivalence classes of fixed points on the intersections of one Zg fixed line
and two Zj fixed lines. They are replaced by the resolutions of the C?/Zy x Zg patch,
which contribute two compact exceptional divisors each. The rest of the fixed points
sit on the intersections of one Z, and one Zjs fixed line. There are six equivalence
classes of them. They are replaced by the resolutions of the C?/Z, x Zj patch, which
is the same as the C?/Z¢_;; patch, which contribute one compact exceptional divisors
each. On the intersections of three Z, fixed lines sit resolved C? /Zo X Zs patches, but
since this patch has no internal points, it doesn’t contribute any exceptional divisors
which were not already counted by the fixed lines. The fixed points therefore yield
1-1043-44+5-14+3-2+6-1=42 exceptional divisors. From fixed lines and fixed
points together we arrive at 81 exceptional divisors.

3.7 The inherited divisors

So far, we have mainly spoken about the exceptional divisors which arise from the
blow—ups of the singularities. In the local patches, the other natural set of divisors
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are the D-divisors, which descend from the local coordinates 2 of the C3-patch. On
the compact space, i.e. the resolution of 7°¢/T', the Ds are not the natural quantities
anymore. The natural quantities are the divisors R; which descend from the covering
space T°® and are dual to the untwisted (1,1)-forms of the orbifold. As discussed in
Section 2.5, the three forms dz* A dzi, i = 1,2, 3 are invariant under all twists. For
each pair n; = n; in the twist (2.1), the forms dz’ A dz/ and dz’ A dz* are invariant as
well.

The inherited divisors R; together with the exceptional divisors F, , 5, form a basis
for the divisor classes of the resolved orbifold.

The D-divisors, which in the local patches are defined by ¢ = 0 are in the compact
manifold defined by

DiOé = {ZZ = Z{iixed,a}’ (322)

where « runs over the fixed loci in the ¢th direction. Therefore, they correspond to
planes localized at the fixed points in the compact geometry.

The three "diagonal” R; dual to dz' A dz*, i = 1,2,3 correspond to fixed planes
parallel to the Ds which can sit everywhere except at the loci of the fixed points. They
are defined as {2’ = ¢ # 2,4, ) and are "sliding” divisors in the sense that they can
move away from the fixed point. ¢ corresponds to their position modulus. We need,
however, to pay attention whether we use the local coordinates Z* near the fixed point
on the orbifold or the local coordinates 2% on the cover. Locally, the map is 2 = (2%)",
where n; is the order of the group element that fixes the plane D;. On the orbifold,
the R; ;i =1,2,3 are defined as

R; = {? ="}, c# zéxed’a. (3.23)

On the cover, they lift to a union of n; divisors R; = |, {z" = e"c} with e™ = 1.

Zz3

Figure 3.7: Schematic picture of D- and R-divisors
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Figure 3.7 shows the schematic representation of three of the D divisors and the
three diagonal inherited divisors R;. The figure shows the fixed set of Zg_;; on SU(2) x
SU(6), but this is not essential.

To relate the R; to the D;, consider the local toric patch before blowing up. The
fixed point lies at ¢ = zgxed@ and in the limit as ¢ approaches this point we find
R; ~ n; D;. This expresses the fact that the polynomial defining R; on the cover has
a zero of order n; on D; at the fixed point. In the local toric patch R; ~ 0, hence
n; D; ~ 0. After blowing up, R; and n; D; differ by the exceptional divisors Ej which
appear in the process of resolution. The difference is expressed precisely by the linear
relation in the ith direction (3.2) of the resolved toric variety X and takes the form

k

This relation is independent from the chosen triangulation. Since such a relation holds
for every fixed point zf.q ., We add the label a which denotes the different fixed sets
in the i—direction. Furthermore, we have to sum over all fixed sets which lie in the
respective fixed plane D; ,:

R ~n; D+ Z Eop for all o and all 4, (3.25)
k.3

where n; is the order of the group element that fixes the plane D;,. The precise form
of the sum over the exceptional divisors depends on the singularities involved.

In general, an orbifold of the form 7°/G has local singularities of the form C™/H,
where H is some subgroup of index p = [G : H| in G. If H is a strict subgroup of G, the
above discussion applies in exactly the same way and yields relations (3.24) for divisors
R with vanishing orders n}. In the end, however, it must be taken into account that
H is a subgroup, which means that the relations for the R; with the action of H must
be embedded into those involving the R; with the action of G. The R are related to
G|
| H|

When a set is fixed only under a strict subgroup H C G, its elements are mapped
into each other by the generator of the normal subgroup G/H. Therefore, the equiv-
alence classes of invariant divisors must be considered. They are represented by
S=>, Sa, where S stands for any divisor Dm or E,mg on the cover and the sum runs
over the p elements of the coset G/H. In this case, we can add up the corresponding

relations: _ B
ZR; ~ ”;ZDia+ZZEka,a
a (e} kp «

The left hand side is equal to p R, = R;, therefore

Ri=1—R,=pR. (3.26)

k.8
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which is the same as the relation for R;.

Something special happens if n; = n; = n for ¢ # j. In this situation, there are
additional divisors on the cover, R;; = |Jj_,{z" + 27 = eF+*ocii} for some integer kg
and some constant ¢;;, which descend to divisors on the orbifold. We have ¢" =1 for
even n, and €2 = 1 for odd n. Since the natural basis for H?(T°) are the forms h;;
(see the previous subsection), we have to combine the various components of the R;;
in a particular way in order to obtain divisors R;; which are Poincaré dual to these
forms. If we define the variables

zfﬁ =2+, 29 =2 e, (3.28)
2 =2 4 eh, (3.29)
then
= {7427 =N U7 - 29 =Y {7+ 29 =Y U{ T -2 =T},
(3.30)
These divisors again satisfy linear relations of the form (3.25):
Rig~nDiga + Y _ Erapy. (3.31)

kB,

3.7.1 Example A: T%/Z¢_; on G3 x SU(3)

This example combines several complications: More than three inherited exceptional
divisors, several kinds of local patches for the fixed points, and fixed sets which are in
orbits with length greater than one. B

The D-planes are Dy, = {z! = zflixedya}, a=1,...,6, Dyg = {2* = zéxedﬂ},
B=1,..,6, and 53,7 = {2® = 2, ea,}, 7 = 1,2,3 on the cover. From these, we define
the invariant combinations

Dy, = 51,1, Dy = ﬁ1,2 + 51,4 + 51,67 D 3= 51,3 + 51,57
Dyy = Dy, Dyo=Dyo+ Dyy+ Dag D33 = Dy3+ Dy
D;s., = D5,

Now, we will construct the global linear relations (3.25). The D;;—plane contains
three equivalence classes of Zg_;—patches, three equivalence classes of Zs—patches, and
two equivalence classes of Zy—fixed lines. From the local relations of C?/Z, (A.97), we
find the local relation to Ry as in (3.27) (here, we already changed the labels of the
divisors to match the labels of the Zg_;—patch):

Rl = 2D1’1 + E371. (332)

With this, the global relation is obtained from the local relation of C3/Z¢_; (3.19),
and the local relation of C?/Z3 (A.4) :

31_6D11+ZEM+QZZE2M+3 > Es,. (3.33)

p=1 ~v=1 v=1,2
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The divisor D; » only contains two equivalence classes of Z, fixed lines:

6
Ry =2Diy+ Y Es,. (3.34)

v=3

Next, we look at the divisor D, 3, which only contains Z; fixed points. The local linear
equivalences (A.4) together with (3.27) lead to

Ry =3Dy3+ Z Z Ea e (3.35)

p=3 y=1

The linear relations for D 3 are the same as those for D ,:

Ry = 6D21+ZE1~,+2 Z ZEQIW-F?) Z Es.,

pn=1,3 y=1 v=1,3
Ry = 2D;5+ Z Es,,
v=2456
3
Ry = 3Daz+ » > Eaus (3.36)
n=2,4,5 y=1

Finally, the relations for Ds ., are again obtained from (3.19):

5
Ry=3Ds,+2E1,+Y Epu, v=1,...3 (3.37)

pu=1

3.8 The intersection ring

There is a purely combinatorial way to determine the intersection ring of the resolved
torus orbifold. This method is completely analogous to the one given in Section 3.4
for the local patches. Recall that first, the intersection numbers between three distinct
divisors were determined, and then the linear relations were used to compute all the
remaining intersection numbers. In the global situation we proceed in the same way.

With the local and global linear relations worked out in the last section at our
disposal, we can determine the intersection ring as follows: First we compute the
intersection numbers including the R; between distinct divisors as well as the Stanley—
Reisner ideal from a local compactification of the blown—up singularity. Then, we make
use of the schematic picture of the fixed set configuration, see Section 2.9, from which
we can read off which of the divisors coming from different fixed sets never intersect.
With the necessary input of all intersection numbers with three different divisors, all
other intersection numbers can be determined by using the global linear equivalences
(3.25).
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To relate the inherited divisors to the divisors of a local patch, the patch must be
compactified. For this discussion, we focus on one specific patch, i.e. we fix a and
drop it from the notation for the time being. For the compactification of the blow—up
of C3, we choose (Pl)g. Now we can again invoke the methods of toric geometry. We
start with a lattice N = Z3 with basis f; = mje;, where ¢; is the standard basis. The
m; are positive integers that have to be chosen such that mimoms = ningns/|G| and
the n; are the same as in (3.24). We construct an auxiliary polyhedron A®) by taking
the cone U2y from Section 3.4 and rotating and rescaling it such that the vertices
corresponding to the divisors D; lie at v;1 3 = n; f;, © = 1,2, 3. Then we add the vertices
v; = —f; corresponding to the divisors R;, ¢ = 1,2,3. The points vy ¢ corresponding
to the exceptional divisors Ej are now located on the face (v4,vs,vg). It is easy to
check that the linear relations of the polyhedron A®) are precisely (3.24). We require
the triangulation to be a star triangulation, i.e. all simplices contain the origin, and
that the triangulation of the simplex (0, vy, vs,v6) be induced from the triangulation
of the cone Cx2). Computing the intersection numbers for three distinct divisors by
determining the volume of the corresponding simplex with respect to the standard
basis e; yields the local intersection numbers of the global orbifold. The local Stanley—
Reisner ideal, i.e. the set of those divisors which do not intersect because they belong
to different cones can be immediately read off from the auxiliary polyhedron.

Note, that this procedure equally applies to resolutions of fixed points and fixed
lines. In the latter case, we start with the two-dimensional cone Crn) C Nj = R?
obtained from the resolution of the fixed line at the intersection of say D; and D-.
We extend the underlying lattice to N = Z & N’ = Z3. Then we add the generator
vz = (1,0,0) corresponding to the divisor Dj intersecting the fixed line in a point.
(The indices of the D; have to be permuted according to the global coordinates of the
singularity.) In this way, we obtain the cone Cx2) = {0} X C'x1) Uvs which is the input
for the construction of A® above.

For the local patches corresponding to singularities of the form C™/H with H
a strict subgroup of G, the auxiliary polyhedron Ag) is obtained by modifying the
polyhedron Ag’) for C3/G. For this, we observe that the exceptional divisors coming
from the resolution of C™/H always form a subset of those coming from the resolution
of C*/G. Hence, we simply drop those points in Ag) which do not correspond to an
exceptional divisor coming from the resolution of C™/H.

If the equivalence class corresponding to the divisors D;, or Ej, s, has more than one
element, we have two possibilities: Either we work with the representatives on the cover
and plug in the invariant combination at the end of the calculation, or we work with
the invariant divisors and modify the polyhedra accordingly. The second possibility
reduces the calculational cost considerably, so we concentrate on this one. The second
possibility reduces the calculations by a large amount, so we concentrate on this one.
The modification of the polyhedron is determined by the linear relations (3.24) with
R; = R} and n; = n) for the corresponding local singularity C™/H. This amounts to
dividing the ith component of vg, k > 4, by p such that the modified polyhedron also
satisfies (3.24). If it happens that two or more conjugacy classes of the fixed point
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set, i.e. two or more exceptional divisor classes Ej , lie at the same locus, we have to
multiply the corresponding generator vy,3 by the number of components. For fixed
lines, we have to work with as many copies of the corresponding polyhedron as there
are components.

We construct the auxiliary polyhedron A®) for every equivalence class of the fixed
point set, and add the labels «, 3,7y denoting the fixed point set to the divisors D;
and Ejy. The lattice N is the same for all the polyhedra. In this way, we get all the
intersection numbers S,;,. between between distinct divisors from the over-complete
set {S.} = {Ri, Dia, Erap~}. The presence of the R; in all the auxiliary polyhedra
ensures the correct relative normalizations of the intersection numbers in the different
patches. The choice m; of the lattice basis fixes the overall normalization. In addition,
we have the local Stanley—Reisner ideal. There is a global analogue of the Stanley—
Reisner ideal. It is the set of all pairs of divisors with indices i, @ and i, o/ with o # .
The divisors in such a pair never intersect since they lie at disjoint fixed point sets «
and o/, respectively.

Using the linear relations (3.25) which take the general form ) n,S, = 0, we can
construct a system of equations for the remaining intersection numbers involving two
equal divisors S,q and three equal divisors S,., by multiplying the linear relations by
all possible products S,S.. This yields a highly overdetermined system of equations

Znasabc = 07 (338)

whose solution determines all the remaining intersection numbers. The information
contained in the local and global Stanley—Reisner ideals simplifies this system greatly,
since most of these equations are trivially satisfied after setting the corresponding
intersections to zero.

The intersection ring can also be determined without solving the system of equa-
tions (3.38). All that is needed are the intersection numbers obtained from the com-
pactified local patches and the configuration of the fixed sets. If such a patch has no
exceptional divisors on the boundary of the uncompactified toric diagram, the inter-
section numbers of these exceptional divisors remain unchanged in the global setting.
If the intersection number involves exceptional divisors on the boundary of the toric
diagram, the local intersection number must be multiplied with the number of patches
which sit on the fixed line to which the exceptional divisor belongs.

As often the case, there is a more direct but equivalent way to obtain the intersection
numbers which does not involve the polyhedra: The intersections between distinct
divisors D;, and Ej.p, are those computed in the local patch, see Section 3.4. The
intersections between R; and D,, are easily obtained from their defining polynomials
on the cover. The intersection number between R;, R,, and Rj3 is simply the number
of solutions to {(z1)™ = ', (22)" = 2, (23)"™ = 4*} which is nynons. Taking into
account that we calculated this on the cover, we need to divide by |G| in order to get
the result on the orbifold. Similarly, the divisors D;, are defined by linear equations
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in the z%, hence we set the corresponding n; to 1. Therefore,

1
—nmj RiDjaDkﬁ = i

1 )
R1R2R3 = ——N1NaN3 RiRjDka = ‘G’ ‘a

el (3.39)
for i, 7, k pairwise distinct, and all @ and 3. Furthermore, R; and D,, never intersect
by definition. The only remaining intersection numbers involving both R; and D;, are
of the form R; Do Ejapy. They vanish if D;, and Ej.s3, do not intersect in the local toric
patch, otherwise they are 1. Finally, there are the intersections between R; and the
exceptional divisors. If the exceptional divisor lies in the interior of the toric diagram
or on the boundary adjacent to D;,, it cannot intersect R;. Also, R;R;Eyap, = 0. The
above can also be seen directly from a schematic picture such as Figure 3.7, combined
with the toric diagrams of the local patches.

Using this procedure it is also straightforward to compute the intersection numbers
involving the divisors R;; and D;;. From the defining polynomials in (3.30) we find
that the only non—vanishing intersection numbers are

1 1 1
RizR Ry = —@n?nk, DjzoRj Ry = —@nmk, Ri;Rj:Dga = _|_G|n?7
1 1 1
Dizo Djip Ry, = —@nm Dizo RjzDyp = —@ni, DizoDyjig Dy = “iar
1 1, 1
RiiRjERki = @ni, Rinjl'chm = @”m Rz’iji‘kam = @ni,
1

for 7, 7, k pairwise distinct, and all «, 3, and . The negative signs come from carefully
taking into account the orientation reversal due to complex conjugation.

3.8.1 Example A: T%/Z¢_; on G3 x SU(3)

After the preparations of Section 3.7.1, we are ready to compute the intersection ring
for this example. First, we need to determine the basis for the lattice N in which the
auxiliary polyhedra will live. From (3.33), (3.36), and (3.37) we see that ny = ny = 6,
and nz = 3. Hence we can choose m; = my = 3, and m3 = 2 and the lattice basis is
fi=1(3,0,0), fo =1(0,3,0), f3 = (0,0,2). We start with the polyhedron Ag?’) for the
Ze_1 fixed points. Its lattice points are

v = (_3’ 07 0)7 Vo = (07 _37 0)7 V3 = (O) 07 _2)7 Vg = (187 07 0)7 U5 = (07 ]-8) 0)7
vs = (0,0,6), wvr=(3,3,4), wvs=(6,62), w=19,9,0), (3.41)

corresponding to the divisors Ry, Ry, R3, D1, Do, D3, Ey, E5, E5 in that order. By ap-
plying the methods described at the end of the last section, we obtain the following
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Figure 3.8: The polyhedra of the local compactifications for the resolutions of C3/Zg_j,
(Cg/Zg and C2/Zg x C.

intersection numbers between three distinct divisors:

RiRyRs = 18, RiRsD; = 6, RiRsDy = 3, RiDyDy = 1,
RyRyD; = 3, RoyD1 Dy = 1, RyDy Fs = 1, RyDoEs = 1,
D\EyDy =1, D\E\Ey = 1, DyEyEy = 1, DoD3Ey = 1,
DoE By = 1, DoFyEy = 1, (3.42)

and the local Stanley—Reisner ideal

{R,D; =0,R,E, =0,R;E>, =0,R E3 =0, Ry 5 = 0,
D1D2 - O, DgEQ - 0, D3E3 == 0, E1E3 = O, 1= 1, 2, 3} . (343)

Now, we add the labels «, 3, v of the fixed points to the divisors: D; — D;,, E1 — Ey,
Ey — Eoapy, B3 — E3q,andset a =1,8=1,7v=1,2,3.

As explained in the last section, the polyhedra for the other patches are obtained
from Ag?’) by dropping or rescaling some of the points. For the Zs patches, we drop
vy and vy, for those at = 2 we set vs = (0,9,0), vs = (6,3,2). For those at
uw =3 we set vy = (9,0,0), vs = (3,6,2), and finally for those at u = 4,5 we set
vy = (9,0,0),v5 = (0,9,0),vs = (6,6,4). For the Z, fixed lines, we drop v; and wvs.
For the fixed line at v = 3 we set vs = (0,6,0),v9 = (3,9,0), while for those at
v =4,56 we set vy = (6,0,0),v5 = (0,6,0),v9 = (9,9,0). The three polyhedra are
depicted in Figure 3.8. Computing the analogues of (3.42) and (3.43) yields all the local
information we need. The global information comes from the linear relations (B.54)
to (B.58) and the examination of Figure 2.2 to determine those pairs of divisors which
never intersect. Solving the resulting overdetermined system of linear equations then
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yields the intersection ring of X in the basis {R;, Eyag- }:

RiRyR5 = 18, R3E3Z, = =2, RyE3, = —6, E}, =8,
E%NEQ,LW =2, El,'yEQQ,l;y = _47 Eg,ly =38, E;u;y =9,
By B35, = —2, E3, =8, (3.44)

foru=2,...,5,v=2,...,6,y=1,2,3.

3.9 Divisor topologies, Part II

In Section 3.5, the topology of the compact factors of the exceptional divisors was
determined in the setting of the local non—compact patches. Here, we discuss the
divisor topologies in the compact geometry of the resolved toroidal orbifolds, i.e. in
particular the topologies of the formerly non—compact C-factor of the semi—compact
exceptional divisors and the topologies of the D—divisors about which we could not say
anything in the local toric setting.

We begin by discussing the exceptional divisors. Their topology depends on the
structure of the fixed point set they originate from. The following three situations can
occur:

E1l) Fixed points
E2) Fixed lines without fixed points
E3) Fixed lines with fixed points on top of them

In addition, we must distinguish between equivalence classes of the fixed set consisting
of a single element or more. We first discuss the case of a single element. The topology
of the divisors in case E1) has already been discussed in great detail in Section 3.5.
The local topology the divisors in the cases E2) and E3) has also been discussed in that
section, and found to be (a blow—up of) C x P*. The C factor is the local description of
the T2 /7y curve on which there were the C?/Z,, singularities whose resolution yielded
the P! factor.

For the determination of the topology of the resolved curves, it is necessary to know
the topology of T?/Z;,. This can be determined from the action of Z; on the respective
fundamental domains. For k = 2, there are four fixed points at 0,1/2,7/2, and (147)/2
for arbitrary 7. The fundamental domain for the quotient can be taken to be the
rhombus [0, 7,7 + 1/2,1/2] and the periodicity folds it along the line [7/2, (1 + 7)/2].
Hence, the topology of T?/Z, without its singularities is that of a P* minus 4 points.
For k = 3,4,6 the value of 7 is fixed to be 1, exp(%),exp(%), respectively, and the
fundamental domains are shown in Figure 3.9 (note that here the fundamental regions
are in part chosen differently than those in the appendices).

From this figure, we see that the topology of T?/Z;, for k = 3,4,6 is that of a P!
minus 3, 2, 3 points, respectively. In the case E2), there are no further fixed points,
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Im(z) Im(z2) Im(z)
2mi/6 ’ 2mi/6
e e

23 Re(z) 24 Re(z) 26 Re(z)

Figure 3.9: The fundamental domains of T?/Zy, k = 3,4,6. The dashed line indicates
the folding.

so the blow—up procedure merely glues points into this P!. The topology of such
an exceptional divisor is therefore the one of Fy = P! x P!. In the case E3), the
topology further depends on the fixed points lying on these fixed lines. This depends
on the choice of the root lattice for 7% /G, and can therefore only be discussed case by
case. This will be done for the examples in the next subsection and the appendices.
The general procedure consists of looking at the corresponding toric diagram. There
will always be an exceptional curve whose line ends in the point corresponding to
the exceptional divisor. This exceptional curve meets the P! (minus some points)
we have just discussed in the missing points and therefore, the blow—up adds in the
missing points. Any further lines ending in that point of the toric diagram correspond
to additional blow-ups, i.e. additional P!s that are glued in at the missing points.
Therefore, for each fixed point lying on the fixed line and each additional line in the
toric diagram there will be a blow—up of Fy = P! x P!,

If there are p elements in the equivalence class of the fixed line, the topology is
quite different for the case E2). This is because the p different T2 /Z;’s are mapped
into each other by the corresponding generator in such a way that the different singular
points are permuted. When the invariant combinations are constructed by summing
over all representatives, the singularities disappear and we are left with a T?. Hence,
in the case E2) without fixed points, the topology of £ = 22:1 E, is P! x T?.

Similarly, the topology of the divisors D;, depends on the structure of the fixed
point sets lying in the divisor. We again treat first the case of D lying in an equivalence
class containing only one element. Recall that these divisors are defined by D;, = {2 =
Zixedot- The orbifold group G acts on these divisors by (zj,2) — (£"2;,™z) for
(2j,2k) € Dio and j # i # k. Since n; +np = n —n; < n, the resolved space will
not be a Calabi—Yau manifold anymore, but a rational surface. This happens because
for resolutions of this type of action, the canonical class cannot be preserved. (In
more mathematical terms, the resolution is not crepant.) In order to determine the
topology, we will use a simplicial cell decomposition, remove the singular sets, glue
in the smoothening spaces, i.e. perform the blow—ups, and use the additivity of the
Euler number. This has to be done case by case. If, in particular, the fixed point
set contains points, there will be a blow—up for each fixed point and for each line
in the toric diagram of the fixed point which ends in the point corresponding to D;.
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Another possibility is to apply the techniques of toric geometry given in Section 3.3 to
singularities of the form C?/Z,, for which ny + ny # n.

When D lies in an equivalence class with p > 1 elements, the basic topology again
changes to P! x T2,

Note that when embedding the divisor D into a (Calabi-Yau) manifold X in general,
not all the divisor classes of D are realized as classes in X. In the case of resolved
torus orbifolds, this happens because the underlying lattice of D is not necessarily a
sublattice of the underlying lattice of X. This means that the fixed point set of D as a
T*-orbifold can be larger than the restriction of the fixed point set of the T%—orbifold
to D. In order to determine the topology of D, we have to work with the larger fixed
point set of D as a T#-orbifold. It turns out that there is always a lattice defining a
TS—orbifold for which all divisor classes of D are also realized in X. In fact, we observe
that the topology of all those divisors which are present in several different lattices is
independent of the lattice.

The divisors R; contain by definition no component of the fixed point set. However,
they can intersect fixed lines in points. If there are no fixed lines piercing them, the
action of the orbifold group is free and their topology is that of a 7. Otherwise, the
intersection points have to be resolved in the same way as for the divisors D;,. In this
case, the topology is always that of a K3 surface.

We can also use the intersection ring to study the topology of these divisors. If
we describe the divisor S (which can be of any type, i.e. R, E or D above) of the
Calabi—Yau manifold X by an embedding i : S — X, we have the associated short
exact sequence for the tangent bundles T and Tx and the normal bundle Ng,/x of S
in X

0 — Ty — Tx|s — Ng/x — 0. (3.45)
By the adjunction formula [22] Ng/x = O(S)|s we can relate the topology of S to that
of X as follows. Expanding ¢(Tx) = ¢(Ts) ¢(Ng/x) and using the restriction formula
Jow = [xwA S we obtain

c1(9) =8 (3.46)
Cl(NS/X)2 = 52 = CQ(X) — CQ(S) (347)
co(X) - S+ 5% = x(9), (3.48)

which gives the relation between the Chern classes of S and the topological numbers
of X. Furthermore, we have the holomorphic Euler characteristic of S

x(0s) =1 — hI9(8) + h20(9). (3.49)
Noether’s formula [22] relates x(Og) to the Chern classes of S:

1

\Os) = 75 [ (@(8) +xls) (3:50)

from which we get
12 x(0s) = S + x(5). (3.51)
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This equation can be used in two ways. Since we already determined the topologies
of the divisors R;, D;, and Ejag,, i.e. the values of x(Og) and x(S), we can cross—
check them with the calculation for the self-intersection numbers in the intersection
ring. We can also explicitly check the number of blow—ups of S. On the one hand,
it is known [22] that the holomorphic Euler characteristic is a birational invariant,
i.e. it does not change under blow—ups. On the other hand, blowing up a surface
adds a 2—cycle to it, hence increases the Euler number yx(S) by 1. Therefore, the self—
intersection number S? is decreased by 1. Furthermore, S? restricted to S becomes
S% = ¢(S)? = K2, where Kg is the canonical divisor of S. Like x(Og) and x(S), K3
is a characteristic quantity of a surface S. We have collected these three quantities for
the basic topologies that we have found above in the following table:

S 1 x(5) [x(Os) RIE)
P 3 I |9 0
F, 4 1|8 0
P xT2| 0 0 | o | (3:52)
T 0 0 | o 2
K3 | 24 | 2 |0 0

The invariants of the blow—ups of these surfaces are then obtained from the above
observations.
The second use of (3.51) is to determine ¢y -S in (3.48) from the topology of S.

3.9.1 Example A: T%/Z¢ ; on G3 x SU(3)

Here, we discuss the topologies of the divisors of the resolution of T°/Zg_; on G3 x
SU(3). The topology of the compact exceptional divisors has been determined in
Section 3.5.1: F;, = F4 and E,; ., = F,. By the remark at the end of appendix A.1,
Es ., = 2,...,5, have the topology of a P2. The divisor F3; is of type E3) and
has a single representative, hence the basic topology is that of a Fy. There are 3 Zg_;
fixed points on it, but there is only a single line ending in Fj5 in the toric diagram
of Figure 3.2, which corresponds to the exceptional P!, therefore there are no further
blow—ups. The divisors F3,, v = 2,...,6 are all of type E2) with 3 representatives,
hence their topology is that of P! x T2,

The topology D, is determined as follows: The fixed point set of the action %(1, 4)
agrees with the restriction of the fixed point set of T7/Zg_r to Dy ;. The Euler number
of Dy minus the fixed point set is (0 —4-0—6-1)/6 = —1. The procedure of blowing
up the singularities glues in 3 P! x T?s at the Z, fixed lines which does not change the
Euler number. The last fixed line is replaced by a P! x 72 minus 3 points, upon which
there is still a free Zs action. Its Euler number is therefore (0 —3)/3 = —1. The 6 Zj
fixed points fall into 3 equivalence classes, furthermore we see from Figure A.1 that
there is one line ending in D,. Hence, each of these classes is replaced by a P!, and the
contribution to the Euler number is 3-2 = 6. Finally, for the 3 Z¢_; fixed points there
are 2 lines ending in Dy in the toric diagram in Figure 3.2. At a single fixed point,
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the blow—up yields two P's touching in one point whose Euler number is 2-2 — 1 = 3.
Adding everything up, the Euler number of Dy; is =1 +0—1+ 6+ 3 -3 = 13 which
can be viewed as the result of a blow—up of Fy in 9 points. The same discussion as
above also holds for D ;, however, there are no Z, fixed lines without fixed points.
The topology of each representative of D;, minus the fixed point set, viewed as a T
orbifold, is that of a T2 x (T?/Zy \ {4 pts}). The representatives are permuted under
the residual Zs action and the 12 points fall into 3 orbits of length 1 and 3 orbits of
length 3. Hence, the topology of the class is still that of a T? x (T?%/Zy \ {4 pts}).
After the blow—up it is therefore a P* x T2, The divisor Dy has the same structure as
D o, therefore its topology is that of a P* x T?. The topology of the divisors Dy 3 and
D; 3 is the same as the topology of D;, in the Zj orbifold which is discussed in detail
in Appendix B.1.5. It can be viewed as a blow—up of P? in 12 points. Finally, there
are the divisors Ds,. The action %(1, 1) on T* has 24 fixed points, 1 of order 6, 15 of
order 2, and 8 of order 3. The Z, fixed points fall into 5 orbits of length 3 under the
Zs element, and the Zs fixed points fall into 4 orbits of length 2 under the Z, element.
For each type of fixed point there is a single line ending in D3 in the corresponding
toric diagram, therefore the fixed points are all replaced by a P!. The Euler number
therefore is (0 —24)/6 + (1 +5+4) -2 = 16. Hence, D3, can be viewed as blow—up of
[Fo in 12 points.

The divisors R; and Ry do not intersect any fixed lines lines, therefore they simply
have the topology of T%. The divisor R3 has the topology of a K3. In Table 3.3,
we have summarized the topology of all the divisors. All the Euler numbers and
types of surfaces we have determined above together with (B.59) agree with Noethers
formula (3.51). With the knowledge of the Euler numbers and the intersection ring we

El’y E2,1'y EQu’y E3,1 E3,2
IF4 ]FQ IEDQ IFO Pl XT2

Dia D15 Dis | Doi | Do Ds. | Ri,Ry | Rs
BLF, | P! x T? | Bl;sP? | BlyF,, | Bl;5P? | BljoF, T K3

Table 3.3: The topology of the divisors.
can determine the second Chern class co on the basis {R;, Exap,} using (3.48):

C2 'El,w = —4, Co 'E2,1,7 = —4, Co ‘Ez,;m = —6, C2 'E3,1 = —4,
Co 'E371, = 07 Co RZ = 0, Co 'Rg =24. (353)

Since the second Chern class is a linear form on H?*(X,Z) we can apply it to each of
the linear relations in (B.54) to (B.58) and again find complete agreement.

3.9.2 Example B: T%/Zs_;; on SU(2) x SU(6)

For the moment we only consider the triangulation a). The topology of the compact
exceptional divisors was determined in Section 3.5.2: FE) g, was found to be BlyF;.
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The remaining exceptional divisors are all of type E3), hence the basic topology is Fy.
Looking at Figure A.3, we see that in the toric diagram of triangulation a) there is
only one line ending in each of F5, F3, and F4, which corresponds to the exceptional
curve of Fy. Therefore there is no additional blow—up, and each of Ey3, Es,, and Eyg
has the topology of an F.

The topology of Dy is determined as follows: The action of #(2,3) on T* factorizes
and the topology of D; minus the fixed point set is that of (72/Zs\ {3 pts}) x (1?/Zs\
{4 pts}). Looking again at the toric diagram in Figure A.3, we see that there is one
line ending in D, hence the 12 singular points are replaced by a P!. The topology of
Dy is therefore that of Blyo[Fy, and its Euler numbe is 16. (For the other triangulations
there is no line ending in Dy, hence there is no blow—up and the topology is that of
Fo.) For Dag the action of 3(1,3) on T* yields the Zjs fixed line with 3 Zg_; fixed
points on top of it as we can see in Figure B.9. In addition, there are 2 more Zs fixed
lines which fall into an orbit of length 2 under the residual Z, action, as well as 12 Zy
fixed points which fall into 4 orbits of length 3 under the residual Zs action. The latter
two sets are not realized in the T-orbifold for this lattice. The Euler number of Dqg
minus the fixed point set is (0 —3 -0 — 12)/6 = —2. The blowing—up process glues in
a T? x F at the class of the Zs fixed lines without fixed points, where F' are two P's
intersecting in a point. There is no contribution to the Euler number from this space.
The last fixed line is replaced by T? x F' minus 4 points, upon which there is still a
free Zy action. Its Euler number is therefore (0 —4)/2 = —2. For the 4 Zg¢_;; fixed
points on this fixed line, we see that in the corresponding toric diagram there is one
line ending in D,. (For triangulation d) there are two lines.) For a single fixed point,
this contributes x(P') = 2 to the Euler number. At the each of the four classes of Z,
fixed points, we also glue in a P!. Adding everything up, the Euler number of Dy is
—24+0—2+4-2+4-2 =12, which can be viewed as the result of a blow—up of Fy in 8
points. For Ds,, the computation is similar. The action of %(1, 2) on T* yields the Z,
fixed line with 4 Zg_j; fixed points on top of it which we see in Figure B.9. In addition,
there are 3 more Z, fixed lines which fall into an orbit of length 3 under the residual
Zs action, as well as 6 Zs fixed points which fall into 3 orbits of length 2 under the
residual Zs, action. The latter two sets again are not realized in the T-orbifold for this
lattice. The Euler number of Dys minus the fixed point set is (0 —4-0—6)/6 = —1.
The blowing—up process glues in a 72 x P! at the class of the Z, fixed line without
fixed points. There is no contribution to the Euler number from this space. The last
fixed line is replaced by T2 x P! minus 3 points, upon which there is still a free Zs
action. Its Euler number is therefore (0 — 3)/3 = —1. For the 3 Zg_;; fixed points
on this fixed line, we see that in the corresponding toric diagram, there is one line
ending in D,. (For triangulation e) there are two lines.) For a single fixed point, this
contributes x(P') = 2 to the Euler number. At each of the three classes of Zsz fixed
points, we glue in two P's intersecting in one point whose Euler number is 2 -2 — 1.
Adding everything up, the Euler number of D3, is =1 +0—1+43-2+3-3 = 13, which
can be viewed as the result of a blow—up of Fy is 9 points.

The divisor Ry does not intersect any fixed lines, therefore it simply has the topology
of T*. The divisors R, and Rs, on the other hand have the topology of a K3. In
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Table 3.4, we have summarized the topology of all the divisors for all triangulations. All
the Euler numbers and types of surfaces we have determined above together with (B.59)
agree with Noethers formula (3.51). With the knowledge of the Euler numbers and the

Triang. El,ﬁ'y EQﬁ Eg’,y E4ﬁ Dl DQ’Q Dg’,y Rl RQ, Rg
a) BLF, | Fy Fy Fo | BlioFy | BIgF, | BLF, |T*| K3
b) F, |BLF,|BlF, | F, F, | BKF, | Bl,F, | T%| K3
c) BLF, | Fy, |BLF,|BLEF,| Fy BlgF, | Bl,F, | T*| K3
d) Iy Fo Fo |BlFy| Fy BlgF, | BljoF, | T | K3
e) ]P>2 IFO BIQFO IFO IFO Bllgﬂ?n Blan T4 K3

Table 3.4: The topologies of the divisors for all triangulations.

intersection ring we can determine the second Chern class ¢y on the basis {R;, Exap- }
by (3.48) (for triangulation a)):

ca-Figy =0, Cy Fop = —4, co B3y = —4, ¢y Eyp = —4,
Co 'R1 = O, Co Rz =24. (354)

Since the second Chern class is a linear form on H?(X,Z), we can apply it to each of
the linear relations in (B.54) to (B.58) and again find complete agreement.

3.10 The twisted complex structure moduli

There are two types of complex structure deformations: We can, loosely speaking,
either deform the complex structure of the underlying torus, or the fixed point set. The
former type of deformation is described by the untwisted complex structure moduli at
the orbifold point. The latter is parametrized by the twisted complex structure moduli.

To study the twisted complex structure moduli, we therefore have to look at the
fixed sets. Isolated fixed points do not admit any complex structure deformations.
Hence, only fixed lines need to be considered. However, if there are fixed points on
them, their complex structure again cannot be deformed, it is constrained by the fixed
points. So, we are left with fixed lines without fixed points on them. In the previous
section, we have argued that the resolved singularities yield exceptional divisors which
are ruled surfaces over a P! or a T2.

These ruled surfaces can also be viewed as an algebraic family of algebraic curves
(here rational curves P') parametrized by the base curve C. For any smooth complex
projective threefold X with such a family of algebraic curves there is a map

¢. : Hi(C) — H3(X)

which sends the 1-cycle v on C to the 3—cycle ¢.(7) traced out by the fiber curve E;
as t traces out 7 [23]. Since the fibers F; are algebraic cycles, the dual map on the
cohomology respects the Hodge decomposition and yields a map

" H(C) — H*(X).
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For our varieties, C' is either a P! or a T%. Since h'°(P') = 0 and A"°(T?) = 1, only
the ruled surfaces over T? give such a map. Hence we find that

hiw (X) = (n; — hY(Cy) (3.55)

i

where the sum runs over the curves C; with topology T? parametrizing exceptional
curves which come from the resolution of C?/Z,,. singularities. To re-iterate in plain
language, each equivalence class of order n fixed lines without fixed points on them con-
tributes as many twisted complex structure moduli as the fixed line has P!-components
in its resolution, namely n — 1.

Note, that this situation has a well-known analogue for hypersurfaces in toric va-
rieties. In this case, the complex structure deformations split into polynomial and
nonpolynomial ones. The former correspond to deformations of the hypersurfaces
while the latter correspond to deformations of the ambient toric variety. The nonpoly-
nomial deformations also come from curves of C?/Z,, singularities. After resolution
of the singularities, these become families of P's parametrized by the curve, in other
words, ruled surfaces and a similar reasoning applies [24].



Chapter 4

From Calabi—Yau to Orientifold

The string theorist is often interested in type I string theories with a setup with
D-branes and N = 1 supersymmetry in four dimensions. Such a set-up necessarily
leads to the orientifold theory.

4.1 Yet another quotient: The orientifold

At the orbifold point, the orientifold projection is €2 Ig, where €0 is the worldsheet
orientation reversal and I is an involution on the compactification manifold. In type
IIB string theory with O3/O7-planes (instead of O5/09), the holomorphic (3,0)—form

2 must transform as 2 — —£). Therefore we choose
I : (24, 2%,2%) — (=21, =22, —2%). (4.1)

Geometrically, this involution corresponds to taking a Zs-quotient of the compactifi-
cation manifold.

As long as we are at the orbifold point, all necessary information is encoded in (4.1).
To find the configuration of O3—planes, the fixed points under I must be identified.
On the covering space, Ig always gives rise to 64 fixed points, i.e. 64 O3—planes. Some
of them may be identified under the orbifold group G, such that there are less than 64
equivalence classes on the quotient. The O7-planes are found by identifying the fixed
planes under the combined action of Iz and the generators 67, of the Zs, subgroups of
G. A point x belongs to a fixed set, if it fulfills

IsOz, x =x+a, a€A, (4.2)

where A is the torus lattice. Each Zy subgroup of G gives rise to a stack of O7—planes.
Therefore, there are none in the prime cases, one stack e.g. for Zg_; and three in the
case of e.g. Zs X Zg, which contains three Zy subgroups. The number of O7-planes
per stack depends on the fixed points in the direction perpendicular to the O—plane
and therefore on the particulars of the specific torus lattice.

o7
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4.2 When the patches are not invariant: pY # ()

Whenever GG contains a subgroup H of odd order, some of the fixed point sets of H
will not be invariant under the global orientifold involution /5 and will fall into orbits
of length two under Is. This can also happen for groups of even order giving rise to
fixed tori with non-trivial volume factors, see Section 2.8. Some of these [s—orbits may
coincide with the G—orbits. In this case, no further effect arises. When G contains
in particular a Z, subgroup in each coordinate direction, all equivalence classes under
Is and these subgroups coincide. When certain fixed points or lines (which do not
already form an orbit under () are identified under the orientifold quotient, the second
cohomology splits into an invariant and an anti-invariant part under Ig:

HY(X) = HN(X) @ HY (X).
The geometry is effectively reduced by the quotient and the moduli associated to the
exceptional divisors of the anti—-invariant patches are consequently no longer geometric
moduli. They take the form [25]
G"=C5+ SBj. (4.3)

Tables 4.1 and 4.2 give the values of R for all orbifolds.

Zn Lattice T° hi1 h(flyl)
73 SU(3)3 36 13
74 SU (4)? 25 6
Zy SU(2) x SU(4) x SO(5) 27 4
7y SU(2)% x SO(5)? 31 0
/A (Gy x SU(3)?) 25 6
Z6_[ SU(3) X G% 29 6
Le—11 SU(2) x SU(6) 25 6
ZG_]] SU(?)) X 50(8) 29 6
Ze_11 | (SU(2)2 x SU(3) x SU(3))* | 31 8
Ze_11 SU(2)? x SU(3) x G 35 8
Zr SU(7) 24 9
Zs_1 (SU(4) x SU(4))* 24 5
Zs_1 SO(5) x SO(9) 27 0
L1 SU(2) x SO(10) 27 4
ZB,[[ 50(4) X 50(9) 31 0
VAT Fs 25 6
212,[ SU(3) X Fy 29 6
Zlg_[[ 50(4) X F4 31 0

Table 4.1: Twists, lattices and h(_l,l) for Zy orbifolds.



4.3 The local orientifold involution 59

Zn Lattice T° hay | by
Ty X Ty SU(2)° 51

Ty X 7y SU(2)? x SO(5)? 61 0
ZoxZs | SU2? x SUB)x Gy | 51 | 0
Zy X Ty SU(3) x G3 36 | 0
Ty X T 5[](3)3 84 37
Zs X T SU(3) x G3 73] 22
T x Ty SO(5)3 00
ZG X ZG G% 84 0

Table 4.2: Twists, lattices and h(_1,1) for Zy x Zj orbifolds.

4.2.1 Example B: T°%/Z¢ ;1 on SU(2) x SU(6)

To determine the value of h"" for this example, we must examine the configuration
of fixed sets given in Figure B.9 and the resolution of the local patch, see Figure
3.4, and determine the conjugacy classes of the fixed sets under the global involution
I+ 28 — —2'. The fixed sets located at z? = 0 are invariant under I, those located
at 22 1/3 are mapped to 2?2 = 2/3 and vice versa. Clearly, this is an example
with AV # 0. The divisors E, gy, Fop and Eypz for 3 = 2,3 are concerned here.
Out of these twelve divisors, six invariant combinations can be formed: Ep,, =
%(ELQ7 +FEi3y), Eoiny = %(E2’2 + Es3) and Eyinp = %(E4,2 + E43). With a minus sign
instead of a plus sign, the combinations are anti-invariant, therefore R — 6.

=

4.3 The local orientifold involution on the resolved
patches

Now we want to discuss the orientifold action for the smooth Calabi—Yau manifolds X
resulting from the resolved torus orbifolds. For such a manifold X, we will denote its
orientifold quotient X/Ig by B and the orientifold projection by 7 : X — B. Away
from the location of the resolved singularities, the orientifold involution retains the
form (4.1). As explained above, the orbifold fixed points fall into two classes:

O1) The fixed point is invariant under g, i.e. its exceptional divisors are in hkl.

02) The fixed point lies in an orbit of length two under I, i.e. is mapped to another
fixed point. The invariant combinations of the corresponding exceptional divisors
contribute to hfr’l, while the remaining linear combinations contribute to A%".

The fixed points of class O1) locally feel the involution: Let zg,.4, denote some fixed
point. Since zg,.4, i invariant under (4.1),

1 1 .2 2 3 3 1 1 .2 2 3 3
(Zﬁxed,a+AZ 7Zﬁxed,a+AZ 7Zﬁxed,a+AZ ) - (Zﬁxed,a_AZ 7Zﬁxed,a_AZ 7Zﬁxed,a_AZ )
(4.4)
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In local coordinates centered around 24 .4 ,, l¢ therefore acts as
(21722723) - <_Zla_227_z3)' (45)

In case O2), the point zg, 4, is not fixed, but gets mapped to a different fixed point
Zfixed - D0 locally,

(Zflixed,a —|—A21, ’Zf2ixed,o¢ +A227 nged,a +A23) - (’Zflixed,ﬁ - Azl’ Zf2ixed,ﬁ - AZQ’ nged,ﬁ o AZS)‘

(4.6)
In the quotient, 24, .4, and zg.q 5 are identified, i.e. correspond the the same point.
In local coordinates centered around this point, I therefore acts again as in (4.5).

For the fixed lines, we apply the same prescription. The involution on fixed lines
with fixed points on them is constrained by the involution on the fixed points.

What happens in the local patches after the singularities were resolved? A local
involution Z has to be defined in terms of the local coordinates, such that it agrees
with the restriction of the global involution Iy on X. Therefore, we require that 7
maps z° to —z%. In addition to the three coordinates z* inherited from C3?, there are
now also the new coordinates y* corresponding to the exceptional divisors Ej. For the
choice of the action of Z on the y* of an individual patch, there is some freedom.

For simplicity we restrict the orientifold actions to be multiplications by —1 only.
We do not take into account transpositions of coordinates or shifts by half a lattice
vector. The latter have been considered in the context of toric Calabi—Yau hypersur-
faces in [26]. The allowed transpositions can be determined from the toric diagram of
the local patch by requiring that the adjacencies of the diagram be preserved.

The only requirements Z must fulfill are compatibility with the C*—action of the
toric variety, i.e.

o1 On, M d l(a) - (a) n
(_217_227_237(_1) ylv"'>(_1) ny ) = (HAll Zl?"'aH)\ﬁzn Yy ) (47)
a=1

a=1

where ZZ@ encode the linear relations (3.2) of the toric patch, and that subsets of the
set of solutions to (4.7) must not be mapped to the excluded set of the toric variety
and vice versa.!

The fixed point set under the combined action of Z and the scaling action of the
toric variety gives the configuration of O3— and O7-planes in the local patches. Care
must be taken that only these solutions which do not lie in the excluded set are taken
into account. We also exclude solutions which do not lead to solutions of the right
dimension, i.e. do not lead to O3/O7-planes.

On an individual patch, we can in principle choose any of the possible involutions
on the local coordinates. In the global model however, the resulting solutions of the
individual patches must be compatible with each other. While O7-planes on the
exceptional divisors in the interior of the toric diagram are not seen by the other
patches, O7-plane solutions which lie on the D—planes or on the exceptional divisors on

"'We thank Bogdan Florea for helpful correspondence on this point.
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a fixed line must be reproduced by all patches which lie in the same plane, respectively
on the same fixed line. This is of course also true for different types of patches which
lie in the same plane.

It is in principle possible for examples with many interior points of the toric dia-
gram to choose different orientifold involutions on the different patches which lead to
solutions that are consistent with each other. We choose the same involution on all
patches, which for simple examples such as Z4 or the Zg orbifolds is the only consistent
possibility.

The solutions for the fixed sets under the combined action of Z and the scaling
action give also conditions to the \; appearing in the scaling actions, they are set to
+1. The O-plane solutions of the full patch descend to solutions on the restriction to
the fixed lines on which the patch lies. For the restriction, we set the A; which not
corresponding to the Mori generators of the fixed line to 1 in accordance with the
values of the ); of the solution for the whole patch which lies on this fixed line.?

A further global consistency requirement comes from the observation that the ori-
entifold action commutes with the singularity resolution. A choice of the orientifold
action on the resolved torus orbifold must therefore reproduce the orientifold action
on the orbifold and yield the same fixed point set in the blow—down limit.

Given a consistent global orientifold action it might still happen that the model
does not exist. This is the case if the tadpoles cannot be cancelled. While we will
explain how to compute the tadpoles from the topological data in Section 4.5, we do
not consider the possibilities of their cancellation here.

4.3.1 Example B: T°%/Z¢ ;1 on SU(2) x SU(6)

On the homogeneous coordinates 3*, several different local actions are possible. We
give the eight possible actions which only involve sending coordinates to their negatives:

(1) Z(zy) = (=2, =24 =2 02 0% )

(2) Z(zy) = (—2', =2 =2y 0% =, =)

(3) Z(zy) = (—z', =% =" 4", = v, —y")

(4) Z(zy) = (=2, =24 =2y, =% =% ")

(5) Z(zy) = (==', =2 2", —y", %, %, —y")

(6) Z(zy) = (=z',=2% 2", =" o, =" ")

(7) Z(zy) = (2!, 2% =2°, =", =%, 0% ")

8) Z(zy) = (=z', =% =2, —y', =%, =, =) (4.8)

2We thank Domenico Orlando for an illuminating discussion on this point.
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In the orbifold limit, (4.8) reduces to Is. The combination of (4.8) and the scaling
action of the resolved patch (A.10) has the following fixed point sets:

(1) {F=0u{y'=0ul{s'=y =y’ =0tu{=y =y’ =0},
2) W=0uli=y=y'=0tu{z"="=¢y"=0}
U{z?=y' =y =0u{y' =y’ =y" =0},
{! =0ju{"=0}U{y’ =0},
{y' =0},
{y' =0},
{z' =0yu{z’ =0y u{y’ =0},
=0ul=y=¢y'=0)u{’="=y"=0}
U{z?=y' =y =0u{y' =y’ =y" =0},
®) {P=0u{y'=0ul=y'=y’=00u{l=y"'=y" =0} (49)
Note that the eight possible involutions only lead to four distinct fixed sets (but to

different values for the \;).
We focus for the moment on the third possibility. With the scaling action

A1 1 2 3 1 1 A 2 Aq 3 A2y 4
Ao 22 N2 —yt, St =
)\427 2%, 327)\4y7>\%y7/\§y7 )\%y)
(4.10)

=~ W

A~~~ o~~~
S Ot
—_ — — ~— —

2

(24 22 2yt vt vt vt) — (

we get the solutions

(). 2! =0, Mi=X=X3=-1, \y, =1,
(ii). 22=0, Mi=Xa=—1, \g=N\; =1,
(iii). 2 =0, M =X =1, dg=A3=—1.

This corresponds to an O7-plane wrapped on D, one on each of the four D3, and one
wrapped on each of the two invariant Es . No O3-plane solutions occur. A; and A,
correspond to the two Mori generators of the Z;—fixed line. We restrict to it by setting
A3 = —1, Ay = 1 in accordance with solution (i) and (ii) which are seen by this fixed
line. The scaling action thus becomes

)\1 9 3 )\2 4

(21, 22, 25yt 2 P ut) — (2h 2, A 22 =28y,
y' and y? do not appear in the fixed line, and the restriction makes sense only directly
at the fixed point, i.e. for 2% = 0. With this scaling action and the involution (3), we
again reproduce the solutions (i) and (ii). A3 corresponds to the Mori generator of the
Zs fixed line. We restrict to it by setting A\ = Ay = —1, Ay = 1. The scaling action
becomes

1
(Zla 227 ZB) yla y2a y37 94) - (_)\3 Zla _227 )‘3 237 yla _y27 pygv _y4)? (412)
3



4.4 The intersection ring 63

which together with the involution (3) again reproduces the solutions (i) and (iii).
Global consistency is ensured since we only have one kind of patch on which we choose
the same involution for all patches.

4.4 The intersection ring

The intersection ring of the orientifold can be determined in two equivalent ways. The
basis for both ways is the relation between the divisors on the Calabi—Yau manifold X
and the divisors on the orientifold B. The first observation is that the integral on B
is half the integral on X:

/§a/\§b/\§c:1/5a/\5b/\50, (4.13)
B 2 X

where the hat denotes the corresponding divisor on B. The second observation is that
for a divisor S, on X which is not ﬁxedAunder Is we have S, = 7*S,. If, however, S,
is fixed by Ig, we have to take S, = %W*Sa because the volume of S, in X is the same

as the volume of §a on B. Applying these rules to the intersection ring obtained in
Section 3.8 immediately yields the intersection ring of B: Triple intersection numbers
between divisors which are not fixed under the orientifold involution become halved.
If one of the divisors is fixed, the intersection numbers on the orientifold are the same
as on the Calabi-Yau. If two (three) of the divisors are fixed, the intersection numbers
on the orientifold must be multiplied by a factor of two (four).

The second way consists of applying these rules to the intersection ring of the local
patches of the resolved singularities obtained in Section 3.4, more precisely on the
intersection ring of the auxiliary polyhedra A®) in Section 3.8 and the global linear
equivalences (3.25). This means that for each divisor which is fixed under Z, the
corresponding coefficient in (3.25) is divided by 2. In the polyhedra, the distance to
the origin of all those divisors which are fixed under the orientifold involution is halved.
Then we solve the resulting system of equations for S,S,5,. which we set up at the end
of Section 3.8. Both methods give the same result.

4.4.1 Example B: T%/Zs_;; on SU(2) x SU(6)

If we choose the second method of determining the intersection ring, we have to modify
the polyhedra and the linear equivalences. Figure 4.1 shows on the left hand side the
polyhedron of the compactified C*/Z¢_;;—patch for the Calabi—Yau case. The right
hand side shows the polyhedron after the local involution (4.8, (3)). The distance to the
origin of the vertices corresponding to Dy, D3 and E5 has been halved. The resulting
polyhedron is not convex anymore. The global linear relations for the Calabi—Yau
manifold are:

4 3
Ry ~ 6D1+3) Es,+ Y Eig+ Y [2Es+4E,,

v=1 By B=1
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Figure 4.1: Polyhedra of the compactified C?/Z¢_;r—patch for the Calabi-Yau and
after the orientifold projection

4
R2 ~ 3 Dgﬂ + Z E1,ﬁy + 2 EQ,B + E4,ﬁ7

=1
3

Ry ~ 2D3,+ Y Eip, + Es,. (4.14)
p=1

After the orientifold involution, they become

4 2
R ~ 3D1+3) Es,+ > Eig+ Y [Eag+4Esg),

v=1 By B=1
4

RQ ~ 3 DQ,ﬁ + Z El,ﬁ'y + EZ,ﬂ + E4,ﬁ7

v=1
2

Ry ~ Dsy+ Y Eip,+Es,. (4.15)
B=1

As explained in the last section, the intersection numbers can also be determined
directly from the intersection numbers on the Calabi—Yau manifold without using the
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polyhedra. The intersection numbers of the Calabi-Yau are

RiRyR3 =6, RsEypEyp =1, EyvpyEapBap =1,
RyE3 = —2, RyE3 5 = =2, RyE} 5 = =2,
E} 5 =6, Ej 5 =8, Ej, =8,
B3, =8, By E3 5= =2, By g B3 = =2,
By g, E} 5 = =2, E3 3B 5 = —2. (4.16)

Intersection numbers which contain no factor of Ej 4 are halved for the orientifold. If
the intersection number contains one factor of Ej g, it remains the same. If two (three)
factors Es 3 are present, the number on the Calabi-Yau is multiplied by a factor of two
(four). This leads to the following modified triple intersection numbers:

Ri1RyR3 = 3, RsEs 3,5 =1, Ei5,FBy5E, 5 =1,
R2E327’Y = -1 R3E22,5 = —4, RgEiB =1,
E} 5 =3, Ej 5 =32, Ej =4,
Eff,ﬁ =4, El,ﬁvEg,,a = —4, ELMEQV = -1,
Ey gy Erp = —1, Ej 15 = —4. (4.17)

4.5 Global O—plane configuration and tadpole can-
cellation

Those of the 64 O3-planes on the cover which are located away from the locations
of the resolved patches resulting from the global involution remain the same in the
orbifold of the resolved manifold. They are untouched by the process of resolving
the singularities and the resulting modified local orientifold actions. The O3-plane
solutions which coincide with orbifold fixed sets are replaced by the solutions of the
corresponding resolved patch. The total number of O3-planes on the resolved orbifold
quotient is obtained by counting the equivalence classes of O3—planes under the orbifold
group and replacing those classes which coincide with resolved patches by the O3—plane
solutions on these patches. The O3-plane solutions are also reflected in the intersection
ring. Take for example the solution {z! = y' = 3* = 0} given in (1) of (4.9). The
corresponding intersection number is Dy Fy E3 = %, indicating the Zs—singularity at the
intersection point. Thus fractional intersection numbers are indicative of the presence
of O3—planes. O3-planes which are located away from the fixed points and do not lie
in the D—planes are reflected in the intersection numbers with the inherited divisors
R;, see for example T°/Z3 discussed in Appendix B.1.6. If on the other hand the O3
planes lie in an O7-plane, their intersection numbers do not become fractional, since
the effect of the orientifold involution is already captured by the O7-plane.

Since each O7-—plane induces —8 units of D7-brane charge, a stack of 8 coincident
D7-branes must be placed on top of each divisor fixed under the combination of the
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involution and the scaling action. Each such stack therefore carries an SO(8) gauge
group.
For the D3-brane charge, the case is a bit more involved. The contribution from

the O3—planes is

Q3(03) = —i X No3, (418)

where nps denotes the number of O3—planes. The D7-branes also contribute to the
D3-tadpole:
Np7.a X(Sa)
D7) =— g — 4.19

a

where np7, denotes the number of D7-branes in the stack located on the divisor S,.
As we have seen, the S, can be local D—divisors as well as exceptional divisors. The
last contribution to the D3-brane tadpole comes from the O7-planes:

_ X (Sa)
Q3(07) = — Ea 0 (4.20)
So the total D3-brane charge that must be cancelled is
nos (nD7 at 4) X(Sa)
= ——"— ’ . 4.21
QB,tot A 24 ( )

a

These are the values for the orientifold quotient, in the double cover this value must
be multiplied by two.

4.5.1 Example B: T%/Zs_;; on SU(2) x SU(6)

In total, there are seven O7-planes. The 64 O3-planes which are the fixed points of
I on the covering space fall into 16 equivalence classes: The four O3-planes on the
line z! = 22 = 0 are invariant, the remaining 12 on the plane 22 = 0 fall into four
equivalence classes with three elements each. The remaining 48 O3-planes lie in eight
orbits of length six. The four O3-planes on the line z! = 2?2 = 0 coincide with the
patches on the line z! = 2?2 = 0 and disappear, since there are no O3-solutions on the
local patches. The remaining O3-planes all lie in the O7-planes wrapped on the Ds,y
and are therefore not visible in the intersection numbers. In total, we are left with 12
O3-planes in the resolved orientifold quotient.

Now we treat the problem of tadpole cancellation. On top of the O7—planes we place
eight D7-branes to cancel the D7-tadpole locally. This gives rise to a stack of D7—
branes with gauge group SO(8) on each of the divisors Dy, Ds,, Esg. The contribution
to the D3-tadpole from each O7/SO(8)-stack is —125—25). In the triangulation a), Es
has the topology of Fy, therefore x(E;) = 4. D; has the topology of Fy blown up in

twelve points, therefore x(D;) = 4 4+ 12 = 16. D3 has the topology of a Hirzebruch
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surface blown up in nine points, so x(D3) = 4 + 9 = 13. The total D3-tadpole from
all O7/5S0(8)-stacks is therefore

B=1,2 =1
The D3-tadpole coming from the (non—exotic) O3-planes themselves is

Q3(037) = —jnos = —3. (4.23)

The total D3-tadpole therefore is Qs,,, = —(38 + 3) = 41.
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Chapter 5

Preliminaries

In this section, the preliminary knowledge on type 1B flux compactifications which
is needed in later sections is presented.

5.1 The type I1B low energy effective action

We briefly recall the massless spectrum and the 10D low energy effective action of
type IIB string theory. The massless Neveu-Schwarz—Neveu-Schwarz sector consists
of the scalar dilaton ¢, the metric or graviton G,, and the anti-symmetric tensor
B,,. The Ramond-Ramond sector consists of the even forms Cy, Cs, Cy etc. The field
strengths of the form field C,, is denoted by F,, 1, the field strength of B, is H3. The
10-dimensional low energy effective action describing the bosonic massless degrees of
freedom of the type I1B superstring is [27]

1 9SS My . 1~
— le o 1/2 o 13 o Z]Fl 'FJ _ F 2
Sip 2,@%0/ v (=Ge) " B = g qnge ~ 5 fafi - 1Bl
o o
_8;%0/04/\F3/\F3], (5.1)

with k19 = 27 g, e 910 the ten-dimensional gravitational coupling (g, the string cou-
pling), Gg . = e /2 G, the metric in the Einstein frame, Rg the Ricci-tensor in the
Einstein frame, S = Cy + i e~ the complexified dilaton,

o 1 |S’2 —Re S o H3

ﬁ5 = F5 — %C’g N Hs + %Bg A F3 is the self-dual 5-form field strength, i.e. *]55 = ﬁ5.
In this form, the effective action is manifestly SL(2,R) invariant:

aS+b d H -~ -
S = Ma Fé = ( b CCL ) ( Fj ) ’ F5/ = F57 G/E,MV = GE,MV? (53)
with a, b, ¢, d € R and ad — bc = 1.
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Now, the surplus 6 dimensions are being compactified on a Calabi—Yau manifold
X. For the metric we use the following block-diagonal ansatz:
ds* = gly) (x) dzdx” + g9),(y) dy™dy", (5.4)

where g,(ﬁ,)(x) is the four-dimensional Minkowski metric and g,(g’,)z(y) is the metric of

the internal Calabi—Yau space. As explained in Section 2.5, a Calabi—Yau manifold
has a moduli space which consists of h(1:Y)(X) Kihler moduli 7% and A2V (X)) complex
structure moduli ¢¢. In addition, there is the complex dilaton field S. The parameter
space of S is locally spanned by the coset

_SU (1,1)
U@
Furthermore, we have e=?10 = e=%* Vol(X)~'/2, with Vol(X) the volume of the com-
pactification manifold X and ¢4 the dilaton in four dimensions.

Without D-brane moduli, locally the closed string moduli space M is a direct
product of the complex dilaton field S, the Kdhler M g and complex structure moduli

M (5.5)

M= Mg® Mg & Mcs. (5.6)

All factors are special Kahler manifolds on which a Kéahler potential can be defined.

Before introducing the orientifold projection and D-branes, the theory has N' = 2
supersymmetry in four dimensions, afterwards only AV = 1. An N = 1 supersymmetric
theory is completely described by three quantities: The holomorphic superpotential,
the Kéhler potential, and the gauge kinetic function.

5.2 The Kahler potential

The total Kahler potential is a sum of the Kahler potential of the different factors of
the moduli space (5.6). The Kéhler potential for the dilaton is

Ks=—1In(S - 9), (5.7)

where Im S = %0 - Vol(X). For the complex structure moduli it is

chz—ln(/XQ/\ﬁ), (5.8)

with Q the Calabi—Yau (3,0)—form. The Kéhler potential for the Kahler moduli is

Ki = —In Vol(X) = — In (%/J/\J/\J), (5.9)
X

with J the Kéahler form. When the Kahler form is expressed through a basis of 2-forms
dual to a basis of the divisor classes, the volume can be expressed in terms of the triple
intersection numbers of the divisor basis. The total Kahler potential is

[?:KS+KCS+KK- (510)
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5.2.1 Example D: T%/Zy x Z,

The simplest example is this of T°/Zy x Z,. The Kihler potential of the dilaton always
has the form (5.7). For the Kéhler potential of the complex structure moduli, we plug
the complex coordinates given in (B.150) into Q = dz' A d2* A dz3. (5.8) then takes
the simple form

1 2 3

Kes=—-InU'—U)—InWU*-U)-InWU>-U). (5.11)
At the orbifold point, the Kéhler potential again takes a very simple form with only

the three untwisted Kahler moduli contributing:

1 2 3

Kg=-In(T"-T)-W(T?°-T)-In(T*-T)). (5.12)
After the transition to the smooth Calabi—Yau, we need to know all triple intersection
numbers. With the methods described in Section 3.8, we arrive at the triple intersection
numbers given in Appendix B.19.4.

The Kéhlerform can be parameterized as

3 4 4 4
J = Z TiRi - Z tlﬂ'yElﬁ'y - Z t20¢'yE2a’y - Z tSQﬁESaﬁ- (513)
=1

By=1 a,y=1 a,3,=1

The total volume becomes

V = 2 r1Trer3 — T1 Z tiﬁ'y — Ty Z tg,a'y — T3 Z t%,a,@ — Z tlﬂfytg’avtg’aﬁ
By Y o,

a,Byy

1 2 2 2 2 2 2
t5 Z (11 gyl2.0y + 11,8985 0y + 81 g 83,08 T Loy 85 0p + 13 00t8,08 T 12,0415 )
a,B,y
3 3 3
Y (tl,,@'y + t2,ae'y + t3,o¢,@)’ (514)
a,B,y

and the Kéahler potential of the Kahler moduli is —In V.

5.3 The orientifold action

In part I, the orientifold was discussed in purely geometric terms. To obtain an N =1
(closed) string spectrum, one introduces an orientifold projection Q1I,,, with € describ-
ing a reversal of the orientation of the closed string world—sheet and I,, a reflection of
n internal coordinates. For €I, to represent a symmetry of the original theory, n has
to be an even integer in type I/B . Generically, this projection produces orientifold
fixed planes [O(9 — n)-planes], placed at the orbifold fixed points of 7°/1,,. They have
negative tension, which has to be balanced by introducing positive tension objects.
Candidates for the latter may be collections of D(9 — n)-branes and/or non-vanishing
three-form fluxes Hs and C3. The orbifold group I' mixes with the orientifold group
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QI,. As aresult, if the group I' contains Zs—elements 6, which leave one complex plane
fixed, we obtain additional O(9 — |n — 4|)— or O(3 + |n — 2|)—planes from the element
QI,0.

In the following, only the two cases of n = 6 (O3-planes) and n = 2 (O7-planes) will
be relevant to us. In type I1B string theory, tadpoles cannot be completely canceled for
all models given in Tables 2.3 and 2.4 without introducing torsion or vector structure
or resolving the singularities. The Z,— and Zg—orbifolds, as well as Zis_j5, Zo X Zy4
and Z, X Z4 must, at least at the orbifold point be dropped from the list [28, 29]. This
is to be contrasted with type I1A intersecting D6-brane constructions, where it has
been shown that essentially all orbifold groups I' allow for tadpole cancellation due to
the appearance of only untwisted and Z,—twisted sector tadpoles [30].

For the dilaton, S is used instead of S in (5.7) with ImS = e, The Kihler
potential for the Kéhler moduli (5.9) receives a factor of two due to the modified
dilaton, i.e. it becomes

K =—21InVol(X)=—21n (%/ JAJ A J> . (5.15)
X

5.4 Turning on background flux

”Turning on fluxes” means giving non—vanishing vevs to some of the (untwisted) flux
components H;;, and Fj;, with F3 = dCy, Hs = dBy. The two 3-forms F3, H3 are
organized in the SL(2,Z)s covariant field:

Gs=F;— S Hy . (5.16)

The most general 3-form flux G5 on T° has 20 components, which appear in the
expansion

3 6
G3 = Z<Aiw‘4i + Bini) + (CjWCj + Dijj> (517>
=1

1=0 J

1
(2m)2a/

with respect to the complex 3-form cohomology H® = H®9 ¢ HZYD ¢ H12) ¢ HO3),

wa, = dz' Nd2* Nd2P wp, = dz' Ndz* N\ dZ°
wa, = dz' Nd22 AN dZP, wp, = dz' AdZ* A dZP
wa, = dz' NdZ2 N d23, wp, = dz' N d2? A dZ
wa, = dzt Nd22 A dZ wp, = dz' ANdZ* A\ dZ?
we, = dz' Ndzt N d2? wp, = dz' Adzt A dZ?
we, = dzt AdZ A d2B, wp, = dz* Ndzt A dZP
we, = dz' ANd22 N dZ? wp, = dz' A dz* A dZ?
we, = dz* NdZ2 NdZ?, wp, = dz* NdZ* A dZP
we, = dz' Nd2P N dZ? wp, = dz' Ndz? A dZ?

wes = d2 Nd2* NdZ? wps = dz° Ndz* NdZ° . (5.18)
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The wy,, wp, correspond to flux components with all one-forms coming from different
complex coordinate directions, while the w¢,, wp, are flux components with two one—
forms coming from the same complex coordinate directions. The latter were just
written down for completeness, as they are projected out in all orbifolds.

In order to impose the flux quantization conditions on G3, i.e.

1 1
W/; F3 € Ny Z, W . H3 € No Z, (519)
3 3

one has to transform the forms (5.18) into a real basis with the following 20 elements:

= da' A da? A da, B0 = dz? Adat A da?
a1 = dz? A dad A da®, Bt = —da' Ada* A da®
ay = da' A dzt A da®, (% = —dx® Nda® A dab |
= dx' A da? A dab, (% = —dx® Adx* A dad
v = dzt A da? A da?, o' = —da* Ada® A da® |
vo = dxt A da? A da®, 62 = —dad Ndzt A da®
vg = da' A dx® A dab, 8 = —da® Nda® A da® |
va = dz? A dat A da®, 0t = —da' Nda? A da® |
75 = dxt A da® A da®, 8% = —da® Nda® A da?
Y6 = dz*® A dz® A da®, 6% = —da' Ada® Adat (5.20)

The basis (5.20) has the property [, a; A3/ = &7, Sy, vinNd = 67. In real notation,
the flux has the form:

3

6
20/ Z a' — Sy + (b — Sdi)B'] + > [(€ = Sg’)y; + (f; — Shy)e’]
=0 Jj=1

(5.21)
In this basis, the SL(2,7Z)g—covariance of G5 is manifest, while in the complex basis
(5.18) the cohomology structure of G'3 is manifest. The coefficients a’, b;, ¢’, f; refer
to the Ramond part of G5, whereas the coefficients ¢!, d;, ¢*, h; refer to the Neveu-
Schwarz part.

To pass from the complex basis (5.18) to the real basis (5.20), one introduces com-
plex structures, i.e. the complex coordinates (cf. Section 2.7, (2.15)). In many toroidal
orbifolds, the complex structure is fixed completely by the twist. The remaining com-
plex structure moduli are eventually fixed through the flux quantization condition.

Let us briefly comment on the integers ng, introduced in the flux quantization
conditions (5.19). It has been pointed out in ref. [31], that there are subtleties for
toroidal orientifolds due to additional 3—cycles, which are not present in the covering
space T9. If some integers are odd, additional discrete flux has to be turned on in order
to meet the quantization rule for those 3—cycles. We may bypass these problems in
the Zy (Zy X Zpr)—orientifolds, if we choose the quantization numbers to be multiples
of ng = 2N (ng = 2NM) and do not allow for discrete flux at the orientifold planes
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32, 33, 34]. Note, that for Af**" # 0, in addition to the untwisted flux components
H;ji, and Fjj, there may be also NSNS— and RR-flux components from the twisted
sector. We do not consider them here. It is assumed, that their quantization rules
freeze the twisted complex structure moduli at the orbifold singularities.

It should be mentioned that turning on background fluxes leads to a back-reaction
of the geometry. Instead of (5.4), we use the ansatz

ds? = ¢*4W) gl(fy) (x) datdz” + e24W) gﬁ,?%(y) dy™dy", (5.22)
where €?4®) is the so—called warp factor. For the class of fluxes we consider, the six—

dimensional metric is related to the original Calabi—Yau metric via a conformal factor
which is the inverse of the warp factor. In the large radius limit, the warp factor can
be neglected.

5.5 Invariant 3-forms

On the torus 7, there are 20+20 independent internal components for H;ji and Fijy.
However, only a part of them is invariant under the orbifold group I'. More precisely,
of the 20 complex (untwisted) components of the flux Gs, only Qh?g’il)”'(XG) + 2 survive
the orbifold twist. The orientifold action Q(—1)t I does not give rise to any further
restrictions. The allowed flux components are most conveniently found in the complex
basis, in which the orbifold group I' acts diagonally. In Tables 5.1 and 5.2, the fluxes
invariant under the different orbifold groups are listed.

G3 Z3 Z4 ZG—I ZG—H Z? ZS—I ZS—H Z12—] ZIQ—H
dz* Ndz2Nd2 |+ + + + + + + + +
dZ* Nd2NdB || - - — - - - - - -
dz* NdZ2PNd2B || — - — - - = — — -
dz' Nd22NdZP | - + - + - - + — +
dNdZ2NdZ | - - — — - - — — —
dZ' Nd2NdZ | - - — - - = — — -
dz' NdZP Nd2P | -+ — + - - + — +
dzZ' NdZPNdZ |+ + + + + o+ + + +

Table 5.1: Invariant 3—forms for point groups Zy

The remaining twelve 3-forms of the form dz® Adz® Adz® and dz® Adz* Ndz", respec-
tively are always projected out and therefore do not appear in the tables. Note, that
we have for completeness also listed the orbifold groups I' € {Zy4, Zs_ 1, Zs_11, Z12_11},
whose tadpoles may at the orbifold point only be cancelled in the more general orbifold
setups with discrete torsion or vector structure.

That the (0,3) and (3,0)-forms always survive is quite clear, as the (3,0)-form
corresponds to the Calabi—Yau 3-form €2, which is always present, and the (0, 3)-form
to its conjugate.
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Gs Do X Dy Ty X Lig T X Ly Dy X Ly Do X Lig—1 Do X Lig—11 iz X Lg  Lg X Zig
dz' AN dZ? A dZ3 + + + + T ¥ ¥ T
dzt A d2? A d2B + — + — + _ _ _
dz' A dZ? N d2P + — — — _ _ _ _
dzt Ad2? A dZ3 + - - - — _ _ _
dz' N dz* A dZ? + — + - + _ _ _
dz' A dz? A dZ3 + — - — _ _ _ _
dzt ANdZ? N d2B + - - _ _ _
dzt AdZ? A dZ? + + + + + + + +

Table 5.2: Invariant 3—forms for point groups Zy; X Zy

5.5.1 Example D: T%/Zy x Zs

We want to express the 3-forms allowed on T°/Z, x Z, in the complex basis through
the real basis (5.20) and the complex structure moduli (B.151):

3
wao = gt Y ol = BUPUP — By UNUB — B U + B UNUPUP
=1
WAl = Oéo—i‘Oélm—i‘OéQZ/ﬁ—i‘Oégug—ﬁlbﬁug—ﬁzmu:}—ﬂgmbﬁ—i‘ﬂombﬁug
WA2 = ozo—i—ozll/{l—1—0422/{2—1—0(3%3—ﬁllﬁﬂ?’—521/{1%3—632/{11/{2—%502/112/{2%3
was =  ap+oqU 4 ald? + asU3 — [LUUB — B UUB — BsUIU? + By UUPUB
3
wpo = ot Y oll = BUU = BU'UP — BsU'U + BoU' U’
=1
wpB1 = ao+albﬁ+a2m+a3?/f—61U22£—62U1m—ﬁgbﬁw+ﬁobﬁu%ﬁ
wpB2 = a0+albﬁ+agbﬁ+agu3—ﬁllﬁlﬁ—ﬁgbﬁui”—ﬁgUlUQ—kﬁoUlMQUS
wps = g+ o U+ oaal? + asUP — BiUUR — B UIUR — BsUTU? + Bo UTUUE.
(5.23)

wpo obviously corresponds to the (3,0)-part of the flux and the Calabi—Yau 3-form €
can be normalized to equal wpg. wai, was and was are the (2, 1)-components of the
flux, wp1, wps and wps the (1,2)-components of the flux, and wag corresponds to the
(0, 3)-part, i.e. Q.
Note that this basis is not normalized to one. It fulfills
3

/WAZ-AWB,; = [[w' -u), i=o0,....3

=1

/wAj ANwpp = 0, j#k. (5.24)
Expressed in this basis, the G3-flux takes the form
1 3
———G3=Y (A'wy + B'wg;). 5.25
(2m)2/ s ;( wai + Blwpi) ( )

By comparing the coefficients of (G5 expressed in the real basis and in the complex basis
and solving for the {A*, B'}, we can express the {A*, B’} as a function of {a’, ¢’ b;, d;}



78 5 Preliminaries

and the moduli fields S,U?. By setting the respective coefficients to zero, we obtain
equations for the respective flux parts. This gives us constraints on the {a’, ¢, b;, d;}.
What has to be taken into account as well is the fact that the {a’,c’, b;,d;} must be
integer numbers. This requirement can only be fulfilled for specific choices of the U*
and of §, i.e. it fixes the moduli.

5.5.2 Example E: T°/Z;

For illustration, we also present an example which differs from the commonly used
T%/Zo x Zy in several ways. First of all, there are no complex structure moduli.
Secondly, the complex coordinates (B.99) contain more than just two of the real coor-
dinates, which leads to a non-trivial expansion of the flux in real coordinates. In this
example only the (3,0)— and the (0, 3)—flux component survive the Z;—twist, so

1

WGS = AOWAO + BowBO.

With the complex coordinates given in (B.99) we find for the (3,0)—form:

1
Why = —1 70(04‘5(74‘2'\/?)0614—2'\/?062—2' 70[3—?;\/?ﬁ0+2'\/?ﬁ1

—iV/T By + %(7 — Zﬁ) B3 — iﬁ’h + iﬁ’}@ + %(—7 + Zﬁ) 3

—iVT s+ (T+iVT) 75 — (T— iVT) 6 — iVT 01 — (T4 iVT) 8
—iVT o5+ (1 —iVT) 64 4 iVT 65 — (T+iVT) 6. (5.26)

wp, is simply the complex conjugate of the above. It is possible to express the two
complex coefficients of the 3—form flux through four of the real coefficients which we
may choose freely. The other real coefficients are constrained by the form of the flux.
For the complex coefficients we find

AQ —
By

(14 iVT)a® +2a' + S (1 +ivVT) " +2cY],
[(1—iVT)a® +2a" — S (1 —iVT) P +2cY)]. (5.27)

L
14
L
14

Expressed in real coordinates, the flux takes the form

m&; = (=S ag+(a' —=Sc)ay + (—a” + S ag + (a® = S ) a
+(a® — Sc)ﬁo (=a®+S) B+ (o — S°) p°
+(a® +a' — S ( +c)))ﬁ3+(a0—SCO)71+(—aO—SCO)w
+(—a° a+S(c +C)>’73+(GO—SCO)’74
+(
—(-a
—(-a

al )75+( a1+5(0 +e))ye—(al =S¢
a—l—S(c +c))54 (a® —Sc") 6% — (a* — Sct) 62
04+ 5§ — (a¥ — S a. (5.28)
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5.6 The effective potential from fluxes

After giving a vev to the field G35, the Chern-Simons term!

(5.29)

] —
Ses = /04/\G3/\G3'

1
2 (2r)7 o S-S

of the ten—dimensional effective type IIB action gives rise to a tadpole for the RR
four—form Cy (in units of T3)*:

1
Nz = 57— H3 A Fy . 5.30
fl (2m)% /Xe 343 (5.30)
Hence in the presence of 3—form fluxes, the tadpole cancellation condition is

Nz + Nps = Qs 1o, (5.31)

where ()3, is the total O3-plane charge which can receive contributions from the
O3-plane tension, possible 2-form fluxes on the brane world-volume and curvature
terms.

In order to satisfy the supergravity equations of motion, the flux combination (5.16)
has to obey the imaginary self-duality (ISD) condition [35]

x6G = +i G. (5.32)

When G fulfills the above equation with a minus instead of a plus on the right hand
side, it is called imaginary anti-self dual (IASD). This condition ensures the existence
of a solution for the metric and 4-form. The C'P even analog of (5.30) originates from
the piece %W [ d®z \/=gio |Gs|* of the D = 10 type I1B action and leads to
the potential term in D = 4:

1 —
W /)‘( de G3 /\*603 . (533)

According to [35, 36], the latter may be split into a purely topological term Vi,
independent of the moduli fields, and a second term Vy,,, relevant for the F—term
contribution to the scalar potential. After the decomposition G5 = G'9P + GT45P one
obtains [35, 36, 37]:

1 —IASD
Vflux = —7/4/ GIASD/\*ﬁG s
(2m)7 « X
Viep = —€ % T3 Nyps . (5.34)
I'Throughout this section, we work in the string—frame, i.e. with the Einstein term

(27\')% ot fdlox \/% e 2?0 R.
*Here T, = (27)"Pa/~ 2% is the Dp-brane tension [27] and ¢4 the dilaton field in D = 4.
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Hence, the total contributions to the scalar potential are:

Vi = Vp+ Vg,
Vb = Vbs/pr + Vosjor + Viep,
Ve = Vit (5.35)

The piece Vp represents D—term contributions to the scalar potential due to Fayet—
Iliopolous terms, see [38] for further details. Only the last term corresponds to an F—
term. In the case that the tadpole conditions are met, Ramond tadpole contributions
to V are absent. If in addition only supersymmetric 2—form fluxes on the D7-brane
world-volume are considered (see Section 6.1), the first three terms add up to zero:
Vps/pr + Vozjor + Viep = 0, t.e. Vp = 0. Let us remark that this condition may
generically also fix some of the Kihler moduli 77. In the following, we shall assume
that Vp = 0 and study only the F'~term contribution Vp = V,, to the scalar potential
V. The potential Vr displayed in (5.35) originates from the closed string sector only.

5.7 String—theoretical Kihler moduli 7 vs. field—
theoretical fields 7"

The imaginary part of the Kahler modulus 7" follows from the integral Im(7") = [, ci Ca
of the Ramond 4-form over a certain 4-cycle C* of X. A D7-brane has the world—
volume Chern-Simons coupling [ Cy A F' A F. Hence, a D7-brane wrapped around
this 4—cycle C; gives rise to the CP-odd gauge term [ Im(7%) FAF in D = 4. On
the other hand, the real parts of the moduli 7¢, which derive from the underlying
string background do not yet properly fit into complex scalars T% of N’ = 1 chiral
multiplets in field theory. According to the previous discussion, the real part Re(T") of
those scalar fields has to describe the gauge coupling of a D7-brane, which is wrapped
around the four—cycle ;. This coupling is measured by the volume of this 4-cycle
C;. More precisely, from the Born-Infeld action e=?0 [ d%¢ det(g + 2ma’F)'/? we
derive the C'P-even gauge—coupling Re(T") := e~ [ d*¢ det(g)'/2. In order for the
D7-brane to respect 1/2 of the supersymmetry of the bulk theory, which is N = 2 in
D = 4, the internal 4—cycle C; the D7 brane is wrapped on has to fulfill the calibration
condition [39]:

/ di¢ det(g)Y? = / JNJ . (5.36)
Oz

Note, that the r.h.s. just describes the volume of the 4—cycle C;. Hence, the real part
of the correct holomorphic modulus 7% is:

. 1
Re(T%) := e / di¢ det(g)'/? = 3 e~ %10 / JNJ . (5.37)
Ci Ci
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More precisely, with w; the Poincaré dual 2—form of the 4—cycle C;, we have: [ JAJ =

C;
ha,) A
JwiNTAJ. With J = >~ Re(77) w; we may write
X6 j=1
Re(T") := e~ 9 / JNJTNJ=e %0 9 e K. (5.38)
o7 Jx, oT?

Furthermore, with [ JAJAJ = dij, Re(T") Re(77) Re(T"), and d;j, the intersection
form, we may also write

Re(T") := e di;x Re(T7) Re(TF) , (5.39)

which gives the volume of the 4—cycle in string units.

5.7.1 Example D: T%/Z, x Z,

For the complex structure moduli, we do not need a redefinition in type IIB , so
U' = U* as given in (B.150). The imaginary part of the Kéhler moduli is given by the
coupling of the gauge fields on a D7-brane 9537 ;» which is wrapped on the tori T?* and

T2 So
- - e~%  [Im7*Im 7!
T =a +1 - 4
“ +Z27To/1/2 Im77 (5.40)

with 7 given in (B.152). The imaginary part of the dilaton S is given by the gauge
coupling on the D3-brane gB%:

67(1)4 a/3/2

27 /Im T Im 72Im 73

S =Cy+i (5.41)

5.8 Superpotential, F—terms and scalar potential

It is was shown in [40] that turning on background fluxes leads to the following super-
potential in the low energy effective theory:?

—~

A
W_W/XG?,AQ. (5.42)

We are interested in the low energy effective potential with fluxes turned on. First,
we will look at those quantities that can be derived in the closed string sector. The
F-terms can be calculated from the Kéhler potential and the superpotential (5.42),
they only feel the bulk:

F' = esiK2 K17 (9, W + k2 W 0,K) | (5.43)

3The factor of A serves to obtain the correct mass dimension of 3 for the superpotential, i.e.
A7l = 16750’ such that xj; = ﬁ
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where the I, J are taken to run over the dilaton S, the complex structure moduli U*
and the Kahler moduli 7¢. With this, we can now calculate the scalar potential:

V=FK5F'F -3k @2 |We. (5.44)

The explicit expressions for the F-terms are the following:

7 - <s_§>H<M_M>1/2/63AQ
) M
F'o= (0 -T) (M - M) 22 W
M
= i T ——1/2 2 A
F —(U—quM—M)/@www/%Awr (5.45)

By looking at the F-terms, we see immediately that we only have a non-zero F’ S if
G5 has a (3,0)-component. For F*" to be non-zero, G has to have a non-zero (0, 3)-
component. For the F'V" to be non-zero, G3 must have a (1,2)-component.

5.8.1 Example D: T%/Z,y x Z,
Expressed with the coefficients of the real basis, we find Ny, given in (5.30), to be

3 3

Nﬁux = Z Cibi — Z azdz

=0 =0

We want to find the corresponding expression in complex language. We find

1 1 —
M = Cr (@) (53 J Gincs
' (Ui—Ui) 3 ’ ‘
= —W;(Vﬂ _|BZ| )v (5'46)

which is quite a nice expression. And it immediately teaches us something about the
behaviour of the different fluxes: The fluxes obeying the ISD-condition, i.e. those
having all B; = 0, have Ny, > 0, whereas the IASD-fluxes, i.e. those with all A; =0
have Ny < 0.

With (5.23), it is now easy to write down the superpotential explicitly for T°/Z, x
Zz:

1~
XW = (a® - SOU'U?U? - {(a* — SMU?U? + (a* — SAU'U? + (a® — SAU'U?}

— Y (b = 8d)U" — (bo — Sd). (5.47)

i=1
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The explicit expressions for the F-terms (5.45) are the following:

F7 = aed(S =5 [J(M — )72 x {(a° — SOUUU? — [(a* — Seh)UPU®
M
+(a* = SAU'U? + (a® — SHU'U?] — i — (by — Sdy) }(5.48)
=1
7o AT —T) [[( = 30)712 5 {(a® = SOU'UUP - [(a! — ScUPU?
M
+(a? = SAUU? + (a® — SAUU?] — i:(bi — Sd)U" — (by — Sdy) }(5.49)
=1
Fﬁi = x; (U _Uz’) H(M —M)"'? x on)2er /G3 Awy, ,e.g.:

) [T(M — M) ~2 x {((a® — ST U?U® — [(a — SH)U*U?

1

F' = Mj(U'-U

+a® — SAT U + (a® — ST U — [(by — Sd)T " + (by — Sdo) U+
(bs — Sd3)U?] — (b — Sdo)}, (5.50)

where M runs over all moduli S, U’, T". By looking at the F-terms, we see immediately
that we only have a non-zero F** if G'3 has a (3, 0)-component. For F T* to be non-zero,
('3 has to have a non-zero (0, 3)-component. For the FU" to be non-zero, G3 must have
a (1,2)-component.

Now we are able to compute the expression for the scalar potential (5.44). The part
coming from the T-moduli cancels with —3 erik K3 |W|2, which is a generic property in
no-scale models. So we are left with

_ 3 _
V = 0s0sKFSF + Z&Ui%KFUiFUZ

We can sce immediately that V is zero unless Gy has a (3,0)- or a (1, 2)-part, i.e. is
IASD. We also see immediately, that for IASD-fluxes, V' is strictly positive. When we
express this through the complex coefficients, this formula looks even nicer:

3
H! U 5
=1 - > _|B (5.52)
|S—§|H|Ti—TZ| i=0

=1

V= Nk}

Let us examine eq. (5.33) : Expressed with our complex coefficients, we find

3 3 3
/G?,A*ﬁég x 2) B+ (DA =) B
=0 1=0 1=0
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where the second term is obviously proportional to Nj., whereas the first part cor-
responds to Viu, which is the contribution to the scalar potential coming from the
F-terms, which is exactly, what we have calculated above.

5.9 Supersymmetry conditions for the background
flux

For the flux to preserve N’ = 1 supersymmetry, the condition that all F—terms vanish
must be imposed. This results in requiring

= >\
DsW = 85W+/<;4 W 0sK =0,
DUiW = aUzW + ff4 W aUz = 0 (553)

where D), is the Kahler covariant derivative. This corresponds to setting all F-terms
to zero. The above conditions can be rewritten as

/Gg/\QZO, /Gg/\ﬁ:(), /Gg/\wAl :/Gg/\wAz :/Gg/\wAg,:O. (554)

The first of the above equations if fulfilled for G3 not having a (0, 3)-part. The second
is fulfilled for G5 not having a (3, 0)-part and the remaining three equations are fulfilled
for G3 not having a (1, 2)-part. Therefore a supersymmetric flux can only have (2,1)—
components and is automatically 1.5D.

5.9.1 Example D: T%/Z,y x Z,

For this concrete example, the necessary equations are obtained by setting the coeffi-
cients of the (0,3)-, (1,2)-, and (3,0)-flux to zero, i.e. Ay =By = B; = By = B3 =0.
This corresponds to

3
0 = U'UUa" = Seo) = Y (a' = SUIUF — (bg — Sdo) — Y _(b; — Sd;)U"
i#j#k i=1
0 = T U3 - Sep) — {(a' — SEHUUB + (a? — ST U + (a® — SA)T U2}~
— (b — Sdo) — {(by — Sd)T + (by — Sdo)U? + (bs — Sds)U?}
3
(

0 = TUT ("~ Sco)— Y (al = SNT'T" — (b — Sdo) — Y (b — Sd)T'
z;éj#k: i=1
0 = UTU¥d - Sep) — {(a' — ST U3 + (@® = ST + (a* ~ SAHUT -
—(by — Sdo) — {(by — Sdl) + (by — Sdo)U” + (b3 — Sds)U®}
0 = UW2T (@ - Seo) — {(a* — SUT’ + (a® — SAUT + (a® — S U U2}~
+ ) (

UU" +
—(by — Sdo) — {(by — Sdl) + (by — Sdo)U? + (b — Sd3)U 1}, (5.55)
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with ¢ #£ j # k.

Now one can solve for the {a’,c’,b;, d;} and impose the constraint that they be
integer numbers to fulfill the quantization condition (5.19). These constraints cannot
be satisfied in full generality, i.e. for arbitrary moduli and flux coefficients. By fixing
some of the moduli and/or flux coefficients, it is possible to obtain special solutions.
Here, we choose to fix the moduli to U! = U? =U3 = S = 1.

One possible solution for the (2, 1)-flux is

1

(27’()20/ GQl = [_dO + Z(dl + d2 + d3)] Qg + [—dl — Z(—bg — b3 + do)] o
+(—d2 — Zbg) Qg + (—dg — Zbg) a3 + (—dl — dQ — d3 — ng) 50

F(=by — by +do — idy) B* + (bs — idy) B2+ (bs — ids) B3, (5.56)

where by, b3, dy, dq,ds,ds can be any integer number. As mentioned before, possible
complications with flux quantization can be avoided, if the flux is taken to have coeffi-
cients which are multiples of 8. This can be achieved by simply taking b, b3, dg, d1, ds, d3
to be multiples of 8.

Expressed in the complex basis, the solution takes the form

1

(2m)%2c/ Gn

% by — by + i(ds + ds)] war + % b — do + i(dy + ds)] wart
b by — do - i(ds + )] s (5.57)
For Ng. we find

Nuue = 4 (\1;11|2 + AP 4 A1)

= 2 ()l +didy + dyds + dods + b3 + b3 + babs — badg — bsdy). (5.58)

1=0

If we require Ny, to have a certain value, this places quite stringent constraints on our
choice for the coefficients. The smallest possible Ng,. for our solution, the coefficients
being multiples of 8, is Ny, = 128. To achieve this, we have several possibilities. We
can for example set either of the d; or b; to £8, and all the other coefficients to zero.
For dy = 8 for example, all other coefficients being zero, this would amount to

1 . . 0 1
(2W—)20/G3:8(—OZQ—Z051—25 —{—ﬂ)
Another possible solution would be b, = 8, b3 = —8, or the other way round. This

would result in ]

Y A e : 2 3
(27r)20/G3 8 (—iag +iag + % — 7).
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Chapter 6

Braneworld Scenarios: Model
building and soft SUSY breaking

One very promising way to reproduce the MSSM in string theory is to use intersecting
D6-branes in type 11 A orientifolds (for a review see [41]). The gauge degrees of freedom
are due to open strings living on each of the various stacks of D6-branes, whereas
the chiral matter fields are localized on the lower-dimensional intersection loci of the
D6-branes. More specifically, the D6—branes, all completely filling four-dimensional
Minkowski space-time, are wrapped around supersymmetric 3-cycles in the internal
space X, which generically intersect just on points in X. Figure 6.1 schematically
shows the set—up of space-time filling D—branes which constitute the standard model
and hidden sectors wrapping some cycles on a Calabi—Yau manifold.

N
O

SM HS
Figure 6.1: Braneworld model with standard model and hidden sector D-branes wrap-
ping cycles of a Calabi—Yau manifold

Note that the internal intersection numbers are normally larger than one, a fact,
which offers a nice explantion for the family replication of the MSSM. In order to
preserve N=1 space-time supersymmetry in the open string sectors on the intersecting
D-branes, the intersection angles must add up to 0 mod 27. For a consistent string

87
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vacuum, all Ramond and Neveu-Schwarz tadpoles must be cancelled. The tadpole con-
ditions translate to conditions on the number of D—brane stacks and their arrangement.
Starting from the original work on non-supersymmetric models [42, 43, 44, 45, 46],
several semirealistic MSSM-like models with intersecting D6—branes were constructed
during the last years [47, 48, 49]. However, for practical reasons, when turning on
the SUSY-breaking fluxes, it is more convenient to use instead of the type I A orien-
tifolds with intersecting D6-branes the mirror (T—dual) type IIB orientifold descrip-
tion. After an appropriate mirror transformation, the (supersymmetric) D6-branes
are transformed into a system of D3-branes plus supersymmetric D7-branes, where
the non-trivial intersection angles in type I1A become open string 2—form gauge fluxes
(magnetic f-field background fields) living on internal 4—cycles on the different D7—
brane world volumes. Note that f—fluxes are required at least on some of the various
stacks of D7-branes in order to obtain realistic models with more than one chiral
generation of quarks and leptons. Hence for getting chiral fermions, some of the D7—
branes must have mixed Dirichlet/Neumann boundary conditions in certain internal
directions. This means that they are a kind of hybrid between D3— and D7-branes.
This fact will become important for the structure of the soft terms for the matter fields
on the D3/D7-brane world volumes.

For this whole chapter, we will be in the I1B orientifold theory compactified on
TC/Zy x Zy with three stacks of D7-branes, where each stack is wrapped on two of the
three T?-factors.

6.1 Branes carrying internal gauge flux

To obtain a chiral spectrum, we must introduce (magnetic) two—form fluxes F’dz’ Ady’
on the internal part of the D7-brane world volume. Together with the internal NS B—
3 3

field! & we combine the complete 2-form flux into F = > F7 := > (VW +27a’F7) dz’ A

j=1 j=1
dy’. The latter gives rise to the total internal antisymmetric background
0 fI y 1 ,
) , = F, 6.1
( —f] 0 ) f (27T>2 T2,5 ( )

with respect to the j—th internal plane. The 2-form fluxes F’ have to obey the quan-

tization rule .
mJW - ]:‘] = n], n & Z, (62)

i.e. f/ =a'75. We obtain non-vanishing instanton numbers

m? mk / FAF=02m)*a? nd nF (6.3)

T2 x T2k

!Note, that &/ has to be quantized due to the orientifold projection  to the values ' = 0 or
b =1 [50].
2
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on the world-volume of a D7-brane, which is wrapped around the 4-cycle T%7 x T?*
with the wrapping numbers m?. Hence, through the C'S—coupling Tx Cy A F A F, a
D7-brane may also induce contributions to the 4-form potential. Note, that a D3—
brane may be described by a D7-brane with f/ — oo. To cancel the tadpoles arising
from the Ramond-Ramond forms Cy and Cg, we introduce Np3 (space-time filling)
D3-branes and K stacks of D7-branes with internal fluxes. More concretely, K* stacks
of N! D7-branes with internal 2-form fluxes F7, F* and wrapping numbers mJ, m*

with respect to the 4-cycle 7% x T**. The cancellation condition for the tadpole
arising from the RR 4-form Cj is

Ki
ND3+W Na mfl m, / F/\f:32, (64)

(i,5,k) a=1
=(1,2,3)

12,3 T2k
i.e. according to (6.3)
Kl
Nps+2 Y Y N, njnk=32 (6.5)

(i,3,k) a=1
=(1,2,3)

Furthermore, the cancellation conditions for the 8form tadpoles yield:

K3
2 Z N2 mim? = =32
2 ) NZm)md = -32
a=1
Kl
2 ) Nymimi = —32 (6.6)
a=1

The extra factor of 2 in front of the sums over the D7-brane stacks accounts for
additional mirror branes. For each D7-brane with wrapping numbers (m’, m/), we
also have to take into account its mirror (—m?, —m?) in order to cancel induced RR
6—form charges. The right hand sides of (6.4) and (6.6) account for the contributions
of the O3— and O7-planes, respectively. An O3-plane contributes —% of a D3-brane
charge T3. Here, T, = (27r)_pa”%’§ is the Dp-brane tension [27] and ¢y = ¢19 —
5 In [Im(71)Im(72)Im(77)/’®] the dilaton field in D = 4. In the covering space the
64 O3-planes are doubled, thus contributing 2 x 64 x (—1) = —32 on the Lh.s. of
(6.5). On the other hand, in D7-brane charge T; units, an O7-plane contributes 4 7.
Hence, in the covering space, four O7-planes contribute 2 x 4 x 4 = 32 on the Lh.s. of
(6.6).

A D3-brane placed in the uncompactified D = 4 space—time produces the contri-

bution -
Vs = T3 e e (6.7)

VL TT}
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to the total scalar potential V. Furthermore, a D7-brane, wrapped around the 4—cycle
T?J x T?F with wrapping numbers m?, m* and internal gauge fluxes f*, f' gives rise
to the potential

fl

‘14-?

k
1+zf—

T
T '

7'21'

Vpr, = =T (2m)* o/ e=% mF m! (6.8)

In order that the D7-branes preserve some supersymmetry, their internal 2—form fluxes
f%, f7 must obey the supersymmetry condition [42]:

/! i
- = — - 6.9
Im7T? Im77 (6.9)
In that case, the potential (6.8) simplifies:
Y fk fl Tk Tl
Vpr, = =17 (2m)* o e= mk m! (1 T Q’Tj 2, (6.10)
P

Hence, the presence of Np3 space-time filling D3-branes and various stacks of D7—
branes produces a positive potential®

3 K
Vps/pr = Np3 Vps + 2 Z Z N] Vs, (6.11)
7j=1 a=1
Furthermore, a negative potential is generated by the presence of the 64 O3— and 12
OT;-orientifold planes:

64T% T2 ’73 13 T} T?
Vi =2 P2 ——— 2 AT (27)? 2__2 .
03/07 { \/W 7 ( ) < \/ \/ 7’23 )}

(6.12)
Here, the orientifold tension for Op-planes is given by T = 2P~ T, [27]. The extra
factor of 2 is due to the covering space. In the case of supersymmetrlc D7-branes, i.e.
(6.9) holding for each brane, we have

Vps/pr + Vosjor = 0, (6.13)

provided the tadpole conditions (6.4) and (6.6) are fulfilled.

The simplest solution to the equations (6.4) and (6.6) is represented by the following
example: We take 32 space-time filling D3-branes and place 8 D7-branes on top of
each of the 12 O7—planes. This leads to a non—chiral spectrum and the 96 D7-branes
give rise to the gauge group SO(8)' [54].

The requirement that a stack of branes a with internal 2-form fluxes f7 is super-

symmetric has the form
3
E arctan ) =
: Im(77)
J=1

2The extra factor of two in front of the D7—brane sum accounts for the mirror branes.
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Furthermore, the condition, that a stack of branes a with 2-form fluxes f7 and another
stack b with 2—form fluxes f{ are mutually supersymmetric is

3
Z 67, = 0 mod 2,
j=1

with the relative “Hux” Géb:

I = l arctan fg — arctan fg
! [ () ()| o

These conditions will fix some of the Kéhler moduli 77. Note that in the T-dual
type 11 A-picture, the 6/, are exactly the angles between the two stacks of intersecting
D6-branes.

6.2 Open string low-energy effective action and soft
terms

There are several types of moduli fields in a type IIB orientifold compactification
with D-branes. The closed string moduli fields arise from dimensional reduction of
the bosonic part (¢, gy, barw, Co, Ca, Cy) of the N=2 supergravity multiplet in D = 10
after imposing the orientifold and orbifold action. The spectrum has to be invariant
under both the orientifold action (—1)z s and the orbifold group I'. Before apply-
ing the orbifold twist I', the untwisted sector consists of the states invariant under
Q(—l)FLIGZ ¢, Gij, bm, Co, Cm, Cijkl; C/J,I/ij7 Cw,pg. In addition, there are twisted moduli
consisting of the twisted RR-tensors.

Let us now come to the open string moduli fields. The massless untwisted moduli
fields originate from the D = 10 gauge field Ay, reduced on the various D-branes. The
orientifold projection {2 determines the allowed Chan—Paton gauge degrees of freedom
at the open string endpoints. For a stack of space—time filling D3-branes, we obtain 6
real scalars ¢' , 1 =4,...,9 in the adjoint of the gauge group of the respective stack.
These scalars describe the transversal movement of the D3-branes, i.e. essentially the
location of the D3-branes on the six-dimensional compactification manifold. They
may be combined into the three complex fields C? = ¢**2 + U'¢p? 3 i = 1,2,3.
Furthermore, for a stack of D7;-branes, which is wrapped around the 4-cycle T%! x
T?2, we obtain the four Wilson lines A4; , i = 4, 5,6, 7 and two transversal coordinates
¢®,¢” in the adjoint representation. The latter describe the position of the D7-brane
on the 2-torus T%3. Again, these six real fields may be combined into three complex
fields C’Z 5.1 =1,2,3. After taking into account the other two 4—cycles, on which
other stacks of D7-branes may be wrapped, in total, we obtain the complex fields
CZ 74,7 =1,2,3. All the open string fields described so far give rise to complex scalars
of the untwisted sector with at least A/ = 2 supersymmetry. A stack of D3-branes
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gives rise to an N = 4 super Yang—Mills theory on its world—volume, provided the stack
does not sit at an orbifold singularity. Hence, together with their world—volume gauge
fields, the scalars C? are organized in N/ = 4 vector multiplets. The supersymmetry on
the world-volume of a D7-brane, which is wrapped around a generic supersymmetric
4-cycle of a CY-space is N' = 2. The scalar C describes a (complex) scalar of a
vectormultiplet.

Then there are N’ = 2 and chiral N' = 1 fields in the so—called twisted sector which
describes fields with endpoints on different brane stacks. The twisted matter fields
C37a originate from open strings stretched between the D3~ and D7-branes from the
a—th stack. Generically, these fields respect N' = 2 supersymmetry. However, there
are twisted N = 1 matter fields C7™ arising from open strings stretched between two
different stacks a and b of D7-branes.

Let us now move on to the low—energy effective action describing the dynamics of
the various moduli fields encountered above. The complex scalars S, 77, U7 give rise
to the closed string or bulk—moduli space. The untwisted open string moduli describe
either the displacement transverse to the D—brane world—volume or the breaking of
the gauge group by Wilson lines. It is justified to expand the (full) Kéhler potential
K and superpotential W around this minimum C; = 0.

The low—energy effective action for the massless open string sector of the D3/D7—
branes was computed by calculating string scattering amplitudes among open string
matter fields on the D-branes and bulk moduli fields [51, 8]. The charged matter fields
C' enter the Kéhler potential at quadratic order as (for large Kéhler moduli, which
corresponds to the supergravity approximation under consideration):

3 3
K(M,M,C,0) = KMM)+3. 33" G rusgres (M, M) CJICT
@ j—1i-1
—T7a7p

+3 G oranygran (M, M) CT™ T 4 O(CH). (6.15)
a#b

Here, K (M, M) is the closed string moduli Kihler potential (5.10), discussed before.
The open string moduli fields C' summarize both untwisted D7-brane moduli CZ J
and twisted matter fields C7a™. The fields C]” account for the transverse D7-brane
positions C’} 7 on the j—th subplane and for the Wilson line moduli C’Z J # j on the
D7-brane world volume. On the other hand, the fields C"=™ represent twisted matter
fields originating from strings stretched between two stacks of D7-branes a and b. We
have only displayed the D7-brane sector, as the D3-brane sector follows from the
latter by taking the limits f/ — oo. Furthermore, the holomorphic superpotential W
takes the form:

3
W(M,C) = W(M)+Y ClCleCi +3 day CJ*CTeT O™
a=1 a,b,j

+C7172C737107273 + Z Y[JK(UZ) Ci;C;Ck + 0(04) (616)
1,J,K
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Again, /W(M ) is the closed string superpotential (5.42), discussed before. Finally, the
coupling of the (closed string) moduli to the gauge fields is described by the gauge
kinetic functions. For the gauge fields living on the D7-branes, wrapped around the
4—cycle T?* x T?!, these functions are given by [51, 8]

fD?j (Sv T]) = |mkml| (T] - O/_kafls) ) (]7 kv l) = (17 27 3)a
Ioi(S) = 5, (6.17)

m*, m! being the wrapping numbers.

The matter field metric for stings living on D3-branes is particularly simple:

Googd = = =
’ Ui-u)(1ri-1)

. i=1,2,3. (6.18)

The metric for the untwisted matter fields living on the same stack of D7-branes is
the following:

o —ty 11+ ifF|
CTigh — p— 1
i (U =T (TF=T") [1+if?]
-2
—K % 7 . .
GCZ,]-@?_,;‘ — — ll—f’f’“! , iFkFE] (6.19)

(U1 =T") (S~ 5)

The matter field Kahler metric describing a 1/4 BPS sector is given by the following
expression [51, §]:

. o | o ;
G ramygta™ = K2 (S — g)*fr%*“f H(TJ — Tj)*z*gﬂ(l*@ib) U7 - Ua)fa;,, F(eab)j _
j=1 ra-é6,)

(6.20)

To fix the constants (3,7, one has to calculate a four—point disk amplitude involving
two twisted matter fields and two Kahler moduli 7%. On the other hand, for twisted
open string states from the 1/2 BPS-sector, the metric takes a different form:

—2

(S — S)v2(Tt — Tl>1/2 (U2 — U2)1/2(U3 _ U3)1/2'

G (6.21)

CT2730278 —

6.3 Structure of the soft supersymmetry breaking
terms

The effective low energy supergravity potential in the standard limit with Mp, — oo
with mg/, fixed is for N = 1 supersymmetry [55, 56]:

1 — — 1
velf — 5Dz + GOCr |92 4 m? o C1C1 + gAIJKCICJCK +he, (6.22)
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with

D = —gﬂﬁi G016[C[U[,

1 2 7
W(eﬁ) = g 6“4 K/2Y1JK CICJCK- (6'23)

The Cf are taken to run over the C?, C’Za’j, C37e O where i = 1,2,3, a and b run
over the stacks of branes, and j runs over the torus not being wrapped. Furthermore,
gr is the gauge coupling, which is related to the gauge kinetic function f;(M) by
972 =Im(f;(M)). The respective gauge kinetic functions are given in (6.17).

The diagonal structure of our metrics already results in some simplifications, for
example the purely diagonal structure of the scalar mass matrix. The fact that we have
H;; = 0 results in even more drastic simplifications: In our case, no B-term B;CrC;
appears in the effective scalar potential, and also no u-term % prsCrCy is generated in
W(eﬂ“).

The gravitino mass is given by

My = eXiK252 (). (6.24)

The soft supersymmetry breaking terms are

m?isoft = ’%421 [ (’m3/2/‘\2 + ’%421 ‘7) GC[éj - FPFURPEIT ]?
Apx = FPD, (55/%Y ), (6.25)

where the Greek indices are running over S, 7%, U® and

84K 83K 5K cK 83K

R ) — — —_— — — — —
potl dC9C [OM,OM, 1 dC1OM,IC dC [OM ,0C
Dle™ *2Y1x) = Op(e Y igic) + SRIE, (Vi)
_€NZR/2G61018,0GCI(61YJK)I- (626)
The gaugino mass is
mgr = F? 0,log(Imf7), (6.27)

fr(M) being the gauge kinetic function.

The soft SUSY-breaking terms for a semi-realisitic set-up of intersecting branes/branes
with fluxes have been worked out in [52]. For earlier results for soft terms on D3-branes,
see [53]

We first look at W We find

1 Tl i Tl
WD = (s = [ =T) [T = T2 Yigwe CiCiCc. (6.23)

i=1 =1

From eq. (6.16) we know that Y7 x = €7k in the case of the untwisted matter fields
C2?,C* and the combination } C7a17a2(CTa2Tas 0 asTar,
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Before the expressions for the scalar masses m 7 .. can be calculated, we must first
find the explicit expressions for the curvature tensor. For this, the reader is referred
to Appendix A of [52]. The scalar masses are

[FURRS . — |FT"[?

3
Uit R ’

T’T i

k23

(m%.?’)Q = 1@21 (|m3/2|2+/-£?1V) GC?C

(mi)? = K] |(Imapl® +K3V) Gcz,jéz,j—ZFMF R;’;W :
M,N

(m37a)2 _ l{?l (|77’L3/2|2-‘r-/@21v S ZFMF R37a :

7a7b)2

(m = 1@21 (|m3/2|2—|—/€i‘7) ~7aTb ZFMF R7a7b R (6.29)

CTaTv

where M, N run over S, T%, U®. Let elucidate these scalar mass terms by giving the
very simple example of a stack of D7-branes which does not carry any 2-form flux and
only the (3,0)— and the (0, 3)—flux component turned on. The metric (6.19) simplifies
and this results in the following scalar masses:

)\2 HZG G772— o 2
7 \2 4 C1Cq
2= _ G A |
)" = Gnia? T, =30 /@
A2 46 G2 2

7 \2 4 CyCo

_ — __ GsNQ |,
a2l = Gnia? 1,0 - 3D) /e

772 A /‘52 225 - ?

= = 323 GaNQ | . 6.30
(mss)” = Gryia® [T, (M — 30 /@ (6:30)

Note that to (ml;)* and (ml;)?, the IASD (3,0)-component contributes, while to
(mly)? the ISD (0, 3)—component contributes. For non-trivial 2-form flux on the D7—
brane world-volume, both ISD and ITASD flux components contribute to the scalar
mass terms. The scalar mass term for strings on D3-branes has the same form as
(m?;)? in (6.30) and is therefore also non-zero only for IASD flux. A contribution
from the supersymmetric (2, 1)—component does not arise in this set—up. When the
superpotential is modified such that it also depends on the open string position moduli,
a supersymmetric mass terms appears [57].

The trilinear coupling is

)\112
Apg = ZH 27T>2,{Y1JK/G3/\Q+3YIJK/G3/\Q

+ Z /63 ANwa, Yrgx — (U — Ui) aU'L‘YIJK]}

—i [[(M =)~ F* G9° 0,G, @, Yiror (6.31)
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The term — Y, [ G3 Awa, (U* —U")0y:Y1 K appears because general Y7, may depend
on the complex structure moduli.

Note the case where the I, J, K refer to the 3-brane matter fields C?: Then the
last term cancels the terms 3 [[G3 A Q and >, [ G5 AWy, and we are left with

_ M\k2 _
Ak =i M —M —1—4/G AQ
IJK = VE€IJK 1;4[( ) (2r)2a’ 3 )

i.e. we only get a trilinear coupling from the (3,0)-flux, which agrees with the results
of [?, ?]. This is not true for the other matter fields, as their metrics have a more
complicated dependence on the moduli.

The gauge couplings have been given in eqs (6.17). Through them, we obtain the
gaugino masses:

_ -2 rk gl ; 1
Mmooy = PS5 ————= 5 e —,
(T9 =Ty — a2k f1(S — 5) (T9 =Ty — a2k f1(S — 5)
1 — k2 _
S = —q — _1/2 4
mgps = F 55 |M| (M=) / Gy AT, (6.32)

with k # [ # j, j being the torus not wrapped by the 7-brane.
To end this section, we give an estimate for the gravitino mass (6.24). The gravitino

mass may be rewritten as
1 M,
Gs N\
Xe

string 1

mg/2 2 3
\/5 (27‘()6 MPlaan Im(S)1/2 H Im(Tj)l/QIm(Uj)l/Q
=1

3
[T Im(U7)~1/2
gs%:ring M3 j

string j=1

\/5 (27T)4 Mlglanck VO1<X6)

/ Gy A Q ‘ (6.33)
X6

with the type I1B string coupling constant gsuing = € = (2 ImS)~!. The lat-
ter is assumed to be small in order to justify a perturbative orientifold construction.
The factor Vol(Xg) = Im(7H)Im(72)Im(73) is the volume® of the six-dimensional
compactification manifold X, measured in string units o/3>. The relation between the
string scale o/ = M —2 and the four—-dimensional Planck mass Mppaucx iS given by:

string
2%2 g i ting Matring V/ Vol(Xe). (6.34)

Qualitatively, the integral | [ x, G3 A (2] is of order % Since the moduli fields

string

MPlanck =

2
string

S, T7,U7 are dimensionsless, we deduce from the first line of (6.33): M3/ ~ Fo

3The following relations have been used: ¢4 = ¢10 — 2 In[Im(71)Im(72)Im(73)/a”®], kg =

PN 4 4¢ 3 ,
(27207 o/, and eiK = 27_<™  Noreover, we have: — =5 — VO]%; 7. Consult Ref. [51]
27 [] ImUd [T Im(T9) ¢
Jj=1 j=1

for more details.
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In the following, let us assume an isotropic compactification of radius R, i.e.
Vol(Xg) = R® and U7 = i. The flux quantization condition oz [o, G —¢ ez

(2m)2a’

for a (0,3)—form flux component of G3 essentially yields the estimate:

0,3 & o
G ~ (2)? - (6.35)
With this information and
_ 8 / 3 _ o9—3/2 8 MPlanck
GS AN | = (27T) 51 a R =2 (27T) gstring a6 517
Xg Mstring

we obtain for the gravitino mass mgs:

Im(5>1/21m<T)3/2 MPlanck a .

2
mgjp =TT

Since the physical moduli fields 7" are dimensionless, we have:

M2,
1/2 string §1~ (637)

m3/2 h gstring MPlanck
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Chapter 7

Moduli stabilization in the
framework of KKLT

In the low energy effective theory, the moduli of the compactification manifold used in
string theory correspond to massless fields or flat directions in the effective potential.
Since these fields would give rise to a fifth force of roughly gravitational strength, they
are clearly in conflict with experiment. In a realistic string theory model, they should
not be present, therefore one is interested in mechanisms which generate a potential
for these massless scalars, which ”lifts” them, i.e. gives them a vev and a mass. As
explained in Chapter 5, turning on background fluxes presents such a mechanism for
the dilaton and the complex structure moduli. Since the flux superpotential (5.42)
does not depend on the Kahler moduli, a different mechanism must be used to fix
them.

7.1 Introducing the KKLT-scenario

Kachru, Kallosh, Linde and Trivedi [5] have proposed a way to obtain a string theory
vacuum with small positive cosmological constant, which is at least meta-stable. The
proposed mechanism consists of two steps. In the first step, the geometric moduli and
the dilaton of a type IIB string compactification are fixed. The complex structure
moduli and the dilaton are fixed by turning on a supersymmetric or at least imaginary
self-dual background flux. The Kéhler moduli are fixed via non-perturbative effects.
Once all moduli are fixed, one has a stable, supersymmetric anti-deSitter vacuum. In
the second step, supersymmetry is broken by adding D3-branes. This results in a
positive contribution to the scalar potential and gives rise to a meta-stable deSitter
vacuum, which can be tuned to have the small positive cosmological constant that
is called for by experiment. Figure 7.1 shows the scalar potential for the original
toy model with only one overall Kahler modulus. The blue curve is the stable AdS
vacuum after step one. The red dashed line is the contribution to the potential from
the D3-branes, the black curve shows the resulting meta-stable dS vacuum.
Attempts of providing explicit models in which at least step one of the KKLT

99
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Figure 7.1: Scalar potentials for a KKLT-model with one Kéhler modulus

proposal is successfully realized include [58, 59]. A working example is based on the
resolution of the T°/Zy x Zy orbifold [59].

7.2 The origin of the non-perturbative superpoten-
tial

There are basically two possible origins for a non—perturbative superpotential which
depends on the Kéahler moduli: Euclidean D3-brane instantons wrapping four—cycles
on X or gaugino condensation on the world-volume of D7-branes which again wrap
four-cycles on X. In both cases, the non—perturbative superpotential has the form

Wap ~ G e hiVi , (7.1)

where V; denotes the volume of the wrapped divisor S;. The constant h; in the ex-
ponent depends on which mechanism, D3-brane instantons or gaugino condensation,
is responsible for the generation of W,,. We will first discuss the case of D3-brane
instantons as the origin of Wy,,. In an A = 1 supersymmetric Yang-Mills gauge theory,
the contribution from a single D3-instanton to the superpotential is given by

Wop ~ A

Here, b is the [-function coefficient of the corresponding gauge group, and A is the
dynamical scale of the gauge theory:

_8n2

A3 = e w2,
After relating the gauge coupling to the volume of .S;,
AT
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one obtains
Wap ~ gi e 2™ (7.3)

So h; = 2m. Instead of wrapping D3-branes on .S;, we may also consider a stack of N
space-time-filling D7-branes wrapped on .S;. In general orientifold compactifications,
the existence of the D7-branes is in fact forced by the tadpole cancellation conditions.
Consider the open string spectrum on the DT7-branes. It is in general given by an
effective N' = 1 supersymmetric U(N) gauge theory with some additional matter
fields.

First consider pure N' = 1 Yang-Mills theory with gauge group G without any
matter fields. Gaugino condensation generates a nonperturbative superpotential

872

Wop ~ A = e b7

with eq. (7.2) we then get
Wap ~ gie™ 7 (7.4)
and hence h; = 27 /b for pure SQCD.

Now consider N' =1 SQCD with gauge group G = SU(N¢) and with N matter
fields @, @ in the fundamental plus anti-fundamental representations Ng(N - @ &)
For Nr < Ng, there is a dynamically generated superpotential (for a review see e.g.
[60])

A3Ne—Np \ 1/(Ne=Ny)
I Gy
det(QQ)
Here, b = 3 N¢ — Ny is the N = 1 §-function coefficient of SQCD. The vacuum expec-
tation values of the meson superfields M ~ Q@ break the gauge group SU(N¢) to the
non-Abelian subgroup SU(N¢g — Np). If Np = N¢ — 1, the superpotential is generated
by gauge instantons. On the other hand, the superpotential arises due to the gaug-
ino condensation in the unbroken SU(N¢ — Np) gauge group. Therefore the gaugino
condensate is determined by the scale of the unbroken gauge group, (A\) ~ A?’Vc_ Nps
where the scale An,_n, of the low-energy SU(N¢ — Np) gauge theory can be associ-
ated to the scale A of the high-energy gauge theory as A%évf];iv’v ) = A3No—Nr /det M.
This precisely yields the effective superpotential eq. (7.5). Finally, for Np > N¢ there
is no dynamically generated superpotential of this type.

(7.5)

7.3 Witten’s criterion and the index on D3—branes

Which of the divisors present in our compactification manifold give rise to a non-
perturbative superpotential? The prefactor g; to the superpotential (7.1) generically
depends on the complex structure moduli and comes from a fermionic one-loop de-
terminant. Unfortunately it is so far an unsolved question how to compute it for the
general case'.

n [61], g; was determined for a special case with the help of a chain of string dualities.
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The best one can do is decide whether ¢g; = 0 or not. In the framework of M/F
theory, Witten has shown [62] that Euclidean M 5-brane instantons wrapping a divisor
S in a Calabi-Yau four-fold X, give rise to a non—perturbative superpotential if the
holomorphic Euler characteristic x(Og) of the divisor fulfills

X(0z) = B%0(S) — h¥L(S) 4 h%*(S) — hO3(S) = 1. (7.6)

One arrives at this criterion by studying the fermionic zero modes of the Dirac operator
on the world-volume of the Euclidean AM5-brane. The criterion (7.6) is fulfilled if
exactly two fermionic zero modes are present.

Later on it was realized that turning on background flux can have the effect of lifting
zero-modes. It can therefore happen that even if there are too many zero-modes in the
original geometry to fulfill (7.6), a non-perturbative superpotential may be generated
(61, 63, 64, 65, 66, 67].

Witten’s criterion can be used for models in type IIB string theory if their lift
to F-theory is known. Conditions for the generation of the superpotential directly
for type I1B-orientifolds without the detour of analyzing the M /F-theory case first
have been worked out in [68, 69], where an index yps for the Dirac operator on the
D3—brane was proposed. In terms of this index, the condition for the generation of a
non-perturbative superpotential for the wrapped divisor S takes the form

Xoa(S) = 5 (N4 = N) =1, (7.1

where Ny is the number of fermionic zero modes with U(1) charge +3 in the direction
normal to S. The presence of background fluxes can give rise to zero modes of mixed
chirality, in which case the index changes and is not of purely geometric nature any-
more. The fermionic zero modes on the world—volume of the D3-brane can be related
to the Hodge numbers (%9 p(10) h(20) of § by mapping the spinors to (0, p)forms.
The spinors living on the word-volume of the D3-brane can locally be expressed as

& = P> +0a7 10>+ "I0 >,
€. = QSE’YZIQ > +¢ﬁ’7az‘9 > +%’}/mb‘Q > . (78)

Here, €, (e_) denotes the spinor with positive (negative) chirality with respect to
the structure group SO(2) of the normal bundle of the divisor S inside the compact
space. |Q > denotes the fermionic Clifford—vacuum, while the s are products of 7—
matrices. The y-matrices with indices @, b,Z etc. act as creation operators on the
Clifford vacuum. a,b label the directions in the D3-brane world—volume, z denotes
the direction in the Calabi—Yau manifold normal to the wrapped divisor. Note that e,
and e_ also carry an SO(1,3) spinor index, so the number of zero modes is doubled.
The zero—modes of negative chirality have one leg in the direction normal to the divisor
S. They can be related to the zero-modes on the world-volume using Serre-duality:

Tt = by 979 Ute: = b 9799 Vb = 6,
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where ) is again the (3,0)—form of the Calabi-Yau. We see thus that we have h(1%)
zero modes ¢g of positive chirality corresponding to (0, 1)-forms and another A"
zero modes of negative chirality coming from ¢3,, also corresponding to (0, 1)—forms
via Serre duality. Analogously, we have h(®9) = 1 scalar zero modes of positive chirality
(¢) and negative chirality (¢-), and h(3% (0,2)-form zero modes of positive (¢-;) and
negative chirality (¢z).

On the D3-brane, the gauge fixing of the xk-symmetry must be chosen such that it
is compatible with the orientifold projection. Some of the zero modes are pure gauge
and are annihilated by the k—symmetry projector. The orientifold action projects out
part of the zero modes. We can distinguish three cases regarding the position of the
OT7-planes in relation to the divisor S wrapped by the Euclidean D3-brane:

(a). The O7-plane wraps the divisor S.
(b). The O7-plane intersects S along one complex dimension.

(c). The O7-plane is parallel to S.

The analysis of the action of the projectors of k—symmetry and orientifold on the
zero modes [9] is summarized in Table 7.1. The zero modes given in square brackets

Case (a) (b) (c)
Chirality | + — + _ ¥+ _
h(00) ) - ) - ) Pz
h(l’O) - % [%] az [%] gbﬁ
RO () - - = (a3 o
xoa(S) [ 1=hY + RG] 1+ [hﬁi?)]( ()] = B
(1,0) 2,0) (2,0) (2,0)
—hy —hZ | TR

Table 7.1: Surviving zero modes after k—fixing and orientifold projection

are the ones that are in general lifted by background flux. Furthermore, h&g) (hgio)))
denotes the positive (negative) chirality zero modes corresponding to this Hodge num-
ber. Note that in case (a), where the divisor S feels the full orientifold projection,
xp3(S) = x(Os), i.e. the index reduces to the holomorphic Euler characteristic. This
happens because of each type of zero modes, only one chirality survives the orien-
tifold projection, which matches the situation on the fourfold. In case (c) on the other
hand, S does not feel the effect of the orientifold projection at all, therefore (unless
zero modes are lifted by flux) the positive and negative chirality zero modes compen-
sate each other, such that the index equals zero. This is analogous to the case of a
Calabi—Yau manifold without orientifold for which no non—perturbative superpotential
is generated.

To decide whether there are enough contributions to the non-perturbative super-
potential to stabilize all moduli, it is of prime importance to know the Hodge numbers
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(L0 and h(*0 for a complete set of divisors in our compactification manifold. The

geometric methods described in part I of this thesis yield all necessary information for
the case of resolved orbifolds of type T¢/Z, and T®/Z,, X Z,,.

7.4 Vacuum structure and stability

In this section, the vacuum structure of type I1 B toroidal orientifold compactifications
is discussed. The discussion is based on the effective N' = 1 superpotential

W = Wauw (S, U?) + Wy (T, UY), (7.9)
with Way, as given in (5.42) and

(1,1)
h+

Wap(T",U") = D g'(U)e ™™, (7.10)
1=1

where the sum only runs over the h(j’l) geometric moduli. The first term depends
on the dilaton field S and the complex structure moduli U?. The second term is of
non-perturbative nature as discussed in the last section and depends on the Kahler
moduli 7% and the complex structure moduli.

The vacua of the effective N' = 1 supergravity theory are determined by the asso-
ciated scalar potential [70]

hil,l) h(f’l)
V = emiK <|DSW|2 + ) [DpW P+ Y Dy W -3 |W|2>. (7.11)
i=1 j=1

The extrema of (7.11) are determined by imposing the supersymmetry conditions
(5.53) on the full superpotential (7.9). Since the twisted complex structure moduli are
not well understood, we will in the following concentrate on cases with hii’l) =0.

There is an issue concerning the stability of the obtained extrema after imposing
the supersymmetry conditions. The stability of AdS vacua in gravity coupled to scalar
fields has been investigated in [71]. Stability is guaranteed, if all scalar masses fulfill
the Breitenlohner—Freedman (BF) bound [71], i.e. if their mass eigenvalues do not
fall below a certain minimal bound. The latter is a negative number related to the
scalar potential at the minimum. It can be shown completely model independently
that all scalars have masses above this bound in any N' = 1 supersymmetric AdS
vacuum in supergravity theories, even if it is a saddle point or a maximum (c.f. [72]
and Appendix C of [73]). For the AdS case, there is no need to worry. But since KKLT
propose to lift the vacuum to deSitter space, stability becomes an issue. Here, one has
to require the absence of any tachyonic scalar fields, i.e. the (mass)? of all scalars must
be positive. This means that all eigenvalues of the scalar field mass matrix afjgaﬁ
(o, ps = S,U?,T") must be positive. In this way, some severe constraints can be
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derived on the possible orbifolds leading to stable vacua, a question which was raised
in [74].

We present here a condition, which, if fulfilled, excludes the existence of a (meta—)
stable minimum in the sense explained above, i.e. such that we are still at a minimum
after the uplift to de Sitter space.

Case by case studies on toroidal orbifold models [6] have suggested that the exis-
tence of complex structure moduli is a necessary condition for a model to allow stable
vacua. To verify this conjecture, we start with a setting with only a dilaton and an
arbitrary form of the Kéhler potential for the Kahler moduli (i.e. >V = 0). In this
set—up, the superpotential (7.9) takes the general form

h{P (x)

W=B+AS+Xx > ge™ (7.12)

i=1

Generically, A,B € C, g; € C, and a; € R_. In addition, A € R is a real parameter
accounting for a possible so—called Kahler gauge, as discussed in [75]. A stable vacuum
is excluded when one or more of the eigenvalues of the scalar mass matrix are negative.
After a rather tedious series of reformulations (see [9] for the full derivation), it is
possible to phrase this condition purely in terms of the Kahler moduli of those divisors
of the original Calabi—Yau manifold which contribute to the superpotential and the
intersection form

Kij = / wi Nw; ANJ =K TF, Kijr = / wi A wj A wg, (7.13)
X X

with the Kahler form parametrized as

(1,1)
hy

J=> T w,
j=1

The condition for the exclusion of a stable vacuum then reads
3ie{l,.. A" TP>0 A Ky>0. (7.14)

Expressed in words, if at least one of the geometric Kahler moduli is larger than zero
and the diagonal element of the intersection form (7.13) corresponding to this modulus
is larger than or equal to zero, no stable vacuum exists. For toroidal orientifolds
and their resolutions, the first part of the condition (7.14) is always satisfied by the
untwisted Kahler moduli and also the second part can be verified. Like this, all toroidal
orbifolds and their resolutions which have h(*»!) = 0 are excluded as candidate models
for the KKLT proposal.
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7.5 Resolved toroidal orbifolds as candidate models
for KKLT

In [59], a toroidal orbifold model, namely type 1B string theory compactified on the
orientifold of the resolved T°/Zy x Zy, was checked for its suitability as a compacti-
fication manifold for the KKLT proposal. Since the F-theory lift of this example is
known, Witten’s criterion could be checked directly and the results of [59] strongly
indicate that in this model, all geometric moduli can be fixed.

The methods to obtain a smooth Calabi—Yau manifold from a toroidal orbifold and
to subsequently pass to the corresponding orientifold as described in the first part of
this thesis enable us to explicitly check other toroidal orbifolds for their suitability as
candidate models for the KKLT proposal.

The requirement that the scalar mass matrix be positive, discussed in Section
7.4, places severe constraints on the list of possible models. Those orbifolds without
complex structure moduli do not give rise to stable vacua after the uplift to dS space.
Thus Zs, Zq, Zg_; on SU(4)2, Zy X L, T3 X L3, Ly X Zy and Zg x Zg are excluded
from the list of possible models given in Tables 2.3 and 2.4.

Since the stabilization of twisted complex structure moduli via 3—form flux is not
well understood yet, the models with h'é”f)t # 0 cannot be checked explicitly. Yet
considerations regarding the topology of their divisors suggest that they might not be
suitable candidate models anyway.

The only models which are not already excluded and are directly amenable to our
methods are T°/Z, on SU(4)?, T®/Z¢_ 11 on SU(2) x SU(6), the above mentioned
T/ 7o X Ly, and T )7y x Zy.

The question one would like to answer is: Do enough of the divisors of the above
models contribute to the non-perturbative superpotential that all Kahler moduli can
be fixed?

To answer this question, the topologies of the divisors must be studied. In Section
3.9 we have seen that there are four basic topologies for the divisors of the resolved
toroidal orbifolds: The inherited divisors R; have the topology of either (i) K3 or (ii)
T*. The exceptional divisors E; can be birationally equivalent to either (iii) a rational
surface (i.e. P? or F,,) or (iv) P! x T%. The same is true for the D—divisors, which are
linear combinations of the Rs and Fs. The rational surfaces have h(L9) = 20 =0
and therefore x(Og) = 1. Since h? and (39 are birational invariants, the number
of blow—ups which depends on the triangulation of the resolution is irrelevant here.
P! x T? has h"0 =1, h(30) =0, T* has h(%0) = 2, R = 1, which both results in
x(Og) = 0. K3 has R0 =0, h(29 =1 and therefore x(Og) = 2.

Since except for T°®/Zy x Z,, the F-theory lifts of these models are not known,
it must be determined directly in type IIB which divisors contribute to the non—
perturbative superpotential. Here, we make use of the index for the Dirac operator on
the world-volume of the Euclidean D3-brane (7.7). In [68], it was shown that only the
fermionic zero modes associated to A9 and A?9 can be lifted by background flux. In
the cases with h(19) = (29 = 0, the effect of the fluxes can therefore be disregarded.
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The values of the index for the four divisor topologies arising from resolutions of
toroidal orbifolds are given in Table 7.2. The numbers in square brackets are the

Topology | () (b) (c
K3 2/11] 0 |0/[-
T | 0/[-1] | 0/[-2] | 0/[-3]

Pl xT2 | 0 | 1/[0] |0/[-

P2, F, 1 1 0

~—

Table 7.2: Index xps for the four basic topologies

values of the index in the case that the corresponding zero modes have been lifted by
flux, cf. Table 7.1. We see thus that for the case (c), we never get a contribution, so
we better seek an orientifold action which leads to many O7-plane solutions. K3 can
contribute in case (a) if the hg’?) zero modes are lifted by flux. In our set—up, case
(a) cannot arise, since only the inherited divisors R; can have the topology of K3, and
these divisors are never wrapped by O7-planes. A divisor with the topology of 7% can
likewise never contribute. P2 x T2 can contribute in case (b) if no zero modes are lifted
by flux. The rational surfaces contribute in the cases (a) and (b) irrespective of the
background flux. To summarize: All those models are likely to allow the stabilization
of all geometric moduli for which

(i). the fixed points and fixed lines are all in equivalence classes with only one mem-
ber, giving rise to £ and D divisors which are birationally equivalent to rational
surfaces and

(ii). an orientifold action exists which gives rise to enough O7-plane solutions that
each divisor intersects an O7-plane in at least one complex dimension.

When these conditions are met, it is likely that all geometric moduli will be stabilized
when the full scalar potential (7.11) is minimized.

Requirements (i) and (ii) are both met by T°¢/Z, on SU(4)?, T%/Z¢_11 on SU(2) x
SU(6), TS )7y x 7y and T® /7y x 7,4, therefore we expect that all geometric moduli can
be stabilized in these cases. In the case of T° /211, h(_l’l) = 6. These six moduli are
not geometric anymore after the orientifold—projection and thus cannot be stabilized
by Euclidean D3-brane instantons. This example will be discussed in more detail in
the next subsection.

Models with fixed lines without fixed points on them which lie in orbits of length
greater than one do not satisfy criterion (i) since the divisors corresponding to these
fixed lines have the basic topology of P! x T2. These are exactly the models with
hgfmls)t # 0. Unless an elaborate configuration of O-planes can be chosen such that all
these divisors fall into category (b), these examples in general allow only for a partial
stabilization of the geometric moduli via Euclidean D3-brane instantons. It should
be stressed that examples like these are still not completely hopeless since additional
effects might lead to the complete stabilization of all moduli. On the other hand, this
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survey again confirms the old suspicion that manifolds with the right geometrical prop-
erties to allow the stabilization of all Kahler moduli by Euclidean D3-brane instantons
or gaugino condensates are not very generic.

7.5.1 Example B: T°%/Z¢ ;1 on SU(2) x SU(6)

In this section, we will explicitly check the suitability of T°/Zg_;; on SU(2) x SU(6)
as a candidate model for the KKLT proposal. In Table 3.4, the topologies of the
exceptional and D—divisors were given. We see that all of them are rational surfaces
and will therefore contribute to the non—perturbative superpotential for the cases (a)
and (b). Condition (i) is therefore met.

The triple intersection numbers are given in (4.16). The Kéhler form can be
parametrized as

3
J=Y riRi=> tigEip —Y (tpEag+tisEip) — Y ts,Fs,. (7.15)
i=1 8.y E v

With (4.16), we arrive at the total volume

3

3 4
V =6 T1ToT3 + T3 Z t2’5t47ﬁ — Z tl,ﬁ,ytgwgb;ﬁ — T Z t;z)’,y — T3 Z( tgﬂ + tiﬁ)
p=1 By =1

B=1
3

3 4
4
=D B+ Batas — 5 | D_(Bs 1) + D8,
67 =1 o=1 7=1

+> (tigats g+ tigts ., + tipsts g)- (7.16)
By

In the next step, we perform the orientifold projection, which was discussed for this
specific model in the example sections of Chapter 4. As discussed there, not all fixed
point sets are invariant under the global involution Ig, which leads to Y = 6. Out
of the eight possibilities for the orientifold involution on the resolved patches given in
(4.9), we have chosen the one which leads to O—plane solutions satisfying criterion (ii),

namely
1 2

(21, 22’ 23’ yI, y2’ y37 y4> - (_z ,—22 _23’ y17 _y2’ yS, _y4). (717)
This orientifold action gives rise to an O7-plane wrapped on D, one on each of the
four D3, and one wrapped on each of the two invariant E, 3. On the local patches, no
O3-plane solutions occur. Examination of Figure A.3 shows that all D—and E—divisors
intersect one of the divisors carrying an O7-plane in at least one complex dimension.
In total, there are seven O7—planes and 12 O3—planes, as discussed in Section 4.5.1.
On top of the O7—planes we place eight D7-branes to cancel the D7-tadpole locally.
This gives rise to a stack of D7-branes with gauge group SO(8) on each of the divisors
Dy, Ds,, E3pg. In Section 4.5.1, the total D3-tadpole was determined to be Qs,,, =
—41. We choose to saturate the D3—tadpole completely with flux since we want to
avoid mobile D3-branes, i.e. we need Ny, = 41.
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The modified intersection numbers according to Section 4.4.1 lead to the modified
overall volume

2 4 2
V =3 T1T2T3 + 13 Z t2”3t4,ﬁ - Z tlﬁf},tgﬁtzlﬁ — % T2 Z t%,'y — T3 2(2 t;ﬁ + % tiﬂ)
p=1 By y=1 =1
2

2 4
4
1 3 2 3 143 1 3
=3 2 te 2D Bgtis— 5 | D (4t + 3t T3 DB,
By p=1 B=1 =1

+3 (2tipth s+ L tupth, + S st ). (7.18)
By

The total Kahler potential becomes thus
K=-I(S—8) -Wm@U*-T")-2I V. (7.19)

We get contributions for Euclidean D3-brane instantons for all exceptional and D—
divisors. For those divisors on which the O7—planes are wrapped, something special
happens: Since a stack of D7-branes is wrapped on them, they contribute to the
non—perturbative superpotential through gaugino condensates, see Section 7.2. Since
these divisors do not intersect each other, no bifundamental matter is present, while
adjoint matter is excluded because h"?) = B0 = ( for these divisors. The total
superpotential becomes thus

Wie = Wflum + ngz 67271' V(S;) 4 ng’; 6*271"/(57/;)/67 (720)
S; S!

where S; € {E1 gy, Es~, E1p, Dag}t and Si € {D1, Ds.,, Es3}. We thus get contribu-

tions for all exceptional divisors. Since the Ds are linear combinations of the E's and

the Rs, enough contributions are available to stabilize h(j’” independent moduli.
With this, we have collected all necessary ingredients to numerically minimize the

scalar potential, once a suitable flux is turned on which satisfies the tadpole cancellation
condition (5.31).
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Chapter 8

Conclusions and Summary

Toroidal orbifolds have found wide use in string compactifications because they provide
simple, yet non-trivial toy models which reproduce a number of phenomenologically
desirable properties, such as N' = 1 supersymmetry and chiral fermions (in heterotic
string theory), and family repetition.

In the first part of this thesis, the geometry of toroidal orbifolds was presented in
detail. At the orbifold point, i.e. in the singular case, a complete parametrization
of the untwisted moduli in terms of the radii and angles of the torus lattice was
given for all commonly used orbifolds (see Tables 2.3 and 2.4). In Chapter 3, the
systematic resolution of the quotient singularities was discussed. The treatment of the
singular orbifold has been well-known for some time already, although the results are
very scattered in the literature and a systematic and complete treatment as given in
Appendix B of this thesis was lacking. The systematic treatment of the resolution of
toroidal orbifolds however was undertaken only recently [7].

First, the basics of toric geometry were introduced and used to resolve orbifold
singularities via blow—ups in a local, non—compact geometry. Appendix A gives the
resolutions, linear relations, Mori generators, local intersection properties and divisor
topologies for all models involved. Then, the procedure of gluing the resolved patches
together to arrive at the smooth Calabi—Yau manifold was explained. Here, the global
knowledge derived from the covering space T°® was heavily used. The method to cal-
culate the complete intersection ring of the smooth Calabi-Yau was given, as well as
the topologies of the divisors in the compact manifold. In Chapter 4, the transition to
the orientifold quotient was discussed.

It should be stressed that the class of smooth manifolds obtained from maximally
resolved toroidal orbifolds is one of the few classes of Calabi—Yau manifolds which are
well-understood and allow a number explicit calculations. The systematic transition to
their orientifold quotients is also a big asset. The importance of resolved toroidal orb-
ifolds for concrete applications in string theory should therefore not be underestimated.
The methods presented in the first part of this thesis provide a powerful toolbox which
can be exploited for a wide variety of calculations in string theory. Apart from their
practical use, these constructions, simple though they are, or maybe exactly because
of their simplicity are very appealing and have a charm of their own.
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In the second part of this thesis, the geometrical treatment of part I was motivated
by two main examples which make use of this geometrical knowledge. Both exam-
ples belong to the subject of string compactifications with background flux, which on
the one hand present a mechanism to break supersymmetry and one the other hand
stabilize at least part of the moduli. The first main example treated a string com-
pactification on the singular T°/Z, x Z, orbifold. The effective potential from the
background flux and the supersymmetry breaking soft terms, i.e. scalar mass terms,
trilinear couplings etc. were calculated. Although the set—up of intersecting branes/D—
branes with fluxes compactified on T°/Z, x Z, is but a toy model, calculations of this
type can yield estimates which may in principle even serve to falsify specific string
models in future experiments.

The second example attempted moduli stabilization along the lines of the KKLT
proposal. Here, extensive use was made of the methods to resolve a singular orbifold
and make the transition to the orientifold quotient. By a general consideration con-
cerning the stability of the vacuum solutions after the uplift, several orbifold models,
namely the ones without complex structure moduli were excluded as candidate models
for the KKLT proposal. Most of the remaining ones seem to allow only a partial sta-
bilization of the geometric moduli without recourse to additional mechanisms. One of
the conclusions of this second example is therefore that at least in the restricted class
of orientifolds originating from resolved toroidal orbifolds, KKLT candidate models are
not as generic as one would have hoped.

For the future, there is a variety of paths that could be pursued starting from the
present state of knowledge in the subject of resolved toroidal orbifolds. One possibility
would be to attempt the construction of the corresponding mirror manifolds.

A very interesting task would be to determine the variation of the Hodge structure
and the period integrals of the resolved toroidal orbifolds. Once this is known, the
genus zero world—sheet instantons could be calculated for topological string theory on
this type of manifolds.

In a construction analogous to the one used in Section 3 of [59], the Calabi—Yau
fourfolds corresponding to the resolved threefolds could be constructed, yielding the
F—theory lifts for the type I1B models.

On the more phenomenological side, a task for the future would be to investigate
the stabilization of the twisted complex structure moduli through fluxes. This is at
present not well understood because the contribution of the twisted (2, 1)—forms to the
Kahler potential of the complex structure moduli is not known.

Moduli stabilization could also be attempted for those models which in a pure
KKLT setting only allow for a partial stabilization of all moduli, e.g. by considering
D—term effects.

In the existing literature, toroidal orbifolds have already lent themselves to many
more applications than we could present here. Now, that the methods to produce
smooth Calabi—Yau manifolds and their orientifold quotients from their singular orb-
ifold limits are fully understood, we expect them to find many more applications in
string theory models.
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Appendix A

Resolutions of local orientifold
singularities

In this appendix, the resolutions of the C*/Zy, C*/Zy x Zy; and C? /Zy—orbifolds not
yet treated in the main text are discussed.

A.1 Resolution of C*/Zs

Zs acts as follows on C?:

1 .2 1 2

0: (24 2%, 2%) — (e2t e 2% e2®), e=e2™/3

To find the components of the v;, we have to solve (v1); + (v2); + (v3); = 0 mod 3. This
leads to the following three generators of the fan (or some other linear combination
thereof):

v =(=1,-1,1), vy =(1,0,1), v3 =(0,1,1).

To resolve the singularity, we find that only € fulfills (3.10). This leads to one new

generator:
1 1 1
w = 5111 + g?]g—i‘ 51)3 = (0,0,1)
In this case, the triangulation is unique. Figure A.1 shows the corresponding toric
diagram and its dual graph. We have now three three-dimensional cones: (Dy, E, Ds),

(D1, E, D3) and (Do, E, D3). Let us identify the blown—up geometry. The U; are

7 2 = i 1.2.3
U1=;, ng;, Us =z 2°2"y. (A.1)
The rescaling that leaves the U, invariant is
(24, 2%, 2% y) — (A2t A 22 A28 AP y). (A.2)

Thus the blown—up geometry corresponds to

X5 = (C'\ Fy)/C".
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116 A Resolutions of local orientifold singularities

Figure A.1: Toric diagram of the resolution of C*/Zs and dual graph

The excluded set is Fg = { (2!, 2%, 2*) = 0}, the action of C* is given by (A.2). It turns
out that Xy corresponds to the line bundle O(—3) over P?. The exceptional divisor
E is identified with the zero section of this bundle. (A.2) corresponds to the linear
relation between our divisors

D+ Dy+ Ds—3E =0.

With this, we are ready to write down (P |Q):

Dy -1 -111] 1

| D, 1 0 1 | 1

E 0 0 1 |-3

This immediately yields the following linear equivalences:
0~3D;,+ FE, 1=1,...,3. (A.4)

The curve C' corresponding to the single column of () generates the Mori cone. We
find that C = D, - E = Dy - E = Dy - E. Furthermore, E3 = 9.

We will now discuss the topology of E. The star of E is the whole toric diagram.
Its Mori generator is exactly that of P2, so it has the topology of E.

A.2 Resolution of C*/Z,

74 acts as follows on C?:

0: (2%, 2% 2%) — (2,622, €2 2%), =2/
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To find the components of the v;, we have to solve (v1); + (v2); + 2 (v3); = 0 mod 4.
This leads to the following three generators of the fan:

V1 = (2,0, 1)7 Vo = <0,2, 1), V3 = (—1, 1, ].)

To resolve the singularity, we find that # and 6% fulfill (3.10). This leads to two new
generators:

1 1 1

wy = 1014—11}2—1-51)3:(071»1)7
1 1

Wy = 5’[)1—|—§’l)2:(1,1,1).

In this case, there is again but one triangulation. Figure A.2 shows the toric diagram

Figure A.2: Toric diagram of the resolution of C*/Z, and dual graph

and its dual graph.
The U; of the resolved geometries are

(71 _ (251)2(2,3)—1y27 Uy, = (22)2Z3y1y2, (73 _ 2122z2y1y2. (A.5)
The rescalings that leave the U, invariant are

1
(24, 2% 2yt v — (A2t A2 AN 28 Wyl, A y?). (A.6)
142

According to (3.11), the new blown-up geometry is
Xg = (C°\ Fy)/(C)?,

where the action of (C*)? is given by (A.6).
We have the following four three-dimensional cones: (D, D3, F1), (D1, Ey, E5),
(Do, Ey, E3), (Do, D3, Ey). We identify the two generators of the Mori cone and write
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them for the columns of Q:

2 01 ] 0 1

0211 0 1
PlQ)=]-111 ] 1 0 (A.7)

011 1]-20

1 11| 1-2

From @, we can determine the linear equivalences:

0 ~ 4D+ Ey +2E,,
0 ~ 4Dy + E; +2E,,
0 ~ 2Ds+ E,. (A.8)

There are four compact curves in our geometry, which are related to the C; as follows:
Cl = D1 . E1 = .D2 . El, CQ = E1 . EQ, E1 . D3 = 201 + 02. Furthermore, E% = 8

From the Mori generators of the star of ', we find E; to be an Fy. Es corresponds
to P! x C.

A.3 Resolution of C*/Zg_;

See Sections 3.2.1, 3.3.1, 3.4.1 and 3.5.1.

A.4 Resolution of C*/Zs_;

This example allows several resolutions to illustrate the differences in the intersection
numbers. Zg_;; acts as follows on C3:

1 2.2 3

0: (2, 2% 2%) = (2,222, 63 2%), = e¥/S,

To find the components of the v;, we have to solve (v1); + 2 (v2); + 3 (v3); = 0 mod 6.
This leads to the following three generators of the fan (or some other linear combination
thereof):

vy = (=2,-1,1), vo = (1,-1,1), v3 = (0,1,1).

To resolve the singularity, we find that 6, 62, #% and 6* fulfill (3.10). This leads to
four new generators:

1 2 3
wy = 6U1+6U2+6U3:(07071)7
2 4
W = 6U1+6U2:(0,—1,1)7
3 3
Wws = 6U1+6U3:(—1,0,1),
4 2
Wy = 6U1+6U2:(—1,—1,1>.
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b) 9]

E3 E; Es )

\4

Y
\4

D, E, E, D, D, E, E, D,
D3 D3
E3 E D
E3 Ej D, a 2

Figure A.3: Toric diagrams of the resolutions of C?/Z¢_;; and dual graphs

In this case, there are five triangulations. Figure A.3 shows three of the corresponding
toric diagrams and their dual graphs. All five diagrams are given in Figure 3.4.
The U; of the resolved geometries are

~ 22 ~ 23

- — 7. 1,22 1.2 3 4
U1 = W’ U2_W7 Ug—zzzyyyy (Ag)

The rescalings that leave the ﬁz invariant are
A2
(Zla ZQ? 237 yla 92> 3/37 y4) - <)\1 Zla )\2 ZQ, )\1A2)\3)\4 Z37 Wyla )‘3 ?/27 Wy?)a)% y4)
2304 14
(A.10)
According to (3.11), the new blown-up geometry is

Xg = (CT\ Fg)/(C),

where the action of (C*)* is given by (A.10). The five different resolutions of C?/Zg_;;
only differ from each other by the excluded set. We must identify it for each case
separately. So is for example (z!,y') = 0 in the excluded set for the cases b) and c),
but not for a). We will not write down the three excluded sets explicitly. In what
follows, we will only treat the cases depicted in Figure A.3.

Case a)

In this case, we have the following six three-dimensional cones: (D;, Ey4, Ey),
(D17 E17 E3)7 <D27 E27 El)) (DQa Ela D3)7 (D37 E17 E3)7 (E17 E27 E4) We 1dent1fy the
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four generators of the Mori cone and write them for the columns of ):

-2 -1 1| 1-11 0
1 =1 1] 0 0 0 1
0O 1 1| 1 0 0 O
(P|Q) = 0 0 1| 0-10 0 (A.11)
0O -1 1| 0 0 1-2
-1 0 1 |-2 1 0 0
-1 -1 1] 0 1-21
From @, we can determine the linear equivalences:
0 ~ 6D1 +E1 +2E2+3E3—|—4E4,
0 ~ 3D+ By +2E; + By,
0 ~ 2Ds+ Ey + Ejs. (A.12)

There are six compact curves in our geometry, which are related to the C; as follows:
04, E1 . D2 = Ol + 2 CQ + 03. Furthermore, Ei)) = 6.

Case b)

In this case, we have the following six three-dimensional cones: (Ds, Ey, Dj),
(D37 E17 E3)7 (D17 E37 E4)7 (E47 E17 E3)7 (E17 E27 E4)7 (E17 E27 D2> We ldentlfy the

four generators of the Mori cone and write them for the columns of ):

2 -1 1] 100 0
1 -1 100 0 1
0 1 1] 00 10
PlQ=] 0 0 1] 1-1-10 (A.13)
0 -1 1] 0 1 0-2
~1 0 1 ]-1 1-10
~1 -1 1 |-1-11 1

The linear equivalences are the same as in case a). There are again six compact curves
in our geometry, which are related to the C; as follows: C) = F3-Ey, Cy = Ey-Ey, C3 =
El'Eg, C4ZE1'E2, El'DQZCQ+Cg, El'D3:202+03+C4. Here, Ei1327

Case c)

In this case, we have the following six three-dimensional cones: (D,, F1, D),
(D37 E17 E3)7 (D17 E37 E4)7 <E47 E27 E3)7 (Ela E27 E3)7 (E17 E27 D2) We ldentlfy the



A.5 Resolution of C?/Z; 121

four generators of the Mori cone and write them for the columns of ):
-2 -1 1] 0 0 0 1
1 -1 1] 00 1 0
0O 1 1| 1 0 0 0
(PlQ)=1 0 0 1 |-2 1-1 0 (A.14)
0O -1 1 | 1-1-11
-1 0 1| 0-11 0
~1 -1 1] 0 1 0-2

The linear equivalences between the divisors remain the same as in case a). There
are again six compact curves in our geometry, which are related to the C; as follows:
Here, E? = 8.

The topologies of the exceptional divisors are discussed in Section 3.5.2.

A.5 Resolution of C*/Z;

Z- acts as follows on C?:

0: (24, 22 2%) — (e2',e2 2%, %), &=/,
To find the components of the v;, we have to solve (vq); + 2 (v2); + 4 (v3); = 0 mod 7.
This leads to the following three generators of the fan (or some other linear combination
thereof):

vy = (—2,0,1), va =(1,-2,1), v3=(0,1,1).

To resolve the singularity, we find that 6, 6% and 6* fulfill (3.10). This leads to three
new generators:

1 2 4

wy = ?014—?024—?”3:(0,071)7
2 4 1

Wy = ?U1+?U2+?03:<0,—1,1),
4 1 2

wsy = ?U1+?02+?03:(—1,0,1).

In this case, the triangulation is unique. Figure A.4 shows the corresponding toric di-
agram and its dual graph. We have now seven three-dimensional cones: (Dy, F3, Es),
(Dh Eg, D3>, (DI; EQ, Dg), (DQ, EQ, El); (D%Z E17 193)7 (El, EQ, Eg), and (El, E3, D3)
Let us identify the blown—up geometry. The U; are

- 2 - 2 i~ 1.2.3,1,2 3

Ul:(zl)—st’ Us = B Us =z z°2°y y“y°. (A.15)

The rescaling that leaves the [71 invariant is

A
(217227237y17y27y3) - ()\1 217 >\2 227 )\g)\i’) 237 )\4_;\2y17)\3 y27 = y3> (A16)
27'3 1

22
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Y
m
w
m
—

A
Dl%
\ E E,
D; D,

Figure A.4: Toric diagram of the resolution of C*/Z; and dual graph

Thus the blown-up geometry corresponds to
Xg = (C°\ Fg)/(C")*.

We refrain from giving the excluded set of simultaneous zeros of coordinates not be-
longing to the same cone explicitly. The action of (C*)? is given by (A.16). There are
three generators of the Mori cone:

Cy =(1,0,0,1,0,—2), Cs=(0,1,0,0,—2,1), Cs=(0,0,1,-2,1,0),

With this, we are ready to write down (P |Q):

D=2 0 1] 1 0 0
Dy 1-211] 0 1 0
- D; 1 1 1] 0 0 1
(P1Q) = E, 0 01| 1 0-2 (A.17)
Ey, 0-1 1| 0-21
Es—-1 0 1 |-2 1 0
This immediately yields the following linear equivalences:
O ~/ 7D1—|—E1 —|—2E2+4E3,
0 ~ 7TDy+2FE,+4F,+ Ej,
0 ~ TDs+4FE, + FEy+2E;5. (A.18)

We have nine internal lines in our toric diagram corresponding to compact curves.
Weﬁndthatcleg'EgzDg'Eg, CQZEl'EQZDl'EQ, CgZEl'DQZ
El'Eg, Dl'E3:202+03, DQ'E2201+202 andD5E1:CQ+2C'3
Furthermore, E? = E3 = E3 = 8.

By studying the stars of the three compact exceptional divisors F;, Es, F3, we find
that all of them correspond to a Hirzebruch surface 5.
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A.6 Resolution of C*/Zg

Zs_; acts as follows on C3:

2.2 5

0: (2, 2% 2%) = (2,222, 6% 2%), =P8,

To find the components of the v;, we have to solve (vq); + 2 (v2); + 5 (v3); = 0 mod8.
This leads to the following three generators of the fan:

v =(3,1,1), va=(0,2,1), vs = (1,—1,1).

To resolve the singularity, we find that 6, 6%, 6* and #° fulfill (3.10). This leads to four
new generators:

wy = (1,0,1), wy = (1,1,1), w3 = (2,0,1), wy = (2,1, 1).

In this case, there are 4 triangulations. Figure A.5 shows the toric diagram of one of

DZ
Dl
E, /|Eq
\El E; ”
D3

Figure A.5: Toric diagram of the resolution of C3/Zg_; and dual graph

them and its dual graph. We have now eight three-dimensional cones: (Dy, Dy, Ey),
(D17 E37 E4)7 (D27 E27 E4)7 (-D27 E17 E2>7 <D27 D37 E1)7 (‘937 El; E3)7 (Elv E37 E4)7
(E1, Ey, Ey). Let us identify the blown—up geometry. The U; are

B = SR
U, = AR (),
Us = 2'22239% %y (A.19)

The rescaling that leaves the U, invariant is

<317Z2723ay17y2ay37y4) -
()\1 Zl, )\?)\3)\4 22, )\?)\2)\%)\2 23, Wyl, )\2 y2, )\3 yg, )\4y4>. (A20)
1727374
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Thus the blown-up geometry corresponds to
Xg = (CT\ Fy)/(C)"

We refrain from giving the excluded set of simultaneous zeros of coordinates not be-
longing to the same cone explicitly. The action of (C*)* is given by (A.20). Using the
method discussed in Chapter 3, we find four generators of the Mori cone, which form
the columns of Q:

Dy 32 1] 01 0 0
Dy, 02 1] 1 0 0 0
Dy 1-1 1] 0 0 0 1
(PlQ)=1 £t 1 0 1 | 1 1-1-1 (A.21)
E, 111 ]-3 0 1 0
Es 2 01| 0-11-1
E, 2 1 1| 1-1-11
This immediately yields the following linear equivalences:
0 ~ 8D1+E1+2E2+4E3+5E4,
0 ~ 4D+ FEy+2FE, + Ey,

We have ten internal lines in our toric diagram corresponding to compact curves.
WeﬁndthatC’lzDg-Engg-E4:E1-E2, CQZEg'E4, CgZEl'E4, 04:
El'Eg, Dg'El = 03+O4, D3'E1 = Cl—|—3 03—|—2 04. Here, Ef = 7, ES = 9, EZE =17.

We will now briefly discuss the topology of the exceptional divisors. E5 corresponds
to a P2. Do identufy the other, we flop the curve (E; - Ey) to (Es - E3). Now E; and
E, correspond to Fy, while E5 is P! x C blown up in two points.

A.7 Resolution of C*/Zg_;;

Zs_ i1 acts as follows on C3:
0: (2% 22 2%) — (e21,3 2%, e 2%), e =e*m/8

To find the components of the v;, we have to solve (v1); + 3 (v2); + 4 (v3); = 0 mod 8.
This leads to the following three generators of the fan:

v =(1,-2,1), vy = (1,2,1), v3 = (—1,1,1).

To resolve the singularity, we find that 6, 62, %, 6* and 6° fulfill (3.10). This leads to
five new generators:

wy = (0,1,1), wy = (1,1,1), ws = (0,0,1), wy = (1,0,1), w5 = (1, —1,1).
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D,
D
Ds 4 E, 2
1 D; |E,
E4 Y E2
E3\ Es
‘. D, E,
Es
D,

Figure A.6: Toric diagram of the resolution of C3/Zg_;; and dual graph

In this case, there are 6 triangulations. Figure A.6 shows the toric diagram of one of
them and its dual graph. We have now eight three-dimensional cones: (D;, D3, E3),
(D1, B3, Es), (Ds, D3, Ev), (Dy, B, E), (Ds, Ey, E3), (?1, By, E3), (B, B3, Ey),
(E3, Ey4, Fs). Let us identify the blown—up geometry. The U; are

U = 2'2() e’y

Uy = (21)71(2%)% "y (v°) 7,
U, = 222228 2N . (A.23)

The rescaling that leaves the ﬁz invariant is

(21 22 2yt 2, y4)2—> 2
1 2 MM A3

A5
Azt g 22 A . A
( 12 22: 3Z Y,y /\%/\3)\5 Yy 7/\1/\2>\4)\5

Y s9%). (A24

Thus the blown-up geometry corresponds to
Xg = (C*\ Fg)/(C).

We refrain from giving the excluded set of simultaneous zeros of coordinates not be-
longing to the same cone explicitly. The action of (C*)® is given by (A.24). Using the
method discussed in Chapter 3, we find five generators of the Mori cone, which form
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the columns of Q):

Dy 1-21 1] 1 0 0 0 0
Dy, 1.2 1] 0 0 0 0 1
Dy;—1 1 1] 0 0 0 1 0
| Ey 01 1] 0 0 1-2-1
(P1Q) = E, 1 1. 1] 0 0-1 1-1 (A.25)
E; 0 01 ] 0 0-10 1
Efy 1. 01| 1-21 0 0
EFs 1-11|-2 1 0 0 0
This immediately yields the following linear equivalences:
0 ~ 8D1+E1+2E,+3FE;5+4FE,+6 L5,
0 ~ 8Dy +3Fk+6E;+ k3 +4FE,+2Es,
0 ~ 2Ds+ FE, + Es. (A.26)

We have ten internal lines in our toric diagram corresponding to compact curves.
We find that 01: E3'E5, CQZEg'E4, CgZEQ'Eg, C4ZE1'E3:D2'
E,, Cs=FE-F, D3-F =Cy+Cs5, Dy -FE3=0C+2C3+Cy, D3-FE3=
Cy+2Cy+3C5+ Cy. Here, E3 =8, E3 = 6.

We will now briefly discuss the topology of the exceptional divisors. E; corresponds
to an Fy. For E3 we must work a little harder and perform two flops to find that it is
also an ;. FE, (after one flop), F; and Ej are all P! x C.

A.8 Resolution of C*/Z;y_;

75— acts as follows on C?:
0: (2, 2% 2%) = (e2,e* 22,67 2%), e=e¥/12, (A.27)

To find the components of the v;, we have to solve (v1); +4 (v9); + 7 (v3); = 0 mod 12.
This leads to the following three generators of the fan (or some other linear combination
thereof):

v =(4,3,1), v =(-1,1,1), v3=(0,—1,1). (A.28)

To resolve the singularity, we find that 6, 62, 83, 64, 95 07, and #° fulfill (3.10). This
leads to seven new generators:

wy = (0707 1)7 W2
2,2.1

71)7 w3 = (1707 1)a Wy = (17 1a 1)7 Ws = (2a 17 1)7
We = (7 ) ),11)7 1

= 1). (A.29)
In this case, there are 35 triangulations. Figure A.7 shows the toric diagram of one of
them and its dual graph. We have now twelve three-dimensional cones: (Dy, Dy, Es),
(D17 E67 E7)7 (E4a E6a E7)a (E4) E57 E7>7 (E?)a E47 E5)7 (E27 E47 E6)7 (D27 E27 EG)?
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D, 4

Y

Figure A.7: Toric diagram of the resolution of C3/Z;5_; and dual graph

(EQ, Eg, EI4>7 (El, EQ, E3>, (Dg, E/}, EQ), (DQ, Dg, E1> and (DQ, El, Eg) Let us iden-
tify the blown—up geometry. The U; are

U = )y )20 ()%
Uz = (2)%2() 'y (V) (y')%,
Us = 2222 y"y vy’ y" (A.30)
The rescaling that leaves the U, invariant is
1
(22 y) = (a2 e 2 AN 2, Sy
27437146

A2
M2, ———— 2 Ayt s 00 A8 A y7). (AL31
3y7)\%)\4/\§/\%>\§y7 4Y s A5Y A6l 7y) ( 3)

Thus the blown-up geometry corresponds to
X5 = (C°\ Fy)/(C)". (A.32)

We refrain from giving the excluded set of simultaneous zeros of coordinates not be-
longing to the same cone explicitly. The action of (C*)7 is given by (A.31). Using the
method discussed in Chapter 3, we find seven generators of the Mori cone, which form
the columns of Q:

Dy 4 3111000000
Dyb=1 1 1] 00 0 00 0 1
Dy 01 1] 00 0 00 1 0
E, 0010000 1-2-1
E, 011000 1-11-1
(P1Q) = Es 1 01] 001 0-10 1 (A.33)
E, 1 11]0 1-1-21 0 0
Es 2 1 1] 1-1-11 0 0 0
Es 2 2 1] 0-11200 0 0
E; 321 |-2100 00 0
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This immediately yields the following linear equivalences:

0 ~ 2D+ E1+2E,+3E3+4E,+6LEs+T7FEs+9Ey,
0 ~ 3D2+E1+2E2+E4+E6,
0 ~ 12D3+7E +2E,+9E3+4E,+6E5+ Es + 3 Er. (A.34)

We have fifteen internal lines in our toric diagram corresponding to compact curves.
We find that 01: EG'E7, 02:E5'E6, 03:E4'E5, C4ZE4'E6:E3'
Ey Cs =EFEy, - E3, Co¢ =Dy -FE, =FE -FE;, C;, =EFE -FEy FEy Eg=C0Cs+
C7, EQ'E4:C3+C47 DQ'E2:C3+C4+3C5+207, D3'E1:C(3+C7. Here,
E} =8, E3=17, E} =8, E} =6.

We will now briefly discuss the topology of the exceptional divisors. We find that
E, is an F;, E, corresponds to a P2 blown up in two points, £, is another F;. For Eg,
we have to do a little more work, since the topology cannot be read off directly from
the fan. We find it to be birationally equivalent to a IP?; to find this, we must perform
a sequence of three flops.

Looking at the non-compact exceptional divisors, we find F5 to be equivalent to a
P! after two flops, after one flop transition, Es is a P! x C, and E7 can be seen to be
a P! x C directly.

A.9 Resolution of C*/Z;_y;

79— 11 acts as follows on C3:

0: (24, 2% 2%) — (e2',°2%,%2%), e= e2mi/12
To find the components of the v;, we have to solve (v1); + 5 (v9); + 6 (v3); = 0 mod 12.
This leads to the following three generators of the fan (or some other linear combination
thereof):

v = (1,5,1), vs = (1, —1,1), vy = (~1,0,1).

To resolve the singularity, we find that 6, 0, 63, 0% 6>, 65 6% and 0 fulfill (3.10).
This leads to eight new generators:

(17071)7 w3 =
(17371)7 wg = ( )

In this case, there are 39 triangulations. Figure A.8 shows the toric diagram of one of
them and its dual graph. We have now twelve three-dimensional cones: (D, D3, Ej),
(D1, Es, Eg), (Es, By, Es), (Es, Es, E7), (Ey, Es, Es), (Es, Ey, Es), (D3, E3, E5),
(Eh, Eo, E3), (D3, Ey, E3), (Ds, Ey, Ey), (D, D3, Ey) and (Es, E5, E4). Let us iden-
tify the blown—up geometry. The U; are

w = (07 07 1)7 W
2.1

7]-)7 Wy = (17 ]-7 1)7 Ws = <O727 1)7
Wg = (]_, ), wr 1

I

gl —_ 2122<Z3)—1y2y3y4y6y7y8
-1
Yy

O = (G (P02 )
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D; E,

Figure A.8: Toric diagram of the resolution of C*/Z;5_;; and dual graph

Us = 22229y 'y ™y yTy. (A.35)

The rescaling that leaves the U, invariant is

(2%, 2% 2 v v v vt vy YT ) — )
(A 28, ASAAZAZAAL 220 XS A A AZAZASAING 23, IR ! A 12,
A3 Ayt Asy®, Ay’ Ary” As v®). (A.36)

Thus the blown-up geometry corresponds to

Xz = (CU\ Fy)/(C)".

We refrain from giving the excluded set of simultaneous zeros of coordinates not be-
longing to the same cone explicitly. The action of (C*)® is given by (A.36). Using the
method discussed in Chapter 3, we find eleven generators of the Mori cone, which form
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the columns of Q):

Dy 1 5 1] 01 100O0O0O0O0O00O0
D, 1-11 ] 00 0 0 O0OO0OO0OUO0OO01
D;—-1 0 1] 1 1 00 0 01 00 10
EL 0 0 1] 00O0O0OO0OO0ODO0OT1T1-2-1
E, 1. 01 ] 00 0O0O0O0OO0OO0-11-1
rPle)= E 0 1 1] 0 1 0 0 0 1-3-2-10 1 (A.37)
E, 111 00O0O0O0O-1101 00
Es 0 2 1|-2-30 0 0-11 1 0 0 0
EFs 1 2 1] 0 00 1-21 000 00
E, 1 3 1] 00 1-21 0000 00
Es 1 4 1] 1 0-21 00000 00
This immediately yields the following linear equivalences:
0 ~ 12D+ E1+2E,+3E3+4E,+5E5+6FEs+8E7+ 10 Eg,
0 ~ 12D2 +5E1 + 10E2 +3E3+8E4+E5 +6E6+4E7+2E8,
0 ~ 2Ds+ Ey + E3 + E5. (A.38)

We have fourteen internal lines in our toric diagram corresponding to compact
curves. We find that Cl D1 E5, CQ = l)g'Eg)7 Cg = E5'E8, 04 = E5'E7, C5 =
E5 E67 Cg — D3 Eg, 07 E1 E27 EQ'EG - C5+C7, EQ'E4 — C3+C4, DQ'
E2203+C4+3C5+2C7, D3'E1 206+O7. Here, Ef:& Eg:’?, E§:5

We will now discuss the topologies of the exceptional divisors. E;, E3 and FEs5 are
each [Fis. To see this, we must perform one flop for F5 and three for E5. Ey, E, and
Eg are each P! x C with one blow—up, whereas F; and Eg are P! x C.

A.10 Resolution of C*/(Zy x Zy)

(Zo % Zy) acts as follows on C3:

o' . (2h 2% 2 — (et 2P e?),
02 (2, 22, 2%) — (2, e2% %),
0107 . (21, 2% %) — (ezt, 22 2%, (A.39)
with € = €*™/2. To find the components of the v;, we have to solve
(v1)i + (v3)i = 0mod2,
(Ug)z‘ + (Ug)i = 0 IHOd 2,
(Ul)i + (Ug)i = (0 mod2. (A40)

This leads to the following three generators of the fan:

=(0,2,1), v, =(0,0,1), v3 =(2,0,1).
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To resolve the singularity, we find that #', 62 and §'6? fulfill (3.10). This leads to three
new generators:

w = (1,0,1), ws = (1,1,1), ws = (0,1,1).

In this case, there are four distinct triangulations. Figure A.9 shows two of them. Let

Y

D, E, Ds

Figure A.9: Toric diagram of resolution of C3/Zy X Z; and dual graph

us identify the blown—up geometry. The U, are

Uy (2°)*y'y?,
0, = (21)2y%y°,
Us = 2'2228y%2%5 (A.41)
The rescaling that leaves the ﬁz invariant is
(21, 2% 2%y v y°) —
1 1
A2t Mdeds 22 A28, —— oyt As 1y, —— o). A.42
(1271232,3Z7>\g)\3y73y7/\%>\3y> ( )

Thus the blown-up geometry corresponds to
X5 = (C°\ Fy)/(C")%,
The excluded sets differ for the different resolutions. We refrain from giving them
explicitly. The action of (C*)3 is given by (A.42).
The 2 - 2 = 4 three-dimensional cones are in this case (D1, Es, E3), (Do, E1, E3),

(Ds, Eq, Es), and (Ey, Es, E5). We find three generators of the Mori cone and write
them as columns of Q):

Dy 02111 0 0
Dy 0011] 0 1 0
I ps201 0 01
B, 111 |-1 1-1
E; 011 |-1-11
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This leads to the following linear equivalences between the divisors:

0 ~ 2D+ Ey+ Ej,
O ~ 2D2+E1+E3,
0 ~ 2D3+ B, + E,. (A.44)

From the intersection numbers, we find the following relations between the Mori
generators and the nine compact curves of our geometry: C; = Ey - F3, Cy = Ej -
E;3, C3=F; - Es.

We will now discuss the topologies of the exceptional divisors. They are all semi-
compact and correspond to P! x C.

A.11 Resolution of C*/(Zy x Z,)

(Zy x Z4) acts as follows on C3:

0l (21, 22, 2% — (221, 22,22,
0% : (2% 2% 2% — (Y e8P,
0107 . (24, 2% 2% — (e22h 22 e, (A.45)
with € = €™/, To find the components of the v;, we have to solve

2(v1); +2(v3); = 0mod4,
(Ug)i -+ 3 (Ug)i = 0 mod 4,
2 (Ul)i + (Uz)i + (Ug)i = 0 mod4. (A46)

This leads to the following three generators of the fan:
v =(1,-1,1), v = (=3,1,1), v = (1,1,1).

To resolve the singularity, we now have many more possibilities for new vertices. We
find that 0, 62, (6%)%, (6%)3, 0'0% and 6'(6?)? fulfill (3.10). This leads to six new gen-

erators:

w, = (1,0,1), wy = (0,1,1), wy = (=1,1,1), wy = (=2, —1,1), ws = (0,0, 1),
We = (—1,0,1)

In this case, there are 24 distinct triangulations. Figure A.10 shows one of them. It
was chosen to be compatible with the triangulation of Zy x Z,. Let us identify the
blown—up geometry. The U; are

le _ le3y1
(22/2)33%3 (??44)2y6 ’

77 ZEYYY

o=

Us = 2 222°0'yy’y" vy’ (A.47)
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D, E, E5 |E, D, i
. oo
E 3
B, 4 3
E6 E5 E E5 El
D2 6
D, D,

Figure A.10: Toric diagram of resolution of C3/Zy x Z4 and dual graph

The rescaling that leaves the U, invariant is

MANA . A
a7 dodaads L

1 2 3 1 6 1 2 3
(Z AN ?"7y) - (>\127)‘227)\327

>\4 3/37 )\5 y47 (A48>

3 5 6
———= YA .
Thus the blown-up geometry corresponds to

X5 = (C°\ Fg)/(C")°.

The excluded sets differ for the different resolutions. We refrain from giving them
explicitly. The action of (C*)® is given by (A.48).

The 2 -4 = 8 three-dimensional cones are in this case (Ds, Ey, Eg), (Es, Ey, Eg),
(Es, E5, Eg), (D3, By, Ey), (D1, Ey, Es), (Dy, Es, Eg), (Eo, Es, E1), (D3, Eq, Es). We

find six generators of the Mori cone and write them as columns of Q:

Dy, 11 1] 00 1 0 0 0
Dy-3 1 1] 0 0 0 0 0 1
D; 111 ] 1 0 0 0 0 0
EL 101 | 0-10 1 0 0
(PlQ)=| E, 0 1 1 |-2 1 0 0 0 O (A.49)
Es-1 11| 1-11 0-11
E,—2 1 1| 0 0 0 0 1-=2
Es 001 | 0 1-2-2120
Es-1 01| 0 0 0 1-10
This leads to the following linear equivalences between the divisors:

O ~ 2D1+E1+E5+E6,

0 ~ 4Dy + FEy+2FE5+3FE,+ F5+ 2 Eg,

0 ~ 4D3+2F,+3Ey,+2FE3;+ E;+ Es. (A.50)

From the intersection numbers, we find the following relations between the Mori
generators and the nine compact curves of our geometry: C; = Fy - Ey, Cy = E; -
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Eg, Cg :El'E5 :E5'E6, C4:E3'E5 :Dl‘E5, 05 :Eg'Eﬁ, CG :E4'E6.
Furthermore, EZ = 8.

We will now discuss the topologies of the exceptional divisors. Ej5 is an F;. Ey and
E, are P! x C, By, E3 and Eg are P! x C with two blow—ups.

A.12 Resolution of C*/(Zy x Zs)

Zy X Zg acts as follows on C3:

o' (2h 2% ) — (82 22 P,
02 (2, 22, 2%) — (2' 2% 2%),
0107 . (21, 22 2% — (221 e2? e 2%, (A.51)

with € = €*™/6. To find the components of the v;, we have to solve

3(v1); +3(v3); = 0mod6,
(’Ug)i +5 (’U3)i 0 mod 6,
3 (U1>Z’ + (UQ)i + 2 (Ug)i = 0 mod6. (A52)

This leads to the following three generators of the fan:
v = (1,0,1), va =(—1,-4,1), v3=(—1,2,1).

To resolve the singularity, we find that ', 6%, (0)2, (0%)3, (6*), (6%)5, 0162, 01(6?)*
and (6')%6® fulfill (3.10). This leads to nine new generators:

wi = (0,1,1), ws = (=1, 1, 1), wy = (—1,0,1), ws = (=1, —1,1), ws = (—1, -2, 1),
We = (_17 _37 1)7 wr = <0707 1)7 wg = (OJ _17 1)7 Wy = <07 _27 1)

In this case, there are 156 distinct triangulations. Figure A.11 shows one of them. Let
us identify the blown—up geometry. The U; are

~ 1 - 3H2,,1,2
Ul = - ) U2 = (Z vy )

2223y tyPyS ()4 (y°)* (¥°) 3 (y°)?
Us = z'222%" . (A.53)

The rescalings that leave the ﬁz invariant are
ATASAZA3 A A2
(21’22’Z3jy1’“"y9) - (>‘1A2--->\7217 )\1 ZQ, )\2 237 15)\2—)\;89y1’>\3y2’ >\4y37
2

syt A y°, Az oS, A.54)

1 7
As 2, Aoy’
DA U sy ey
According to (3.11), the new blown-up geometry is

Xg = (CP\ Fy)/(C)’,
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D3
E3 Dl
E;

E

4 4
E

5 3
Es
D,

Figure A.11: Toric diagram of one of the resolutions of C3/Z, x Zg and dual graph

where the action of (C*)? is given by (A.54). We refrain from giving the excluded set
explicitly here. As can readily be seen in the dual graph, we have 13 compact curves
in X5. Eight of them are exceptional.

We have now 2 - 6 = 12 three-dimensional cones: (D3, Ei, E7), (Ds, Ey, Er),
(Ey, B3, E7), (D1, By, Er), (Es, Ey, Er), (D1, By, Ey), (Es, Es, Er), (Es, Eg, ),
(Dg, E67 E‘7)7 (DQ, E7, Eg), (Dl, Eg, Eg), and (Dg, ES, Eg) With the method illus-
trated in the last paragraph, we find ten generators of the Mori cone, which form the
columns of Q:

Dy 1 0
Dy —1 —4
D; —1 2
Ey 0 1
E, -1 1
E;s -1 0
(P|Q)_ E4 ~1 -1
Es —1 =2
Eg —1 -3
E: 0 0
Ey 0 —1
Ey 0 —2

|
_ o o
O =
O = O O
|
_ O

b -
o O OO

|
N\
cocoocoo
coocooco

b

(A.55)
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(ol el e Nal s
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— o R e
o O
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DO OO OO
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O =
|
[\

From the rows of (), we can read off the linear equivalences:

0 ~ —6D1—E5—E2—2E3—5E9—2E6—3E7—4E8—3E4,
0 ~ —2D2—E4—E1—E2—E3,
0 ~ —6D3—5E5—3E1—2E2—E3—E9—4E6—3E7—2E8. (A56)
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The matrix elements of () contain the intersection numbers of the C; with the D;, E;.
From the linear equivalences between the divisors, we find the following relations be-
tween the curves C; and the compact curves of our geometry: Cy = D3 - F;, Cy = Ej -
E7, 03 = EQ'E7, 04 = Eg'E7, 05 = E4'E77 06 = Dl'Eg = D2'E8, 07 = E5'E7, Cg =
Es-E;, Cy = Dy-E7, Di-E7y = C1+C3+Cy+Cs5+Cr4+Cs+Cy, E7-Eg =2C1+Cy+C5—
05—207—308—409, Eg'Eg = 201+CQ+C3—C5—206—207—308—409. For the
triple self-intersections of the compact exceptional divisors, we find E? = 2, E3 = 8.
Looking at the stars of the expectional divisors, we see that F;, ¢ = 1,...,6 and Ejy
have the topology P! x C. E; is an 4 blown-up in six points and Fy is an Fs.

A.13 Resolution of C*/(Zy x Zg)

Zs X Ze acts as follows on C3:

0l (2, 22, %) — (321, 22,82,
0% (2% 2% 2% — (e2t, g2t et s,
0107 . (2%, 2% 2% — ('t et e, (A.57)

with € = €*™/6. To find the components of the v;, we have to solve

3(v1)i +3(v3); = 0 mod6,
(Ul)i + (UQ)Z' + 4 (Ug)i = 0 mod 6,
4 (?}1)1‘ + (Ug)i + (Ug)i = 0 mod®6. (A58)

This leads to the following three generators of the fan:
v = (0,-2,1), vy = (=2,0,1), v3 = (2,2,1).

Now we resolve the singularity. We find that 0%, 62, (6%)2, (6%)3, 0'62, 0*(6?)% and
61 (62?)* fulfill (3.10). This leads to seven new generators:

)7 Wo = (17 17 1)a w3 = (0707 1)7 Wy = (_17 _17 1)7 Ws = (07 _17 1)7
), Wy = (—1,0, 1).

wy = (17
We = (07

In this case, there are 80 distinct triangulations. Figure A.12 shows one of them. Let
us identify the blown—up geometry. The U; are

~ )2yl =~ (PRt =~

The rescaling that leaves the U, invariant is

ANAsAr 9 A3\ 3
)\g)\4 Yy,MY, /\%)é)\g)\%/\gy )

Yo, A y"). (A.60)

2 3 1 7 1 2 3
20y eny) = (A2, Azt A2l

A2As A
A2\

(2, 2

)\5 y47 )\6 y57




A.13 Resolution of C?/(Zy X Zg') 137

A
D,
Eg
E;
E7 N
>
D, V743
E, E
D,

Figure A.12: Toric diagram of one of the resolutions of C3?/Zy x Zg and dual graph

Thus the blown-up geometry corresponds to

Xz = (C\ Fg)/(C)".

The excluded sets differ for the different resolutions. We refrain from giving them
explicitly. The action of (C*)” is given by (A.60).

The 2 - 6 = 12 three-dimensional cones are in this case (Ds, Es, Es), (D3, E1, Es),
(Es, E5, Eg), (Ev, Eo, Es), (D, Eg, E7), (Es, Es, E7), (E1, E3, Es), (D, Ev, Es), (D1, E4, E7),
(Es, Ey, E7), (Es, Ey, Es), (Do, Ey, E5). We find nine generators of the Mori cone and
write them as columns of Q):

Dy 0-211] 0 0 0 0 1 0 0 0 0

Dy-2 0 1] 0 0 0 0 0O 1 0 1-1

D; 2 2 1] 00 1 0-2-110 01

E 101 00 0O0O0O0T1TO0O0

| B 1 1.1 100 01 0 0-2-11
(PlQ) = E3 0 01 ] 1-1-1-11-11-1-1 (A.61)

E,-1-1 1| 0 1-10 0 1 0 0 0

Es 0-1 1] 01 0-10 0 0 1 O

Es 01 1 |-2—-11 1 0 0 0 0 0

E,-1 01| 1 0 0 0 0O 0 O 0 O

This leads to the following linear equivalences between the divisors:

0 ~ 6Dy +4E,+ Es+2E,+ E; +3E, + 3 L;5,

0 ~ 6D2+3E1+E2+4E3+2E4+3E6+E77
0 ~ 6Ds+FEo+Es+2E,+3Ebs+4E7+3E5. (A.62)

From the intersection numbers, we find the following relations between the Mori
generators and the fifteen compact curves of our geometry: Cy = Ey-FEg = E5-Fg, Cy =
Es-Es, C3 = Es-Ey, Cy = Es-E5, Cy=D3-Ey=Dy-D3, Cg=Ds- E; C7 =
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DQ'EQ = EQ'E5, EG'E7 == Cl+02, Dl'D3 == C5+C6, EQ'E?, - Cg—C4+C6, El‘E2 -
03—C4+CG+C7, DQ'E3202+C4—06.

Let us now discuss the topologies of the compact exceptional divisors. From the
Mori generators of the star of E3, we cannot directly read off the topology, but after
the two flop transitions (Es, E3) — (FE1, Eg), (E3, Ey) — (Es, E;), we find again a
very simple star whose two Mori generators are those of an Fy. So Ej is birationally
equivalent to a Hirzebruch surface Fy. The cases of Es, F5 and E; are simpler. From
their stars we can see directly that they correspond to [Fys.

The non-compact exceptional divisors F;, E; and Eg all turn out to be P! x C
blown up in two points.

A.14 Resolution of C*/(Z3 x Z3)

(Z3 x Z3) acts as follows on C3:

R O )
0% (2, 22, 2%) — (2, 22,2,
0107 . (21, 2% 2% — (e2t, 2% e2?), (A.63)

with € = €2>™/3. To find the components of the v;, we have to solve

(v1)i +2(v3); = 0 mod3,
(v2); +2(v3); = 0 mod3,
(v1)i + (v2); + (v3); = 0 mod3. (A.64)

This leads to the following three generators of the fan:
=(-2,2,1), v =(-2,-1,1), v3=(1,—1,1).

To resolve the singularity, we now have many more possibilities for new vertices. We
find that 6, (0Y)2, 0%, (6%)%, 6102, 6'(6*)? and (6')?6? fulfill (3.10). This leads to seven
new generators:

w = (0707 ]-)7 Wo = ( 17 17 ]-)7 ws = (07 _17 1)7 Wy = (_]—7 _]-7 1)7 Ws = <_1707 1)7
ws = (=2,0,1), wr = (—2,1,1).

In this case, there are 79 distinct triangulations. Figure A.13 shows two of them. Let
us identify the blown—up geometry. The U; are

[71: 12 222245 612(,,7\2°
(Zl)Q(ggyyy(y)(y)

i :(Z)yy

~2 22233yt
1.2.31.2 3 4 5 6 7

Us = 22220y vy'y vy’ (A.65)
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a) b)

A A

D, D,

E, E, E; E;

Es kEl N Ee Es \E1 N
D, E, B D D, E, B D3

Figure A.13: Toric diagram of two of the resolutions of C3/Zs x Zj and dual graphs

The rescaling that leaves the (71 invariant is

1
NAZAAGNE
y37 )\43/47 )‘5y57 >\6y67 )‘73/7)' (A66)

(Zla227237y1a“'7y7) - ()\1 217 >\2 sz )\%)\%)\3)\4)\5>\2)\$ Z3a
1

DY . —
U0 NI,

Thus the blown-up geometry corresponds to

Xg = (C°\ Fy)/(C")". (A.67)
The excluded sets differ for the different resolutions. We refrain from giving them
explicitly. The action of (C*)” is given by (A.66).

Let us now give the intersection properties for the two resolutions shown in the
figure.

Case a)

The 3 -3 = 9 three-dimensional cones are in this case (Ds, E1, E5), (E1, Es, E5),
(D17 EQ) E5)7 (D17 E57 E7)7 (E57 E6a E7)7 (D27 E57 E6)7 (D27 E47 E5>a (E37 E47 E5)7 (D37 E37 E5)
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We find nine generators of the Mori cone and write them as columns of Q:

Dy—-2 2 1] 0 0 1-11 0 0 0 0
Dy-2-111] 0 0 0 0 0 1-11 0
Dy 1-1 1] 1-10 0 0 0 0 0 1
EFL 0 01 ]-21 1 000 0 00
| Er-1 1 1| 1 0-21 0 0 0 0 O
(P1Q) = Es 0-1 1] 0 1 0 0 0 0 0 1-=2 (A.68)
E,-1-11 | 0 0 0 0 0 0 1-21
Es-1 0 1| 0-1 0-1 0 0-1 0 0
EFs—2 0 1] 0 0 0 0 1-21 0 0
F,-2 1 1| 0 0 0 1-21 0 00
This leads to the following linear equivalences between the divisors:
0 N3 D1+E1+2E2—|—E5—|—E6—|—2E7,
0 N3 D2+E3+2E4+E5+2E6+E7,

From the intersection numbers, we find the following relations between the Mori
generators and the nine compact curves of our geometry: C; = E; - F5, Cy = Dj
E5, CgIEQ'E5, C4ZD1'E5, C5:E5'E7, C6:E5'E6, C7ZD2'E5, E4'E5:
Ci+Co+Cy—Csg—2C5, BEs-Ey=—-C1 —2Cy+ Cy+ C5 + Cg + Cy. Furthermore,
E}=3.

Case b)
Here, we have the following 9 tree-dimensional cones: (D1, Es, E7), (Es, Eg, E7),

(E27 E57 E7)7 (EIJ E27 E5)7 (-D27 E47 Eﬁ); (E47 E57 E6)7 (E37 E47 E5)7 (E17 E37 E5>7 (D37 E17 E3)
(P| Q) takes the following form:

D;—2 2 1| 10000000 0
Dy=2-1 110000010 0 0
Dy 1-1 1] 0000O0O0TO0 0 1
EL 001000 1-100 1-1
F,-1 1 11]-110-11020 00
PlO=1 5 0117000010 1-1-1 (A.70)
E,-1-11] 00 10 0-1-11 0
Bs—1 0 1] 1-1-1-1-1 1-1-1 1
Es—2 0 1] 0 1-10 0-11 0 0
E--2 1 1]-1-1 11000 0 0

The linear equivalences remain of course the same. The relations between the nine
compact curves and the C; are C; = Ey - E7, Cy = Es5 - E;, C3 = E5 - Eg, Cy =
EQ'E5, 05 :El'E5, Cﬁ :E4'E6, Cg :El'Eg, E4‘E5 = —C3+C4+C5, E3'E5 =
02 + 03 - 05. Here, Eg = 0.
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We will now discuss the topologies of the exceptional divisors. The only compact
exceptional divisor is E5. In the triangulation a), the star of Es corresponds to the
whole toric diagram. Unfortunately, one cannot read off the topology directly from the
Mori generators. The triangulations a) and b) are connected by three flop transitions:
(Eh, E3) — (Ds, Es), (Es, E7) — (D1, E5) and (Fy4, Eg) — (Ds, E5). For the triangu-
lation b), Dy, Dy and D3 are not part of the star. Unfortunately, the Mori generators
of this star aren’t helpful either. If we perform two flop-transitions, we end up in a
very simple case. We flop the curve (Ej5, E7) to (Ea, Eg), furthermore, we flop (E3, E5)
to (Ey, Ey). Thus, we arrive at a star which contains only Fi, Es, Fy4, Es5, Eg; it corre-
sponds to an Fy. So both triangulations are birationally equivalent to Fy. Therefore,
h(L0) = 20 = 0, since the AP are birational invariants.

In triangulation a), all non-compact exceptional divisors have the topology of P! x C.
In triangulation b), they are all P! x C blown up in one point.

A.15 Resolution of C*/(Z3 x Zs)

(Z3 x Zg) acts as follows on C3:

91 (217 22’ 2’3) N (52 21’ Z2,€4 23)’
0?: (2, 22, 2%) — (2' 2% 2%,
0107 . (2, 2% 2% — (221, e2? %2, (A.71)

273 /6

withe =e . To find the components of the v;, we have to solve

2 (Ul)i +4 (’U3)i = 0 mod 6,
(’Ug)i +5 (Ug)i = 0 mod 6,
2 (Ul)i + (Ug)i +3 (Ug)l‘ = 0 mod6. (A72)

This leads to the following three generators of the fan:
vy = (1,5,1), vg = (=5,-1,1), vg=(1,—1,1).
To resolve the singularity, we now have many more possibilities for new vertices. We

find that 81, (012, 6, (62, (02)F, (B2)", (B°)°, 667, 61(°)2, 61 (8°)°, 6)(6°)", (66" and
(01)1(0%)? fulfill (3.10). This leads to thirteen new generators:

w = (1,1,1), we =(1,3,1), wg =(0,—-1,1), wy = (—1,-1,1), ws = (—=2,—1,1),
weg = (=3,—1,1), wy = (—4 1 1), wg=(0,1,1), wg = (—1,1,1), wyp = (-2,1,1),
w1 = <_37 17 1) Wi2 = (0737 1) w13 = ( 737 )

In this case, there are 14303 possible triangulatiqr}sl. Figure A.14 shows one of them.
Let us identify the blown—up geometry. The U; are

~ 213yly?

U1 =
()2 (9P )2 () () w2 ()2 (y'h)*
!This number was obtained using the package TOPCOM.
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Figure A.14: Toric diagram of one of the resolutions of C*/(Z3 x Zg) and dual graph

5 (213 (2 PPy 0y Oyt (y12)3 (1)
2 = 22233y Byby 7 '
Us = 2'222%" .. 4" (A.73)

The rescaling that leaves the (71 invariant is

(zl,ZQ,ZS,yl,..5.,y1§’)3—>4 2 13 3 2

AIASAEAEAZAGAT AT A AT A3AGA

)\1/\22567891011133)\ Loy 2 — 17\37A4 N2 3

( 12, A2 2, A1>\3)\4 25, A3Y Y, Ag)\g)\gAé)\g)\g)\%o)\?ly )
—1

A5yt Ae v, Ayt As YT, =% My’ Az ). (A.74)

A3A3AZ N9 A 10 A 11 AT N2,
Thus the blown-up geometry corresponds to

X5 = (C'%\ Fy)/(C)™.
The excluded sets differ for the different resolutions. We refrain from giving them

explicitly. The action of (C*)? is given by (A.74).
There are 3 - 6 = 18 three-dimensional cones. We find 17 generators of the Mori
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cone and write them as columns of ):

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 1 -1 0 0 0 0 0 -1 1 0 0 0 0 0 0 0

-1 -1 1 1 0 0 0 0 -1 1 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0o -1 -1 1 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0 1 -1 -1 1 0 0 0 0

- 0 0 0 0 0 0 0 1 0 0 0 1 -1 -1 1 0 0

Q= 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 -1 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 =2

1 -1 -1 -1 1 -1 O 0 1 -1 -1 1 0 0 0 0 0

0 0 0 1 -1 -1 -1 -1 O 0 1 -1 -1 1 0 0 0

0 0 0 0 0 0 1 -1 0 0 0 0 1 -1 -1 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0

-1 1 0o -1 -1 1 1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 -1 1 0 0 0 0 0 0 0 0 0
(A.75)

This leads to the following linear relations:

~ 3D1+E1+2E2+E8+E9+E10+E11+2E12+E13,
~ 6Dy +Es+2E,+3E;+4Es+5E;+ Es+2FEy+ 3 Ey
+4 By + Erg + 2 By,
0 ~ 6D3+4E1—|—2E2+5E3+4E4+3E5+2E6+E7+3E8
+2 Eg + Evo + Eno. (A.76)

From the intersection numbers, we find the following relations between the Mori gen-
erators and the twenty-one compact curves of our geometry:

Ci = Ey By, Cy=~E-Es, C3=FE,-Eg, Cy =Fg-FEy, Cs=FEy-E
Cs = Es-Ey, Cr=UFEy-FE3, Cg=Ey-Ey, Cg=FE;-E3, Cy=Es5- FEy,

Cis = Eg-FEy, Ci6 = Egs- En, Ci7=FE;-Ey, Dy Ejp=Cy+ Cs,
FEiy-Ei3=C+Cy4, Eyg-Ei3=Cuu+Cis, Eyg- B = Csg+ Cuy,
Eg'E82—03+C4+06, E4'E8:CQ+03—06, E4'E9:—CG+C7+08,
E5 : Eg - 05 + Cﬁ - Cg. (A??)

0
0

Furthermore, £} = Ej = 6, E}) = E}, = 7. Let us now discuss the topologies of
the exceptional divisors. We find the compact exceptional divisors, after performing
one, respectively two flops, to be birationally equivalent to F;. The non-compact
exceptional divisors E}, ..., B are P! x Cs after one flop, F; is a P! and E,;, Ei, are
P! x C blown up in two points.

A.16 Resolution of C3/(Zy x Z,)

(Z4 x Z4) acts as follows on C3:

o' (2, 22, 2% — (e2, 23,
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0% (2% 2% %) — (21227
1 . 2 3

D (g2t etz

) (A78)
with € = €™/, To find the components of the v;, we have to solve

(v1); +3(v3); = 0 mod4,
(v2); +3(v3); = 0 mod4,
(vl)i —+ (U2>i + 2 (Ug)z' = 0 mod4. (A79)

This leads to the following three generators of the fan:
U1 = (1, —3, 1), Vg = (—3, 1, 1), V3 = (1, 1, 1)
To resolve the singularity, we now have many more possibilities for new vertices.

We find that 81, (81)2, (81)%, 62, (62)2, (62)%, 162, 61(62)2, 61(62)%, (61)262, (61)6" and
(61)2(6?)? fulfill (3.10). This leads to twelve new generators:

wp = (1,0,1), we =(1,-1,1), w3 = (1,-2,1), wy = (0,1,1), ws = (—=1,1,1),
We = ( 27171)7 wr = (ana )7 wg = ( 17071)7 W9 = (_27071)7 w10 = (07_171)7
w1 = (O, 2, 1), Wi = ( 17 1,1)

In this case, there are 7424 possible triangulations®. Figure A.15 shows one of them.

>
E1a\JE1o\|E,
E1aN\ E,
D,

Figure A.15: Toric diagram of one of the resolutions of C*/(Z, x Z4) and dual graph

Let us identify the blown—up geometry. The U; are

Uv _ le3y1y2y3 ﬁ - Z2Z3y4y5y6
L PR T R0y )y
Us = z'222%". . y'2 (A.80)

2This number was obtained using the package TOPCOM.
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The rescaling that leaves the U, invariant is

13
Y

1 2 3
()\127/\227>\3Z7

) —
AAGAZAAZA 1 XA As A oN2,
A As A A Az Ao A7

AS y77 )\8 ysv >\9 y97 )‘10 yloa )‘11 y117 )\12 y12)' (A81>
12

1.2 .3 1
(24,25, 2%y, . ..

A
2 y47 )\6 3157

y17 )\4 1/27 >\5 3137

6 Az
MY Y T T8 13
ATASALAZ A AZAZAGATo AT,

Thus the blown-up geometry corresponds to
X5 = (C¥\ Fy)/(C)™.

The excluded sets differ for the different resolutions. We refrain from giving them

explicitly. The action of (C*)!? is given by (A.81).
There are 4 - 4 = 16 three-dimensional cones. We find eighteen generators of the
Mori cone and write them as columns of Q):

o o0 o0 o0 o0 0 0 0 O0O0OO0OTO0OO0OTO0OTO0OTO0OTO0OT1
o 0o o o000 1 0 0 0 0 0 0O0 0 00
1 0 0 OO0 0 0 0O 0O 0O O0OO0OO0OO0OO0OTO0OO0OO0
-11-10 0 0O0OO O 1 OO0OOOOO0OO0OUO0
o o1 o 0 000 O0-11-1 0001 00
o0 o0 o0 o0 o0 00 0 001 O0O0O0-11-1
-1-11 1 0 0 O OO O OO OOOOO0OO0
Q= o1 o0-1-1 110 0 OO O O OTOOTOUO (A.82)
o oo 061 0-1-11 00 0 0 00 O0 00
1-1-1-11-10 0 0-1-1 1 1 0 O 0 0 O
o 0oo0601-1-1-11-1 01 0-1-1 1 0 0 0
o 0o oo 00 1-1-10O0O0 01T O0O0 00
o oo o o01o0oo0o01-1-1-11-1-1-11
o 0o o o0o0oo 0 00 O0OOUOOTI1T-1-1
o oo o o000 01000 0 1-1—-10 10
This leads to the following linear relations:
O ~ 4D1—|—E1+2E2+3E3—|—E7+E8+E9+2E10+3E11—|—2E12,
O ~ 4D2+E4+2E5+3E6+E7+2E8+3E9+E10+E11+2E12
0 ~ 4D3+3FE+2Ey+ Es+3E,+2FE5+ Eg+2FE;+ Es+ Eyp.  (A.83)

From the intersection numbers, we find the following relations between the Mori gen-
erators and the eighteen compact curves of our geometry:

Ci=FE-Ey, Co=FE;-E7, C3=F,-FE;, Cy=FE5-FE;, C5= L5 Eg,
Cs = Er - Eg, C7 = Eg- By, Cg = Eg- Ey, Cy = Eg- Ey, C1p = Ey - Ey,
Cis = Fig- Erg, Cig = FE3- Eyn, By By = —Cs+ Cy + Cg,

E3 - Eyg = —Cs + C7r + Cg — Cia + Ch5,
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Fg-Eyg=—Cs+Cr +Cy, Eg- FEip = C5+ Cs — Cy,
E; - BEyy=Cy+C5 —Cg, EByg- By =Cy+Cs —Cg+ Cra — Chs. (A.84)

Furthermore, E3 = E3 = E3, = 6. Let us now discuss the topologies of the exceptional
divisors. We ﬁnd the compact exceptional divisors, i.e. E7, Eg, Fyg, after performing
two flops, to be birationally equivalent to F;. The non-compact exceptional divisors
E,, ..., Es are P! x Cs after with one bow-up, Ey, E11, FE12 are P! x C after one flop.

A.17 Resolution of C3/(Zg x Zs)

(Zg x Zg) acts as follows on C3:

0l (21, 22, %) — (e'2t, 22, €% 2%,
02 (2, 22, 2%) — (21 22,2,
0107 . (2, 2% 2% — (ezt, ezt et Y, (A.85)

(v3); = 0 mod6,
(’Ug)i + 5 (’Ug)z‘ = 0 mod 6,
; (v3); = 0 mod®6. (A.86)

This leads to the following three generators of the fan:
vy = (5,—6,1), va =(5,6,1), v3=(—1,0,1).
To resolve the singularity, we have many possibilities for new vertices. We find that

O (01,62, (2, 6%, (6062, 01 (6%, .60 (6°)P, (V)2 (6%)2, .. (61)2(6)%, ()" ()2,
(01)3(0%)% and (61)%(6%)? fulfill (3.10). This leads to 25 new generators:

w; = (0,—1,1), wy = (1,-2,1),..., ws = (4,-5,1), we = (0,1,1), wr = (1,2,1), ...,
Wi = (4,5,1), w11 = (1,0,1), Wi = (2 —1 1), w15 = (5, —471), W16 :( s ,1),
w1y = (3, 1, 1) ., W19 = (5,47 1), Won = (3, ,1), very Woo = ( s 71), Wo3 = (4, —1, ]_),
Woy = (5,0,1), Waoy = (5,—2,1)

In this case, there are several thousands of distinct triangulations. A very simple
one is shown in Figure A.16. N
Let us identify the blown—up geometry. The U; are

Ui = )°E)°E) @)W @)Y @) W) () 6P () (v™)°
(ylﬁ 2 y17 3 y18)4(y19)5(y20)3(y21 4(y22)5(y23 4<y24)5(y25)57
5, = W) Py W ) ) )
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A
D
2
Eq
E
9
Eio
Eg
E. E1 E,,
Ee E1
/ Fy E2d Ezq 3
>
D
3\ E11 Ezo
E; £
E12 23\] E
E 2
E
E 13
3 E
! Eis
E,
Es
D

Figure A.16: Toric diagram of one of the resolutions of C*/Zg x Zg and dual graph

The rescaling that leaves the U, invariant is

(zl, 2228yt ,y13) —

(A1 261’2)% Zia ;‘?)‘g);3A%)‘gi‘é)‘g)‘g)‘lelo)‘ll)‘%22‘:{’3)2‘4114)2‘?5é%ﬁé‘??i‘%)‘ig)ﬁo)‘gl2‘22)‘42135‘34)‘254237
_</\51)‘3)‘42‘5)2‘62\114)‘152>‘13)‘14)\15)\16)‘17>‘128)‘139)‘240/\251)\222>‘2§,>‘221)\225)_3 92a )\31y é)\4y %)\5?/ A
A6 Y 7_<)‘2)‘7>‘8>‘9)‘10>‘11)‘12)‘13)‘14)‘15)‘16>‘17)‘18)‘19)‘20)‘21)‘22)‘23)‘24)‘25)7 Y, Ay ARY,
Xy Moy Ayt Ayt Ais ). (A.88)

Thus the blown-up geometry corresponds to
X5 = (C®\ Fy)/(C)”.

The excluded sets differ for the different resolutions. We refrain from giving them
explicitly. The action of (C*)* is given by (A.88).

There are 6 - 6 = 36 three-dimensional cones. We find 45 generators of the Mori
cone, in fact, all 45 relations of type (3.17) turn out to be Mori generators, none can
be eliminated. For the sake of brevity, we refrain from writing them down.

We find the following linear equivalences between the divisors:

0 ~ 6D1+E1+2FE,+3E3+4FE,+5Fs,+F1 +2F s+ 3E3+4F,+5E;5
+E16 + Eir + Eig + Eig + 2 Eyg + 2 Eyy + 2 Eyy + 3 Boz + 3 By + 4 Eos,
+2FE16+3FE1r +4 B8+ 5 FEig+ 2 FEy+ 3 FEo +4 FEy + 2 Eaz + 3 Eay + 2 Eas,
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0 ~ 6D3+bF  +4FE+3FE3+2FE,+FEs+bEs+4FE;+3FEs+2FEy+ Fy
+4E11 +3E12 +2E13+E14+3E16 +2E17+E18+2E20 +E21 +E23(A89)

For all compact exceptional divisors we find E? = 6.

We will now discuss the divisor topologies. The compact exceptional divisors all
have the same stars, therefore the same topologies. After two flop transitions, they are
Fys. The non-compact exceptional divisors are all P! x C after one flop.

A.18 Resolution of C?/Z,-type orbifolds

Here, we treat the patches of the form C?/Z,, associated to fixed lines. We will be
rather brief. As mentioned already in the main text, these singularities are rational
double points of type A,,_1. The action of Z, on C? is:

0: (2%, 2%) = (e24,e" 1 2?), e=e¥im, (A.90)

To find the components of the v;, we have to solve (v1); +(n—1) (v2); = 0 modn. This
leads to the following two generators of the fan:

v=m-11), wve=(-1,1). (A.91)
All 6,4 =1,...,n — 1 fulfill (3.10), so we get n — 1 new generators:

7 n—1
wi:—U1+
n

v=(—-1,1), i=1,...,n—1 (A.92)

The [72 are

_ Zl n—1,2(,,3 2'” n—1\n—2 ~
U1 . ( ) Yy (y Z>2 (y ) ’ []2 = zleylyz.,,ynfl. (A93)

The toric diagram of the resolution (Hirzebruch-Jung sphere tree) of C*/Z, can be
found in Figure A.17.

Figure A.17: Toric diagram of the resolution of C?/Z,

The rescaling that leaves the U, invariant is

(21722,y1,y2,---,yn_1) N
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(A2 AT I AT 22 (PN AP Tyt Aoy Az P Al T T0AL94)
The blown—up geometry is
Xg = (C"\ Fy)/ (C)" 7, (A.95)

where the (C*)"~" action is determined in the following (P|Q)-matrix

Dy n—-11] 1 0 0..0 0 0
E,L 0 1| -2110..00 0
B, 1 1] 1 =21 ..0 0 0
Pl =| .. 1| (A.96)
Eno 1 1] 0 0 0 ..1 -2 1
E,; 1 1] 0 00 ..0 1 =2
Dy, -1 1] 0 0 0..0 0 1

We observe that the Q matrix is nothing but the Cartan matrix for A,,_;. With it, we
obtain the following linear equivalences:

E1 ~ 2D1, 2EZ ~ Ei—l + Ei+1,i = 27 ey — 2, En—l o~ 2D2 (A97)
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Appendix B

Calabi—Yau manifolds from
resolved orbifolds

In this appendix, the details of all models listed in Tables 2.3 and 2.4 are collected.
The metric, antisymmetric tensor, complex structure, parametrization of the Kahler
moduli as well as the fixed set configuration and a description of how the resolved
patches must be glued is given for all models. For a few selected examples, also the
intersection ring, divisor topologies and orientifold of the resolution are worked out.

B.1 The Zs;—orbifold

B.1.1 Metric, complex structure and moduli

The Zs-orbifold lives on the root lattice of SU(3)? and acts on it as follows:

Q61 = é€9, Q€2:—€1—62, Q€3=€4,
Qes = —eg—ey, Qes=ceg Qeg=—e5—¢s. (B'l)

Q'gQ = g and Q'bQ = b lead to:

.?%RQ —]%%l;%f gl gg COS 213 i R1 Rg COS 926 Yy
—35iy 1 1419 COS Ua3 R1 RQ COS 913 R1R2 COS 925 Rl R2 COS 926
R1 RQ COS 913 Rl R2 COS 923 R% — %R% R2R3 COS 946 z
o X Rl R2 COS 913 — %R% R% R2R3 COS 945 R2 Rg COS 946
R1 Rg COS ‘926 Rl Rg COS 025 RQ Rg COS 646 R2R3 COS 945 Rg — %Rg
Yy Rl Rg COSs 926 z R1 R3 COS 946 —%Rg R§

(B.2)
with 2 = — Ry Ra(cos 613+ cos fa3), y = — Ry R3 (cos Oas+ cos fag), 2 = — Ry R3(cos O45 +
cos f46) and the nine real parameters R?, R3, R3, 013, Oa3, Oo5, Oa6, 05, O46. For b we

151
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find
0 b by —bi—bs b —by—b
—bl 0 b4 b5 bﬁ b7
[ S by by —bs— by
R (B:3)
by by —by  —bs 0 by

bs + by —b7r bg + bg —by —bs 0

Following 2.15 we introduce complex structures and the complex coordinates z!, 22, 23

2’1 _ 3—1/4 ({L‘l + 627ri/3 fL‘Q), (B4)
22 = 37U (g8 4 i3 ph), (B.5)
2= 3TV (g 4 2B ), (B.6)

The nine twist-invariant 2—forms in the real cohomology are

de' Nda?,  wy =da® Ndx?t,  ws = da® Ada®,

wp =

wy = —dz' Adaxt +da? ANdad, wy = —dat Adat + da? A dat
wg = —dx' Ada®+dx? A da®

wr = —dz® AdaS + da* A da

ws = da' Ada® —dxt A da® + dx? A da®

wy = da® ANda® — da® A da® + dat A da®, (B.7)
SO we can write B = Z?:l b; w;. From the pairing 7'w; = B + i J we find

T = b+ilR, T’=b+iLR, T°=by+iL R,

T* = by —iV3Ri Ry costhy, T°=bs+iV3RiRy cosba,

TS = bg—iV3RiRscosbss, T = by — i V3 RyRs3 cosyg,

T8 = bg+i \/Lg R1R3 (5 cos s + cos )

T = bg+i \/Lg Ry R3 (5 cos fys + cosfyg). (B.8)

B.1.2 Fixed sets

This is a prime orbifold and therefore a very easy case. There are 27 isolated quotient
singularities. The T factorizes into (T?)3. Figure B.1 shows the fundamental regions

Group el. | Order Fixed Set Conj. Classes
0 3 27 fixed points 27

Table B.1: Fixed point set for Zs.

of the three tori corresponding to 2!, 22, 2 and their fixed points. The fundamental
regions are all the same in this case and the three fixed points of the Zs-twist are
Zixed1 = Zhxed] = Zixed1 = 05 Zixed2 = Zixed2 = Zixed2 = 1/ V3em/%, and Yfixed3 =
Zveds = Zixeds = 1 +i/V/3. Figure B.2 shows the configuration of the fixed points in
a schematic way, where each complex coordinate is shown as a coordinate axis and the
opposite faces of the resulting cube of length 1 are identified.
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Im(z}) Im(z?) Im(z3)
mife 2mi/6 2mi/6
e € e

Re(2l) Re(z) Re(@)

Figure B.1: Fundamental regions for the Zs—orbifold

Figure B.2: Schematic picture of the fixed set configuration of the Zs—orbifold

B.1.3 The gluing procedure

On each of the 27 isolated Zs fixed points we put a local patch, which each contributes
one compact exceptional divisor. We denote these divisors by F,g,, where o denotes
the 3 fixed points on the z!'-axis, 8 those on the z?-axis and v those of the z3-axis.
There are 9 fixed planes for this example, ie. z' = zf 4., 2/,2" free. To each of
these we associate a divisor which we denote them by D,,, i,a = 1,2,3. D, are the
divisors associated to z! = zflixedya, where « labels the fixed point. Furthermore, there
are 9 divisors R,,, which are inherited from 7.
Since there are no fixed lines in this example, h,Ef,;” =0.

B.1.4 The intersection ring

From the relations (A.4), the global linear relations (3.25) become:

3
Ri~3Dia+ Y Eag (B.9)

By=1
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The calculation of the intersection ring is very simple, since all exceptional divisors
are compact and neither intersect each other nor the R,,,. From (3.39) we see that
RiRyR3 =9 and from Appendix A.1 we find that Eg’éﬁﬂY =9.

B.1.5 Divisor topologies

As noted in Appendix A.1, the E,g, have the topology of a P2. All divisors D;, have
exactly the same properties, therefore it is enough to look at one of them and determine
its Euler number. After removing the 9 fixed points from the 7% the Zs action is free,

hence the quotient has Euler number (0 — 9)/3 = —3. Resolving the singularities
corresponds to gluing in 9 P'. Therefore, x(D) = —3+2-9 = 15. From (B.9) and the
intersection numbers given above, we find D3 = —3, and using (3.51) its holomorphic

Euler characteristic is x(Op,,) = 1. Applying (3.48) to both D;, and E,z, and then
plugging into (B.9) we can also determine the second Chern class to be

Co - Rz = 0, (SN Ea/37 = —6. (BlO)

B.1.6 The orientifold

The O—plane configuration at the orbifold point is very simple, we have 64 O3—planes,
located at the Zy—fixed points in each direction. They fall into 22 conjugacy classes,
apart from zgc.q = (0,0, 0), which is invariant, all other points fall into orbits of length
3. Only at zpyeq = (0,0,0), a fixed point coincides with one of the O—planes, therefore
only this patch feels the involution. For all other patches, the local involution is the
identity.

For the patch at zuxea = (0,0,0), we have to solve (see (A.2))

(=2t 2% =22 ) = (V2 A 2% 025 AP y). (B.11)

This results in only one allowed solution: y = 0, A\ = —1. This corresponds to an
O7-plane located on the exceptional divisor £. The O3-plane at the orbifold point
has disappeared.

In the other local patches around the orbifold fixed points, nothing happens. The
O3-planes away from the patches that we found in the orbifold phase are still there.
We can see them by looking at the intersection ring of the orientifold and inter-
preting certain intersection numbers as number of O3-planes as discussed in Sec-
tion 4.4. There are three cases. The fixed points of the orientifold action that lie
at z = (0,0, %), (0,0, 3, (0,0, %(1 + 7)) form an equivalence class and correspond to the
intersection of Dyy = {z' = 0}, Doy = {2* =0}, and Ry = {2* = ¢,¢ #0, 3, 2}. This
intersection number is Dy 1Ds 1 R3 = %, hence we have a single O3—plane sitting there.
By permuting the coordinates we get a total of 3 O3-planes. Then, there are the fixed
points that lie at z = (0, %, ), (0,3, Z,....,(0, %(1 +7),%,(0,0,5(1 + 7)). The corre-
sponding intersection number is D; 1 RoR3 = %, hence we have 3 O3-planes. Taking
into account the permutations of the coordinates yields a total of 9 O3-planes. Finally,

the remaining orientifold fixed points correspond to the intersection Ry RoR3 = %, thus
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there 9 more O3-planes. This makes a grand total of 21 O3—planes which agrees with
the number of conjugacy classes.

B.2 The Z; orbifold on SU(4)?

B.2.1 Metric, complex structure and moduli

On the root lattice of SU(4)?, the twist @ has the following action:

Qe = e, Qex=e3 @Qe3=—e —ey—es
Qe = e5, Qes=e5 Qeg=—€1—e5— €. (B.12)

The twist @) allows for seven independent real deformations of the metric g and five
real deformations of the anti-symmetric tensor b. These results follow from solving the

equations Q'g Q = ¢g and Q'bQ = b:

R? R? cos O3 T R Ry cos 05 Y R Ry cos sy
R? cos O3 R? R2costlys RiRycosbzs Ry Ry cosbsg y
o X R% COS (923 R% R1 RQ COS (934 Rl R2 COS 935 Rl R2 COS 636
9= R1 R2 COSs ‘936 R1 R2 COS 935 R1 R2 COSs 934 R% Rg COS 656 z ’
y RiRycosflss RiRycoslzs R2cos s R2 R2 cos 056
R1R5 cos b3, Y R1R5 cos 34 z R2 cos 06 R2
(B.13)

with # = —R3¥(1 + 2 cosfa3), y = —Ry Ry (cos 34 + cos bs5 + cosbsg), 2 = —R3(1 +
2 cos 0s6) and the seven real parameters R, R5, 03, O34, O35, 036, 056. For b we find

0 by 0 by —by—by—bs bs
—by 0 by by bs —by — by — bs
B 0 —by 0 by by bs
b= —bs —by  —by O by 0 (B.14)
bs+by+bs  —bs  —by —by 0 by
—bs  bs+bi+bs —bs O —by 0

with the five real parameters by, by, b3, by, bs. We see that we get 5 untwisted Kéahler
moduli and one untwisted complex structure modulus in this orbifold.
With (2.15) and (2.16) we arrive at the following complex structure:

2= g5 (at +ia? -2,
2 = J5(at+ia® —af),
23 = #@ [z — 2? + 2% + U (2* — 2° + 29)], (B.15)
with
Ry .
U = ————secfy3(cos B3y + cos bz + i \/—(cos B34 + cos fsg)2 + 4 cos Ba cos Osg).

2R,
(B.16)



156 B Calabi—Yau manifolds from resolved orbifolds

The five untwisted real 2-forms that are invariant under this orbifold twist are

wi = da' Ada? + da? A da?,
wy = da' Adat — dat Ada® + da® A da® — da? A da® + da® A da®,

wy = —dax' ANda® + dat A da® — da® A da® + da A da?,
wy = —dax' Nda® + da? A dat — da® A da® + dad A da®,
ws = dr* Ada® + da® A da®. (B.17)

Via B +iJ = T'w; the Kahler moduli are:
Tl = b1 +22R% (1 +COS€23),

T2 = by+i %Rle(E) cos O34 + 6 cos O35 + cos O3 + 5\/—(005 O34 + cos O36)? + 4 cos ba3 cos Osg,

73 bs + i 2R Ry (— cos B35 — cos O3 + 1/ —(cos Oy + cos B6)2 4 4 cos fas cos Osg,
74 = b4 +12 R1R2 (COS 934 — COS 936)7
75 = b5+Z2R% (1+COS€56).

B.2.2 Fixed sets

For the Z,twist, we need to look only at the -, and §*-twisted sectors.
Table B.2 summarizes the important data of the fixed sets. The invariant subtorus
under 62 is (22,0, 23, 2%,0, 2°), corresponding to 2* = invariant.

Group el. | Order Fixed Set Conj. Classes
0 4 16 fixed points 16
62 2 4 fixed lines 4

Table B.2: Fixed point set for Z4—orbifold on SU(4)?.

Figure B.3 shows the configuration of the fixed sets in a schematic way, where each
complex coordinate is shown as a coordinate axis and the opposite faces of the resulting
cube of length 1 are identified.

This orbifold has special properties due to the SU(4)? lattice which leads to a non—
standard volume factor for the fixed torus in z*-direction (see Table 2.5) and changed
periodicities of the real lattice. Instead of the usual real lattice shift of one unit, the
shift is 1/2 for the coordinates entering 2%. The fixed points in z3-direction do not all
lie in the same four D3 planes as usual but the points at (z!,2%) # (0,0) are shifted
up by 1/4.

B.2.3 The gluing procedure

In this model, there are 16 local Zs—patches which, four of each sit on one of the four
Zo—tixed lines. Each of the Z,—patches contributes one exceptional divisor, and so does
each of the fixed lines, therefore we get 16 -1+ 4 -1 = 20 exceptional divisors in total.

Since there are no fixed lines without fixed points on them in this example, there
are no twisted complex structure moduli.

(B.18)
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Figure B.3: Schematic picture of the fixed set configuration of Z, on SU(4)?

B.2.4 The intersection ring

From the local linear relations (A.8), we find the following global linear relations:

Ry

Ry

Ry

Ry

Ry
R

4
4D14 + Z (Eria2v—1+ Er1292y) +2 Z FEs 1.8,

y=1 /=12
4
4D+ Z Z E1252, +2 Z Esz 5,
B=12 y=1 B=1,2
4
4Dy + Z (Eria2v—1+ Er1212¢) +2 Z Es i,
y=1 a=1,2
4
4Dy 9+ Z Z Eia22y+2 Z Es o9,
a=1,2 y=1 a=1,2
2D39y-1+ E111,2v-1,
2D39y+ E112y + Z E1 262+, (B.19)
B=1,2

where v = 1,...,4. To compute the intersection ring, we need to determine the basis
for the lattice N in which the auxiliary polyhedron will live. From (B.19) we see that
n1 = ny = 4, and n3 = 2. Hence we can choose m; = mo = mg = 2, and the lattice
basis is f1 = (2,0,0), fo = (0,2,0), f3 = (0,0,2). The lattice points of the polyhedron
A®) for the local compactification of the Z, fixed points are

U = (_27 07 O)a

Vg = (07 07 4)7

Vo = (07 _27 O)a U3 = (07 Oa _2)a Vg = (87 Oa 0)7 Vs = (Oa 87 0)7
vr=(2,2,2),  vs = (4,4,0), (B.20)
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corresponding to the divisors Ry, Ry, R3, D1, Do, D3, F, E5 in that order. The polyhe-
dron is shown in Figure B.4. From the intersection ring of the 16 polyhedra and the

Figure B.4: The polyhedron Af’) describing the local compactification of the resolution
of Cg/ZG_[.

linear relations (B.19) we obtain the following nonvanishing intersection numbers of X
in the basis {R;, Exagy }:

RiRyR3 =8, R3Ej,3=—2, Ei1ap,F35.5=—-2, Ej,5,=8 FE;5,;=8 (B21)

B.2.5 Divisor topologies

Eropy are Fy. By o5 are Fy, Dy, and Dy g are BlglF,. For Dj., we start with the
restriction of the Z, action to z* = z¢ ., , which is $(1,1) on T*. The Euler number of
D, minus the 16 fixed points is (0 — 16)/4 = —4. The fixed points fall into 10 classes.
For odd ~ 3 of these classes are not resolved and the corresponding singularities are
replaced by points. At the remaining fixed points we glue in a P! as usual. Therefore
the Euler number of D3, v odd, is =44 3-1+7-2 = 13. For even 7 only one of the
ten classes is not blown up and the Euler number is —4+ 149 -2 = 15. We conclude
that the topology of Ds ., is BlglFy and Bl for v odd and even, respectively. R; and
R, are T* and Rj is a K3. The second Chern class is

Co 'Elﬂﬁ7 = —4, Co ~E2,a5 = —4, Co Rz = 0, Co 'Rg = 24. (B22)

B.2.6 The orientifold

All Z,4 fixed points feel the orientifold involution 2! — —z°.
For the local involution, we chose the simplest possibility. We have to solve (see

(A.6)) '
(—21, —22 =23y, y2) = (N 21 A 22, )\f)\g 23, e yt, Ao y2). (B.23)
172
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This results in the following two allowed solutions:
yQZO, )\1:)\2:—1, 2’3:0, )\1:—1,)\2:1.

This corresponds to an O7—plane located on E5 and one on Ds.
The linear equivalences change as follows under the orientifold involution:

4
Ri ~ 4D1oa+ Y > Erapy+ Y Brap
8=1,2

B=1,2 y=1
4
R2 ~ 4D27B + Z ZE17QIBA{ + Z E2,Oé,ﬁ7
a=1,2 y=1 a=1,2
Ry ~ Dgﬁ + Z El,aﬂ'w (B24)
a,f=1,2

where o, 6 =1,2, v =1,...,4. The modified intersection intersection numbers are

R1R2R3 = 4, R3E22,aﬂ - —4,
El,aﬁvEg,aﬁ = —4, Eiam =4, Eg’w = 32. (B.25)

B.3 The Z, orbifold on SU(2) x SO(5) x SU(4)

B.3.1 Metric, complex structure and moduli
The twist () has the following action on the root lattice of SU(2) x SO(5) x SU(4):

Qe = e, Qe=e3 Qez3=—e —ey— ez,
Q64 = 64+265, Q65:—€4—65, Q66:—66. (B26)

The form of metric and anti-symmetric tensor follow from solving the equations Q*g Q =
g and Q'bQ = b:

R% R% COS 023 T —R1 RQ COS 834 —R1 R2 COS 035 R1 R3 COS Q36
R? cos O3 R? R? cos O3 y —y — R R cos Os4
. T R% COS 923 R% R1 RQ COS 934 Rl R2 COS 035 Rl R2 COS 636
9= —R1R2 COS 634 Yy Rl R2 COS 934 2 R% —R% 0
—Rl R2 COS 935 ) Rl R2 COS 935 —R% R% 0
Rl R3 COSs 036 —Rl R3 COS 036 Rl R3 COS 936 0 0 R§
(B.27)

with z = —R3(1+2 cos fa3), y = Ry Ry (cos B34 +2 cosf35). The seven real parameters
R%, R%, R%,QQ:;, 934, 6357 936- For b we find

0 by 0 —b —by by
—b, 0 by by+2by —by—by —by
| o —by 0 by by by
"= b —h—2m b 0 bs 0 (B.28)
by by+by —by  —bs 0 0

—by by —by 0 0 0
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with the five real parameters by, by, b3, by, bs. We see that we get 5 untwisted Kéahler
moduli and one untwisted complex structure modulus in this orbifold. With (2.15)
and (2.16) we arrive at the following complex structure:
1 Loy 9 3
27 = —(x +ix®—2a°),

V2

1 2
2 _ .4 v 5
z x+(2 Q)x,

1
3 _ 1.2 3191 25). B.29
z 2\/2_u2(x ¥+ ax”+2U z°) ( )

with

R
U= —2—}31 sec fa3(cos O35 + i \/— 08 fo3 — cos 63). (B.30)
The five untwisted real 2-forms that are invariant under this orbifold twist are

wi = dz' ANda? 4 da® A da?,
—dz' A dxt + da® A dat — da? A da® + da? A da?,

Wy =

wy = —de' Ada® +2dx® Adat — da® A da® + dad A da®,

wyg = dxt Ada® —da? A da® + dad A dad,

ws = da* Ada’. (B.31)

Via B +iJ = T*w; the Kahler moduli are:

T' = b +i2 R (1+cosbys),

T? = by —iR Ry (cosbsy + 5cosbss),

T3 = b3 +iRiRy (4 cosbsy + cosbss),

T* = by+i3 R R; \/—C08923—6030§6,

T° = bs+iR5. (B.32)

B.3.2 Fixed sets

This being another Z,twist, we again need to look only at the 6-, and 6*-twisted
sectors.

Table B.3 summarizes the important data of the fixed sets. The invariant subtorus
under 62 is (23,0, 23,0,0,2%), corresponding to 2* = invariant.

Group el. | Order Fixed Set Conj. Classes
0 4 16 fixed points 16
62 2 8 fixed lines 6

Table B.3: Fixed point set for Zs—orbifold on SU(2) x SO(5) x SU(4).

Figure B.5 shows the configuration of the fixed sets in a schematic way, where each
complex coordinate is shown as a coordinate axis and the opposite faces of the resulting
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Figure B.5: Schematic picture of the fixed set configuration of Z4 on SU(2) x SO(5) x
SU(4)

cube of length 1 are identified. Since in this case only one SU(4) factor is present in
the lattice, the periodicity change occurs only in one real direction and only the fixed
points with z! # 0 are shifted up by 1/4.

B.3.3 The gluing procedure

In this model, there are 16 local Z,—patches which, four of each sit on a Zy—fixed line.
In total, there are six equivalence classes of Zsy—fixed lines. Each of the Z,—patches
contributes one exceptional divisor, and so does each of the fixed lines, therefore we
get 16 -1 46 -1 = 22 exceptional divisors in total.

There are two Z, fixed lines without fixed points on them, so hii}l) =2

B.3.4 The intersection ring

From the local linear relations (A.8), we find the following global relations:

Ry ~ 4D+ Z ZE11527 1+22E2157

12'y 1

Ry ~ 4D+ Z ZE12527+22E22,&

12'y 1

Ry ~ 4Dyp5+ Z (E1182y-1+ Er22y) +2 Z E3.0.8

y=1 a=1,2
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2
Ry ~ 2D;3+ Z Es o 3,

a=1

Ry ~ 2D39, 1+ Z Ev182v-1,
B=1.2

Ry ~ 2D39, + Z E1 259y, (B.33)
B=1,2

where o, 3 = 1,2, v =1, ..., 4. The polyhedron the Z, fixed lines is obtained from (B.20)
by dropping v7. We obtain the following nonvanishing intersection numbers of X in
the basis {R;, Exapy }:

R1R2R3 = 8’ R3E22,ozﬁ = _27 El,aﬁ’YE22,aﬁ = _27
E} o5, =38, E3,5=38, E3 3Ry = —4, (B.34)

for a, = 1,2 and all ~.

B.3.5 Divisor topologies

The topology of those divisors which were already present in the model in Appendix B.2
does not change except for Ds,. The difference is that for both even and odd « two
of the ten classes of fixed points of T#IZ, are not resolved and the corresponding
singularities are replaced by points. The Euler number therefore is —4+42-14+8-2 = 14
and the topology of Djs., is Blyjo[Fy. According to Section ?? the new divisors Fs, 3
are of type E2), hence their topology is P! x T?. By a similar argument as for D; 5 in
Section 3.9.1 we find that the topology of Dy 3 is also that of a P! x T2. Finally, the
second Chern class is

C2 'El,a,@’y = —4, C2 'EQ,QB = —4, Ca 'Ez,a,3 =0, co R =0,

B.4 The Z, orbifold on SU(2)? x SO(5)?

B.4.1 Metric, complex structure and moduli

On the root lattice of SU(4)?, the twist @ has the following action:

Qe = e +2e, Qe=—e—e, Qe3=e3+2ey,
Qe = —eg—eq, Qes=—e5 (eg=—¢. (B.36)
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The form of metric and anti-symmetric tensor follow from solving the equations Q'g Q =
g and Q'bQ = b:

2R? —R? 2R Ry cos 0oy x 0 0
—R% R% R1 RQ COSs 823 Rl Rg COS 924 0 0
. 2R1R2 COS 024 RIRQ COS 923 2 R% —RS 0 0
o xz Rl RQ COS 924 —Rg R% 0 0
0 0 0 0 R% R3R4 COS 956
0 0 0 0 R3R4 COS 656 Ri
(B.37)

with © = — Ry Ry (cos fa3 +2 cos fa4). The seven real parameters R?, R3, R3, R, 03,
Oa4, O56. For b we find

0 by 2by, —by—2bs 0 O

_bl 0 b4 b5 0 0

B —2b, —by O by 0 0
b= —by —2bs —bs —by 0 0 0 (B.38)

0 0 0 0 0 b3

0 0 0 0 —bs 0

with the five real parameters by, bs, b3, by, bs. We see that we get 5 untwisted Kéahler
moduli and one untwisted complex structure modulus in this orbifold.
With (2.15) and (2.16) we arrive at the following complex coordinates:

1
2 = — (2® +U Y, B.39
/—QImU( ) (B.39)

withU = }% €56 The five untwisted real 2—forms that are invariant under this orbifold
twist are

wi = drt ANdr?, wy =dad ANdzt, ws = dx® A dab,
wy = —dx' Adat + da® A dad,
ws = 2dz' Adx® —2dxt Adat + da® A dat (B.40)

Via B +iJ = T?w; the Kéahler moduli are:
T' = b +iR? T* =0by,+iR2 T3=bs+iRsRy sinbsg,
T* = by —i2R Ry cosby, T°=bs+iRR, (7 cosby3 + 5 cosbay). (B.41)

B.4.2 Fixed sets

This being another Z, twist, we again need to look only at the 6-, and §*-twisted
sectors.
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Group el. | Order Fixed Set Conj. Classes
0 4 16 fixed points 16
62 2 16 fixed lines 10

Table B.4: Fixed point set for Zs—orbifold on SU(4)? x SO(5)2.

Z3

Figure B.6: Schematic picture of the fixed set configuration of Z, on SU(4)% x SO(5)?

Table B.4 summarizes the important data of the fixed sets. The invariant subtorus
under 62 is (0,0,0,0, 2°, 2%), corresponding to z* = invariant.

Figure B.6 shows the configuration of the fixed sets in a schematic way, where each
complex coordinate is shown as a coordinate axis and the opposite faces of the resulting
cube of length 1 are identified.

B.4.3 The gluing procedure

In this model, there are 16 local Zs—patches which, four of each sit on a Zsy—fixed line.
In total, there are ten equivalence classes of Zs—fixed lines. Each of the Z,—patches
contributes one exceptional divisor, and so does each of the fixed lines, therefore we
get 16 - 14 10 - 1 = 26 exceptional divisors in total.

o 1I)n this lattice, six Zs fixed lines without fixed points on them appear, therefore
hiy’ = 6.

B.4.4 The intersection ring

As we have seen, there are 16 local C?/Z, patches which sit in groups of four on a
C?/Z, fixed line. They yield the same exceptional divisors as in Section B.3, however,
according the different labeling of the fixed points here, we denote them by E) .3,
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and Fy 45, @, =1,2, v =1,...,4. The remaining 12 C?/Z, fixed lines fall into six
equivalence classes. The invariant divisors are

Ey1=Fy1q, Eo9 = F19, FEy3 = E2,1,3 + E2,1,4,
Eyy = E2,2,1, Eys = E2,2,2, FEys = E2,2,3 + E2,2,4;
Eo7 = E2,3,1 + E2,4,1, Eos = E2,3,2 + E2,4,2, Eo9 = E2,3,3 + E2,4,4,
Es 10 = 52,3,4 + E2,4,3' (B.42)

where Eg,aﬁ are the representatives on the cover.
From the local linear relations (A.8), we find the following global relations:

2 4 3
Rl :4D1,a+ZZE1,aﬁ'y+2ZE2,30473+;“ o= 1727
p=1~=1 p=1
10

Ry =2D3+ Z Es .,

n=r
2 4
Ry=4Ds5+ Y Y Eras+2 Y Eouip, B=12,
a=1 y=1 ©n=0,3,6

Ry =2Dy3+ Z Es .,

£1=3,6,9,10

2 2
Ry=2Ds,+ > > Eias, v=1,...,4, (B.43)

a=1 g=1

The polyhedron the Z, fixed lines are is obtained from (B.20) by dropping v;. We
obtain the following nonvanishing intersection numbers:

RiRyR3 =8, R3E227M = -2, El,aﬁ'yEiu = -2,
E} 5, =8, E3, =8,
for pu=1,2,4,5 and
E} Ry = —4, (B.44)

for p=3,6,...,10 and o, 8 = 1, 2.

B.4.5 Divisor topologies

The topology of those divisors which were already present in the model in Appendix B.3
does not change except for Ds,. The difference is that all of the ten classes of fixed
points of T#IZ, are resolved. The Euler number therefore is —4 + 10 - 2 = 16 and the
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topology of D, is BlioIFy. All the new divisors s, and Ds 3 have the topology of a
P! x T2. Finally, the second Chern class is

Co ’E17aﬂ7 == —4, Co Rz == 07 Co 'R3 == 24, Co 'EQVM == —4,
for p=1,2,4,5 and
Co 'E27N = 0, (B45)

for p=3,6,...,10.

B.5 The Z6_[ orbifold on G2 X SU(3)2

B.5.1 Metric, complex structure and moduli

On the root lattice of Gy x SU(3)?, we act with the generalized Coxeter twist Q =
51595354 P36 Pys, as explained in Section 3. It has the following action:

Qe = 2e+3e, Qe=—e —e,
Qes = e, Qes=es5,
Q €5 = —€3 — €4, Q €g = €4. (B46)

As before, the twist ) allows for five independent real deformations of the metric g
and five real deformations of the anti—-symmetric tensor b:

R —iR} x —x —x x
— % R? é R} -y x Yy z
x -y R? —1R?  —2R%cosfy RZcosfyg
9= —z T —1R? R? R?cosf RZcosbys |’ (B.47)
2115 5 5 46 5 COS Ve
—x y  —2RZcosfys RZ2cosly R? —3sR?
T z R%cosfys  R2cosbys —sR? R?

with x = \%(Rle)(cos o5 + cosOa), y = \/LgRle, cos by, 2 = \/LgRlR5 cos fog and the
five real parameters R?, RZ, 0,5, Oas and 4. For b we find

0 by byt by —by—2bs —2by—bs by — by
—b; 0 —by by + b3 by bs
| 2t b 0 b 0 by
D=1 b+ 2b —by—bs b 0 by b, (B.48)
Oy + by —by 0 b 0 bs
byt by —by b, by b 0

with the five real parameters by, by, b3, by, bs. a, b, ¢, d and e are constants left
unfixed by the twist. We choose them such that we get

S g4 (xl +%657@/6 x2),
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22 — \/Li (m?) + 6271‘7:'/3 IA - x5 € 6271‘7?/6 x6)7
o p— \/Li <x3 _ e271'1/6 24 + 28 + 627”/3 376). (B49)

The five real untwisted 2—forms that are invariant under this orbifold twist are

wi = dz' Ada?,
wy = 2dz' Adx® —dat Adat — 2dxt Ada® + dat A da® — da? A da?
+da® A dat + da? A da®,
wy = dot Ada® — 2dat A dat — dat A da® — dat A da® + da? A dat + da? A da®,
wy = dz3 Adab 4 dat A da® — dat A daS,
ws = da’ Ada®. (B.50)

The B-field (B.48) has the simple form B = by wy + by wy + b3 w3 + by wy + bs ws.
Examination of the Kéahler form yields

T = by +i ﬁg R}, T?=by+i % R1R;5 (cos a5 + 20 cos ),

73 = b3 — iR1R5 (4 COSs 925 — COS 626),

T = by +i®B R T°=by—iV3RL (B.51)

B.5.2 Fixed sets

In order to find the fixed point sets, we need to look at the 6, 6%~ and 63 twists. 6*
and 0 yield no new information, since they are simply the anti-twists of 62 and, #. The
action of the twist § on the lattice G x SU(3)? was given in (A.12). Figure B.7 shows

Im(z) Im(z9) Im(z3)

2Ti/6
e

1/v3e™® 17436

*—o—© & *—©

4
Re(z) Re(z9)

Figure B.7: Fundamental regions for the Zg_;—orbifold

the fundamental regions of the three tori corresponding to 2!, 22, z* and their fixed
points in the different sectors. The Zg_;—twist has only one fixed point in each torus,
namely Zg .41 = Zixed1 = Zixeas = 0- The Zs—twist has three fixed points, namely
Zveda = Zhxeas = 0,1/3,2/3 for o, f =1,3,5 and 28,4, = 0,1/v/3¢e™/% 1 +i/V/3 for
v =1,2,3. The Zytwist, which arises in the #3-twisted sector, has four fixed points,
corresponding to zéxed,a =0, %, %7’, %(1 +7), a = 1,2,4,6 for the respective modular
parameter 7.

The equivalence classes of fixed point set are described as follows: We first look at
the z! and z?-directions. The two Zz—fixed points at 1/3 and 2/3 are mapped to each

other by # and form orbits of length two. We choose to represent this orbit by 2.4,
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i = 1,2. The three Zs fixed points in the z3-direction each form a separate conjugacy

class. Therefore, we obtain the 15 conjugacy classes of Zs—fixed points, 5 in each plane

3_ .3 _ .
2% = Zixean ¥ = 1,2,3

n= L: (O O Zﬁxed 7)
= 2: (O % zﬁxed 'y)? (0 % Zﬁxed,’y) n= 3: (37 0 Zﬁxed ’y)’ (%7 0 nged ’y)
n= 4: (% % Zf%xed,*y)? (% % Zf?i)xed,y) H = o (37 3 gxed,'y)v (37 ;,’ Z?ixed 'y) (B52)

The Zsfixed points in the z!'-direction form the two orbits under 62, namely 0, and
% — %(1 +7) — %7‘. The corresponding two conjugacy classes will be represented

by Zfieass ¢ = 1,2. Table B.5 summarizes the relevant data of the fixed sets. The

Group el. | Order Fixed Set Conj. Classes
0 6 3 fixed points 3
62 3 27 fixed points 15
03 2 4 fixed lines 2

Table B.5: Fixed point sets for Zg_; on Gy x SU(3).

invariant subtorus under 6% is (0,0, 2® — 2%, —25 2%, 25), corresponding to the complex
z3—coordinate being invariant. Figure B.8 shows the configuration of the fixed point

|
\
!

Figure B.8: Schematic picture of the fixed point set of the Zg_;—orbifold on Gy x SU(3)?

set in a schematic way, where each complex coordinate is shown as a coordinate axis
and the opposite faces of the resulting cube of length 1 are identified.
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B.5.3 The gluing procedure

From Table 2.6 and Figure 2.2, we see that there are three fixed points with a Zg_;
singularity. Resolving this singularity amounts to replacing the C*/Z¢_; patch by Xg
in (3.16). By Figure 3.2, each resolution contributes two exceptional divisors Ej ,, and
Es1., v =1,2,3, from the interior of the diagram and one exceptional divisor from
the boundary of the diagram, respectively The latter will be considered in the next
paragraph.

Returning to Table 2.6 and Figure 2.2, we have furthermore 15 conjugacy classes
of Z; fixed points. Blowing them up replaces each of them locally by X in (A.67)
and contributes one exceptional divisor as can be seen from Figure A.1. Since three
of these fixed points sit at the location of the Zg_; fixed points which we have already
taken into account (Es; ), we only count 12 of them, and denote the resulting divisors
by Es~, = 2,...,5, v =1,2,3. The invariant divisors are built according to the
conjugacy classes in (B.52)

E2721'7 = E271’27’Y + E2)173ﬁ77 E2733’Y = E2’371)7 + E215713’Y7
Eyany = Eason+ Eapsy, Essy=Easssy+ Eosay. (B.53)

where EQ,(WW are the representatives on the cover.

Then, we finally have 2 conjugacy classes of fixed lines of the form C?/Z,. We
see that after the resolution, each class contributes one exceptional divisor Ej,, o =
1,2. On the fixed line at zg 4, = 2feq, = 0 sit the three Zg_; fixed points. The
divisor coming from the blow—up of this fixed line, Es;, is identified with the three
exceptional divisors corresponding to the points on the boundary of the toric diagram
of the resolution of C3/Z¢_; that we mentioned above. The other exceptional divisor
is the invariant combination Ejo = Za:Q, 46 E&a, where Egya are the representatives
on the cover. Consequently, Ej5; could have a different topology than Ej .

This results in 3-2+12-14 2.1 = 20 exceptional divisors. There is one Zs fixed
line without fixed points on it, therefore, by (3.55), hfj;” =1.

B.5.4 The intersection ring

Furthermore, we have fixed planes Dy , = {z! = Zixedats @ = 1,...,6, Doy = {2% =

ZRvea st B=1,2,3, and 53,7 = {2® = 2}ca}» 7 = 1,2,3 on the cover. From these we
define the invariant combinations

Dy, = 51,1, Dy = 51,2 + 131,4 + 51,6, D3 = 51,3 + 51,5,
Dyy = Dsy;, D3y = Dys+ Do, D3 = Ds,.

Next, we need the global linear relations (3.25) in order to determine the intersection
ring. The relation for D, ; is obtained from (3.19) :

3 2 3
Ri=6Di1+Y Eiy+2> Y Eyuy+3Es;. (B.54)

y=1 p=1 =1
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The divisor D; 2 only contains a single equivalence class of Z, fixed line. From the
local relations (A.97), we find the local relation to R; as in (3.27) (here, we already
changed the labels of the divisors to match the labels of the Zg_;;—patch):

Rl = 2D172 + E372. (B55)

Next, we look at the divisor D, 3, which only contains Z; fixed points. The local linear
equivalences (A.4) and (3.27) lead to

5 3
Ri=3Dis+ Y > B, (B.56)

pn=3 v=1

The linear relations for D, g are the same as those for D, , except that the one coming
from the Z, fixed line is absent:

3 3 2
R2 - 6D271+ZE1:’Y+2 Z ZEQ#W—F?) ZE&Q,
f\/:l a=1

pn=1,3 y=1

3
Ry = 3Dspt+ > > Eapus (B.57)

n=2,4,5v=1

Finally, the relations for Dj ., are again obtained from (3.19):

5
Ry=3Dsy+2Ei,+ Y By v=1,...3 (B.58)

p=1

Now, we are ready to compute the intersection ring. The polyhedra are those given in
Section 3.8.1.

Solving the overdetermined system of linear equations then yields the intersection
ring of X in the basis {R;, Ekagy }:

RiRyR3 = 18, RyE3, = =2, RyE3 , = —6, E} =8,
E%,’YEZ,L'Y = 2, El,’yEg,l,’y = —4, Eg,l’Y =8, Egvuﬁ =9,
By, B3, = —2, E3, =8, (B.59)
for p = 2,...,5, v = 1,2,3. Here we have given only the nonvanishing intersection

numbers and those involving the D;, can be obtained using the linear relations (B.54)
to (B.58).

B.5.5 Divisor topologies

The divisor topologies are essentially the same as those of Zg_; on G3 x SU(3), see
Section 3.9.1.



B.6  The Zs_r orbifold on G3 x SU(3) 171

B.6 The Z;_ ; orbifold on G35 x SU(3)

B.6.1 Metric, complex structure and moduli

See Sections 2.3.1, 2.6.1, and 2.7.1.

B.6.2 Fixed sets

See Section 2.9.

B.6.3 The gluing procedure
See Section 3.6.1.

B.6.4 The intersection ring
See Sections 3.7.1 and 3.8.1.

B.6.5 Divisor topologies
See Section 3.9.1

B.7 The Zg_;;—orbifold on SU(2) x SU(6)

B.7.1 Metric, complex structure and moduli

On the root lattice of SU(6) x SU(2), the twist () acts on the six roots e; in the
following way:

Qei = €it1, 221747
Qe = —ep—ey—e3—eq—es,

Qeﬁ = —€g. (BGO)

The twist @ allows for five independent real deformations of the metric g and three
real deformations of the anti—symmetric tensor b. As before, these results follow from
solving the equations Q'g Q = g and Q'bQ = b which leads to:

R? R? cos 0,5 R? cos 035 x R2cosfss RyRgcos s
R? cos 0,5 R? R? cos 045 R? cos 035 x — Ry Rg cos 054
| Ricosbs; R2 cos 0,5 R? R? cos 0,5 R2cosfss RyRgcos s
9= T R? cos 035 R? cos 045 R? R2cosfys —RyRgcosfsg
R? cos 035 x R? cos 035 R? cos 045 R? R R cos 054
Rl R6 COS 656 —Rl R6 COS 956 Rl R6 COS 956 —Rl R6 COS 956 Rl Rﬁ COS 956 Rg

(B.61)

Y
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T = —R? (142 cos O35+2 cos 0,5), with the arbitrary real parameters R?, RZ, 035, 045, 056
and
0 by ba 0 —by b3
-b; 0 b b 0 —bs
—by; —b; O b1 b b3
0 —by =b O by —bs
ba 0 —by —=b O b3
—bs by —by by —b3 O

S8
I

(B.62)

with the arbitrary real parameters by, by, b3. The complex coordinates are

2= L@+ (262 | (PSS 3 L o[ 5y
2 = L@t (232 | 23 8 L o | w3 5)
P o= e [f(a -2 2’ t+2%) + U2t ], (B.63)

[\
N

with the complex structure modulus U3:

_ Rs c08956+i\/i§\/1+2 cos O35 — 3 cos 02

U’ =
Rl 1+2 C08635

(B.64)
The three invariant 2-forms of the real cohomology are in this case
w1 det A da? + da® A da? + da® A dat + dat A da®,

Wo det A da® — dat A da® + da? A dat + da® A da®,
wy = daxt Ada® — dx? A da® + dad A daS = dat A da® + de® A daS. (B.65)

The three Kihler moduli 7* are

Tl = bl—i%R%(—l—f-COSQ;%),
T = b2+i%R%(1+2C08935+3COSH45),

T3 = b3+i\/iéR1R6 \/—1+4 cos O45 — 3 cos 2 0. (B.66)

B.7.2 Fixed sets

This being another Zg—twist, we need to look again only at the -, 8%~ and 63-twisted
sectors.

Table B.6 summarizes the important data of the fixed sets. The invariant subtorus
under 62 is (25,0, 25,0, 2°, 2%), corresponding to z3 = invariant, the invariant subtorus
under 62 is (z*, 25,0, 2%, 2°,0), corresponding to z? = invariant.

Figure B.9 shows the configuration of the fixed sets in a schematic way, where each
complex coordinate is shown as a coordinate axis and the opposite faces of the resulting
cube of length 1 are identified.
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Group el. | Order Fixed Set Conj. Classes
0 6 12 fixed points 12
62 3 3 fixed lines 3
63 2 4 fixed lines 4

Table B.6: Fixed point set for Zg_;—orbifold on SU(2) x SU(6).

Figure B.9: Schematic picture of the fixed set configuration of Zg_;; on SU(2) x SU(6)

B.7.3 The gluing procedure

In this model, there are 12 local Zg_;;—patches which each sit at the intersection of two
fixed lines, 3 fixed lines originating from Zs and 4 fixed lines under the Z,—element.
For the labeling of the exceptional divisors, we need Figure A.3. For each of the
12 patches, we get one compact divisor £, we label them F, .3, with a = 1, 8 =
1,2,3, v = 1,...,4. The divisor Fj is identified with the exceptional divisor on the
C?/Zypatch, therefore there are four of them: FEj,.. Of the divisors Fy, F,, we get
three each: E5 .3, E4.p. They are identified with the two exceptional divisors of the
C?/Zs—patch. Since in this lattice a = 1, we suppress the label a in the following. In
total, there are 12-1+43-2 44 -1 = 22 exceptional divisors. There are 8 fixed planes
with their associated divisors: Dy, Dy g, 5 =1,2,3, D3, v =1,...,4. The inherited
divisors are R; = {(2%)® = c®}, i =1,2,3.

! =0.

On this lattice, there are no fixed lines without fixed points on them, so h;,,

B.7.4 The intersection ring

The intersection ring is discussed together with the intersection ring of the orientifold
in Section 4.4.1.
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B.7.5 The orientifold

See examples in Chapter 4.

B.7.6 Divisor topologies
See Sections 3.5.2 and 3.9.2.

B.8 The Zgs_;; orbifold on SU(3) x SO(8)

B.8.1 Metric, complex structure and moduli

On the root lattice of SU(3) x SO(8), the twist () acts on the six roots e; in the
following way:

Qe = e, Qe =e+ex+es+ ey,
Qes = —ep—ex—e3 Qeys=—e —ey— ey,
Qes = e5 (Qeg=—e5—eg. (B.67)

The twist @ allows for five independent real deformations of the metric g and three
real deformations of the anti-symmetric tensor b:

x y Ricosbz R:+ R¥(—1+cosfiz) 0 0
Y T z z 0 0
B R? cos 013 2z R? R Rs cos fs, 0 0
97| R+ R¥*(=1+cosbis) z RyRscosfs R? 0 0
0 0 0 0 R? —1IR?
0 0 0 0 —iR? R?
(B.68)

with = Rjcosfi3 + R3(Rs + Rycosts), y = —3(R? — 2R; — Ri(3R; cos by +
R3cosbsy)), z = —%Rl(Rl + Ry cos 13 + R3cosf3) and the arbitrary real parameters
R%, R% Rg, 913, 934 and

0 by + by —bo b, 0 O

—b1 — by 0 by +2by by 0 O

_ by —by —2by 0 b, 0 0
b= —bo —by —bs 0O 0 0 (B.69)

0 0 0 0 0 b3

0 0 0 0 —bs O

This leads to the complex structure
Sl gl g e/ B gt 25 2mif3 6
1

3 (z' —2® + 2 + U (2' — 2% + 2?)), (B.70)

vVImu?3
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with
1
P= 2 1 f:2) — i -1/2
“ * R1 (2 + cos 013 — Rz cos f34) [BRl (14 cosby3) —iV3(Ry)/?x

X (2R R3 — R} + Ry cos 3 (R2 + R3 — 2Ry R3 cos f34)
—R3 cos 034( R3 — R? + Ry Rz cos 6’34))1/2] : (B.71)

The invariant 2—forms of the real cohomology are

wi = dxt Ada® + da? A da? + da? A dat
wy = da' Nda? —dat Adad + dat A dat + 2da® A da® + dad A da?,
wy = da® Ada®. (B.72)

With the invariant 2—forms above, we find the following Kéhler moduli:

T — \/75 Ry (R (1 — cosby3) + R cosbsy)),

T2 = #g(—3R%(—1+C08013)+3R1R3COS€34+10\/ Ry x
X(Q Rle — R? + Rl COS 913 (R% -+ R% - 2R2R3 COS 934)
—Rg COS 634(R§ — R% + R1R3 COos 934))1/27

B.8.2 Fixed sets

Here, the analysis of the fixed point set is very similar to the previous example and we

will only point out the differences. As for the fixed point set, the only change occurs in

1 Jirocti 1 _ 1 _ 11 _mif6y 1 _

the z'- direction. Apart from 2zj,.q; = 0, we now have zg.q5 = 5(75€™"); Zixeas =

11 _ 1 1 wif6 - e 2 Jirects

30 Zfixeds = 31+ e /6), at which we have further Z; fixed lines in the 22 direction.
1

In addition, the order three element maps these points as 5(\% e™/%) — 1/2 — %(1 +
L

em/6) — l(\/Ag e™/%). The resulting conjugacy classes are

V3 2

a=1

7=1:(0,2%0) v=2: (0,2%3) v=3: (0,2*,3U0°) ~=4: (0,2%3(1+0U?%)
oa=2

=10 (3,20), (5 €%, 22,0), (4(1+ L e™/%),22,0)

7=2:(52%%) (a2 0), GO+ ), 2% ))

7 =3:(5,2% 307, (5™ 2 50°%), (5 (1+ J5e™9), 2%, 5U°)

y=4: (52 51+ U%), (555,22 51+ U%), (3 (14 Z5e™%), 2% 3(1+U%)),

(B.74)

Table B.7 summarizes the relevant data of the fixed point set. The invariant subtori
under 6% and 63 are (23 + 2*,0, 2%, 2%,0,0) and (0,0,0,0, 25, 2°), respectively. Figure
B.10 shows the configuration of the fixed point set in a schematic way.
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Group el. | Order Fixed Set Conj. Classes
0 6 12 fixed points 12
62 3 3 fixed lines 3
03 2 16 fixed lines 8

Table B.7: Fixed point set for Zg_; orbifold on SU(3) x SO(8)

Figure B.10: Schematic picture of the fixed set configuration of Zg_r; on SU(3) x SO(8)

B.8.3 The gluing procedure

On this lattice, there are four Z, fixed lines without fixed points on them, therefore
hgil) = 4. Here we have again 12 C3/Zg_;; patches which each sit at the inter-
section of two fixed lines, and in addition 3 fixed lines originating from the order
3 element as well as 8 classes of fixed lines from the order two element. The fixed
points yield the same exceptional divisors E gy, Fag, B30y, Fag, o = 1, 8 = 1,2,3,
v = 1,...,4, as in Appendix B.7. Moreover, there are four exceptional divisors
Fs3 9, coming from the additional C? /Zy fixed lines. These are the invariant com-
binations E3o, = 20;274,6 E&M, where E&av are the representatives on the cover.
This gives a total of 12-1+4 3 -2+ 8 -1 = 26 exceptional divisors. On this lattice
there are four classes of C?/Z, fixed lines without fixed points on them, therefore
by (3.55) we have hi2l, = 4. We have 9 fixed planes with their associated divisors:
Do, a=1,2, Doy, 3=1,2,3, D3y, v=1,...,4. Here, D, 5 is the invariant combina-
tion Dy o = Za:2,4,6 lN)la of the representatives IN)M on the cover.
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B.8.4 The intersection ring

The global linear relations are the same as those in (4.14) except for a new relation

involving Ry and D, as well as an additional term involving Fj, ., in the relations
for Rs:

4 3 4 3
Ri=6D11+3> Eyin+ > Fig+2> (2Bs+4E,),
y=1 [B=1 v=1 [B=1

4

Ry =2D;5+ Z Ess .,
y=1
4

Ry=3Dyp+ Y Eipy+2FEs+Eis,  $=1,2,3,

y=1
3 2
Ry=2Ds,+ > Eigy+ > FEsay, y=1,...,4. (B.75)
/8:1 a=1

We obtain the following nonvanishing intersection numbers of X in the basis { R;, Eap }:

RiRsRs = 6, RyE2, =-2, RyE}, =G, Ry 5 = =2,
R3E, 5= -2, RsEs B3 =1, E} 5 =6, E35=138,
Eg’,l,'y =38, Eiﬁ =38, ElﬁvEgﬁ = =2, Elﬁ’YE??,l,'y = =2,
Eip,Ef3=—2, FEigEypEip=1, E3 3B 5 = =2, (B.76)

B.8.5 Divisor topologies

For the topology of the divisors there are only a few changes with respect to the lattice
SU(2) x SU(6). First of all, the topology of the divisors E; gy, Ea2 g, E4g, D2 g, and
Ds; ., are the same as in Table 3.4. The divisors Fs; , and D;; have the same topology
as Es . and Dy, respectively, in that table. The topology of the new divisors Fs 5, and
D, 5 are as follows: The divisors are of type E2) with 3 representatives, hence their
topology is that of P! x T?. The topology of each representative of D o minus the fixed
point set, viewed as a T orbifold, is that of a T2 x (T?/Z,\ {4 pts}). They are permuted
under the residual Z3 action and the 12 points fall into 3 orbits of length 1 and 3 orbits
of length 3. Hence, the topology of the class is still that of a T? x (T?/Z \ {4 pts}).
After the blow—up it is therefore a P! x T?. For both, E35, and D;,, the topology is
obviously independent of the choice of resolution of C*/Z¢_;;. For completeness, we
display the second Chern classes in the basis { R;, Exag,} (for triangulation a)):

C2 'Elm =0, C2 ’EQB = —4, C2 'ES,l'y = —4, Co 'E3,27 =0,
Co 'E4lg = —4, Co 'R1 = 0, Co Rz = 24. (B??)
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B.9 The Zs_;; orbifold on SU(2)? x SU(3)*

B.9.1 Metric, complex structure and moduli

This time, we associate e; and ey with Z,. The generalized Coxeter element () =
515553 P3s Pys contains transpositions of the roots of the SU(3)-factors. Using (2.3)
and the Cartan matrix of SU(3), we find the following for the total twist:

Qer = —ei, Qey= —ey,
Qe = —e5, Qeyg= —es5+ e,
Qes = ey, Qeg=es3. (B.78)

From Q'g Q = g we find the following g:

R% R1 R2 cos 12 0 0 0 0
R1 R2 COS 912 R% 0 0 0 0
B 0 0 R2 —3R}  —2Rjcosfy R3cosbg
9= 0 0 —3 R} R2 Ricosfys  R2cosbys
0 0 —2 R3cosfy5 R3cosfyg R? —3Rj3
0 0 RZcosfys  R2cosfyg —:R} R?
(B.79)

Ry, Ry, R3, 015 and 646 being its five real deformation parameters. For the antisym-
metric tensor b, we get

0 b 0 0 0
—b; 0 O 0 0 0
o 0 O 0 —bg 0 b2
=1 0 0 b 0 b —b |’ (B.80)
0O 0 0 —=by O bs
0 0 —=by by —=b3 0

with the three real parameters by, by, b3. This leads to the complex coordinates

o= (v UD), (B.81)

with U® = Ry/R; €2, The invariant real 2-forms are

wi = dot Adx?, w, = da® Ada® + dat A da® — dat A da®,
wy = —dr* Adx* + da® A da®. (B.82)

Via B +iJ = T'w;, we find

T'=b + RiRysinbhy, T =by+i®BR:, T°=by—i2V3R%cosls. (B.83)
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B.9.2 Fixed sets

Here, the analysis of the fixed point set is very similar to the example in Appendix B.8
and we will only point out the differences. The only change is that instead of C?/Z,
fixed lines in the 2? direction, we now have C?/Z3 fixed lines in the 2® direction which
lie, apart from zf,.q; = 0, at 25,45 = 1/3 and 2§, 5 = 2/3. In addition, the order two
element maps the latter two points into each other. The resulting conjugacy classes
are

7rz/6

M=1'(0023) u=2'(0,\/% )
1 e gl % )
:u:5 (3 T /6?2)7 (%7%6 /67Z3) NIG:(%71+7§723)7 (%71+7§7’23)'

Table B.9 summarizes the important data of the fixed sets. The invariant subtori under
6? and 62 are (z',2%,0,0,0,0) and (0,0, 2% — 25 —25, 2°, 2%), respectively. Figure B.11

Group el. | Order Fixed Set Conj. Classes
0 6 12 fixed points 12
62 3 9 fixed lines 6
63 2 4 fixed lines 4

Table B.8: Fixed point set for Zg_;; on SU(2)? x SU(3).

shows the configuration of the fixed sets in a schematic way.

B.9.3 The gluing procedure

The fixed point set yields the same exceptional divisors E gy, F2 g, E3 +, Eiap, o = 1,
6 =1,2,3, v = 1,...,4, as in Appendix B.7. Moreover, there are three pairs of
exceptional divisors Es 35, Fj35 coming from the additional C?/Zj3 fixed lines. These
are the invariant combinations Fjzs = >, 55 Emw, © = 2,4, where Emg are the
representatives on the cover. This gives a total of 12-1+6-2+4 -1 = 28 exceptional
divisors. On this lattice there are three classes of C?/Z3 fixed lines without fixed points
on them, therefore by (3.55) we have hii, = 6. We have 9 fixed planes with their

associated divisors: Di,, a = 1,3, Dog, 8 =1,2,3, D3, v =1,...,4. Here, D, 3 is the
invariant combination D; 3 = Zazg 5 D1, of the representatives Dy, on the cover.

B.9.4 The intersection ring

The global linear relations are the same as those in (4.14) except for a new relation
involving R; and D3, as well as additional terms involving Fj; 35, i« = 2,4 in the
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Figure B.11: Schematic picture of the fixed set configuration of Zg_;; on SU(2)? x
SU(3)?

relations for Rs:

4 3 4 3
Ri=6D;;+3 Z Esq,+ Z Z Ey 5, + Z (2FE3158+4FE413),

=1 p=1 =1 p=1

3
R, =3 D1,3 + Z <E2,3,ﬁ +2 E4,3,,5’) )
p=1

4
Ry=3Dy5+ > Eigy+ Y (2Eyap+Eiep), B=12.3

y=1 a=1,3
3
Ry=2Ds,+ Y Eigy+ By  v=1...4 (B.85)
5=1
For the nonvanishing intersection numbers of X in the basis {R;, Exap,} we find:
RiRyR5 = 6, RyE3, . = -2, RyE3 | 5= -2, RyE3 5 5= —4,
RsEy18 = —2, R3Ey35 = —4, R3Es15F415 =1, RsEo33E,35 = 2,
Eiﬂ'y = 6, Eg,l,ﬁ = 8, E’::;]_,,y = 8, E‘il,/@ = 8,
Big B3 5=—1, EipE3 =—-1, BBl ;=-1, EigEpEiip=1,
E3, 3Ei18 = -2, (B.86)

B.9.5 Divisor topologies

The topology of the divisors E g, Fs1~, D2g, and Dy, are the same as in Table 3.4.
The divisors Fs 13, Fa14, and D;; have the same topology as Fs g, F4g, and Dy,
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respectively, in that table. The topology of the new divisors Es 3 3, Ey 3 3, and D, 3 are
P! x T? and BIgF,,, respectively, independent of the choice of resolution of C?/Zg_p;.
For completeness, we display the second Chern classes in the basis {R;, Exagy} (for
triangulation a)):

co-Ergy =0, C2-Epip = —4, Cz-Fass =0, Co Lz = —4,
Co 'E4715 = —4, Co ‘E4735 = O, Co ‘Rl = O, Co Rz = 24. (B87)

B.10 The Zg_;; orbifold on SU(2)? x SU(3) x G

B.10.1 Metric, complex structure and moduli
The twist () acts on the six roots e; in the following way:

Qer = 2e1+3e, Qer=—e — ey,

Qes = e4, Qeg=—e3—ey,
Qei = —€, 1= 5,6 (B88)
Now we solve for the metric and antisymmetric tensor, using Q'g Q = g and Qb Q) = b:
R2  —1/2R? 0 0 0 0
“1/2R? 1/3R2 0 0 0 0
B 0 0 RZ  —1/2R} 0 0
9= 0 0 —1/2R? R 0 0
0 0 0 0 R% R5R6 COSs 056
0 0 0 0 R5R6 COS 056 R%

(B.89)
As can be seen, Ry, R3, Rs, Rg and 056 are (real) free parameters. The Zo—twists leave
their part of the metric completely undetermined. For the antisymmetric tensor b, we
get

0 b, 0 0 0
b, 0 0 0 0 0
o 0o 0o b 0 o0
=1 0 0 o o o | (B-90)
0 0 0 0 0 b
0 0 0 0 —bs O

with the three real parameters by, by, b3. Three of the free parameters of g can be
combined with the three free parameters of b into three complex Kéahler moduli, the
remaining two free parameters of g form one complex structure modulus.

Using the ansatz (2.15) we find the following complex coordinates:

1 .1, 1 5mi/6,2
z5 = T+ 7€ 7,
22— B +e27rz/3x47

Rg .
# = (2 +UP),  with U3:E§62956 (B.91)
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the complex structure modulus. The invariant 2-forms are in this simple case w; =
dx' A dx?, wo = da® A dx* and ws = da® A dab. Via B+ iJ = T w;, we find the three
Kahler moduli to take the following form:

T' = b+ ﬁg R3,

T = b+iL RS,

73 = b3 +1 R5R6 sin 956- (B92)

B.10.2 Fixed sets

Here, the analysis of the fixed point set is a combination of those in the Appendices B.8
and B.9. The main difference to the lattices in the Appendices B.7 to B.9 is that the
torus now factorizes into (72)3. Figure B.12 shows the fundamental regions of the
three tori corresponding to 2!, 22, 23 and their fixed points. For z!, we have 0 as the

Im(z1) Im(z9) Im(z3)
2mi/6
e

Re(z}) A Re(z?) ¢ Re(z)
Figure B.12: Fundamental regions for the Zg_;; orbifold on SU(2)? x SU(3) x Gy

fixed point of the Zg—twist, 0,1/3,2/3 as the fixed points of the Zs—twist arising in
the second twisted sector and the four fixed points of the Z,-twist arising in the third
twisted sector. For z? we get the usual three fixed points of the Zs;-twist, namely
0,1/v/3e™/% and 1+i/v/3, and for 2 we find the four fixed points 0, 3, 2U3, $(1+ U?).
Therefore, apart from 23,4, = 0, we now have both zg 4, = %(\/Lg €™0), Zhean =
30 Zhreds = 3(1+ 75 e™/6), at which we have further Z, fixed lines in the 2 direction,
and 25,45 = 1/3 and zg 45 = 2/3, at which we have further Z; fixed lines in the 2
direction. The conjugacy classes of these fixed lines were given in (B.74) and (B.84).
Table B.9 summarizes the relevant data of the fixed point set. The invariant subtori

under 62 and 6% are (0,0,0,0,2° 2°%) and (0,0, 2%, 2%,0,0), respectively. Figure B.13

Group el. | Order Fixed Set Conj. Classes
0 6 12 fixed points 12
62 3 9 fixed lines 6
63 2 16 fixed lines 8

Table B.9: Fixed point set for Zg_r; on SU(2)? x SU(3) x Gs.

shows the configuration of the fixed sets in a schematic way.
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z3

I\ " W VAR W Y

z2

Figure B.13: Schematic picture of the fixed set configuration of Zg_;; on SU(2)? x
SU(3) X GQ

B.10.3 The gluing procedure

The fixed point set yields the same exceptional divisors Fi gy, B2 a8, F3.ay, 10, @ =
1,2,3, 6=1,2,3,y=1,...,4, as in the Appendices B.8 and B.9. Here, a = 1,2 for
Es oy and a = 1,3 for E o5 and Ey 3. This gives a grand total of 12-1+6-2+8-1 = 32
exceptional divisors. On this lattice, there are four classes of C?/Z, fixed lines and
three c%a}sses of C?/Zs fixed lines without fixed points on them, therefore by (3.55), we
have h;. . = 10.

twist.
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B.10.4 The intersection Ring
The global linear relations are obtained by combining (B.75) and (B.85):

4 3 4 3
R, =6 D171 + 3 Z E371;y + Z Z El,ﬁ—y + Z (2 E2,1,ﬁ +4 E4,1,ﬁ) )

=1 p=1 =1 p=1

4
Ry =2D;s+ Z FEss -,

=1

3
R, =3 D1,3 + Z (E2,3,ﬁ +2 E4,3,5> )
5=1

4
Ry=3Dss+ > Eigy+ Y (2Byas+FEiap), B=123

=1 a=1,3
3 2
Ry=2Ds,+ Y Eigy+ Y Esay  7=1...,4 (B.93)

We obtain the following nonvanishing intersection numbers of X in the basis { R;, Ejap+ }

Ry Ry R = 6, R2E§,1,7 = =2, R2E§,277 = —0, R3E§71ﬂ = -2,
RsE3,5=—4,  RsEjip=—2, RsEisp=—4, RsEyipFi15=1,
R3Es38F433 = 2, Eiﬂv =6, Eg,l,ﬁ =8, Eg’lﬁ =3,
Eil,ﬁ =38, El:ﬂ’yEg,l,ﬁ =—1, El,mEg,lﬂ =—1, Elﬁ"YEil,ﬁ =1,
EigyFo1pF115=1, E3 3E41=-2, (B.94)

B.10.5 Divisor topologies

The topology of all the divisors has already been determined in one of the Appen-
dices B.7 to B.9. The second Chern class in the basis {R;, Exap,} (for triangulation
a)) reads:

C2 'Elﬁ'y =0, Co ‘E2,1ﬁ = —4, C2 'Ez,:w =0, Co 'E3,17 = —4,
C2 'E3,27 =0, Co 'E4,1ﬂ = —4, C2 'E4,3,6 =0, co Ry =0,

B.11 The Z-; orbifold

B.11.1 Metric, complex structure and moduli

Here, the (only possible) torus lattice for the Z;—orbifold is the root lattice of SU(7),
with the twist () acting on the six roots e; in the following way:

Q@Z‘ = €i+1, 221757
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Q €g — —€1 — €9 — €3 — €4 — €5 — €Eg. (B96)

The twist @) allows for three independent real deformations of the metric g and three
real deformations of the anti-symmetric tensor b:

1 cos b5 cosfis T x cos b3
cos 619 1 cos By cos b3 x T
o | cosbiz cosbis 1 cos By cos b3 z
g==R x cosfi3 cos by 1 cosfis cosbz |’ (B.97)
x x cos b3 cosOy 1 cos 019
cos 013 x x al;  cosfyy 1
with z = —% — cos By — cos B3 and the three real parameters R?, cos 62, cos 83 and
—bl 0 bl b2 b3 _b3
| b b 0 by by b3
"= b b b 0 b b | (B.98)
b3 —b3 —b2 —bl 0 bl
by by —by —by —b; O
with the three real parameters by, by, bs.
Zl _ 271 + (_1)2/7 2 + ( 1)4/7 1,3 + ( 1)6/7 4 ( 1)1/7 5 1)3/7 6’
22 _ xl + ( 1)4/7 2 ( )1/7 3 ( 1)5/7 4 ( 1)2/7 5 ( 1)6/7 1‘6,
23 _ Jil _( 1)1/7 2 + ( 1)2/7 3 ( 1)3/7 :E4 + ( 1)4/ :L‘ ( 1)5/7 :L‘6 (B 99)

The three invariant 2—forms of the real cohomology are

wi = da' Ada? + de? Ada? 4+ dad A dat + dat A da® 4+ da® A daS,
we = dat Nda® — dat A da® + da? A dat + dad A da® + dat A da®,
wy = do' Adat — dat Ada® + da? A da® — da? A da® + dad A da®. (B.100)

Because of the calculational cost, we resort to another method of obtaining the Kéahler
moduli. As a first step, the metric (B.97) may be expressed through the sechsbein e,
i.e. g = e'e. This may be obtained from [12], where the lattice vectors e; are expressed
as a linear combination of a set of six real orthonormal basis vectors ¢;

= Y Ry {cos[(i — Drja+ ¢;] & +sinf(i — Drja + ¢5] €41}, (B.101)
j=1,3,5
with
R} = R’ [cosby (a3 — o) + cosbyz (aF — a3) + 5 a3,

? [cosbra (af — a2) + cosbyz (oF — af) + 3 a3,

2
R5
2

R (o
Rg = R? [cos 62 (af — ag) + cos b3 (a — ag) +% af],
R %
4
7

[1 —cos(br)], i=1,3,5, (B.102)
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_ 27
and a = =%,

k1 = 1, k3 = 2 and k5 = 4. The angles ¢; are arbitrary reflecting

the freedom of how to embed our six—dimensional lattice into the orthonormal system
{€:}i=1...6. We have set the three free angles ¢; to zero after having realized that they
act on each z' just as an overall phase. Examination of the Kahler form yields

4 [ 2 .
71! R% + - 1 -bg sin <§> + by sin (%) + by sin (377T)_ ,

4 [ T (27 o (3m\]
T2 R§ 7 1 _52 sin <?> + b3 sin (7) — by sin (7> ,

4 [ ) L . 2 ) 371\
7 RS — -t _bl Si (;) — by sin (7) + b3 sin (7) . (B.103)

B.11.2 Fixed sets

This is another prime orbifold, where we only need to look at the first twisted sector.
We find seven isolated fixed points, see Table B.10.

Group el. | Order
0 7

Fixed Set Conj. Classes
7 fixed points 7

Table B.10: Fixed point set for Z;.

B.11.3 The gluing procedure

Here, we have seven isolated fixed points. The corresponding Z;—patches each have
three compact exceptional divisors, so in total we have 21. There are the usual three
inherited divisors R; = {(2")" ="}, i =1,2,3.

In this example, there are no fixed lines. Therefore hﬁi;” =0.

B.12 The Zg_; orbifold on SU(4)? x SU(4)?

B.12.1 Metric, complex structure and moduli

On the root lattice of SU(4)?, the twist @ has the following action:

Qe =
Qe =

Q e3 = ey,
Q €5 = €3,

€6, Q €2 = €5,
—€1 — €2 — €3,

Q €g — €9 . (B104)
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The form of metric and anti-symmetric tensor follow from solving the equations Q'g Q =
g and Q'bQ = b:

R? R? cos 05 T R?cosfss  R%cosfs; —R?cosbsg
R? cos O R? R?coslss  R%cosfsg —R?cosfsg —R?cos s
B x R? cos 05 R? —R?cosfsg —R%cosfs; R?cosbsg
9= | R2cos 036 RZ%cosfss —R?cosbsg R? R? cos 05 T ’
R%cosfss —R?cosfss —R?cosfss  R?cosbsg R? R? cos 054
—R?cosfss —R%cosfs; R?cosbsg x R? cos 054 R?
(B.105)

with z = —R? (1 + 2 cosf5). The three real parameters R?, s, 056. For b we find

0 —=bs O by —by by
b3 0 —bs —by b —b
0 b3 0 by —b1 b
—by by —by 0O bs O
b2 —b1 bl —bg 0 bg
—b1 b1 —bz 0 — b3 0

b= (B.106)

with the three real parameters by, by, b3. We see that we get 3 untwisted Kahler
moduli while the complex structure is completely fixed in this orbifold. The complex
coordinates are

R \/% (0! +ia? — gd — 278 gt | (ST 5 | o2mif8 16
2 = ﬁi(xl—x2+x3—ix4'+ix5—z@6), |
2 = \/% (z' —ia? — 2B — e5m/8 gt 4 2mI/8 g5 4 6mi/8 16y, (B.107)
The three invariant 2—forms in the real cohomology are
wi = da' ANda® + da? Ada® — da® A da® — dad A da®,
wy = dot Adat —dat Ada® — da? A dat 4 da® A da®,
wy = —dr' Adr? —da® Ada® + dat A da® + da® A da®. (B.108)

Inspection of the Kahler form yields

T' = b +i2RI(V2+ (=2 + V2) cosbs),
72 = bQ—ZQRi(\/ﬁ+<2+\/§) COSQ56),
T3 = by +i4vV2 R? cosfs. (B.109)

B.12.2 Fixed sets

Table B.11 summarizes the important data of the fixed sets. The invariant subtorus
under 0% is (23,0, 23, 2%, 0, 26), which corresponds to z? being invariant.

Figure B.14 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified.
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Group el. | Order Fixed Set Conj. Classes
0 8 4 fixed points 4
62 4 16 fixed points 10
3 8 4 fixed points 4
o 2 4 fixed lines 3

Table B.11: Fixed point set for Zg_; on SU(4)%.

Figure B.14: Schematic picture of the fixed set configuration of Zg_; on SU(4)?

B.12.3 The gluing procedure

There are four Zg_—patches, which each contribute three internal exceptional divisors.
The exceptional divisor on the boundary of the toric diagram Figure A.5 is identified
with the divisor of the resolution of the fixed torus the patch is located on. Of the ten
Z,—patches, we only need to count six, because four were already counted by the Zg_—
patches. They each contribute one exceptional divisor, see Figure A.2. Furthermore,
there are three Zs—fixed lines which each contribute one exceptional divisor. In total,
there are 4 -3 +6-1+ 3 -1 = 21 exceptional divisors.

o 1())11 this lattice, there are no fixed lines without fixed points on them, therefore
hi” = 0.

B.13 The Zg ; orbifold on SO(5) x SO(9)

B.13.1 Metric, complex structure and moduli

On the root lattice of SO(5) x SO(9), the twist () has the following action:

Qe = e, Qex=e3 Qe3=e+extez+2ey,
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Qe = —er—ex—e3—ey, Qes=es+2e, Qes=—e;5—es. (B.110)

The form of metric and anti-symmetric tensor follow from solving the equations Q'g Q =

g and Q'bQ = b:

—2R? cos 034 T 0 Yy 0 0
T —2R? cos 034 T Yy 0 0
. 0 T —QR% COS 834 R% COS 034 0 0
9= Yy y R? cos 634 R? 0 0 ’
0 0 0 0 2R} —R?
0 0 0 0 -R R
(B.111)
with z = R?(1 + 2 cosfsy), y = —R3(1 + cosfz). The three real parameters
R?, RZ 0. For b we find
0 by +by  —2b; by 0 O
—b; — by 0 b1 + by —b; 0 0
2Dy —by — by 0 bo 0 0
b= b, by b, 0 0 0 (B.112)
0 0 0 0 0 b
0 0 0 0 —b3 O

with the three real parameters by, by, b3. We see that we get 3 untwisted Kahler
moduli while the complex structure is completely fixed in this orbifold. The complex
coordinates are

2= @A i (G g (L) a),
2 = H( - 10+,
2 = \/lé(xl 4-6me/8 xz—z’x3+(\%—%(1+i)x4)). (B.113)

The three invariant 2—forms in the real cohomology are

wi = dxt Nda® —2dzt Ada? — del Adat + da? A dad — dat A dat,
wy = da' Ada? + da? Ada? + dad A dat,
wy = da® Ada®. (B.114)

Inspection of the Kahler form yields

1
T'=b+i—2V2R? (143 cosbs), T2 =Dby+i 7 R3(1—4,cosfs), T°=bs+iR;.
(B.115)

B.13.2 Fixed sets

Table B.12 summarizes the important data of the fixed sets. The invariant subtorus
under 6 is (0,0,0,0, 2°, 2%), which corresponds to 2% being invariant.

Figure B.15 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified.
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Group el. | Order Fixed Set Conj. Classes
0 8 4 fixed points 4
62 4 16 fixed points 10
03 8 4 fixed points 4
o 2 16 fixed lines 6

Table B.12: Fixed point set for Zg_; on SO(5) x SO(9).

Figure B.15: Schematic picture of the fixed set configuration of Zg_; on SO(5) x SO(9)

B.13.3 The gluing procedure

There are four Zg_ —patches, which each contribute three internal exceptional divisors.
The exceptional divisor on the boundary of the toric diagram Figure A.5 is identified
with the divisor of the resolution of the fixed torus the patch is located on. Of the ten
Z,—patches, we only need to count six, because four were already counted by the Zg_;—
patches. They each contribute one exceptional divisor, see Figure A.2. Furthermore,
there are six Zsy—fixed lines which each contribute one exceptional divisor. In total,
there are 4 -3 +6-1+ 6 -1 = 24 exceptional divisors.

o 1())11 this lattice, there are three Z, fixed lines without fixed points on them, therefore
hyy ' = 3.

B.14 The Zs_;; orbifold on SU(2) x SO(10)

B.14.1 Metric, complex structure and moduli

On the root lattice of SU(2) x SO(10), the twist () has the following action:

Qe = e, Qe=e3 Qe3=e+ex+es+estes,
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Qes = —ep—ex—e3—ey, Qes=—e—ex—e3—e5 Qeg=—eg(B.116)

The form of metric and anti-symmetric tensor follow from solving the equations Q'g Q =

g and Q'bQ = b:

R? «x 0 y y 0
r R x y Y 0
o = R —3 I} —3 B} 0
9= Yy Yy —% R% R% R% COS 645 —R2R3 COS 656 ’ (B117)
y y —3R?  R3cosby R2 Ry R cos s
0 0 0 —R2R3 COS 956 R2 R3 COS 956 R%

with z = =R} +1R3 (1+cosfss), y = 3 R: + 2R3 (1+cosfy5). The five real parameters
R%, R%, R% 0367 ‘956' For b we find

0 —bi+b  2b  —b —b 0

by—by 0 —bi+by b b 0

| =260 by — b 0 by by O
=1, s b 0 o —b (B.118)

by —by N B

0 0 0 by —bs O

with the three real parameters by, by, b3. We see that we get three untwisted Kahler
moduli and one untwisted complex structure modulus in this orbifold. The complex
coordinates are

, 1
Zl _ 2—3/4 ($1+€2m/8$2+2’£3—5(1+\/§+i) <ZE4+I5),

: 1
22 _ 2—3/4 (x1+66m/8x2_2~x3+§(_1+\/§_|_Z~) (1,4_{_1,5)7

1

X cos O56+i 1= +/— cos 045 —cos Osg
with Y = B2 e
Ro 1—cos 845

mology are

. The three invariant 2-forms in the real coho-

wi = dot Ada? 4 2dxt A da® — dat A dat — dat A da®,
we = da' Ada? + da® Ada? + dad A dat + dad A da®,
wy = —dr* Ada® 4 dz® A dab. (B.120)

Inspection of the Kahler form yields
T' = bi+i(=TRI+3R;5(1+ cosbys)),
T2 b2+l%§(2R%+R§ (1+COS@45)),
T3 = by+iV2RyR;s \/— €08 045 — c0s 2 Ox. (B.121)
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B.14.2 Fixed sets

For the Zg_;;—twist, we need to look at the 0, ..., 0*twisted sectors. The fixed torus
under 6% and 0% is (0,0, 0,0, 2°, %), which corresponds to z* being invariant.
Table B.13 summarizes the important data of the fixed sets.

Group el. | Order Fixed Set Conj. Classes
0 8 8 fixed points 8
62 4 2 fixed lines 2
03 8 8 fixed points 8
o 2 8 fixed lines 4

Table B.13: Fixed point set for Zg_;; on SU(2) x SO(10).

B.14.3 The gluing procedure

The eight Zg_;—patches each contribute two internal exceptional divisors, see Figure
A.6. The three exceptional divisors on the boundary of the toric diagram are identified
with the exceptional divisors of the resolution of the Z, fixed lines on top of which the
patch is located. The two Z, fixed lines contribute each three exceptional divisors,
the two Zs fixed lines contribute one each (the other two are already counted by the
Z,—patch. In total, there are 8 -3 +2 -3 + 2 -1 = 24 exceptional divisors.

o 1())n this lattice, there are two Z, fixed lines without fixed points on them, therefore
hy ' = 2.

tw

B.15 The Zg ;; orbifold on SO(4) x SO(9)

B.15.1 Metric, complex structure and moduli

On the root lattice of SO(4) x SO(9), the twist @ has the following action:

Qe = e, Qex=e3 Qez=e+extezt+2ey,
Qe = —ep—ex—e3—eq, Qes=—e5 Qeg=—cg. (B.122)

The form of metric and anti-symmetric tensor follow from solving the equations Q'g Q =
g and Qb Q = b:

—2R? cos 034 x 0 y 0 0
T —2R? cos B34 T Yy 0 0
B 0 T —2R?cos 034 R?cos sy 0 0
9= Yy Yy R? cos 634 R? 0 0 ’
0 0 0 0 R% R2R3 COS 056
0 0 0 0 R2R3 COS 956 R%

(B.123)
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with z = R? (142 cos b34), y = —R? (14-cos 34). The five real parameters R?, R3, R3 036, 0s6.
For b we find

0 bi+by —2b b 0 0
~by—by 0 bi+by b 0 0
| 20 —bi—b, 0 b, 0 0
= by b, 0 0 0 (B-124)
0 0 0 0 0 b
0 0 0 0 —by O

with the three real parameters by, by, b3. We see that we get three untwisted Kahler
moduli and one untwisted complex structure modulus in this orbifold. The complex
coordinates are

2! M+ e Ba? +ia® — (1 + V2 +i)a?),
22 —3/4 ((L‘ +€6m/8 2 —ir +%(_1+\/§+2)$4)’
2 = MITM(:C +U 1), (B.125)

with U = g—; %0, The three invariant 2-forms in the real cohomology are

wi = do' Adx? — 2dat Ada® 4 dat A dat + da? A da® — da? A da?,
Wy dzt A da? + da® A da® + da® A da?,
wy = da’ Ada®. (B.126)

Inspection of the Kahler form yields
T! = b — i\/_R2 (34 8 cosbsy),

T2 = bz+z RQ( — 4 cos03y),
T3 = bg + 1R2R3 sin 956- (B127)

B.15.2 Fixed sets

For the Zg_;;—twist, we need to look at the 6, ..., 0*twisted sectors. The fixed torus
under 62 and 0% is (0,0, 0,0, 25, 25), which corresponds to z* being invariant.
Table B.14 summarizes the important data of the fixed sets.

Group el. | Order Fixed Set Conj. Classes
0 8 8 fixed points 8
62 4 4 fixed lines 3
3 8 8 fixed points 8
o 2 16 fixed lines 6

Table B.14: Fixed point set for Zsg_;; on SO(4) x SO(9).
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B.15.3 The gluing procedure

The eight Zg_;—patches each contribute two internal exceptional divisors, see Figure
A.6. The three exceptional divisors on the boundary of the toric diagram are identified
with the exceptional divisors of the resolution of the Z, fixed lines on top of which the
patch is located. The three Z, fixed lines contribute each three exceptional divisors,
the three Z, fixed lines contribute one each (the other three are already counted by
the Z4—patch. In total, there are 8- 3+ 3 -3 + 3 - 1 = 28 exceptional divisors.

On this lattice, there are 3 Zs fixed lines and one Z, fixed line without fixed points
on them, therefore hﬁf,;l) =3-14+1-3=6.

B.16 The Z5_;—orbifold on Ej

B.16.1 Metric, complex structure and moduli

When we choose the Eg-lattice for the torus lattice, the Coxeter twist acts as

Qer = e, Qey=e3, Qez=e;+ex+e3+eq+ e,
Qes = e5, Qes=—e; —ey—e3—eyq — e,
QGG = —€1 — €9 — €3 — €4. (B128)

The twist allows for 3 real deformations of the metric, which has the form

R3 v 3(RE—R}) RE—-Ri y —z
T R? T Y R} —R: —2
B INT R T P
R? — R? Yy —%Rg R? x z ’
y RS — R§ y x R 2
—R5 Ry cos Os6 —2z —1R? z z R2

(B.129)
with = = —%R? + RsRgcosbsg, y = %(Rg — R2) — R5Rg cos Bs6, 2 = R5Rg cos 056 and
Rs5, Rg and cos0s¢ arbitrary free parameters. Also for the B—field, the twist allows 3
real deformations:

0 b by—bi—bs O bi—by b
—b; 0 by by — by 0 —bs
[ I S S 0 by —bs by—b by
b= 0 Cbytb —b by 0 b by |0 (B130)
by — by 0 A
b, bs by by —by 0

with by, by, bs the arbitrary parameters, so we have as expected three untwisted Kahler
moduli and no complex structure moduli. The invariant 2—form of the real cohomology
are

wi = drt Ada? —dat Ada® + dat A da® + da? A da® — da? A dat + dad A dat
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—dx® A dx® + dat A da®,
wy = dat Ada® — dat Ada® + da? A dat + dad A da® + da? A da®,
wy = —dz' Ade 4+ dxt A da® — dz? A da® — da? A dat
—dx* A da® + da® A da®. (B.131)

The complex structure is

Zl — \/Lg (ZUI + 627ri/12 I2 + 627Ti/6 $3 o ,'L'4 + 67107”'/12 $5 o (1 o Z')e27ri/6 I6)
22 — %(Z'l + 627”'/3 :CQ + 6727‘1/3 .fC3 + x4 + 6271"[/3 x5)7
23 _ 31/411\/6('T1 + e1071'2/121,2 . 627”/333’3 . 1,4 . 6107”/1233’5 + (1—i)627r1/3.1’6XB.132)

Again we pair B +iJ = T'w; in the real cohomology and get the following Kahler
moduli:

T' = b +i2V3(2R2 - RY),
72 == bg —1 (\/g Rg + (]_ + \/g) Rg + R5R6 COS 056)7
73 = b3 +1 (% Rg — 6R5R6 COS 65(3). (B].S?))

B.16.2 Fixed sets

For the Zqo_;twist, we need to look at the -, 62,. .., 0% twisted sectors. Here, the
fixed points of several of the group elements end up in the same place, as for example
the fixed points of 0, #2, #° and three of the 27 fixed points of §*.

Table B.15 summarizes the important data of the fixed sets. The invariant subtorus
under 63 and 6% is (2%, 25,0, 2%, 25,0), which corresponds to z? being invariant.

Group el. | Order Fixed Set Conj. Classes
0 12 3 fixed points 3
62 6 3 fixed points 3
03 4 1 fixed line 1
6 3 27 fixed points 9
° 12 3 fixed points 3
06 2 4 fixed lines 2

Table B.15: Fixed point set for Zis_; on Fg.

Figure B.16 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified.

B.16.3 The gluing procedure

Here, we get three local Z5_;—patches with each four compact exceptional divisors
and three exceptional divisors on the boundary (D;, D3). We need not count the fixed
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Figure B.16: Schematic picture of the fixed set configuration of Zi5_; on Ejg

points under 6% = Zg_;, 8* = Z3 and 6° = Z,5_; that have the same locations as they
are already incorporated in the Zi5_;—patch. So only six of the nine conjugacy classes
of Z3 must be counted with each one compact exceptional divisor. The fixed line under
the Z4-element contributes three exceptional divisors, and of the two conjugacy classes
of fixed lines under Z,, we count one. This givesus 3-4+4+1-34+6-141-1 = 22
exceptional divisors.

o 1())n this lattice, there is one Z, fixed line without fixed points on it, therefore
hyy’ = 1.

B.17 The Z;, ; orbifold on SU(3) x F}

B.17.1 Metric, complex structure and moduli

Here, the torus lattice is the root lattice of SU(3) x Fjy. The action of the twist upon
the roots is

Qer = e, Qez=—e1—ez, ez = ey,
Q€4 = e3+ 34 + 265, Q€5 = €g, Qeﬁ — —€3 — €4 — €5 — €4. (B134)

The twist allows for 3 real deformations of the metric, which has the form

R iR 0 0 0 0
TR} R1? 0 0 0 0
B 0 0 R? R2 cos 3y T T
9= 0 0  RZcosfs R? —1R? T » (B.135)
0 0 T —3R} sR3 s R} cos sy
0 0 T T S R3 cos 034 TR}
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with z = R2 cosfsy and Ry, Ry and cosfs, arbitrary free parameters. Also for the
B-field, the twist allows 3 real deformations:

0 b 0 0 0 0
50 0 0 0 0
o 0 0 2 b b
=1 0 0 —2b, 0 2bs b | (B.136)
0 0 —b, —2by 0 by
0 0 by —by —by 0

with by, by, bs the arbitrary parameters, so we have three untwisted Kahler moduli and
no complex structure moduli. The three invariant 2—forms in the real cohomology are

wi = dzt' Ada?,
we = dad ANda® — da® Ada® + dat A dab,
wy = 2dz® Ndat +2da* A da® + dad A da®, (B.137)

The complex coordinates are:

Zl _ 3—1/4 (IL‘3+€27”/6 4+ \[[ 117rz/12 5_|_67rz/12 6])
L2 gel/agl 2w/ ),
Z3 — 3~ 1/4 (ZL‘ _|_€107rz/12 4+ \1[[ —5mi/12 5_|_657rz/12 6]) (B138)

For the Kéhler moduli, we find

T =b +iL2 R} T =by+i2R2(~1+2cosby), T°>=bs+i2R2 (B.139)

B.17.2 Fixed sets

Table B.16 summarizes the important data of the fixed sets. The invariant subtorus
under 62 and 0 is (z*, 22,0, 2%, 2°,0), which corresponds to z? being invariant.

Group el. | Order Fixed Set Conj. Classes
0 12 3 fixed points 3
62 6 3 fixed points 3
63 4 4 fixed lines 2
o 3 27 fixed points 9
° 12 3 fixed points 3
0% 2 16 fixed lines 4

Table B.16: Fixed point set for Zjo_; on SU(3) x Fy.

Figure B.17 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified.
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Figure B.17: Schematic picture of the fixed set configuration of Zis_; on SU(3) x Fy

B.17.3 The gluing procedure

There are three Zq5_;—patches with each four compact exceptional divisors and three
exceptional divisors on the boundary (D;, D3) and again only six of the nine conjugacy
classes of Z3 must be counted with each one compact exceptional divisor. The two
fixed lines under the Z4-element contribute each three exceptional divisors, and of the
four conjugacy classes of fixed lines under Z,, we count two. This gives us 3-4 + 2 -
34+6-1+2-1=26 exceptional divisors.

On this lattice, there are one Z, and two Zs fixed lines without fixed points on
them, therefore hgi’l) =1-342-1=5.

B.18 The Zy,_;; orbifold on SO(4) x F}

B.18.1 Metric, complex structure and moduli

Here, the torus lattice is the root lattice of SO(4) x Fy. The action of the twist upon
the roots is

Qer = e, Qey=e;+ex+2e3 Qez=ey,
Q64 = —€1] — €y — €3 — €4, Q€5 = —€s5, Qeﬁ = —€4- <B140)
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The twist allows for 3 real deformations of the metric, which has the form

2 R? 2 R? cos 034 T T 0 0
2 R? cos 034 2 R1* —R? x 0 0
g T -R2 R? R? cos O34 0 0
x x R? cos 034 R? 0 0
0 0 0 0 R% R2R3 COSs 956
0 0 0 0 R2R3 COS ‘956 R%

(B.141)
with z = —R? (% + cosflsy) and Ry, Ry, R and 634, 656 arbitrary free parameters.
Also for the B—field, the twist allows 3 real deformations:

0 2by  —by by 0 O

—2by 0 2by —by 0 O

. bl _2 bg 0 bg O 0
b= b, b by 0O o o | (B.142)

0 0 0 0 0 b3

0 0 0 0 —bs O

with by, by, bs the arbitrary parameters, so we have three untwisted Kahler moduli and
one untwisted complex structure modulus. The complex coordinates are:

S g-1/4 (m +€2m/12 e \}5{611m/12 28 _ emi/12 :1:4]),
22— g-1/4 (x +€107rz/12 72 + 12[ e—5mi/12 1.3 +€57rz/12 4])’
2 = mlTu(x +U 2°). (B.143)

The three invariant 2—forms in the real cohomology are

wi = —daz' Ada® + dat A dat — da® A da?,
wo = 2da' ANda? +2dx® Ada® + dad A dat,
wy = da® Ada®. (B.144)

For the Kéhler moduli, we find

Tl = b1 +1 % R% (1 —2 cos 934), 72 = b2+l % R%, T3 = b3+7:R2R3 sin 956‘ (B145)

B.18.2 Fixed sets

Table B.17 summarizes the important data of the fixed sets. The invariant subtorus
under 62, 0* and 6° is (0,0,0,0, 2°, 2%), which corresponds to 2® being invariant.
B.18.3 The gluing procedure

There are four Z,5_;;—patches which contribute three internal exceptional divisors each,
see Figure A.8. They sit on a Zg fixed line, which contributes five exceptional divisors.
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Group el. | Order Fixed Set Conj. Classes
0 12 4 fixed points 4
62 6 1 fixed line 1
03 4 16 fixed points 8
o 3 9 fixed lines 3
6> 12 4 fixed points 4
6° 2 16 fixed lines 4

Table B.17: Fixed point set for Zo_r; on SO(4) x Fj.

Of the eight Z4 fixed points, we count only four (because the locations of the other four
coincide with the Zs_;; fixed points), they contribute one exceptional divisor each,
see Figure A.2. There are three Zs fixed lines, one coincides with the Zg fixed line,
so only the other two count and contribute two exceptional divisors. Lastly, there are
four Z»-fixed lines, where again only three count with one exceptional divisor each. In
total, this addsupto4-3+1-54+4-1+2-243-1=28.

As for the twisted complex structure moduli, the two Zs fixed lines contribute two
each and the two Z, fixed lines on which no fixed points sit contribute one each, which
gives a total of 6.

B.19 The 7Z, x Zs—orbifold

B.19.1 Metric, complex structure and moduli

The torus factorizes into (72)% under the combined twists, where the T?% are not con-
strained. The twists act on the lattice basis:

Qrer = —e, Qiea=—ey, Qrez=e3, Qreq= ey,

Qres = —e5, Qres = —cg,

Q261 = €1, (area=e3, Qare3=—e3, Qre4= —ey,

Qaes = —e5, (Qae5= —¢s. (B.146)

The combined twist ()3 has the form

Qse1 = —ei, (@Qzer = —ea,
Qses = —e3, Qzeq = —ey,
Qses = e5 (zes = cs. (B.147)
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We require the metric to be invariant under all three twists, i.e. we impose the three
conditions Qg Q; = g, i =1,2,3. This leads to the following solution:

R% R1R2 COS 912 0 0 0 0
Ri Ry cos by R? 0 0 0 0
. 0 0 R§ R3R4 COS 034 0 0
9= 0 0 R3R4 COS 934 Ri 0 0
0 0 0 0 Rg R5R6 COSs 056
0 0 0 0 RsRg cos Os RZ
(B.148)
The solution for b matches the pattern:
0O b 0 0 0 0
—bp 0 0 0 O 0
0O 0 0 b 0 0
b= 0 0 b 0 0 0 , (B.149)
0O 0 O 0 0 —bs
O 0 0 0 —=b3 O

we therefore know to have three Kahler moduli and three untwisted complex structure
moduli. The b-field (B.149) has the form which is typical for all Z,, x Z,, orbifolds.
The complex structure turns out to be as follows:

A=t Ut a?, P =2+ Urat, P =2+ U b, (B.150)
with B R
Ut = 2015 U? = 1Y 034 Uud =
R C R, R;
For the Kéhler moduli, we find

(B.151)

Tl == b1 + ) RlRQ COS 012, 72 == b2 + 7 R3R4 COS 934, TS == b3 + 1 R5R6 COS 656.
(B.152)

B.19.2 Fixed sets

We need to examine the ', 6% and 6% twists. Table B.18 gives the particulars of
the fixed sets.

The fixed torus associated to the §'—twist is (0,0, 23, 2%, 0,0) corresponding to z*
being invariant; the torus that remains fixed under % and (62)? is (2!, 22,0,0,0,0), cor-
responding to z!' being invariant; the torus that is fixed by 6'(6%)% is (0,0,0,0, 2°, z°),
corresponding to 2% being invariant.

The fundamental regions are as depicted in Figure 2.1.

Figure B.18 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified.



202 B Calabi—Yau manifolds from resolved orbifolds

Group el. | Order | Fixed Set | Conj. Classes
! 2 16 fixed lines 16
62 2 16 fixed lines 16
6162 2 x 2 | 16 fixed lines 16

Table B.18: Fixed point set for Zs X Z,.

3

z

i
| L= "1
=1
iEHiEs
ik —
:‘l} |
i ,/)// z!

Figure B.18: Schematic picture of the fixed set configuration of Zs X Zy

B.19.3 The gluing procedure

Each of the 3 - 16 = 48 Zy—fixed lines contributes one exceptional divisor. At each of
the 64 points where three fixed lines intersect sits a resolved C?/Zy x Zy—patch.

Since in this example, there are no fixed lines without fixed points on them, hg;l) =
0.

B.19.4 The intersection ring

From the local linear equivalences (A.44) we arrive at the following global relations:

4 4
Ri ~ 2Dija+ Y Ejapy+ > Brapy, 14 #k (B.153)

Byy=1 By=1

From (3.26) we know that Ry ReRs; = 2. From the toric diagrams of the compactified
patches, we can read off directly the intersection numbers with three distinct divisors:

E17ﬁ7E27a7E37a5 =1 with O[,ﬁ,’}/ = 1, ,4
We find the following intersection numbers:

R\E} 5, = =2, RyE;} —2, RyE3 5= -2,

2,y =
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E12757E2’a7 =-1 Elﬂ’}’Eg,a'y = -1, E12,ﬁ'yE3,aﬁ = -1,
ELB’YE:%’O"B - _17 E2270"YE37C“B = _17 E2,a'YE32),OLﬁ = _17
Eg, =4, Ejo, =4, B9 =4 (B.154)

B.20 The Z, x Zs,—orbifold

B.20.1 Metric, complex structure and moduli

The torus factorizes into (7%)% under the combined twists, where the first of the T2 is
not contrained. The twists act on the lattice basis:

Qrer = —e, Qiex=—e3, Qrez=e3, Qreq4= ey,

Qres = —es, Qreg = —ecg,

Qaer = e, @reag=ey, (Qrez=e3+2e, (Qreq=—e3— ey,

QQ es = e5+ 2 €g, QQ €g = —€5 — €4. (B155)

The combined twist ()3 has the form

Qizer = —ei, Qzer = —ey,
Qzes = e3+2ey, (Qzes=—e3— ey,
Qg €y = —€5— 2 €6, Qg eg = €5 + €4. (B156)

We require the metric to be invariant under all three twists, i.e. we impose the three
conditions Qg Q; = g, i =1,2,3. This leads to the following solution:

R% R1R2 COS 612 0 0 0 0
R R cosbqs R% 0 0 0 0
B 0 0 2R2 —R: O 0
9= 0 0 R R 0 0 (B.157)
0 0 0 0 2R?! —R?
0 0 0 0 —Rg Rg

The solution for b matches the pattern of (B.149), we therefore know to have three
Kahler moduli and three untwisted complex structure moduli. For the complex struc-
ture we get

1_ 1 1 7732 2_ 3 _
2 == (@ + U, =z

l1—d)a*, 2=2"-11—-14)a% (B.158)

with U3 = Ry/ Ry ¢12. Examination of the Kihler form yields

Tl = bl +’LR1R2 Sin912, /]-2 = b2 + ZR%, T3 = b3 +ZR§ (B159)
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B.20.2 Fixed sets

We need to examine the 61, 62, (6%)? '6? and 0'(6?)*twists. Table B.19 gives the
particulars of the fixed sets.

The fixed torus associated to the §'—twist is (0,0, 23, 2%, 0,0) corresponding to 2z*
being invariant; the torus that remains fixed under 62 and (6%)? is (z', 22,0, 0, 0, 0), cor-
responding to z! being invariant; the torus that is fixed by 6'(6%)% is (0,0,0,0, 2°, z°),
corresponding to 2% being invariant.

Im(zY) Im(z9) Im(2)

1/2+i/2 1/2+i/2

Re(zh) Re(z) Re(d)

Figure B.19: Fundamental regions for the Z, x Z,—orbifold

Figure B.19 shows the fundamental regions of the three tori corresponding to

2, 22, 23 and their fixed points. In each of them, we get the usual four fixed points of

the Z,—twist.

Group el. | Order Fixed Set Conj. Classes
0! 2 16 fixed lines 12
62 4 4 fixed lines 4
(6%)? 2 16 fixed lines 10
0162 2 x 4 | 16 fixed points 16
01(6%)? 2 16 fixed lines 12

Table B.19: Fixed point set for Zs X Zy.

Figure B.20 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified.

B.20.3 The gluing procedure

From the 16 Zy x Zs—patches, see Figure A.10, we get each one compact exceptional
divisor, Es oy, o =1,...,4, 8,7 =1,2. From the 4 Z,fixed lines, we get three each:
Es gy, Es gy, Eypy, 8,7 =1,2. From the 12 + 12 4 (10 — 4) = 30 Zyfixed lines each
one: Fi oy, Foas, i =a,....,4, ,7=1,2,3 in the 2%, respectively z*-direction and in
the z'-direction E7g,, (3,7) = (1,3),(3,1),(2,3),(3,2),(3,3), (4,3). This adds up to
16-1+4-3+30-1 = 58 exceptional divisors. At the intersection points of three Z,
fixed lines sit the resolved C?/Z, x Zy patches.
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Figure B.20: Schematic picture of the fixed set configuration of Zs x Z,

Since in this example, there are no fixed lines without fixed points on them, hﬁf,;” =

B.20.4 The intersection ring

From the local linear equivalences (A.50) and (A.44) we arrive at the following global
relations:

3 3
Rl ~ 2D1,a+ZE1,a'y+ Z E5,aﬁ'y+ZE6,a,Bv a = 17"747
=1

By=1,2 B=1

4
Ry ~ 4Dyg+ Y [Eapy+2Esp,+3F1s)+ Y Y Fsapy

y=1,2 a=1~v=1,2

4
+2) Egap+2Er5, B=12,
a=1
4

Ry ~ 4Dy3+2) Egap+2Er5, (=304,

a=1
4 4
Ry ~ 4Dy +2) Erayt+ Y [3Eas +2Ess +Eigl+) D Esap
a=1 £=1,2 a=1~=1,2
+2E7,3'y> Y= 1727
4
Ry ~ 4D35+2) Eias+2Ers. (B.160)
a=1

The polyhedron of the compactified C?/Z, x Z,—patch is shown in Figure B.21. From
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Figure B.21: The polyhedron Af’) describing the local compactification of the resolu-
tion of Cs/ZQ X Z4.

(3.26) we know that Ry RyR3 = 4. From the toric diagrams of the compactified patches,
we can read off directly the intersection numbers with three distinct divisors:

RlEZﬁvE?),ﬂv =1, R1E3,ﬁ'vE4,ﬂ7 =1, E2757E3,ﬁ7E5,aﬁ7 =1, ES,MEMME&WV =1,
with a =1,...,4, B,7=1,2 and
El,avEG,aﬁEZﬂ'ya o = 1a ) 47 ﬁv V= 3a 4.

From the compactified patches, we find the following intersection numbers with the
inherited divisors:

R1E22,,37 = _27 RlEgﬂg,Y = _2, RlE‘i,@“{ = —2, RlEr?’ﬁ7 = —2,
RyE} ., = =2, RsE] 5= —2. (B.161)
The Zy x Z4-patch gives
Eia,yEf),aﬁfy = —2, E212276’YE570¢B'Y = —2, E§7O‘ﬂ72E’67a/3 e —27
E4757E670‘ﬁ =2 ES,BWEE’,O&,@’Y = -1, E3,ﬁ’YE5,OéBV = -1,
E: 5, Eoap = —1, E3p,Ef o5 =—1, E3 5, =6, (B.162)

again with o = 1,...,4, 8,7 = 1,2. For the following intersection number, we need
global information contained in (B.160):

2 2 2
E2’67E3)ﬂ’)/ - _2’ E3’B’YE4”6’Y = 27 E3’67E4)ﬂ’)/ - _4’
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E3

_ 3 _ 3 _ 3 _ 3
lay — 7 ) E2,ﬁ'y - 87 EB,ﬁ'y - 47 E4,[3fy - 87 EG,aﬁ - (B163>
again with a = 1,...,4, 8,7 =1,2. The Zs X Zs-patch gives

E§7a3E7,ﬂ’y = _47 EG,O{SE?,,GV = _47 E12,ony6,a3 = _17 El,a'yEéag = _17
E12,O¢’YE77B'Y = —4, Elva’YE%ﬁ’y = —4,
E} o, =3, Ejs=3, B, =4 (B.164)

1,y

with a = 1,...,4 and for E; (8,7) = (1,3),(3,1),(2,3),(3,2),(3,3), (4, 3).

B.21 The Z, x Zs—orbifold

B.21.1 Metric, complex structure and moduli

The root lattice of SU(2)? x SU(3) x G5 is the one compatible to the point group. The
twists act on the lattice basis as follows:

Qrer = —e, Qiea=—ey, Qrez=e3, Qreq= ey,

Qres = —e5, Qe = —eg,

Q2e1 = e, (Qrex=ey, (re3=2e3+3ey, (Qaey= —e3—ey,

Qres = —eg, (Qaes = €5+ eq. (B.165)

The twists reproduce the correct eigenvalues and the conditions Q? = 1, Q5 = 1. While
the other twists are the usual Coxeter-twists, the Qo-twist on es, eg is a generalized
Coxeter—twist on SU(3), namely S;Pj. The combined twist Q3 has the form

Qzer = —ei, (Qzer = —eo,
Qszes = 2e3+3es, (ze4=—e3— ey,
Qzes = e, Qzes = —e5— e, (B-166)

and also reproduces the required eigenvalues. We require the metric to be invariant
under all three twists, i.e. we impose the three conditions QT¢gQ; = g, i = 1,2,3.
This leads to the following solution:

R% R1R2 COS 912 0 0 0 0
R1R2 COS 912 R% 0 0 0 0
B 0 0 R} —iR; O 0
9= 0 0 1Rz IR2 0 0 (B.167)
0 0 0 0 R? —1R?
0 0 0 0 —iR? R?

The solution for b matches the pattern of (B.149), we therefore know to have three
Kahler moduli whereas the complex structure is completely fixed. For the complex
structure we get

Zl _ \/21;71/{3 (1,1 +u3 I2)7 22 — ZL'3 + \/LgelOWi/IQ 134, 23 _ .’L'5 + e271'73/3 1'6, (B168)

with U% = Ry/R,e"?. Examination of the Kéhler form yields
T'=bi+iRiRysinbyy, T’ =by+igzR, T°=by+i L R2. (B.169)
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B.21.2 Fixed sets

We need to examine the 8', 6%, (6%)2, (62)%, 0162 60'(6?)* and 0'(6?)*>twists. Table
B.20 gives the particulars of the fixed sets.

The fixed torus associated to the 0'—twist is (0,0, 2%, 2%, 0, 0) corresponding to 22 be-
ing invariant; the torus that remains fixed under 62, (6?)% and (6?)® is (z!,22,0,0,0,0),
corresponding to z! being invariant; the torus that is fixed by 6'(6%)? is (0,0, 0, 0, 2°, z°),
corresponding to 2% being invariant.

Im(Y Im(z?) Im(z3)

2mi/6
e

1/v3e™/®

Re(z)) Re(2)

Figure B.22: Fundamental regions for the Zy x Zg—orbifold

Figure B.22 shows the fundamental regions of the three tori corresponding to

2t 2%, 23 and their fixed points. In many cases, fixed points under different group

elements sit on the same spots, so it isn’t possible to show them all in different colors.

Group el. | Fixed Set Order Conj. Classes

0! 2 16 fixed lines 8

62 6 1 fixed line 1
(62)? 3 9 fixed lines 4
(6%)3 2 16 fixed lines 6
019? 2 %6 12 fixed points 8
01(6%)? 2x3 12 fixed points 8
61(6%)3 2 16 fixed lines 8

Table B.20: Fixed point set for Zs X Zsg.

Figure B.23 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified. Note that the covering space and not the
quotient is being shown, part of the fixed sets are identified by the group action.

The Zy x Zg orbifold is one of the cases mentioned before, where we additionally
have the fixed points at the intersections of the Z, fixed lines.

B.21.3 The gluing procedure

We will first look at the fixed lines. According to Table B.20, there are three sets of
8, 8 and 6 order two fixed lines, one oder six fixed line and 4 order three fixed lines.
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Figure B.23: Schematic picture of the fixed point configuration of the Zy x Zg—orbifold

Special attention must be paid to the fixed line at 22 = z*> = 0. In this locus, there
are three coincident fixed lines (order six, order three and order two). Of these, we
only count the order 6 fixed line (5 exceptional divisors). Therefore, we only count 3
of the four order three fixed lines (which contribute each 2 exceptional divisors), and
one less of the corresponding Z,—fixed lines. This gives in total 1-5+3-2+21-1 =32
exceptional divisors from fixed lines.

Note that the 8 fixed points of §'6? and the 8 of §'(6%)? share the four fixed points on
the line 2% = 23 = 0, so we are left with 12 individual fixed points (instead of the naive
16). The 4 fixed points one the line 22 = 23 = 0 come from the Z, x Zg-patch, which
contributes 2 compact exceptional divisors. They sit at a triple intersection of one order
six and 2 order two fixed lines, which is reflected by the exceptional divisors on the
boundary of this patch. The remaining 8 fixed points come from Zg_;;—patches, they
sit at the intersections of one order two and one order three fixed lines and contribute
1 compact exceptional divisor. The four points on the line 22 = z* = 0 are fixed under
two group elements, so we count them twice, while the remaining 8 points are fixed
only under one group element, so we count them once. This yields the same result. So
we get 4-2+ 8- 1 = 16 divisors from fixed points, which makes together with the 32
exceptional divisors form the fixed lines a total of 48 exceptional divisors.

20 =2,

In this example, there is one Zj fixed line without fixed points on it, so h,,,
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B.22 The Z, x Zg—orbifold

B.22.1 Metric, complex structure and moduli

The root lattice of SU(3) x G3 is the one compatible to the point group. The twists
act on the lattice basis as follows:

Qrer = —e, Qiea=—e3, Qrez=e3, Qreq4= ey,

Qres = —e5, Qreg = —cg,

Q2e1 = —e3, (rex=e1+ey, (rez=2e3+3ey, (Qreq4=—e3— ey,

QQ € = —2 €5 — 3667 Q2 €g = €5 + €. (B]_?O)

Here, the QQo—twist on e, eg is minus the usual Coxeter—twist on SU(3). The twists
reproduce the correct eigenvalues and the conditions Q? = 1, QS = 1. The combined
twist (X3 has the form

Qzer = e, (Qzea= —e; — e,
Qses = 2e3+3es, @3e4 = —e3— ey,
Qg €y = 265 + 366, Qg €6 — —€5 — €g, (Bl?l)

and also reproduces the required eigenvalues. We require the metric to be invariant
under all three twists, i.e. we impose the three conditions QTgQ; = g, i = 1,2,3.
This leads to the following solution:

R} —IR? 0 0 0 0
—1R? R? 0 0 0 0
B 0 0 R im0 0
9= o 0 IR IR 0 o0 (B-172)
0 0 0 0 R} iR}
0 0 0 0 —iR? iR}

The solution for b matches the pattern of (B.149), we therefore know to have three
Kéhler moduli whereas the complex structure is completely fixed. For the complex
structure we get

S= 3l (! o2i/3 2?), =23+ \%elom/u o A=t \/Lgelom‘/m 5. (B.173)

Examination of the Kahler form yields

T'=b+iP R, T =by+izzR;, T°=bs+izsR (B.174)

B.22.2 Fixed sets

We need to examine the 0, 62, (0%)?, (6)3, 0'6?, 6'(6%)? and 6'(6*)3~twists. Table
B.21 gives the particulars of the fixed sets.
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Figure B.24: Fundamental regions for the Zy x Zg—orbifold

The fixed torus associated to the §'-twist is (0,0, 2%, 2%, 0,0) corresponding to 22
being invariant; the torus that remains fixed under (6%)3 is (0,0,0,0,2°, 2°%), corre-
sponding to z3 being invariant; the torus that is fixed by 6'(6%)® is (z!,22,0,0,0,0),
corresponding to z! being invariant.

Figure B.24 shows the fundamental regions of the three tori corresponding to

2t 22, 2% and their fixed points.

Group el. | Order Fixed Set Conj. Classes

0! 2 16 fixed lines 6

6? 6 3 fixed points 2
(6%)? 3 | 27 fixed points 9
(62)3 2 16 fixed lines 6
0'6? 2 x 6 | 3 fixed points 2
0'(6?)* | 2x 3 | 3 fixed points 2
01(0%)3 2 16 fixed lines 6

Table B.21: Fixed point set for Zs X Zg: .

Figure B.25 shows the schematic fixed set configuration. Note that the covering
space is shown, some of the fixed sets are identified under the orbifold group.

B.22.3 The gluing procedure

Here we have in each coordinate direction 6 order 2 fixed lines, which gives us a total
of 18 exceptional divisors from fixed lines. The fixed point at (0,0,0) is the only one
that sits at a triple intersection of fixed lines, it is associated with the Zy x Zg—patch,
which has 4 internal points. The other fixed point on z! =fixed, 2> = 22 = 0, on
22 =fixed, 2! = 23 = 0 and 2* =fixed, 2! = 22 = 0 come from Zg_; patches which
each contribute 2 compact exceptional divisors. Of the remaining fixed points that do
not lie on any fixed line, we count 5; they each come from a Zs—patch. In total, we get
1-443-2+5-1= 15 exceptional divisors from fixed points, which makes together
with the 18 from fixed line 33 in total.

Since in this example, there are no fixed lines without fixed points on them, hgfu’l) =
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Figure B.25: Schematic picture of the fixed set configuration of Zy X Zg

B.23 The Z3; x Zs—orbifold

B.23.1 Metric, complex structure and moduli

The root lattice of SU(3) x SU(3) x SU(3) is compatible with the point group. The
twists act on the lattice basis as follows:

Qier = e, Qiea=—e1—ey, Qrez=e3, Qreq= ey,

Qies = e, Qres = —e5 — ¢,

Q2er = e, Qarex=ey, (oez=cy, @Qreqy= —e3— ey,

Qres = eg, Qe = —e5— ¢s. (B.175)

The twists are the usual Coxeter—twists on SU(3) and reproduce the correct eigenvalues
and the condition @ = 1. The combined twist )3 has the form

Qser = e, @zex= —e; — ey,
Qses = e, Qzeqs = —e3— ey,
Qses = —e5—e, (ze = es, (B.176)

and also reproduces the required eigenvalues. The twist on e5, eg is the anti-twist of the
usual Coxeter—twist. We require the metric to be invariant under all three twists, i.e.

we impose the three conditions QT¢gQ; = g, i = 1,2,3. This leads to the following
solution:

R? iR 0 0 0 0
—iR? R} 0 0 0 0
B 0 0 R} —iR; 0 0
9= o o IR R 0 0 (B177)
0 0 0 0 RrR2  —1R?
0 0 0 0 —iR? R
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This corresponds exactly to the metric of SU(3)3 without any extra degrees of freedom.
The solution for b matches the pattern of (B.149), we therefore know to have three
Kéahler moduli whereas the complex structure is completely fixed (recall that in the
simple Zs—twist, we had nine Kédhler moduli). For the complex structure we get

L1 gL/ (z + o27i/3 2?), 2= 31/4 (25 + o27i/3 o, P = 31/4 (2° + o27i/3 29).

(B.178)
Examination of the Kahler form yields
T'=b+i 2R}, T’=by+i2R}, T =by+iL R (B.179)

B.23.2 Fixed sets

This is a combination of two prime orbifolds, therefore the conjugacy classes are in one-
to-one correspondence with the fixed points. We need to examine the 0, 6%, 662 and
01 (6%)2—twists ( (01)%6? is the anti-twist of 6'(6%)?). Table B.22 gives the particulars of
the fixed sets.

The fixed torus associated to the §'-twist is (0,0, 23, 2%, 0,0) corresponding to 2*
being invariant; the torus that remains fixed under 62 is (z*, 22,0, 0, 0, 0), corresponding
to z! being invariant; the torus that is fixed by 6'(6%)? is (0,0, 0,0, z°, 2%), correspond-
ing to z* being invariant.

Im(zY) Im(z9 Im(z3)
2mis6 2miv6 2mi/6
e e e

Re@) Re(z2) Re(23)
Figure B.26: Fundamental regions for the Zj x Zs—orbifold

Figure B.26 shows the fundamental regions of the three tori corresponding to
2t 2%, 23 and their fixed points. In each of them, we get the usual three fixed points
of the Z37tWiSt’ namely Zéxed,l = nged,l = nged,l = 07 Zfllxed,Q = Zigixed,Q = zgxed,2 =

1/\/§€7ri/6 and Zflixed,?) = ZfQixed,E’) - nged,3 =1+ Z/\/g

Group el. | Order Fixed Set Conj. Classes
0! 3 9 fixed lines 9
62 3 9 fixed lines 9
0162 3 x 3 | 27 fixed points 27
6 (62)* 3 9 fixed lines 9

Table B.22: Fixed point set for Zs x Zs.
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Figure B.27: Schematic picture of the fixed set configuration of Zs x Zs

Figure B.27 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified.

B.23.3 The gluing procedure

Being a combination of prime orbifolds, this is again a relatively simple example. The
three different C2?/Zs—patches each contribute 2 exceptional divisors. Of each kind of
Zs—fixed lines, we have 9. The Z3s x Zs—element has 27 isolated fixed points. The
Z3 x Zs—patch has one compact exceptional divisor and two on each of the boundaries
which get identified with those of the fixed lines, on whose intersections the fixed points
sit. So we have 9-2+9-2+49 -2+ 27 = 81 exceptional divisors.

The compact exceptional divisors, we denote by FEjs.g,, o, 5,7 = 1,2,3. Of the
non-compact exceptional divisors, we have nine each, E1 2oy, F348y, F 708

In each of the coordinate planes we have 3 fixed planes with associated divisors
D, i=1,2,3.

Since in this example, there are no fixed lines without fixed points on them, h%l) =
0.

B.23.4 The intersection ring

We do the calculation for the triangulation a) in Figure A.13. From the local linear
equivalences (A.69) we arrive at the following global relations:

3 3 3
R, = 3 Dl,a + Z(E(;’ag + 2 E7,aﬂ> + Z(El,o/y +2 E2,a'y) + Z E5704ﬁ"{’

p=1 y=1 B=1
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3 3 3
Ry = 3Dag+» (2Esap+ Erap) + > (2Eipy+ Espy) + Y Fsapn,

a=1 v=1 a,y=1
3 3 3
Ry = 3Dsy+ Y (2F1ay+ Eaay) + Y (2Bsp, + Eagy) + > Es.ap{B.180)
a=1, B=1 o,B=1

Figure B.28 shows the polyhedron of the compactified C3/Z3 x Zs—patch for both
triangulations treated in Appendix A.14. From (3.26) we know that R;RsRs = 3.

Figure B.28: The polyhedra A§3) describing the local compactification of the resolution
of (Cs/Zg X Z3.

From the toric diagrams of the compactified patches, we can read off directly the
intersection numbers with three distinct divisors:

RiE3pyEspy =1, RoFhoyBaay =1, R3EgapErap =1,
El,a'yE2,owE5,ozBV =1, E570467E67046E7,aﬁ =1, E3,67E4,BWE5,0<B7 = 1. (B181)

We find the following intersection numbers with the inherited divisors:

RlEgvﬁ'\/ = _27 RlEiﬂ’y = _27 R2E2 _2, R2E2 —2’

1,y = 2,y =

RyEj o5 = —2, RyEZ 5= —2. (B.182)
For the other triple intersection, where not all divisors are distinct, we find

2 2 2
El,a'yE570¢/37 = _2’ EQ,a'yE&aﬁ”/ = _27 E375«,E5,a6'y = _27

B} 5 Bsapy = =2, EsapyBias = ~2, Esap,Ef 05 = —2,
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2 2 2
EY oy By = =1, Eray By oy = =1, E3g Fapy = —1,

By, Bl g, = —1, EgogErap=—1, Esapbi o= —1,

Elo, =8, o, =8, Eyg, =8, Eig =8,
E gy =3, Egop =8, E7,5=38. (B.183)

The Kéhlerform can be parameterized as

3 3 3
J = ZTZRl - Z (tﬁ,ﬁnyG,aﬁ + t?,ﬁ'yE7,o¢B) - Z (tl,a,'yEl,oa’y + t?,oa;yEQ,oz’y)
i=1 a,f=1 a,y=1
3 3
- Z (t3,ﬁvE37ﬁ7 + t4,ﬁvE4ﬂv) - Z t5,aﬂvE5,a67' (B-184)
ﬁ»’Y:l aﬁ,’y:l

With (B.183) and (B.184), the total volume becomes

Vo= 3rimars 11 ) (B gty — 155, — 115,
By

+T2 Z(tl,a'th,a'y - tia'y - tg,a'y) + 713 Z(t6705t7,0¢5 - t%,aﬁ - t%,aﬁ)
ay af

1 4
+> §(t§,mt4,ﬁv + 1359t 5y) — g(tgﬂv + ti,ﬂv)]
By

1 4
+ Z Q(timtlav + tlyﬂé’Yt%,ow/) - g(t:{),ay + t%,ay)]
ay

1 4
+ Z i(tg,aﬂtZOﬁ + tG»OCﬁt?,aﬂ) - g(tg,aﬁ + t?,aﬁ)]
af

+ 3 ts.as(—trarta.ay — tastasy — toastras
apfy

1
+t§m + t%m + tgm + tim g ap t trag) — ét;am. (B.185)

B.23.5 Divisor topologies

As we have seen in Appendix A.14, Ej5 is birationally equivalent to an Fg, it is an Fy
with five blow—ups, as can also be seen from the triple self-intersection number EZ =
3 = 8 — 5. After gluing, the other exceptional divisors all have the topology of P! x P!,
the number of blown up points depends on the triangulation. For triangulation a), there
are no blow—ups, as is reflected in their triple self-intersections being equal to eight, for
b) we have Bl3(P! x P!), one blow—up for each time the fixed line hits a fixed plane. The
Ds without the exceptional divisors have the topology of T?/Z3\ 3 pts x T?/Zs3\ 3 pts,
which corresponds to P\ 3 pts x P!\ 3 pts. In triangulation b), the points are simply
put back in after the blow—up, in a), we get Blg(P* x P!), which is again nicely reflected
in the triple self-intersection numbers: D} = -1 =8 -9, 1 =1,2,3.
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B.23.6 The orientifold

For the local involution, we choose the simplest possibility, i.e. 2 — —2z* while on the
y* nothing happens. Looking for the fixed points of the combination of the involution
and the scaling action of the resolved patch (A.66), we find

y° =0,

i.e. an O7-plane wrapped on Fs.
In the global relations (B.180), the coefficient of Ej is changed to 1/2 and the
intersection numbers change as follows:

3 1 1 1
RiRyR3 = 5 Ri\Es3 5 Ey gy = 5> RoFEy oy Fo oy = 5 R3Eg o0pbrap = 5
El,a'yEZ,a'yEE),aﬁ'y =1, ES,aB'yEG,aBE7,a,B =1, EB,B7E4,BVE5,QBV =L (B186)
We find the following intersection numbers with the inherited divisors:

RlE??vB"/ = _]'7 RlEﬁiﬁ’y = _17 R2E2 _]., R2E2 —1’

Lay = 20y
R3E§,aﬂ =1 R3E3,a@ = -1 (B.187)
For the other triple intersection, where not all divisors are distinct, we find
B} onBsapy = =2, B30y Esapy = =2, B35, E5apy = =2,
EE,B’YEE”CW’Y = =2, E5,a/3’YE€2S,a5 = -2, E5,a5’yE$,a,8 = -2,
E2

_ 2 _ 2 .
1,04ny2:017 -5 ELO!’YEQ,OW - 75 3,57E4,ﬂ7 - _57

2’ 2’

1 1 i
E3,5’YE42,5’Y = _5’ Eﬁz,aﬁEZaﬁ = _57 EG,aﬁE%aﬁ - _57
EY oy =4, Eg,cw =4, Eg,ﬁ'y =4, Eﬁiﬁv =4,

Lay
Eg,aﬁ'Y =12, Eg,aﬁ =4, E?,aﬁ =4. (B188)

With (B.188) and (B.184), the total volume becomes

3 1 Ly 7
V = 3 r1TaT3 + 5 r1 ﬁZ(tiiﬁwt&ﬂW o §t3757 B t4’ﬁ7)
2l

1 1
+§ T2 Z(tl,avt%w - t%,a'y - t;,afy) + 5 T3 Zﬂ(t&aﬂtlaﬁ - tg,aﬁ - t%,aﬁ)
o

1 4
+§ 5(15%,5715475’7 + t37/37t42l,,8’y) - g( g,ﬁ’y + ti,,@'y):|
By -

1 4
+§ 5(15%,04"/1:2,06’7 + tl,Oé’Ytg,ow) - g(tia"/ + t%,a’y):|

ay -

1 4
+§ §(t2,aﬁt7,0¢ﬁ + t670¢5t§,aﬁ) - g(tg,aﬁ + t%aﬁ)]
af *+
+ Z t5,a6’y(_t1,a'yt2,a'y - t3,,@'yt4ﬂ’y - tﬁ,aﬂt7,a,8
afy
1] oy F o0y 155, T 115y + o0 + 150s) — 288 05, (B.189)
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B.24 The 7Z3; x Zg—orbifold

B.24.1 Metric, complex structure and moduli

The root lattice of SU(2)? x SU(3) x Gy is compatible with the point group. The
twists act on the lattice basis as follows:

Qrer = e, Qiea=—e;—ey, (Qrez=e3, Qreq= ey,

Qres = es+3es, Qreg= —e5 — 2e,

Q2e1 = e, @Qrea=ey, (Qorez=2e3+3ey, (Qreg= —e3— ey,

QQ € = 265 + 366, QQ €g — —€5 — €g. (B190)

The twist on es, eg in ()7 is minus the anti-twist of the usual Coxeter—twist on Ga,
while all other twists are the usual Zs, Z3 and Zg—twists on their respective lattices.
The twists reproduce the correct eigenvalues and the conditions Q3 =1, QS = 1. The
combined twist )3 has the form

Qser = e, @zex= —e; — ey,
Qzes = 2e3+3es, @ze4=—e3— ey,
Qses = —es, zeq = —es, (B.191)

which is as just mentioned a Zg_;r—twist, namely the one on the lattice SU(2)? x
SU(3) x Go. As before, we require the metric to be invariant under all three twists, i.e.
we impose the three conditions QT¢gQ; = g, i = 1,2,3. This leads to the following
solution:

R —-irR? 0 0 0 0
—iR? R: 0 0 0 0
B 0 0 R —-IR2 0 0
9= 0 0 —i1R2 IR2 0 0 (B.192)
0 0 0 0 R —iR?
0 0 0 0 —iR? iR}

This corresponds exactly to the metric of SU(3) x (G3)? without any extra degrees
of freedom. The corresponding solution for b has the form of (B.149). We have three
Kahler moduli while the complex structure is completely fixed. We find the following
complex coordinates:

A= VA (gl g i3y 2 = g3y \/Lgefmi/(i oL Qg %657”'/6 5. (B.193)
The invariant 2-forms in the real cohomology are simply dz' A dz?, dz3 A da* and
dx® A dzb. Via the pairing J + i B = T'w; in the real cohomology, we find the three
Kahler moduli

T'=bi+iP R, T’ =bh+iszR;, T =bs+izsR (B.194)
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B.24.2 Fixed sets
Here, we need to examine the group elements 01, 62, (9%)2, (%), 01(62)%, 61(6%)3, 0(62)*

and 0'(6?)°.

The fixed torus associated to the §'—twist is (0,0, 23, 2%, 0,0) corresponding to z*
being invariant; the torus that remains fixed under , 02, (6?)2, (6)3 is (z*, 22,0,0,0,0),
corresponding to 2! being invariant; the torus that is fixed by 8 (6?)* is (0,0, 0, 0, 25, 25),

corresponding to 2% being invariant.
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e

Im(z2)

Re(z})

Figure B.29: Fundamental regions for the Zs x Zg—orbifold
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Figure B.29 shows the fundamental regions of the three tori corresponding to

1 2

2t 22, 2% and their fixed points.

Group el. | Order Fixed Set Conj. Classes

0! 3 9 fixed lines 6

62 6 1 fixed line 1
(62)? 3 9 fixed lines 5
(6%)3 2 16 fixed lines 4
0162 3 x 6 | 12 fixed points 6
61(6%)* | 3 x 3 | 27 fixed points 15
01(6?)% | 3 x2 | 12 fixed points 6
01 (6%)* 3 9 fixed lines 6
6'(62)> | 3x6 | 3 fixed points 3

Table B.23: Fixed point set for Zs X Zg.

Figure B.30 shows the schematic picture of the fixed set configuration. Note that
the covering space is shown, some of the fixed sets are identified under the orbifold

group.

B.24.3 The gluing procedure

From the fixed lines, we get the following number of exceptional divisors: 6 -2 + 1 -
54+44-24+3-1+6-2=40. The fixed points at ' =fixed, 22 = 2*> = 0 belong to
the Z3 x Zg—patch and contribute 4 exceptional divisors each. The remaining 12 fixed
points on triple intersections of fixed lines come from Zs x Zz—patches; additionally, we
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Figure B.30: Schematic picture of the fixed set configuration of the Zs x Zg—orbifold

have 6 fixed points on the intersection of two fixed lines which belong to Zg_;—patches.
So there are altogether 3-4+12-146-1 = 30 exceptional divisors from fixed points,
which gives 70 in total.

In this example, there is one Z, fixed line without fixed points on it, so hgfu’l) =1.

B.25 The 7Z, x Z,—orbifold

B.25.1 Metric, complex structure and moduli

The root lattice of SO(5)% accommodates the combined twists. The twists acting on
the lattice basis are:

Qrer = e1+2e, Qiea=—e—e, Qres=e3 Qreq=ey,

Qres = es+2e, Qreg=—es5— e,

Q2e1 = e, @Qreg=ey, (Qrez=e3+2e4, Qreq4=—e3— ey,

QQ € — €5 + 266, QQ €g — —€5 — €g. <B195)

The twists are the usual Coxeter—twists on SO(5) and reproduce the correct eigenvalues
and the condition @* = 1. The combined twist Q)3 has the form

Rzer = e1+2e, (ze3=—e; — e,
Qses = e3+2es, (Qzeq4=—e3— ey,
Rses = —e5, Qs = —ep. (B.196)
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We require the metric to be invariant under all three twists, i.e. we impose the three
conditions Qg Q; = g, i =1,2,3. This leads to the following solution:

2R? -R2 0 0 0 0
~R? R 0 0 0 0
0 0 2R} —RZ 0 0
0 0 -R R 0 0
0o 0 0 0 2R} —R?
o 0 0 0 -R R?

g= (B.197)

This corresponds exactly to the metric of SO(5)? without any extra degrees of freedom.
The solution for b matches the pattern of (B.149), we therefore know to have three
Kéhler moduli whereas the complex structure is completely fixed. For the complex
structure we get

=gt -1l -d)a? = -L1-d)2t, P=2"-11-4)2"% (B.198)

Examination of the Kahler form yields

T'=b+iR}, T =by+iR;, T>=bs3+iR: (B.199)

B.25.2 Fixed sets

We need to examine the 0, (6')% 6% (62)%, 6'0% (0")%62, 60'(62)%, (6')*(*)? and
(601)3(0*)*~twists. Table 4 gives the particulars of the fixed sets.

The fixed torus associated to the #' and (6')%-twists is (0,0, 23, 2%, 0,0) corre-
sponding to 2? being invariant; the torus that remains fixed under 6% and (6%)? is
(', 2%,0,0,0,0), corresponding to 2! being invariant; the torus that is fixed by (61)%(6?)?
and (0)3(6%)? is (0,0,0,0, 2%, 2%), corresponding to z* being invariant.

Im(zY) Im(z9) Im(2)

1/2+i/2 1/2+i/2 1/2+i/2

4

Re(zh) b Re(z)
Figure B.31: Fundamental regions for the Z, x Z,—orbifold

Figure B.31 shows the fundamental regions of the three tori corresponding to
2t 22, 2% and their fixed points. In many cases, fixed points under different group
elements sit on the same spots, so it isn’t possible to show them all in different colors.

Figure B.32 shows the configuration of the fixed sets in a schematic way, where
each complex coordinate is shown as a coordinate axis and the opposite faces of the
resulting cube of length 1 are identified. Note that the covering space and not the

quotient is being shown, part of the fixed sets are identified by the group action.
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Group el. | Order Fixed Set Conj. Classes
0! 4 4 fixed lines 4
6? 4 4 fixed line 4
(61)? 2 16 fixed lines 9
(62)? 2 16 fixed lines 9
0'6? 4 x 4 | 16 fixed points 12
(01)20%> | 2 x4 | 16 fixed points 12
0'(0*)* | 2 x4 | 16 fixed points 12
OM2(6%)2 | 2 16 fixed lines 9
(6Y)3(6%)? 4 4 fixed lines 4

Table B.24: Fixed point set for Zy X Zy.

Figure B.32: Schematic picture of the fixed point configuration of the Z, x Z,—orbifold

B.25.3 The gluing procedure

At each of the eight fixed points that sit at the intersection of four Z, fixed lines are
Zy x Zs—patches. One such patch contributes three internal exceptional divisors, see
Figure A.15. The patches at fixed points which sit at the intersection of one Z, and
two Zs fixed lines are of type Zs x Z4. There are twelve of them and each contributes
one internal exceptional divisor, see Figure A.10. There are twelve Z, fixed lines, each
contributing three exceptional divisors and 15 Z, fixed lines, each contributing one
exceptional divisor. In total, this gives 8 -3+ 12-1+ 12-3 + 15-1 = 87 exceptional
divisors.

Since in this example, there are no fixed lines without fixed points on them, hgfu’l) =
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B.26 The Zg x Zg—orbifold

B.26.1 Metric, complex structure and moduli

The root lattice of G5 x Gy X (G5 is compatible with the point group. The twists acts
on the lattice basis as follows:

Qrer = 2e1+3e, Qrep=—e—e, Qrezg=e3, (Qreq=ey,

Qres = 2e5+3e5, Qres = —e5 — ¢,

Q2e1 = e, @Qrea=e3, (Qrez3=2e3+3es, (Qrey= —e3—ey,

QQ €y = 265 + 366, QQ €g — —€5 — €5. (BQOO)

The twists reproduce the correct eigenvalues and the conditions Q% =1, QS = 1. The
combined twist ()3 has the form

Qser = 2e1+3e3, Qszes=—e; — ey,
Qszes = 2e3+3es, (3eq4= —e3— ey,
QB es = e5+ 3egq, Q3 eg = —e5 — 2 egq, (B.201)

where the twist on es, eg is twice the Coxeter—twist on G5. (3 also reproduces the
required eigenvalues. We require the metric to be invariant under all three twists, i.e.
we impose the three conditions Q7 g Q; = g, 4 = 1,2,3. This leads to the following
solution:

R} —iIR? O 0 0 0
BT R om0 o
_ 3 — 244
=1 o 0 —im2 IR 0 0 (B:202)
0 0 0 0 R2 —1R?
0 0 0 0 —3R: :iR?

The solution for b matches the pattern of (B.149), we therefore know to have three
Kahler moduli whereas the complex structure is completely fixed. For the complex
structure we get

S gl/a (xl_i_\%elom:/u x2), 42 — 31/4 (xs_i_\%elom'/m a:4),
2 = 31/4(x5+\/igelom/12x6). (B.203)

Examination of the Kahler form yields

T —b1+l L R2 72—b2+l L R2 73_63+Z L R2 (B204)

B.26.2 Fixed sets

Here, we must take 19 group elements into account, namely ', ()2, (6 1) ( 2)2.(6%)3,
062, 0 (6717, 01(2)%, 0 (6°)1, 616, (667, ()9, (601)'0%, (616, (60)(6%)
(61)%(6%)%, (0")°(6%)* and (6%)*(6%)°.
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The fixed torus associated to the 6!, (8)2, (0')3—twists is (0,0, 23, 2*,0,0) corre-
sponding to z? being invariant; the torus that remains fixed under , 62, (%)%, (6?)3
is (z',22,0,0,0,0), corresponding to 2! being invariant; the torus that is fixed by
01(6%)5, (0M)2(6%)4, (61)3(62)3 is (0,0,0,0, 25, 25), corresponding to 2* being invariant.

Im(zY Im(z2) Im(z3)

/6 "
1/4/3¢€ 1/‘/3@./6 1/v/3€™/6

Re(z) ' Re(2) Re(z)

Figure B.33: Fundamental regions for the Zg x Zg—orbifold

Figure B.33 shows the fundamental regions of the three tori corresponding to
2, 2%, 2% and their fixed points.

Table 3.2 in Section 3.6.2 summarizes the data of the fixed sets. Figure 3.5 shows

the schematic picture of the fixed set configuration. Again, it is the covering space

that is shown.

B.26.3 The gluing procedure

See Section 3.6.2.
Since in this example, there are no fixed lines without fixed points on them, hﬁi;” =



Appendix C

Cartan matrices of the relevant Lie

groups

A, /SU(n+1)

2 -1
-1 2
A - 0 -1
0 0
0 0
B, /SO(2n+1)
2 -1
-1 2
A 0 -1
0 0
0 0
D, /SO(2n)
2 -1
-1 2
0 -1
A= : .
0 0
0 0
0 O

225

(C.2)

(C.3)



226 C Cartan matrices of the relevant Lie groups

L
2 -1 0 0 0 0
-1 2 -1 0 0 0
0 -1 2 -1 0 -1
A=l 0 0 —1 2 -1 0 (G-4)
o 0 0 -1 2 0
0o 0 -1 0 0 2
Fy
2 -1 0 0
-1 2 -2 0
A= o 4 9 (C.5)
0 0 -1 2
G
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